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SUMMARY

The aim of this thesis, Cleanroom in an SEM, was to enhance an existing SEM
to function as a multi-purpose tool by incorporating miniaturized versions of
cleanroom tools used in microfabrication. Thereby, reducing the cost and time
for rapid prototyping of proof of concept devices in a single tool.

Chapter 1 provides the introduction of this thesis, briefly explaining the idea
behind the thesis. In chapter 2, a detailed discussion of various cleanroom pro-
cesses, including their process parameters, and the reasoning behind integrating
them into the SEM, is given. In this chapter, also the limitations involved in intro-
ducing materials or processes into the SEM are examined and the selection of the
cleanroom processes suitable for integration in the SEM are explained in detail.
Specifically, this chapter outlines the development of four tools within the SEM:
a substrate heater, an in-situ thermal atomic layer deposition (ALD), a miniature
plasma source for sputtering, and a miniature thermal evaporator. Furthermore,
a proposed process flow for the in-SEM fabrication of a bow-tie antenna using
the integrated tools is presented.

Chapter 3 focuses on the requirements, design, fabrication and demonstra-
tion of two substrate heaters, V1 (designed for 150 oC) and V2 (capable of heating
up to 300 oC). V1 was developed for partially cleaning the substrate, to remove
adsorbed water and for purification of FEBID structures. The design and fab-
rication of V1 were discussed in the first part of this chapter. V1 is capable of
heating up to 150 oC and is designed to accommodate samples of size 1 x 1 cm2.
The temperature limit of V1 is determined by the choice of material (PEEK) used
in its construction. The heater was designed to minimize temperature drift as we
increase the temperature to 150 oC. We measured a ramp-up rate of 8.2 oC/min
and a ramp-down rate of 16 oC/min. The second half of chapter 3 focuses on the
design, fabrication, and demonstration of V2, which can reach a temperature of
300 oC. V2 is designed for in-situ thermal ALD and to accommodate samples of
size 1 x 1 cm2. And was also designed with relaxed requirement of minimizing
thermal drift during temperature ramp-up. Glass was used in the construction
of V2 instead of PEEK to achieve the higher temperature limit. We measured a
ramp-up rate of 18.4 oC/min to heat the substrate to 300 oC from room temper-
ature and a ramp-down rate of 25 oC/min to bring the substrate from 300 oC to
40 oC.

Chapter 4 of this thesis presents the development of an in-situ thermal atomic
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viii SUMMARY

layer deposition (ALD) process inside the SEM. We utilized the V1 substrate heater
to reach a temperature of 241 oC for initial ALD experiments. The Pt precursor
dosing and pump down time were chosen based on existing literature data and
pump down experiments. The ALD layer was grown on Pt FEBID seed layers.
With 17 cycles of ALD, an ALD growth of 0.7 nm was observed. Each ALD cycle
took approximately 3 minutes in the system. The long ALD cycle time was pri-
marily due to the extended purge time after precursor dosing, which was a result
of the standard gas injection system (GIS) design. To address this issue, a new GIS
needle was developed that positioned the valve closer to the needle tip, resulting
in a purge time reduction of an order of magnitude. Using the new GIS needle,
we demonstrated 25 ALD cycles on Pt FEBID seed layers with an improved ALD
cycle time of 55 seconds. A further reduction in the ALD cycle is possible by re-
placing the manual valves by computer controlled valves.

Chapter 5 of this thesis presents the design, fabrication, and demonstration
of a miniature plasma source used as a sputtering tool. An initial prototype
was developed in a high vacuum system, such that we were able to operate the
plasma source at SEM operating pressures (10−6 mbar). The Paschen curve and
the current-voltage characteristic curve were measured for the plasma source
using Ar as the gas source. We were able to successfully etch a 20 nm thick Au
film with an etch diameter of 200 µm using the plasma source. EOD simulations
were carried out to explain the focussing by the plasma source. Based on this
initial prototype plasma source, we designed and fabricated a miniature plasma
source for use in the SEM. A housing assembly was designed to house the plasma
source and also a thermal evaporator in the SEM. Utilizing the miniature plasma
source, we successfully demonstrated sputter etching of a 20 nm thick Au film
with an etch diameter of 35 µm. In future, the gas source could be replaced by
dry air, thereby enabling an oxygen plasma to clean substrates and to improve
the quality of FEBID deposits.

In chapter 6 of this thesis, we focused on the design, fabrication, and demon-
stration of a miniature thermal evaporator inside the SEM. Initially, we developed
a prototype in a high vacuum system using a Philips I-cathode source. Using this
prototype thermal evaporator, we successfully deposited a thin film of Au with
an area of 1 mm in diameter. Building on this initial prototype, we designed and
fabricated a miniature thermal evaporator for the SEM. However, during testing,
the supply leads of the Philips I-cathode supply were disconnected due to stress
applied during the mounting process. To avoid this issue, a stress relief structure
should be added to the existing evaporator to make it functional. Unfortunately,
time constraints prevented us from modifying the evaporator assembly.

In conclusion, we believe that the integration of the substrate heater, in-
situ thermal ALD, sputtering tool, and evaporator inside the SEM will enable the
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faster realization of proof-of-concept devices with significant reductions in time
and cost. Such a versatile tool will serve researchers in academia and research in-
stitutes in rapidly fabricating prototype devices in a single tool, eliminating the
need for a cleanroom. In this work, we have developed prototype add-on tools,
but unfortunately we could not extensively test nor use in combination to realize
an actual in-situ device. This remains to be done, and when successful, the con-
cept of Cleanroom in an SEM is ready for commericialisation. The Cleanroom
in an SEM tool will be invaluable for universities and research institutes to carry
out research.





SAMENVATTING

Het doel van dit proefschrift, getiteld Cleanroom in een SEM, was om een be-
staande SEM zodanig te verbeteren dat deze functioneert als een multifunctio-
neel instrument, door het integreren van geminiaturiseerde versies van clean-
roomgereedschappen die gebruikt worden bij microfabricage. Dit leidt tot een
tijd- en kostenbesparing bij het maken van prototypes van ‘proof-of-concept’
componenten in één enkel instrument.

Hoofdstuk 1 biedt de inleiding van dit proefschrift en geeft kort uitleg over het
idee achter het proefschrift. In hoofdstuk 2 wordt een gedetailleerd overzicht ge-
geven van verschillende cleanroomprocessen, inclusief hun procesparameters,
en de argumentatie achter hun integratie in de SEM. In dit hoofdstuk worden
ook de beperkingen die gepaard gaan met het introduceren van materialen of
processen in de SEM onderzocht en wordt de selectie van de cleanroomproces-
sen, geschikt voor integratie in de SEM, in detail uitgelegd. Specifiek schetst dit
hoofdstuk de ontwikkeling van vier processen binnen de SEM: substraatverwar-
ming, in-situ thermische atoomlaagdepositie (ALD), sputteren met een minia-
tuurplasmabron en depositie met een miniatuur thermische verdamper. Boven-
dien wordt er een proces voorgesteld voor de fabricage van een ‘bow-tie’ antenne
in de SEM met behulp van de geïntegreerde gereedschappen.

Hoofdstuk 3 richt zich op de eisen aan, het ontwerp, de fabricage en de de-
monstratie van twee substraatverwarmers, V1 (ontworpen voor 150 oC) en V2 (in
staat om op te warmen tot 300 oC). V1 is ontwikkeld voor het reinigen van het
substraat, het verwijderen van geadsorbeerd water en voor zuivering van FEBID-
structuren. Het ontwerp en de fabricage van V1 worden besproken in het eerste
deel van dit hoofdstuk. V1 kan opwarmen tot 150 oC en is ontworpen om mon-
sters van 1 x 1 cm2 formaat te kunnen herbergen. De temperatuurlimiet van V1
wordt bepaald door de keuze van het materiaal (PEEK) dat wordt gebruikt in de
constructie ervan. De verwarmer is ontworpen om de thermische beweging te
minimaliseren wanneer de temperatuur wordt verhoogd tot 150 oC. We hebben
een opwarmingssnelheid gemeten van 8.2 oC /min en een afkoelsnelheid van 16
oC /min. Het tweede deel van hoofdstuk 3 richt zich op het ontwerp, de fabricage
en de demonstratie van V2, die een temperatuur van 300 oC kan bereiken. V2 is
ontworpen voor in-situ thermische ALD en is bedoeld voor monsters van 1 x 1
cm2 formaat. Er is ook een minder strikte eis gesteld aan het minimaliseren van
de thermische beweging tijdens het opwarmen. In de constructie van V2 is glas

xi
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gebruikt in plaats van PEEK om de hogere temperatuurlimiet te bereiken. We
hebben een opwarmingssnelheid gemeten van 18.4 oC /min om het substraat
op te warmen van kamertemperatuur tot 300 oC, en een afkoelsnelheid van 25
oC /min om het substraat van 300 oC naar 40 oC te brengen.

In hoofdstuk 4 van dit proefschrift wordt de ontwikkeling van een in-situ
thermisch atomaire-laagdepositie (ALD) proces binnen de SEM gepresenteerd.
We hebben gebruik gemaakt van de V1 substraatverwarmer om een temperatuur
van 241 oC te bereiken voor de eerste ALD-experimenten. De dosering van de Pt
precursor en de afpomptijd zijn gekozen op basis van bestaande literatuurgege-
vens en afpompexperimenten. De ALD-laag werd gegroeid op Pt FEBID zaaila-
gen. Met 17 cycli van ALD werd een ALD-groei van 0.7 nm waargenomen. Elke
ALD-cyclus in het systeem nam ongeveer 3 minuten tijd in beslag. De lange ALD-
cyclusduur was voornamelijk te wijten aan de lange schoonmaaktijd na de dose-
ring van de precursor, die het gevolg was van het standaard gasinjectiesysteem
(GIS)-ontwerp. Om dit probleem aan te pakken, is een nieuwe GIS-naald ontwik-
keld waarin het ventiel dichter bij de punt van de naald geplaatst is, resulterend
in een orde van grootte kortere schoonmaaktijd. Met behulp van de nieuwe GIS-
naald hebben we 25 ALD-cycli gedemonstreerd op Pt FEBID zaailagen met een
veel kortere ALD-cyclusduur van 55 seconden. Een verdere verkorting van de
ALD-cyclusduur is mogelijk door de handbediende kleppen te vervangen door
kleppen die door een computer worden aangestuurd.

Hoofdstuk 5 van dit proefschrift behandelt het ontwerp, de fabricage en de
demonstratie van een miniatuur plasma-bron die wordt gebruikt voor sputte-
ring. Een eerste prototype werd ontwikkeld voor een hoogvacuümsysteem, zo-
dat we de plasma-bron konden bedienen bij SEM-werkdrukken (10−6 mbar). De
Paschen-kromme en de stroom-spanningskarakteristiek werden gemeten voor
de plasma-bron met Ar als gasbron. We slaagden erin om met de plasma-bron
succesvol een 20 nm dikke Au-film te etsen over een klein oppervlak met een dia-
meter van 200 µm. EOD-simulaties werden uitgevoerd om de focussering door
de plasma-bron te verklaren. Op basis van dit prototype hebben we een mini-
atuur plasma-bron ontworpen en vervaardigd voor gebruik in de SEM. Een be-
huizing is ontworpen om zowel de plasma-bron als een thermische verdamper
onder te brengen in de SEM. Met deze miniatuur plasma-bron hebben we met
succes het sputteretsen gedemonstreerd van een 20 nm dikke Au-film over een
etsdiameter van 35 µm. In de toekomst kan de gasbron worden vervangen door
droge lucht, waardoor een zuurstofplasma mogelijk wordt om substraten schoon
te maken of om de kwaliteit van FEBID-deposities te verbeteren.

In hoofdstuk 6 van dit proefschrift lag de focus op het ontwerp, de fabricage
en de demonstratie van een miniatuur thermische verdamper in de SEM. In eer-
ste instantie ontwikkelden we een prototype voor een hoogvacuümsysteem ge-
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baseerd op een Philips I-kathode bron. Met het prototype van deze thermische
verdamper hebben we succesvol een dunne goud film afgezet over een diameter
van 1 mm. Voortbouwend op dit prototype hebben we een miniatuur thermi-
sche verdamper ontworpen en vervaardigd voor gebruik in de SEM. Tijdens de
tests, echter, hebben de toevoerleidingen van de Philips I-kathode bron het be-
geven als gevolg van mechanische spanning aangebracht tijdens het montage-
proces. Om dit probleem te voorkomen, moeten er trekontlastingingen worden
aangebracht aan de bestaande verdamper om deze functioneel te maken. Helaas
belemmerden tijdsbeperkingen ons bij het aanpassen van de verdamper.

Concluderend, zijn wij van mening dat de integratie van de substraatverwar-
mer, in-situ thermische ALD, sputtergereedschap en verdamper in de SEM zal
leiden tot een snellere realisatie van ‘proof-of-concept’ componenten met aan-
zienlijke tijds- en kostenbesparingen. Zo’n veelzijdig gereedschap zal onderzoe-
kers in academische en onderzoeksinstellingen van dienst zijn bij het snel fabri-
ceren van prototype componenten, met behulp van slechts één enkel gereed-
schap, waarbij de behoefte aan een cleanroom wordt geëlimineerd. In dit werk
hebben we prototype ‘add-on’ gereedschappen ontwikkeld, maar helaas konden
we deze niet uitgebreid testen of in combinatie gebruiken om daadwerkelijk in-
situ een component te realiseren. Dit moet nog worden gedaan en wanneer dit
succesvol is, is het concept van Cleanroom in een SEM klaar voor commerciali-
sering. Het Cleanroom in een SEM gereedschap zal van onschatbare waarde zijn
bij het onderzoek aan universiteiten en onderzoeksinstellingen.





1
INTRODUCTION

1.1. INTRODUCTION
Gordon Moore’s observation of the doubling, roughly every two years of the num-
ber of transistors in an integrated circuit (IC) in 1965, drove the downscaling of
the transistor [1]. To this day, Moore’s law has continued this scaling trend of IC’s.
This has led to an increase in the size of tools used in the manufacturing process.
The research and development costs have also steadily increased with it. A clean-
room is a necessity to manufacture IC chips. It maintains the environment of the
tools in a clean environment through the use of air filters, to avoid defects due
to particles and any contamination of the wafers between different processes in
manufacturing.

Let’s say we walk into a cleanroom, for example the Kavli Nanolab at TU
Delft. We come across different tools required for micro- or nanofabrication.
Some of the tools we come across are a wet bench (cleaning, spin coater), deposi-
tion tools (evaporation, sputter deposition and atomic layer deposition), etching
tools (sputter etching, reactive ion etching, plasma etching), lithography tools
(electron beam lithography, photolithography, laser writer) and inspection tools
(atomic force microscopy, optical microscope, profilometer, scanning electron
microscope, energy dispersive X-ray analysis). A cleanroom is a necessity for
nanofabrication to prevent the substrate to be exposed to ambient air in between
processes. Ambient air has a lot of particles, these particles can deposit on the
substrate. Contaminants deposited on the substrate in between the processes
will affect the quality (eg.,particles in the dielectric layer) of the fabricated de-
vice. The substrate is generally a slice of crystalline silicon (c-Si), a wafer. The
diameter of a wafer can range from 25.4 mm to 300 mm. 300 mm c-Si wafers are
generally used in high volume manufacturing of integrated circuits. However,

1
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many researchers in academia do not need full wafers with devices, but often
only a few to demonstrate proof of concept. The total device area is probably
a few µm2 only, this is shown in figure 1.1a for a single electron transistor and
figure 1.1b for an array of bow-tie antenna’s. The substrates that are mounted in
scientific measurement setups are of the order of 1 cm2 in size.

Figure 1.1: a) Secondary electron image of a Single electron transistor [2]. Reprinted from [2]
Copyright ©(2016) with permission from Elsevier. b) Secondary electron image of a bow-tie

antenna [3]. Reprinted from [3] Copyright ©(2015) Springer Nature.

In this thesis, we propose the idea of having a master tool, which contains
miniaturized versions of the different cleanroom tools used in the fabrication
process. We chose the SEM as the master tool, hence the thesis is titled Clean-
room in an SEM. This thesis provides a solution to reduce the cost and time for
the fast prototyping of proof of concept devices in a single tool instead of in a
standard cleanroom. A cleanroom requires a high investment, expensive high
efficiency particulate air (HEPA) filters, and expensive instruments for each man-
ufacturing processes. The goal of this thesis is to develop the instrumentation for
a selection of cleanroom techniques for application in an SEM, and present proof
of concepts for these miniaturized instruments.

The thesis is structured as follows.
In chapter 2, the different cleanroom techniques are explained, and follow-

ing that a scanning electron microscope (SEM) is explained detailing the capa-
bilities of the tool. Next, we discuss the restrictions of integrating different tools
in an SEM. Followed by that, we list the key parameters for integrating add-on
tools in an SEM and the reason behind choosing an SEM for the integration. Fi-
nally, we present the selection of the tools which we will integrate into an SEM,
the selection is based on the ability of the tool to be integrated into an SEM and
fabrication of an actual device inside an SEM.

In chapter 3, we describe the requirements for the implementation of a minia-
ture substrate heater in an SEM. Next, the design, fabrication and assembly of
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the miniature substrate heater is explained in detail followed by the performance
test of the substrate heater. We also develop a version 2 of the substrate heater
for implementing an atomic layer deposition tool in an SEM.

In chapter 4, the requirements for the implementation of area selective ther-
mal atomic layer deposition (ALD) in an SEM is described. Next, we discuss the
design, fabrication and assembly of the ALD setup in SEM. Here, we improve the
existing gas injection system (GIS) available in an SEM, and modify it to be usable
for area selective ALD. Finally, we demonstrate the working of an area selective
ALD tool inside an SEM.

In chapter 5, the requirements for the implementation of an in-situ sputter
etching tool is described. The design, fabrication and assembly of such a sputter
source in a high vacuum setup is detailed. Based on the performance tests in the
vacuum setup, we design, fabricate and assemble an in-situ sputter etch tool in
an SEM. And we demonstrate a working sputter etch tool in an SEM.

In chapter 6, the requirements for the implementation of a miniature evapo-
rator is described. Similar to the previous chapter, we discuss the initial design,
fabrication and assembly in a high vacuum setup. Based on the results from the
high vacuum setup, we design, fabricate and assemble a miniature evaporator
inside an SEM.

Finally in chapter 7, we present the conclusions of the thesis.
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2
MOTIVATION

2.1. INTRODUCTION
In this chapter, we will discuss the commonly used nanofabrication techniques
used to fabricate devices. We will specifically look at the requirements for each
of these techniques. This chapter answers the following questions. What are the
requirements for each tool? Why we chose to integrate the tools in an SEM? What
are the restrictions in an SEM? Why we chose specific tools for integration in the
SEM?

2.2. CLEANROOM TECHNIQUES
A cleanroom is a controlled environment with a low amount of particles achieved
through the use of air filters. Let’s say we walk into a cleanroom, for exam-
ple the Kavli Nanolab at TU Delft. We come across different tools required for
micro- or nanofabrication. Some of the tools we come across are a wet bench
(cleaning, spin coater), deposition tools (evaporation, sputter deposition, atomic
layer deposition), etching tools (sputter etching, reactive ion etching, plasma
etching), lithography tools (electron beam lithography, photolithography, laser
writer) and inspection tools(atomic force microscopy, optical microscope, pro-
filometer, scanning electron microscope, energy dispersive X-ray analysis). Why
are the tools present inside a cleanroom not in ambient air? Why do we need
an expensive cleanroom to fabricate devices? A cleanroom is a necessity for
nanofabrication because in between different processes, the substrate is exposed
to ambient air. Ambient air has a lot of particles, these particles can deposit
on the substrate. Contaminants deposited on the substrate in between the pro-
cesses will affect the quality (eg.,particles in the dielectric layer) of the fabricated
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device. This is the reason why a cleanroom is needed to fabricate devices. The
substrate is generally a slice of crystalline silicon (c-Si), a wafer. The diameter of
a wafer can range from 25.4 mm to 300 mm. 300 mm c-Si wafer is generally used
in high volume manufacturing of integrated circuits. For research purposes, we
generally use c-Si wafers in the dimensions of a few mm (eg, 1x1 cm) but the area
of interest (device area )is often much smaller.

2.2.1. FABRICATION PROCESSES
Now we will investigate the different fabrication techniques typically available in
a cleanroom. We will look at this from the perspective of how they work, what
they are used for and at what conditions (eg. temperature, pressure, gases, etc.)
they work.

CLEANING

It is the first step in any nanofabrication process. Cleaning is done to remove
contaminants from the surface of the wafer. The contaminants can either be
particles or organic contaminants. This process can be done in two ways: wet
cleaning and dry cleaning. One of the common wet cleaning methods used to
clean a silicon wafer is RCA (Radio Corporation of America) cleaning. It is used to
remove native oxide, particles, organic and ionic contaminants [1]. The first step
involves immersing the wafer in a solution of ammonium hydroxide (NH4OH),
hydrogen peroxide (H2O2) and deionized water (DI H2O) with a ratio of 1:1:5 at
70oC to remove organic and particle contamination. The second step involves
immersing the wafer in a solution of hydrochloric acid (HCl), H2O2 and DI H2O
with a ratio of 1:1:6 to remove metal contaminants. The wafer is dipped in a
hydrofluoric acid (HF) for a short duration after each step to remove the oxide
layer formed in the step.

Solvent clean is an another type of wet cleaning method. It is used to remove
organic contaminants and oil from the surface of the wafer. It is a two-step pro-
cess, first the wafer is immersed in an acetone solution and kept in an ultrasonic
bath for 15 minutes. Next, the wafer is immersed in a solution of isopropyl alco-
hol (IPA) and kept in an ultrasonic bath for 15 minutes. This is followed by blow
drying the wafer using N2.

Dry cleaning is achieved by the following methods. UV radiation with oxygen
or ozone gas to oxidize and volatilize the adsorbed carbon contaminants from
the surface [2] [3]. Ar sputtering has been shown to remove native oxides and
adsorbed contaminants by milling the surface. But, it will require annealing the
substrate to 800o C to remove surface damage from Ar milling [4] [5] [6] [7]. Using
an O2 plasma has been shown to remove organic contaminants [8]. The substrate
can also be heated (from 300o C to 800o C) to remove adsorbed contaminants
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from its surface [9] [10].

OXIDATION

Oxidation is a process which is used to grow an oxide layer. Thermal oxidation
involves growing an oxide layer over a silicon substrate at high temperatures (be-
tween 700o C to 1200o C) [11]. It is classified into wet and dry oxidation. Wet
oxidation uses H2O vapour whereas dry oxidation uses oxygen gas for the ox-
ide growth. It takes place under high vacuum conditions and operates at atmo-
spheric pressures [12], to get an oxide layer free of contaminations. It is used to
grow gate oxides [12], dielectrics for capacitors[13], field oxides (electrically iso-
late metal films from the bulk)[14], masking layers [15][16] and as passivation
layers [17] [18].

DOPING

Doping is the process of introducing an impurity atom into an existing semicon-
ductor to change its electrical properties. By doping a pentavalent (5 valence
electrons) impurity like phosphorus into an intrinsic crystalline lattice of silicon
we change the silicon into a n-type semiconductor. Similarly by doping the sili-
con with a trivalent (3 valence electrons) impurity like boron, we can change the
silicon into a p-type semiconductor. This is achieved either by diffusion or ion
implantation. Diffusion involves the movement of the impurity atom into the
silicon crystal by heat (900 oC to 1100 oC )[19]. It generally takes place in a fur-
nace, the impurity atoms are delivered to the silicon wafer either in gaseous form
(eg. PH3, B2H6) or from a solid source of the impurity atoms placed in the same
boat as the silicon wafer. Ion implantation involves accelerating the impurity
atoms into the silicon wafer. Ion implantation takes place at room temperature,
but it requires a high temperature (900 oC to 1100 oC ) activation step following
implantation [19].

DEPOSITION

Deposition is a process which is used to deposit a thin film on top of a wafer.
Deposition processes can be classified into physical vapor deposition (PVD) and
chemical vapor deposition (CVD). PVD is a process by which the material is de-
posited by physical means i.e., through the transfer of material from target to
substrate. CVD is a process by which the material is deposited by chemical means,
i.e., by using chemical reactions. The most common PVD methods are evapora-
tion and sputter deposition. Evaporation involves heating the target material
(i.e., material to be deposited) to a temperature such that it starts to evaporate.
The evaporated material condenses on a substrate normally kept at room tem-
perature, in the case of epitaxial film the substrate is kept at a higher temperature.
It is performed under high vacuum conditions (typically 10−6mbar ) [20], so the
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evaporated material can travel from the target to the substrate without collisions.
The target material can be heated in two ways: resistively and by electron beam
heating. One way is to directly heat the target material by placing the target in a
metallic boat and passing a high current through the boat. This method is called
thermal evaporation. Since the whole target is heated, the metallic boat has to
have a lower vapour pressure to avoid contamination. Another way is to use an
electron beam to focus onto the target material. This method is called electron
beam evaporation. Here, the electrons are emitted from a heated filament and
are accelerated towards the target material which gets hot. The temperature re-
quired to evaporate the material is material dependent [20]. A schematic of a
thermal evaporation system is shown in Figure 2.1. It is directional, so there will
not be any deposition on side walls of structures. It is limited to depositing met-
als like Al,Pt,Au,Ti,Cr,Co, Nb and Pd [21][22]. It is not possible to deposit alloys or
compounds of materials from a single source, since each component will have a
different vapour pressure.

Substrate DepositVacuum
Chamber

Evaporated 
atom

Crucible

Vacuum Pump

Heat

Figure 2.1: Schematic of a thermal evaporation source.

Sputter deposition involves the target material being bombarded by ener-
getic ions, resulting in sputtering of the target atoms. The sputtered atoms travel
from the target to the substrate [20]. In this method, a plasma is ignited and the
energetic ions are accelerated towards the target. The bombardment of ions on
the target causes the atoms to eject due to momentum transfer. The sputtered
target atoms get deposited onto the wafer and the surroundings. The target is
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kept at room temperature. The plasma could be ignited either by a DC or ra-
diofrequency (RF) source. Generally RF power supply is used as it can be used
for both conducting and insulating materials. So, it can be used to deposit insu-
lating materials such as SiO2, Al2O3, Si3N4, ITO, etc. [23][24][25]. It can also be
used to deposit materials such as Au, Al, Cr, Ti, etc. It operates at pressures of
10−2 mbar to 10−1 mbar [20].

The most common CVD methods are low pressure CVD (LPCVD), plasma en-
hanced CVD (PECVD) and atomic layer deposition (ALD). LPCVD involves depo-
sition due to thermal decomposition of the precursor gases containing the de-
sired material. It operates at low pressures of (10−1 to 1 mbar) and at temper-
atures between 700o C to 1100o C. The substrate is kept in a quartz boat and is
placed inside a hot reactor tube. The whole tube is covered by the desired ma-
terial. It is used to deposit silicon nitride, silicon dioxide (SiO2), silicon carbide
and polysilicon [26][27][28]. Another type of CVD process is PECVD. In PECVD, a
plasma is used to dissociate the precursor gases instead of thermal heating. This
results in lower substrate temperatures (100o − 400oC). It operates at pressures
of 10−2 mbar. An RF power supply or a microwave is used for the generation of
the plasma. It is used to deposit oxides, micro-crystalline Si, a-Si, Si3N4, SiO2, etc
[29] [30][31][32].

Figure 2.2: A schematic of an ALD cycle showing the four steps involves in a single cycle. a)
Precursor dosing step and the purge step for the Pt deposition using the MeCpPtMe3 c)

Co-reactant dosing of O2 gas and purge step. These four steps are repeated to obtain the desired
thickness. Reprinted with permission from [33]. Copyright (2012) American Chemical Society.

ALD is a special type of CVD technique where a thin film is deposited, atomic
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layer by layer. Here, the precursor gases are introduced in a sequential man-
ner with a purge step in between them. The precursor gas is usually thermally
dissociated by a high substrate temperature. An ALD cycle consists of precur-
sor dosing, purge, co-reactant dosing and purge. Initially, the precursor gas is
introduced into the chamber. It adsorbs onto the surface of the substrate. The
precursor gas flow is stopped and the chamber is purged to remove any leftover
precursor gas. Then, the reactant gas is introduced into the chamber. This re-
acts with the already adsorbed precursor gas molecules to grow the desired film
[34][35][36][37]. A schematic of an ALD cycle is shown in figure 2.2. It is a self
limiting process, there is no further growth after a sub-monolayer is formed. This
results in a well defined growth per cycle (sub monolayer). A film of desired thick-
ness could be grown based on the growth per cycle times the number of cycles.
The substrate temperature is dependent on the precursor and co-reactant gas.
The chamber walls and precursor gas feed lines are heated to prevent precursor
condensation. This type of ALD is termed as thermal ALD. Plasma ALD utilizes
a plasma for the dissociation of the precursor gas. This allows for a reduction of
the substrate temperature (RT to 100o C ). An RF power supply is used to generate
the plasma.

Area selective ALD is a technique which allows ALD growth to a predefined
area. This is implemented by covering the surface by a pattern such that it ei-
ther impedes the ALD growth or activates it. This can be implemented in several
ways. The most common method is to coat the surface with a self assembled
monolayer (SAM). SAM’s are organic monolayer films, which get adsorbed onto
the substrate by drop casting [38][39]. A SAM passivates the surface against ALD
growth. By patterning the SAM, selective ALD growth is achieved. This passi-
vation is achieved only for a few nanometers of growth, after which nucleation
starts over the SAM as well. Another method of achieving area selective depo-
sition for Pt and Ru ALD is to use a Pt seed layer [40][41][42][43][44], and then
implementing the ALD cycle. This results in ALD growth only on the seed layer,
and one can achieve a high resolution patterned ALD structure.

ALD processes take place at a base pressure of 10−5 mbar , operating at pres-
sures of 1− 25 mbar and at substrate temperatures between 150− 3000C. ALD
is used to deposit thin uniform layers of pure metals (Pt, Pd, etc.)[35][45], di-
electrics (Al2O3, TiO2, HfO2, SiO2) [46][47][48][49] and nitrides (AlN, TiN) [50][36].

RESIST COATING

Resists are polymers which are sensitive to radiation, either photons or electrons.
When a resist is exposed to radiation, its solubility to a solvent changes. Resists
are classified as either positive or negative resist, if the exposed resist region be-
comes soluble to a solvent then it is a positive resist and vice versa for a negative
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resist. This is shown in figure 2.3. The resist is generally spin coated onto the
substrate. There are also new types of resists which are sensitive to tempera-
ture in addition to photons and electrons. These type of resists are termed as
thermosensitive resists. One such resist is poly (phthalaldehyde) (PPA)[51]. Re-
sists are generally applied to the substrate either by spin coating or spray coating.
Spin coating involves dropping the resist solution on to the wafer and spinning
the wafer at 3000 - 6000 rpm. Based on the spin speed and the dilution, a de-
sired thickness of resist is achieved on the substrate. It takes place at ambient
conditions in a wet bench to avoid any toxic fumes. After spin coating the resist,
the wafer is baked at around 90 - 100 oC to improve adhesion of the resist to the
wafer and to remove excess solvent [19].

Figure 2.3: A schematic showing positive and negative resist.

EXPOSURE

Exposure is a process which is implemented after resist coating. It is used to
write the desired pattern on the resist layer. This is done by photolithography or
electron beam lithography (EBL). Photolithography uses photons to modify the
resist. Photolithography requires the use of a mask which has the desired pat-
tern to expose resist. It has a resolution limit which depends on the wavelength
of the source used. EBL uses an electron beam to modify the resist. In EBL, there
is no mask required as the beam of electrons is scanned across the substrate to
create the desired pattern onto the resist [52][53][54][55][56]. As a single beam is
scanned over the sample, it takes a long time to write large patterns. EBL takes
place at high vacuum conditions of 10−6 mbar pressure at room temperature.
Patterns with sub 10 nm resolution are possible with EBL. For chemically ampli-
fied resists (CARs) exposure leads to the generation of photo acid. After exposure,
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the wafer is baked, changing the solubility of the resist by the catalytic reaction
of the resist by the photo acid.

DEVELOPMENT

After exposure of the resist, the desired pattern is transferred into the resist. This
is done by immersing the substrate in a solvent which dissolves the modified re-
sist (positive resist). It is typically done in a wet bench at ambient conditions,
so toxic fumes from the developer solutions are sucked away [19][57]. For ther-
mosentive resists like PPA, instead of immersing the wafer in a solvent, exposing
it to electrons, photons or heat will result in cross linking of the polymers to form
volatile compounds. The volatile compounds are pumped away from the cham-
ber when used in an EBL instrument [51].

ETCHING

Etching is the process of removing material from the surface of the wafer. It can
be classified into wet and dry etching. Wet etching involves the use of liquid
chemicals to remove material whereas dry etching involves the use of a plasma.
Wet etching involves three steps: diffusion of the liquid etchant to the surface
of the material, reaction between the material and the etchant and diffusion of
by-products from the surface. The etch profile can either be isotropic (etch in all
directions) or anisotropic (etch specific to a particular orientation). In dry etch-
ing, the mechanism that removes the material can be either be the kinetic energy
of ions or a chemical reaction or a combination of both. Dry etching is classified
into physical etching (sputtering), plasma etching and reactive ion etching (RIE).
Figure 2.4 shows the different types of dry etching mechanisms.

Physical etching, also known as sputter etching, is the process of bombard-
ing the surface with energetic ions, resulting in a sputter etch. It takes place at
high vacuum conditions with operating pressure of 1 to 10−3 mbar, with usually
Ar gas as the ion species. It results in an anisotropic etch, achieved by having
the incident ions bombarding the surface perpendicularly and at room temper-
ature [58][59]. An RF or DC power supply is used to create the plasma. Plasma
etching is the process by which the material is removed by a chemical reaction
at the surface due to the reactive ions created in the plasma. The entire surface
is exposed to the plasma. It operates at high pressures of 0.1 to 1 mbar and at
room temperature. It results in an isotropic etch. The gases generally used are
O2-, Cl2- based [60][61][62][63][59][64][65]. An RF power supply is used to create
the plasma. Reactive ion etching (RIE) is a combination of sputter etching and
plasma etching. The etch takes place due to both physical sputtering and chem-
ical reaction with the substrate. It takes place in a high vacuum chamber and op-
erates at pressures of 10 to 10−1 mbar. It results in an anisotropic etch. The pro-
cess is dependent on substrate temperature, the temperature can vary between
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Figure 2.4: Different types of dry etching mechanisms. a) Sputter etching. b)Plasma etching.
c)Reactive ion etching.
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−150o C to 30o C. It also uses reactive gases such as BCl3, Cl2,SF6, CHF3,O2, Ar,
etc [63][62][61][65][66]. An RF power supply is used to create the plasma.

RESIST STRIP

It involves removing the unexposed resist (positive resist) from the substrate. It is
done either by immersing the wafer in a solvent or an oxygen plasma. The solvent
dissolves the remaining resist, resulting in a clean surface. The solvent method
takes place in a wet bench at atmospheric conditions. Since the resist is made of
polymers, exposing the wafer to an oxygen plasma results in combustion of the
resist layer. This results in a substrate free of the resist layer. This process is also
called plasma ashing [67]. It takes place in a vacuum chamber and operates at a
pressure of 1 mbar. The plasma is generally powered by an RF power source with
O2 as the gas and at substrate temperatures between 150-300o C.

INSPECTION TOOLS
Immediately after fabrication or in between different processes, the substrate is
inspected to check for the surface topography and cross-section (etch depth or
deposited height). This is done typically using the following tools.

PROFILOMETER

A profilometer is an inspection tool, which is used to measure step height and
roughness of a substrate. This is implemented by bringing a needle (diamond
tip) in contact with the substrate and scanning it across the substrate. Any change
in height of the needle as it is swept across the substrate is measured and dis-
played. It can typically measure heights larger than 1 nm across a distance of
hundreds of microns [68].

ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is an inspection tool similar to a profilometer but
with a very high resolution. It is used to image the surface at very high resolution,
measure step height and roughness of the surface. It consists of a cantilever with
a sharp tip. It operates in two modes: contact and non contact (tapping). In con-
tact mode, the AFM tip is brought near the surface and scanned over the surface.
The AFM tip and the surface are kept at a constant force or constant height. In
the case of constant force, any change in the force is measured as the topography
of the surface. In tapping mode, the tip is again brought close to the surface, and
the tip is oscillated at or near the resonant frequency of the cantilever. As the tip
is scanned across the surface, any change in the amplitude of oscillation is mea-
sured as the topography of the surface. It generally operates at ambient air but it
can also be used in vacuum.
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SCANNING ELECTRON MICROSCOPY

A scanning electron microscope (SEM) is a powerful inspection instrument. It
is generally used to inspect the topography of a surface and cross-sections. To-
pographic details can be determined at a high resolution (sub 10 nm) using an
SEM. It is used generally in between steps or after the entire fabrication process.

Our goal is to integrate some of the above techniques in an SEM. Why do
we want to integrate the techniques into an SEM? Why not into a high vacuum
chamber? What makes the SEM an ideal tool for the integration of other tools?
Before we can answer these questions, lets learn how an SEM works and appre-
ciate its versatility as an inspection instrument.

2.3. SCANNING ELECTRON MICROSCOPE
An SEM can be split up into the following parts: The electron column, a vacuum
chamber housing the substrate, detectors and electronics. The electron column
consists of an electron gun, condenser lenses, apertures and an objective lens.
Electrons are generated by the electron gun. An electron gun consists of an elec-
tron emitter, extractor and a gun lens. A stream of electrons are emitted from
the emitter. The emitter can be either a tungsten hairpin source or a Schottky
source or a cold field emitter. If the emitter is kept at a high temperature, it is
a tungsten hairpin. Due to the high temperature, electrons overcome the work
function and leave the metal. If the emitter is kept cold and electrons are emitted
by tunnelling due to a high electric field, it is a cold field emitter source. A Schot-
tky source combines heating and a high electric field and ZrO2 to lower the work
function, causing the electrons to leave the metal. The emitted electrons are ac-
celerated by the extractor. The emitted electrons are accelerated (1 kV to 30 kV)
and focussed by the condenser and objective lenses. Fig 2.5 shows a schematic
of an SEM column. The current of the electron beam is limited by a variable
aperture.

After the electrons emerge from the aperture, the beam is focussed onto the
specimen by the objective lens. The specimen is housed in a vacuum chamber
directly below the objective lens. The specimen or the substrate is mounted to
a 5 axis stage (X,Y,Z,rotation and tilt). The beam of electrons (primary electrons)
is scanned over the surface of the sample by scan coils present in the objective
lens. The electron beam penetrates and scatters inside the substrate. The scat-
tering can either be elastic, if the electron is scattered without any loss of energy,
or inelastic, if the electron loses kinetic energy and transfer that energy to the
substrate. Due to scattering, the electron beam spreads laterally and into the
substrate, forming an interaction volume larger than the beam diameter. Elas-
tic scattering occurs when the electron beam is deflected by the nuclei. These
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Figure 2.5: Schematic of an SEM column.

deflected electrons when they scatter back up are called backscattered electrons
(BSE) which can be detected by a detector to form a backscattered electron im-
age. Inelastic scattering causes electrons in a substrate to eject from the surface,
these electrons are called secondary electrons (SE). These SE’s are detected by a
detector to form a secondary electron image of the substrate. Electrons emitted
from the substrate with energy less than 50 eV are classified as SE and electrons
with higher kinetic energy than 50 eV are classified as BSE. The SE and BSE emit-
ted from the substrate are collected by dedicated detectors housed within the
vacuum chamber.

The SE emitted from the substrate possess low energy and are attracted to-
wards the detector by applying a positive potential to a grid (Faraday cage). The
electrons collected by the Faraday cage hit a scintillator surface. A scintillator
converts the electrons into photons. The emitted photons are multiplied by a
photomultiplier tube (PMT). In the PMT, the photons are converted to electrons.
The electrons are amplified and converted into an image and displayed in a mon-
itor. Energy dispersive X-ray spectroscopy (EDX) is a material analysis technique
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Figure 2.6: Illustration of a FEBID process.

that is available in an SEM with an EDX detector. When an electron beam is in-
cident on a substrate, it may excite an inner shell electron ejecting it from the
atom. This results in a vacant inner shell, an outer shell electron can fill this va-
cancy resulting in the emission of X-ray radiation. The EDX detector detects the
energy of these X-rays. The energy of the emitted X-rays is equal to the difference
in energy between the inner and outer shells.

A dual beam instrument has a focussed ion beam (FIB) column in addition to
an SEM column. A FIB is very similar to an SEM: instead of a beam of electrons,
a beam of ions (typically Ga) is focussed on to the substrate. The ion column is
generally mounted at an angle of 52o with respect to the electron column (for a
ThermoFisher Scientific dual beam instrument). Unlike electrons, when heavy
Ga ions are scanned over the substrate, the substrate atoms are sputtered away
due to momentum transfer. This is the unique feature of a FIB column, it can be
used to mill precise patterns on a substrate.

Focussed electron beam induced processing (FEBIP) is a technique which
is available in an SEM. FEBIP is a high resolution direct write technique, it can
be used either to deposit material, focussed electron beam induced deposition
(FEBID) or etch the material, focussed electron beam induced etching (FEBIE)[69]
[70]. In FEBID precursor gas containing the material to be deposited is directed
and injected towards the substrate by a nozzle assembly called the gas injec-
tion system (GIS). The injected gas molecules get adsorbed on the surface of
the substrate. When an electron beam is scanned over the substrate, the elec-
tron beam dissociates the adsorbed precursor molecules. The volatile fragments
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get pumped out and the non-volatile fragments get deposited onto the substrate
[71][72][73] [70]. An illustration of FEBID is shown in figure 2.6. Similarly, in the
case of FEBIE the non-volatile fragments of the adsorbed precursor molecules
react with the substrate to produce volatile fragments resulting in an etch [69].
FEBID has been shown to deposit a variety of materials like Pt, Au, SiOx , Co, Fe,
etc. [74]. FEBIE has been shown to etch silicon, carbon nanotubes, graphene,
boron nitride, etc. [69][75][76][77][78][79]. Similar to FEBID and FEBIE, we can
deposit and etch materials using the ion beam, focussed ion beam induced de-
position (FIBID) and focussed ion beam induced etching (FIBIE)[80][81].

The main disadvantage of FEBID is its low purity deposits. For example, Pt
deposited by the methylcyclopentadienyl trimethyl platinum (MeCpPtMe3) pre-
cursor results in a deposit with ~15 at% of Pt and the rest of the deposit being
carbon [82]. The resistivity of the deposit is six orders higher than the resistivity
of bulk Pt. Post purification strategies have been employed to get pure Pt deposits
by annealing the substrate in an oxygen or air environment [83][84][85][86][87]
[88][89]. Using the ion beam for deposition has resulted in purer deposits than
using electrons. One disadvantage of using an ion beam to deposit material is
that the Ga ions are also implanted into the deposit and simultaneous milling.

In addition to being used as an inspection tool, resist-based lithography can
also be done inside an SEM. With the addition of a fast beam blanker and pat-
tern generator, electron beam lithography has been demonstrated in an SEM.
An SEM is generally used as an EBL tool for research purposes. Oxidation in an
SEM using the electron beam has also been demonstrated. FEBID deposits has
been shown as etch masks for transferring pattern onto the underlying substrate
[90][91]. Silicon cantilever tips have been manufactured using FEBIE [92]. FEBIP
has been demonstrated for the use of mask repair [93].

2.3.1. DESCRIPTION OF THE NOVA NANO SEM
All work in this thesis was performed in a Thermo Fisher Scientific (formerly FEI)
Nova nano SEM. It is a dual beam instrument, the electron column is placed per-
pendicular to the substrate and the ion column is placed at 52o with respect to
the substrate. It is equipped with a 5 axis stage (X, Y, Z, rotation and tilt). The
working pressure of the SEM is 10−6 to 10−5 mbar. It is also equipped with a GIS
for Pt FEBID and H2O FEBIE. EDX is also possible within the SEM by means of
an EDX detector. We use an Oxford instruments X-max 80 mm2 Solid State EDX
detector. We also have the possibility of using an AFM inside the SEM (NanoAn-
alytik GmbH). Figure 2.7 shows the photograph of the AFM mounted onto the
stage of the SEM. The Si cantilever AFM tips contain a thermo-mechanical actu-
ator and a piezoresistive sensor consisting of a Wheatstone bridge is used as the
detector to measure the deflection of the Si cantilever. The SEM is also equipped
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Figure 2.7: Photograph showing the in-situ AFM mounted onto the SEM stage.

with a load lock for quick sample exchange and maintaining a clean chamber.
It is also equipped with a commercial plasma cleaning tool to clean the cham-
ber. The various components of the SEM are shown in Figure 2.8. Figure 2.8 also
shows the various add-ons available in the system like EDX, GIS, AFM, plasma
clean and a multi beam unit. The multi beam unit converts a single beam into
25 beams, it is designed to fit in the aperture port[94]. Even though we have the
capability for a multi beam, we won’t be using this in the rest of the thesis.

2.3.2. RESTRICTIONS

There are several restrictions on bringing materials or processes into the SEM.
an SEM normally operates between a chamber pressure of 10−6 and 9.10−5 mbar.
Even though the chamber pressure is in the high vacuum range, the electron gun
is kept at ultra high vacuum (10−9 to 10−10mbar). The source area and the vac-
uum chamber are separated by differential pumping. An increase of the cham-
ber pressure beyond 9.10−5 mbar will trigger closing off the valves between the
source area and the chamber column.

Any material brought inside the SEM chamber shouldn’t outgas into the cham-
ber. Outgassing will lead to an increase in chamber pressure and will also con-
taminate the chamber. Any contamination in the chamber can travel to the aper-
ture where it can be deposited, leading to charging which may affect the beam
quality. Also contamination will lead to deposition on to the substrate whenever
we scan over the substrate. This is typically observed as the darkening of the
SEM image after parking or scanning the beam. To prevent contamination of the
chamber and other components, each element brought inside the SEM should
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Figure 2.8: Photograph of the Thermo Fisher Scientific Nova nano 600i dual beam system with all
the add-ons.

Figure 2.9: Photograph showing the space available in the SEM.
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be cleaned in acetone followed by ethanol or IPA.

Insulating materials in direct line of sight of the beam will result in charg-
ing. Similarly, magnetic fields inside the chamber will distort the beam. So, all
components for tools inside the SEM should be non magnetic. In addition, the
available space under the beam is limited. This is shown in Figure 2.9. Any addi-
tion to the chamber should stay clear of the objective lens (pole piece). Any gas
chemistry introduced into the SEM chamber shouldn’t damage any of the detec-
tors nor the pole piece. The piezoelectric stage and the detectors have delicate
components so they should be kept at room temperature.

WHY INTEGRATE CLEANROOM TOOLS IN AN SEM ?
Why do we want to integrate different cleanroom techniques in an SEM ? An SEM
already operates at high vacuum pressure, so it has already in place a vacuum
chamber with pumps. It is already an integral part of a device fabrication pro-
cess as an inspection tool. With the addition of an EDX detector, we can use it as a
material analysis tool. A dual beam instrument will give us, in addition to inspec-
tion, high resolution milling capabilities. With the Nova nano lab SEM we have
the capability to add an AFM in SEM to measure the height of patterned struc-
tures. Thus, we have the capability to use it as inspection tool (imaging, AFM
and EDX), lithography tool (FEBID masks and resists), deposition tool (FEBID
and FIBID) and etching tool (FEBIE, FIB and FIBID). Moreover for research pur-
poses the region of interest is a few square microns. All the cleanroom fabrication
tools we discussed before are designed to handle 2" or 4" wafers. Cleanrooms are
expensive, for example at the Kavli nanolab, TU Delft, it costs about 150 Euro per
hour for the maintenance of the cleanroom in addition to the cost of operating
the instruments. An SEM is already a versatile instrument for nanofabrication.
Moreover, an SEM is available in almost all labs. By complementing it with other
fabrication techniques, we are able to achieve a cleanroom inside an SEM.

2.4. TECHNIQUES TO INTEGRATE IN AN SEM
Now, we will choose appropriate techniques needed to fabricate a complete de-
vice inside the SEM. An SEM operates under high vacuum (10−6 to 10−5 mbar)
conditions. So, the first requirement is to choose techniques that can operate
under high vacuum conditions, such that the normal operation of the SEM is
not affected. The operating conditions of the various fabrication techniques dis-
cussed before are shown in table 2.1. From the table, we can see that evapora-
tion and exposure satisfy the requirement. Exposure is already possible using
the SEM. Also, we already use precursors for FEBID, FEBIE, FIBID and FIBIE.
We could modify the GIS for delivering other gases into the SEM for purification
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of FEBID deposits [85]. A typical process flow in the cleanroom looks like this:
cleaning, deposition, lithography (spin coat resist, exposure and development),
etching, resist strip and inspection. Based on this process flow for the fabrica-
tion of an entire device within the SEM, we would need the miniaturisation and
integration of the following tools: a cleaning procedure, a deposition tool and
an etching tool. Even though we have FEBID as a deposition tool, it does not
produce high purity deposits. Therefore we need another deposition tool. In the
case of FIB, there is the unwanted deposition of Ga ions, therefore we need an-
other etching tool as well. We can use FEBID structures as hard masks for pattern
transfer.

2.4.1. CLEANING

The first step in any process flow is the cleaning step. Wet chemical based clean-
ing is not vacuum compatible and would require a lot of modifications (chemical
inlet, outlet, reactive chemicals, etc.) to an already existing SEM. So, the next op-
tion is the dry cleaning method. The Nova nano lab SEM is equipped with a com-
mercial plasma cleaner for the cleaning of the chamber. The other method in
dry cleaning is to heat the substrate. With a heater, we would be able remove ad-
sorbed contaminants from the surface of the substrate by heating the substrate
to a high temperature of about 300o C [9][10]. We can also use it for FEBID purifi-
cation strategies as well as for other processes like ALD. The maximum tempera-
ture will need to be selected such that it is within the thermal limits of the stage
and detectors. The stage is very sensitive to temperature. So, we need to develop
a dedicated heater.

2.4.2. DEPOSITION

Next, we need to have a deposition tool inside the SEM. As discussed before de-
position can be implemented by either PVD or CVD. In PVD techniques, we have
sputter deposition and evaporation both operate in vacuum. Sputter deposition
requires a plasma for operation, and as seen from table 2.1, it also operates at
a higher chamber pressure. It deposits everywhere, which can become a prob-
lem with dielectrics. Evaporation operates at ultra high vacuum, it satisfies the
pressure requirement. The substrate is typically kept at room temperatures. It is
directional, so we would be able to limit the area of deposition to the substrate.
We will be able to choose the deposition area based on the distance between
the evaporation source and the substrate. So, it is feasible to integrate this into
an SEM. In CVD techniques, we have LPCVD, PECVD and ALD. We can elimi-
nate LPCVD as it operates at high pressures which conflicts with normal SEM
operation. Also LPCVD requires a substrate temperature above 600o C. PECVD
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operates at even higher pressures and it would require a substrate temperature
of 300o C along with a plasma. It’s working pressure conflicts with the normal
operation of SEM. So we can eliminate this too. ALD operates at high pressure
with substrate temperatures around 300o C. On first glance, this technique also
conflicts with the SEM. But, we know from FEBID, the GIS creates a local high
pressure at the surface of the substrate. Also, both Pt FEBID and Pt ALD use the
same precursor, MeCpPtMe3. Area selective ALD using Pt FEBID as a seed layer
is a direct write technique which combines the high resolution of FEBID with the
high purity of ALD. The requirements for implementing this technique are O2 gas
injection as a co-reactant and a substrate temperature of 300o C. This also seems
feasible to integrate in an SEM by utilizing the GIS to deliver a local gas pressure
near the substrate.

2.4.3. ETCHING
An important step in the cleanroom process flow is etching. Here we have reac-
tive ion etching, plasma etching and sputter etching. RIE operates at pressures
of 10 to 10−1 mbar and substrate temperatures (−150 to 30o C) and a plasma to
create the reactive ions. It requires the use of reactive gases such as SF6, SiCl4,
etc., which can be reactive with the pole piece, stage or the detectors. So, we can
eliminate RIE. Plasma etching operates at pressures of 0.1 to 1 mbar and requires
a plasma. It also requires the use of reactive gases. Hence, we can eliminate this
too. We are left with sputter etching, which is the basic type of an etching tool. It
operates at 1 to 10−3 mbar pressure. It requires a working plasma for the genera-
tion of ions. With a working plasma inside the SEM, we would be able to imple-
ment sputter etching inside the SEM. The main challenge here is to bridge the
gap in pressure. This will also open up possibilities for other techniques (Plasma
etching and RIE) which would require a plasma for operation. This seems feasi-
ble to develop inside an SEM.

2.5. CONCLUSION
We decided to concentrate on implementing the following techniques inside the
SEM. i) A substrate heater, which can be used for removing adsorbed contam-
inants and water vapour from the substrate. It can also be used for FEBID pu-
rifications as well as for ALD. The development of the substrate heater will be
discussed in detail in chapter 3. ii) In-situ area selective ALD using the GIS, with
this technique we will be able to combine the high resolution feature of FEBID
with the high purity aspect of ALD. The development of the in-situ area selective
ALD is described in chapter 4. iii) A thermal evaporator, which will enable to lo-
cally deposit a pure material inside the SEM. The development of the miniature
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Figure 2.10: Proposed process flow inside the SEM with the feasible techniques which can be
integrated inside the SEM.

thermal evaporator is described in chapter 5. iv) A sputter etching tool, which
will enables local etching of material inside the SEM. The development of the
sputter etching tool is described in chapter 6.

With the above techniques, we will already be able to completely fabricate a
device inside the SEM, without breaking the vacuum between the different pro-
cess steps. A proposed process flow for fabricating a bow tie antenna inside the
SEM based on the above techniques is shown in figure 2.10. We begin the process
by loading a clean substrate inside the SEM. We locally deposit the target material
by using the miniature thermal evaporator. We use FEBID (for instance carbon)
to deposit the desired pattern, here a bow tie structure. This FEBID structure is
used as a hard mask. After the FEBID mask step, we transfer the pattern onto
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the underlying material by using the miniature sputter etching tool. Finally, we
remove the left over FEBID mask by using FEBIE (H2O). Now, we are left with the
desired pattern, a bow tie antenna on the deposited material.

We could develop the techniques listed in this chapter, and integrate them in
an SEM. But there are limitations in fabricating a active device like a transistor.
Techniques like resist coating, LPCVD and oxidation which are essential in the
fabrication of an active device like a transistor are not feasible to integrate in an
SEM. But, local oxidation by electron beam irradiation has been demonstrated
[95][96]. Thus, local oxidation could be carried out in the SEM. Currently transis-
tors utilize a high-k dielectric material as the insulator rather than SiO2. One of
the methods of growing high-k dielectrics is by ALD. So, by choosing an appropri-
ate precursor and co-reactant which can be compatible in the SEM, we would be
able to grow a high-k dielectric material by using the in-situ ALD in SEM. With
a working sputter etching tool, we would overcome the pressure requirement.
Thus, plasma etching can be implemented by replacing the Ar gas used for sput-
ter etching with O2. Similarly, RIE could be implemented for processes which
operate at room temperature.
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3
IN-SITU HEATER IN SEM

3.1. INTRODUCTION
In this chapter, we will concentrate on the design, development and demonstra-
tion of an in-situ substrate heater in an SEM. As discussed in chapter 1, it may be
used for partially cleaning the substrate, to remove adsorbed water, for purifica-
tion of FEBID-fabricated structures and for thermal ALD. The heater was actually
developed in two stages. In the first stage the focus was rather on compatibility
with the electron microscope and on thermal stability than on its use for in-situ
thermal ALD. A first prototype was built, and the lessons learned were used in
the second development stage in which a new heater was constructed that can
also be used for thermal ALD. Both heaters will be described in this chapter. The
in-situ substrate heater needs to be used right under the pole piece and it should
be placed on the SEM sample stage. This leads to several requirements and re-
strictions for the design, which will first be discussed.

3.2. REQUIREMENTS FOR IN-SITU SUBSTRATE HEATER
When we add the in-situ substrate heater to the SEM, it shouldn’t affect the op-
eration of the SEM. We should be able to use the SEM for FEBID depositions,
imaging and dehydration baking of the substrate. This leads to several require-
ments for the design of the substrate heater. The requirements are,

1 The substrate heater should be easy to mount on the stage and adaptable to
any SEM stage.

2 The stage should be thermally insulated from the substrate heater, to protect
the delicate stage as well as to prevent heat loss from the substrate.
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3 The pole piece and the detectors should be kept at their operating temperature
(room temperature).

4 Keep the substrate position stable while varying the temperature.

5 Substrate size of 1 x 1 cm2 wafer with a maximum thickness of 0.5 mm.

6 Temperature up to 150 oC, to carry out dehydration bake of substrates and for
FEBID depositions.

7 The ramp-up time for the heater should be kept low, 15 minutes to reach the
desired temperature.

8 The ramp-down time for the heater should be kept low, 15 minutes to reach
room temperature.

9 No insulating materials should be visible near the substrate, to prevent charg-
ing while operating the SEM and imaging the substrate.

10 All materials used should be non-magnetic.

11 All materials used should be vacuum compatible and have a low outgassing
rate.

12 The materials used should maintain their mechanical properties at the de-
sired temperature (150oC).

From the first requirement, we need to mount our heater on the stage. Typi-
cal SEM stages have an SEM stub which can be mounted on them. Consequently,
the base of the heater should be similar to an SEM stub to mount it on the stage.
Next, we need to make sure the substrate heater and the stage are thermally insu-
lated to prevent damage of the stage. Also, we need to have an electrical contact
between the substrate and the stage to avoid charging of the substrate. A Si chip
has a coefficient of thermal expansion of 2.6 10−6/oC, so for 1 cm Si chip with
a change of 100 oC, we would have a thermal expansion of 26 nm [1]. We do
not want the feature we are imaging to move when we change the temperature.
We normally use 10 x 10 mm2 pieces of a 4 inch Si wafer for our experiments
with a thickness of 0.5 mm. Hence, the heater should be able to accommodate
such pieces. The distance between the substrate and the pole piece is normally
kept at 5 mm, a photograph of the SEM chamber is shown in figure 3.1. In our
Nova nanolab 650 SEM, the SEM stubs are mounted on an Al block, which is
in turn mounted on the stage. A photograph of the Al block mounted on the
stage is shown in figure 3.2. We use a custom built SEM stub with a thickness
of 1 cm, which is mounted on the Al block. Our substrate heater should replace
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this custom built SEM stub, so we need to keep the thickness of the substrate
heater at 1 cm to keep the substrate - pole piece distance at 5 mm. The mate-
rials used should not lose their mechanical properties while using the substrate
heater constantly at 150 oC. If the material is heated well above it’s maximum
allowable temperature, it may result in loss of stiffness of the material. The ma-
terial will become soft and not be able to maintain it’s shape during heating and
cooling down of the heater. Hence we need to choose a suitable material housing
the heater and the substrate, to withstand a temperature of 150 oC.

Figure 3.1: Photograph of the interior of the Nova nano SEM from the point of view of the
chamber door.

3.3. DESIGN
First we need to decide on a heater which can heat the substrate to the required
temperature of 150 oC. The power required to bring the substrate to a certain
temperature is a combination of warm-up power and process power plus their
associated losses [2][3]. Warm-up power is the power required to bring the sub-
strate from room temperature to the desired temperature, plus the heat loss due
to conduction and radiation. There is no loss due to convection as we operate in
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Figure 3.2: Photograph of the Al block which is mounted on the stage in the Nova nano SEM.
chamber door.

vacuum. Process power is the power required to keep the substrate at a constant
temperature plus the heat loss due to conduction and radiation. We can estimate
the power required to heat a Si chip to 150 oC, using the following equation.

P = mc(T f −Ti )

t
(3.1)

where P is the power required to bring the substrate to the desired tempera-
ture in W, m is the mass of the material in kg, c is the specific heat of the material
in J/kg/K, T f is the final temperature of the material in K, Ti is the initial tem-
perature of the material in K and t is the time in seconds. The power loss due to
conduction can be estimated by the following equation,
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Pcond = κ.A(T f −Ta)

L
(3.2)

where Pcond is the power loss due to conduction in W, κ is the thermal conduc-
tivity of the material in W/m.K, A is the area of the material in contact with an
insulator or other material, Ta is the ambient temperature in K, T f is the final
temperature of the material in K and L is the thickness of material or the length
of the conductive path in m. The power loss due to radiation can be estimated
by the following equation,

Pr ad =σϵA(T 4
f −T 4

a ) (3.3)

where Pr ad is the power loss due to radiation in W, ϵ is the emissivity of the mate-
rial, σ = 5.6710−8 W/m2K4 is the Stefan-Boltzmann constant and A is the surface
area of the material in m2.

For a Si chip of 10 x 10 mm2 with a thickness of 0.5 mm, a heating time of
600 s and material parameters found in table 3.1, we can estimate from equation
3.1 the power required to heat the chip to 150 oC to be 0.02 W. Similarly from
equation 3.2 we can estimate the power loss due to conduction to be 6.5 W (as-
suming a contact area of 100 mm2 and in contact with PEEK), if we assume the
whole chip to be in contact with the insulating material (eg., PEEK) with an am-
bient temperature of 20 oC. From equation 3.3, the power loss due to radiation
is 0.1 W. So, the total power required is 6.62 watts. Hence, we need to look for a
heater which can meet the power requirement of 6.62 W. We found a commer-
cially available Pt based heater which is compatible for use in vacuum, small in
size (2 x 10 mm2) and with a maximum power of 27 W [15]. This Pt heater, shown
in figure 3.3 can be mounted underneath the Si chip.

The Pt heater should be fixed onto a metal block (heater block) on top of
which the substrate should be mounted. Aluminum has a high specific heat and
thermal conductivity compared to Stainless steel, as seen in table 3.1 and can
be used as the material for the metal block. Hence, it will require a lower power
to heat the heater block to the desired temperature and have a better thermal
conduction to the substrate resulting in a faster heater time. The heater block
should be isolated from the stage to prevent loss of heat to the stage. If we as-
sume a heater block made of Al with a dimension of 14 x 14 mm2 and a thickness
of 2.5 mm, the power required to heat up the heater block is 0.25 W, the power
loss due to conduction is 2.12 W and the power loss due to radiation is 0.04. The
total power required for heating the heater block to 150 oC is 2.41 W, which is well
within the limits of the Pt heater. Also, the maximum serviceable temperature of
Al is within the maximum temperature requirement of the substrate heater. If
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Figure 3.3: Drawings of the Pt heater from Allectra (Units in mm ). Photograph of the Pt heater is
shown in the inset picture.

Figure 3.4: a) CAD drawing of the heater block made of Al (6082 - T6) showing the different parts
of the block along with two spring contacts which allow for the thermal expansion of the

substrate. b) CAD drawing showing the bottom of the heater block with the single contact area,
which makes a contact with the isolator block providing thermal isolation. c) Zoom-in of the

spring contact, which can be moved as indicated by the green arrow is used to mount the Si chip
of 10 x 10 mm2.

we reduce the surface area of the heater block in contact with the thermal iso-
lator, which has not been discussed yet, to a size of 5 x 5 mm2, we can reduce
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Figure 3.5: a) CAD drawing depicting the Si chip sitting on top of the heater block which is
mounted on top of the isolator block providing thermal insulation. b) Cross-section image of the
heater block and the isolator block. c) Top down view of the isolator block, the blue arrows depict

the heat flow direction from the heater block element. Red circle depicts the region where the
heater block element makes contact with the isolator block.

Figure 3.6: CAD drawing showing the isolator block mounted (using 3 M1.6 screws) on top of a
standard SEM stub with a diameter of 32 mm and a pin diameter of 3.2 mm which fits on Thermo

Fisher Scientific (formerly FEI), ZEISS and TESCAN SEM instruments.

the conduction loss to 0.27 W. This brings the total power required to heat up the
heater block to 0.56 W, hence we should try to reduce the contact surface area to
limit the power loss due to conduction. Figure 3.4 shows the CAD drawing of the
heater block. It has a slot to accommodate the Pt heater as well as a slot to mea-
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sure the temperature of the heater block directly using a thermocouple. Figure
3.4 b, shows the contact area (from the bottom side of the heater block) which
makes contact with the isolator block. It has a surface area of 23.96 mm2 and a
height of 4 mm from the contact point to the Si chip. This results in a conduction
loss of 0.19 W. The heater block is mounted on the isolator block by means of a
push fit connection. The heater block has 5 slanted pillars which are used to hold
the Si chip (size of 10 x 10 mm ) in place. Two of the slanted pillars are flexible
spring contacts which are used to mount the Si chip, shown in figure 3.5 c. The
slanted pillars allow the Si chip to be tilted during operation of the heater. Fig-
ure 3.5 a, shows the heater block mounted on the isolator block with the various
components. The cross-section of the heater block and the isolator block with
the push fit connection is shown in figure 3.5 b. The isolator block is designed
to minimize displacement due to thermal expansion. The isolator block is made
out of PEEK as the specific heat capacity, thermal conductivity and the thermal
expansion coefficient are low. Moreover, it is easy to machine it to the desired
shape and the maximum serviceable temperature is 260 oC, which is well above
the temperature requirement.

Figure 3.7: CAD drawing of the in-situ substrate heater showing the various components.

The isolator block is mounted on to an SEM stub (diameter of 32 mm and
a pin diameter of 3.2 mm) as shown in Figure 3.6 by using 3 M1.6 screws. The
SEM stub can be mounted in most of the commercially available SEM instru-
ments from Thermo Fisher Scientific (formerly FEI), ZEISS and TESCAN. Figure
3.7 shows the complete in-situ substrate heater assembly. It includes two tensile
relief connectors which are used to electrically connect the Pt heater. The two
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Figure 3.8: Cross-sectional CAD drawing of the in-situ substrate heater, showing the electrical
contact (using a spring) between the SEM stub and the heater block.

tensile relief connectors are mounted on the isolator block by means of a push
fit. A cross-section image of the whole in-situ substrate heater assembly is shown
in figure 3.8. The heater block containing the Si chip needs to be electrically con-
nected to the stage through the SEM stage to avoid charging of the substrate. This
is done by using a spring made out of Phosphor Bronze, as it is non-magnetic and
vacuum compatible. The spring is in contact with a M1.6 screw which is fixed to
the bottom of the heater block. The total height of the in-situ substrate heater is
10 mm (shown in figure 3.8 ). Figure 3.9 shows an ANSYS directional deforma-
tion simulation of the material while heating the heater block to 150 oC, in the
center of the Si chip there is a displacement of 2 µm. Maximum deformation is
observed in two of the corners of the heater block with a value of 17.7 µm and -
34.4 µm. Also maximum deformation is observed in the isolator block arms (red
coloured region in figure 3.9). Along the Y-axis (shown in figure 3.10), we observe
a deformation of 13.5 µm, this mainly arises from the different thermal conduc-
tivity of Al and the Si chip. Figure 3.11 shows the ANSYS steady state thermal
simulation of the in-situ substrate heater, when the heater block is heated to 150
oC. In a steady state thermal simulation, the thermal loads do not vary with time.
The SEM stub remains at room temperature, while the isolator block thermally
insulates the heater block and the SEM stub. The temperature variation in the
isolator block can also be seen in figure 3.11, with a higher temperature in the
arms of the isolator block.
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Figure 3.9: ANSYS simulation of the in-situ substrate heater assembly to estimate the
deformation in X-axis while heating the heater block to 150 o C. The corners of the heater block
experience a maximum deformation of 17.7 µm and -34.4 µm. Image courtesy of Ruud van Tol.

Figure 3.10: ANSYS simulation of the in-situ substrate heater assembly to estimate the
deformation in Y-axis while heating the heater block to 150 o C. The height of the Si chip changes

by 13.5 µm. Image courtesy of Ruud van Tol.
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Figure 3.11: ANSYS steady state thermal simulation of the in-situ substrate heater assembly. The
heater block along with the Si chip is kept at a temperature of 150 o C (depicted in red), the heat

flow in the isolator block section can also be seen, while the SEM stub is kept at 22 o C. Image
courtesy of Ruud van Tol.

Finally, we need to check whether a heat shield is required to block the power
radiated to the stage and other parts present in the SEM chamber. From the CAD
drawing, the side of the heater block facing the SEM stub has a surface area of
157.69 mm2. The power loss due to radiation as calculated from equation 3.3 is
0.035 W, so little power is radiated towards the SEM stub. Moreover, the isolator
block covers a part of the heater block, so the actual radiated power would be
lower. Hence, we don’t require a heat shield to protect the SEM stub. The total
surface area of the heater block element facing the pole piece is 44.24 mm2. The
power loss due to radiation as determined from equation 3.3 is 0.01 W, choosing
an emissivity of 0.16, which is the highest value from table 3.1. We also have the Si
chip (10 x 10 mm2) which radiates power to the surroundings, the power radiated
from the Si chip is 0.099 W resulting in a total power of 0.1 W being radiated to
the surroundings. We can estimate the temperature increase of the pole piece
made of mu metal (c = 490 J/kg.oC, density of 8.747.10−3 kg/cm3) and from the
CAD drawing of the pole piece we can estimate the mass to be 0.73 kg [16]. Using
equation 3.1 with a power of 0.1 W, we obtain a temperature of 21 oC after 1 hour.
Hence, we don’t need any heat shield on top of the heater to protect the pole
piece and the detectors.
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3.4. FABRICATION AND ASSEMBLY
We chose a Pt heater as discussed in the previous section to meet the power re-
quirements. The heater block is made out of Al (6082 T6) and is machined to
the desired dimensions. We used a commercially available K-type thermocou-
ple to accurately measure the temperature of the heater block [17]. The isolator
block is made out of PEEK as previously discussed and machined to the desired
dimensions. We bought a standard SEM stub from Agar scientific with a diame-
ter of 32 mm and a pin diameter of 3.2 mm [18]. Afterwards, the SEM stub was
machined to make the threaded M1.6 screw holes to mount the isolator block
onto the stub. For the tensile relief, we used 2 individual pins from commer-
cially available L-shaped pin headers made out of a copper alloy and gold plated
[19]. For the electrical connection to supply power to the Pt heater we used a
PTFE coated wire. The metallic components (heater block, SEM stub, tensile re-
lief pin connectors, spring and the various screws) were cleaned ultrasonically in
a beaker containing acetone for 2 hours followed by cleaning ultrasonically in a
beaker containing ethanol for 2 hours. Finally, the components were blown dry
by using Nitrogen gas. The non-metallic parts (isolator block, Pt heater, K-type
thermocouple and the connecting wires were cleaned ultrasonically in a beaker
containing ethanol for 2 hours followed by blow drying them in Nitrogen gas.

We used a commercially available PELCO high temperature carbon paste to
glue the the Pt heater to the heater block [20]. We decided to use this glue as it
can withstand a temperature upto 2000 oC, which is well above our temperature
requirements. Moreover, the glue is soluble in water making it easy to remove the
Pt heater in case of breakage. We first applied the carbon paste on the Pt heater
slot in the heater block component. The Pt heater was then gently pressed on to
the heater block and left in air for 2 hours to cure it. Then, the heater block was
baked in a vacuum oven at 90 oC for 2 hours followed by a further curing of the
carbon paste in the vacuum oven at 180 oC for 2 more hours. The in-situ sub-
strate heater was assembled according to the CAD drawings. The Pt heater leads
were soldered (by a vacuum compatible solder) to the PTFE wires. The Pt heater
is supplied by a power supply from Delta Elektronika ES030-5 (maximum 30V
and maximum current 5A) unit [21]. The power supply leads and the thermo-
couple in the vacuum are connected to the outside world through an electrical
feedthrough.

3.5. PERFORMANCE TESTS
The in-situ substrate heater was assembled and mounted in the SEM for initial
tests. During the ramp-up of the substrate heater, the substrate was heated above
170 oC due to a faulty temperature measurement setup. This caused the soften-
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ing of the Al block which led to permanent deformation of the spring contacts.
This required a new clip made of Phosphor Bronze (copper color) to be placed
over the spring contact and the substrate as shown in figure 3.12. This clip is
needed to keep the contact spring in place.

Figure 3.12: Photograph of the in-situ substrate heater mounted on the SEM stage showing the
electrical connections to the Pt heater. Also seen is a piece of Phosphor bronze (copper color

piece on top of the heater block) which is used to hold the flexible spring contact in place (to limit
thermal drift during ramp-up) after we used the heater at a temperature higher than 170 o C

resulting in the heater block (Al 6082 T6) becoming soft.

We manually control the power of the Pt heater, by changing the voltage of
the power source to reach 100 oC. Figure 3.13 shows the ramp-up of the substrate
heater to a temperature of 100 oC. We are able to heat the substrate to the desired
temperature (100 oC) in less than 9 minutes, that gives us a ramp-up rate of 8.2
oC/min. So, by heating the substrate for 15 minutes we will be able to reach
approximately 150 oC.

Figure 3.14 shows the ramp-down of the substrate heater after it is heated to
a temperature of 150 oC. The temperature data were manually noted down at 10
minute intervals. It takes more than 40 minutes to bring the substrate below 30
oC. This results in a ramp-down rate of 3 oC/min. This is well beyond our ramp-
down requirement. This is because the heater is used at pressures of 10−6 to 10−5

mbar. So, there are few gas molecules present in the chamber. Therefore, con-
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Figure 3.13: Graph showing the ramp-up of the substrate temperature from room temperature to
100 o C manually measured in steps of 5 minutes. We are able to ramp-up the substrate to the

desired temperature in 9 minutes.

Figure 3.14: Graph showing the ramp-down of the measured temperature of the substrate, when
the power to the Pt heater is switched off. Cooling by radiation is indicated by the blue curve,

forced cooling by venting for 2 minutes and 30 seconds followed by pump down is indicated by
the red curve. With radiation alone it takes about 40 minutes to bring the substrate under 30 o C,

whereas with the chamber vent plus chamber pump procedure it takes 6 minutes and 40 seconds
to reach 40 o C.
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duction and radiation are the only mechanisms behind heat transfer. Moreover,
to protect the stage from heating we have thermally isolated the sample holder
containing the substrate from the stage. Due to this, we are left with radiation
as the only mechanism behind heat transfer. To cool down the substrate, we de-
cided to vent the chamber and then pump the chamber after 2 minutes and 30
seconds so that the chamber is not fully vented. It takes about 3 minutes to com-
pletely vent the chamber in our Nova Nano SEM. After the chamber reaches high
vacuum pressure (< 9 10−5), the substrate is at 40 oC in 6 minutes and 40 sec-
onds. This results in a ramp-down rate of 16 oC/min. This chamber vent plus
chamber pump cycle should be repeated to bring the substrate to room temper-
ature if any processing is to be done after the high temperature processing. To
test the drift at a constant temperature, we heated the substrate to 200 oC and
exposed the Si chip to an e-beam without any precursors present. We increased
the temperature of the substrate to 200 oC, as we already went past the heater
block temperature limit of 170 oC during our previous tests with the faulty tem-
perature measurement. The scan parameters used during the e-beam exposure
were 20 kV, 0.62 nA, 150 x 150 nm2 and a dose of 5.58 µC/µm2. Figure 3.15 shows
the contrast adjusted secondary electron (SE) image of the Si chip with the ex-
posed region indicated by a red square. We can observe a low C deposition and
we don’t observe any deviation in the shape of the structure. Moreover, we kept
the beam on and imaged the exposed area for 10 minutes. During imaging, we
observed no noticeable drift, so we don’t observe any drift during imaging nor
during the exposure of the pattern.

Figure 3.15: Contrast adjusted secondary electron (SE) image of a Si chip which is exposed to the
e-beam of 20 kV, 0.62 nA, 150 x 150 nm2, dose of 5.58 µC/µm2. The substrate was kept at a

temperature of 200 o C, and we can observe carbon deposition (red square) on the sample. The
scale bar is 500 nm.
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3.6. SUMMARY

To summarize, in the previous sections we listed the different requirements and
restrictions for building an in-situ substrate heater to be used in an SEM. We set
a temperature limit of 150 oC during the design phase of the heater, but due to
a faulty temperature measurement in the first run we went well above the tem-
perature limit. This led to the heater block component of the substrate heater to
become soft. This led to the spring contacts to expand beyond their limit, which
is why we used a clip made out of Phosphor Bronze to hold the spring contact
in place. The ultimate temperature limit of this heater is now 260 oC, being the
temperature limit of the isolator block which is made out of PEEK. We measured
a ramp-up rate of 8.2 oC/min and a ramp-down rate of 16 oC/min when we used
the chamber vent plus chamber pump method to cool down the heater. We were
also able to carry out a patterned exposure on a Si chip at a constant temper-
ature of 200 oC and imaged the sample for 10 minutes without any noticeable
drift. With the lessons learnt in this version of the substrate heater, an improved
design is made for a heater which can reach upto 300 oC for carrying out thermal
ALD.

3.7. REQUIREMENTS FOR HEATER VERSION 2

The previously designed heater (referred to as heater V1) is not suitable for ALD
applications due to its limited maximum usable temperature. The Pt ALD pro-
cess requires a temperature of 300 oC, while heater V1 can only safely operate up
to 260 oC due to deformed spring contacts. Therefore, it is necessary to design
and fabricate a new in-situ substrate heater (referred to as heater V2) capable
of reaching temperatures up to 300 oC. It is important to ensure that integrating
heater V2 into the SEM does not interfere with the operation of the SEM itself, al-
lowing for continued functionality in FEBID, SEM imaging, and ALD processes.
The requirements for the new heater remain similar to those of heater V1, with
the exception of an increased maximum temperature of 300 oC. Additionally, the
requirement for maintaining substrate position stability while varying the tem-
perature can be relaxed to allow for more flexibility.

And the materials used should not lose their mechanical properties while us-
ing the substrate heater constantly at 300 oC. Hence we need to choose a capable
material housing the heater and the substrate, to withstand a temperature of 300
oC. The discussion for all other requirements are the same as for the heater V1.
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3.8. DESIGN
We already have a Pt heater element which can go upto a temperature of 600oC.
But a suitable material has to be chosen for the heater block to allow for tem-
peratures up to 300 oC. Al loses it’s mechanical properties at 170oC. Hence we
need to look at other metals to make the heater block. If we assume a similar
geometry (14x14 mm2 and 2.5 mm in height) as in heater V1, then from equation
3.1 we would require a power of 0.29 W, 0.27 W and 0.46 W if the heater block is
made out of Ti Grade 5, Ti Grade 2 and Stainless Steel respectively. Hence, we
can use the already existing Pt heater for heating the heater block and the sub-
strate. The heater block needs to have a high tensile strength as we heat it up to a
temperature of 300 oC, Such that it can withstand the expansion and contraction
during ramp-up and ramp-down without breaking down. The tensile strength’s
of Ti Grade 5, Ti Grade 2 and stainless steel are 641 MPa, 103 MPa and 165 MPa re-
spectively at around 300 o C[22][7]. Ti Grade 5 has the highest tensile strength at
the desired operating temperature of 300 oC. Hence, the heater block is chosen to
be made out of Ti Grade 5. The heater block along with the various components
is shown in figure 3.16 a. Figure 3.16b shows the bottom side of the heater block
along with the slots for the spring contact and the slots to mount the heater block
on the isolator block. The power required to heat the heater block to 300 oC in
20 minutes is 0.663 W, from equation 3.1 using a mass of 0.005 kg which can be
calculated from table 3.1. Also, the plate with clamping spring used to fix the Si
chip on top of the heater block is shown in figure 3.17. The plate with springs has
3 holes with a diameter of 1.8 mm to fix it to the heater block.

Figure 3.16: a) CAD drawing depicting the heater block having a slot for the Pt heater, two slots for
clamping springs and a slot for a thermocouple to measure the temperature of the heater block.
Red color is used to give a better contrast. b) Bottom side view of the heater block showing the

slot for the clamping springs and slots where the heater block will be resting on the isolator block.

Next, we need to thermally isolate the heater block and the SEM stub. In the
heater V1 we used an isolator block to achieve this. PEEK and PTFE can’t be used
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Figure 3.17: a) CAD drawing of the plate with clamping spring used to mount the Si chip of 10 x 10
mm2. It has 3 holes with diameter of 1.8 mm to fix it to the heater block.

at 300 oC. Glass and MACOR can be used at this temperature, but glass has a
lower thermal conductivity (1 W/m.K) as compared to MACOR (1.6 W/m.K). Also
the coefficient of thermal expansion of Ti and glass are closely matched. Hence,
we decided to use glass as the material for the isolator block. If we assume a
design similar to heater V1 with a contact surface area of 23.96 mm2, the power
loss due to conduction is 1.68 W as calculated from equation 3.2. The power
loss due to conduction is 2.5 times higher than the power required to heat up
the heater block. We can’t use the design from heater V1.The solution found was
to use glass balls to isolate the heater block from the SEM stub, to minimize the
contact area and minimize the power loss due to conduction. Figure 3.18 shows
the ANSYS steady state thermal simulation for the case where a hot cylindrical
block is kept at 300 oC and is isolated from an SEM stub using a glass ball of 3
mm diameter. A 3 mm glass ball is used to keep the total height of the heater
within specifications. In this case, the SEM stub raises to a temperature of 53 oC.

Figure 3.19 shows the ANSYS steady state thermal simulation for the case
where a hot cylindrical block is kept at 300 oC and is isolated from an SEM stub
using 4 glass balls in a tetrahedron configuration [23]. In the case of 4 glass
balls in tetrahedron configuration, the SEM stub stays at 22 oC. The steady state
thermal simulation of just the 4 glass balls is shown in figure 3.20 a, and the
equivalent electrical circuit for the 4 glass balls setup is shown in figure 3.20 b.
Here, RGB is the thermal resistance of the glass ball, in the tetrahedron config-
uration the total thermal resistance is equal to 4

3 RGB . The contact resistance
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Figure 3.18: a) ANSYS steady state thermal simulation depicting the estimated temperature of the
SEM stub, while keeping the heater block (here a cylindrical block) at a temperature of 300 o C. In
this case, we used a single glass ball to thermally insulate the SEM stub. The SEM stub raises to a

temperature of 53 o C. Image courtesy of Ruud van Tol.

between the pedestal stub and glass balls is ignored, along with the contact re-
sistance between the glass ball and the heater block in the equivalent electrical
circuit shown in figure 3.20 b. The tetrahedron configuration helps in keeping
the pedestal stub at room temperature, this is due to the reduction in the total
surface area in contact with the heater block as well as the pedestal block and
increase in the conduction path. This results in lower power loss due to conduc-
tion.

To mount the heater block, 3 tetrahedron configurations are required to bal-
ance the heater block on an SEM stub. Therefore, we can’t use an existing SEM
stub. Hence we decided to make a custom SEM stub (hereafter pedestal stub)
with sockets to hold the glass balls in place. Figure 3.21 a, shows the pedestal
stub with sockets for holding the glass balls in place. It has 3 sockets to balance
the heater block properly. Figure 3.21 b, shows the pedestal stub alone with a
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Figure 3.19: a) ANSYS steady state thermal simulation depicting the estimated temperature of the
SEM stub, while keeping the heater block (here a cylindrical block) at a temperature of 300 o C. In
this case, we used a 4 glass balls arranged in a tetrahedron configuration to thermally insulate the

SEM stub and it keeps the stub at room temperature. Image courtesy of Ruud van Tol.

diameter of 38 mm and the pin has a diameter of 3.2 mm. The 4 glass balls in the
tetrahedron configuration are shown in figure 3.21 c. The height of the substrate
heater with the heater block mounted on the pedestal stub through the glass balls
is 11.5 mm (shown in figure 3.22), this height is 1.5 mm greater than the height
of the heater V1. This increase in height of 1.5 mm of the substrate heater can
be accommodated by lowering the stage. Figure 3.23 shows the substrate heater
with a Si chip (10 x 10 mm2) along with it’s various components. Now, the heater
block is mounted on the pedestal stub without any clamping mechanism to stop
it’s movement. So, we need to hold the heater block in a fixed position. This is
done by using 3 clamps along the arms of the heater block. The clamps should
not make a direct contact with the heater block, as it will lead to a power loss
due to conduction through the clamps. Hence, we decided to use a glass ball be-
tween the clamps and the heater block element. The CAD drawing of the clamps
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Figure 3.20: a) Close-up of the ANSYS steady state thermal simulation shown in figure 3.19 of the
heat flow in the 4 glass balls arranged in tetrahedron configuration. Image courtesy of Ruud van
Tol. b) Electrical equivalent circuit of the the 4 glass balls, RGB is the thermal resistance of one

glass ball. The contact resistance between the pedestal stub and glass balls is ignored, along with
the contact resistance between the glass ball and the heater block.

Figure 3.21: a) CAD drawing of the custom SEM stub (pedestal stub) with the glass balls in
tetrahedron configuration mounted on the sockets. b) CAD drawing of the pedestal stub alone,

with the 3 sockets to hold the glass balls. c) A close-up drawing of the 4 glass balls in tetrahedron
configuration.

is shown in figure 3.24. The clamp is fixed to the sides of the pedestal by means
of 2 M2 screws (shown in figure 3.24). The M2 screws are thermally isolated from
the pedestal stub and clamp by insulator bushes. The clamp is sandwiched be-
tween two insulator bushes, we can use PEEK here as the temperature after 1
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Figure 3.22: CAD drawing of the cross-section of the heater block mounted on the pedestal stub
using 3 tetrahedron configurations of glass balls.

Figure 3.23: CAD drawing showing the substrate heater with a Si chip (10 x 10 mm2) mounted on
the heater block, which is in turn mounted over the pedestal stub using the glass balls in

tetrahedron configuration. Also shown are the clamping springs which are used to mount the Si
chip.

glass ball is around 53 oC as seen in figure 3.18. A close-up sideview of the clamp
is shown in figure 3.25 along with the components.

The electrical connection to the Pt heater cannot be soldered as for the heater
V1, as our desired temperature is well above the melting point of solder. So, we
used spot welding to connect 2 wires to electrical connectors (with a dimension
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Figure 3.24: CAD drawing showing the 3 clamps which are used to fix the heater block over the
pedestal stub. The electrical connection to deliver power to the Pt heater is implemented by 2

electrical connectors.

of 0.5 x 0.5 mm2 ) which are clamped to the side of the pedestal stub, as shown
in figure 3.24. The electrical connectors are thermally isolated by using a isola-
tor block. A close-up of the electrical connectors is shown in figure 3.26. Also
we need to electrically connect the heater block and the pedestal stub to prevent
charging of the Si chip. Similar to the heater V1 design, we used a spring which is
placed on the pedestal stub and a screw on the heater block to electrically con-
nect them. The tensile relief structures for the wires can be seen in figure 3.26.

Next, we need to check, whether the heater block requires any shielding to
protect the pole piece and the pedestal stub. From the CAD drawing, the back-
side of the heater block has an area of 382.47 mm2. The power loss due to ra-
diation as determined from equation 3.3 is 1.53 W. An ANSYS steady state ther-
mal simulation is shown in figure 3.27 depicting the effect of radiation when a
block similar to our heater block is kept at 300 oC, resulting in the temperature
of the pedestal stub to increase to 122 oC. Hence, a heat shield is required to
keep the pedestal stub at room temperature. Figure 3.28 shows an ANSYS steady
state thermal simulation of the pedestal stub shielded by 3 heat shields when the
heater block (a cylindrical block) is kept at 300 oC. The pedestal stub which rests
on the SEM stage is kept at room temperature. A single heat shield is not enough
to complete stop all the radiation, as seen in figure 3.28.

The CAD drawing of the stacked heat shield assembly is shown in figure 3.29,
with a close-up look of the connection between two heat shields. We use a point
contact to reduce heat transfer through conduction. A single heat shield has a
thickness of 0.2 mm and the different levels of the heat shield are spaced apart by
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Figure 3.25: CAD drawing showing the side view of a clamp with the glass ball on top of the heater
block and the insulator bushes to thermally isolate the clamp

0.6 mm. The different heat shields are fixed in such a way that there is minimum
surface area between different heat shields (shown in 3.29 a) of 0.1 mm2 (0.5 x 0.2
mm2). Finally, we need to check whether we require a heat shield to protect the
pole piece and the detectors. The total area of the heater block facing the pole
piece without taking into account the Si chip is 233.24 mm2. The radiated power
from the heater block to the pole piece as calculated from equation 3.3 is 0.93 W
(approx 1 W). An ANSYS steady state thermal simulation depicting the influence
of 1 W radiated power on the pole piece (made of Mu metal) is shown in figure
3.30, resulting in the temperature of the pole piece to increase to 31 oC. Similar to
the heater V1 temperature increase estimation, we estimate a temperature of 30
oC in 1 hour with a power of 1W. The Si chip adds an additional 0.43 W in radiated
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Figure 3.26: CAD drawing showing the side view of the electrical connectors, along with various
other components.

power to the pole piece. With a radiated power of approximately 1.5 W at the
pole piece, the temperature increases to 35 oC as determined from equation 3.3.
Hence, we would require a heat shield to protect the pole piece and the detectors.
The complete in-situ substrate heater with a heat shield over the heater block is
shown in figure 3.31.

For cooling the substrate heater, similar to the heater V1, we can vent the
SEM chamber and pump the chamber before the chamber reaches atmospheric
pressure.

3.9. FABRICATION AND ASSEMBLY
The heater block is made out of Ti grade 5 as discussed in the previous section,
and is machined (by a lathe tool) to the desired shape. The clamping springs
plate is made out of sheet metal of stainless steel (316/ 1.4401) with a thickness
of 0.2 mm and is non-magnetic. A water jetting tool (high pressure jet of water)
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Figure 3.27: ANSYS steady state thermal simulation depicting the effect of radiation on the
pedestal stub when the heater block (a cylindrical block) is kept at 300 o C. The temperature of the

pedestal stub increases to a temperature of 122 o C. Image courtesy of Ruud van Tol.

was used to cut the sheet metal into shape. The glass balls with a diameter of 3
mm were bought commercially [24]. The pedestal stub is made out of stainless
steel 316, and is machined to the desired shape. The three clamps are also made
out of stainless steel 316 sheet metal and are cut into the desired shape by a water
jetting tool. The insulator bushes and the insulator block are made out of PEEK as
discussed in the previous section and are machined into the desired shape. The
two electrical connectors are made out of stainless steel 316, machined to the
desired shape. The spring which is used for the electrical contact between the
heater block and the pedestal stub is made out of phosphor bronze as it is non-
magnetic. For the tensile relief we used a gold coated crimp socket made out of
brass [25]. The stacked heat shield is made out of stainless steel 316 sheet metal
with a thickness of 0.2 mm. We used a water jetting tool to cut the sheet metal.
The different levels of the stacked heat shield were fixed into position by laser
welding. The pedestal ring is made of stainless steel 316 and is machined into
shape. The heat shield is also made out of stainless steel 316 sheet metal with
a thickness of 0.2 mm and was cut into shape using a water jet tool. Similar to
heater V1, we used a commercially available K-type thermocouple for accurately
measuring the temperature of the heater block [17].

After fabrication, all the sheet metal components were bent into the desired
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Figure 3.28: ANSYS steady state thermal simulation depicting the effect of radiation with the
pedestal stub shielded by 3 heat shields, when the heater block (a cylindrical block) is kept at 300

o C. Image courtesy of Ruud van Tol.

Figure 3.29: a) CAD drawing of the stacked heat shield assembly. Inset picture shows the
connection between the two heat shield. b) CAD drawing of the heat shields in side view with the

thickness of the heat shield and distance of separation between them.

shape. The various components need to be cleaned before installing in the SEM.
Similar to heater V1, the metallic components (heater block, clamping spring,
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Figure 3.30: ANSYS steady state thermal simulation depicting the influence of 1 W radiated power
on the pole piece assumed to consist of Mu metal. It results in a temperature increase to 31 o C at

the bottom of the pole-piece (indicated by red arrow). Image courtesy of Ruud van Tol.

Figure 3.31: CAD drawing of the compete in-situ substrate heater with a heat shield covering the
heater block.

pedestal stub, clamps, electrical connectors, screws, clamping spring, the stacked
heat shield, pedestal ring, heat shield and the crimp socket) were cleaned in a
beaker containing acetone for 2 hours in an ultasonic bath followed by another 2
hours of ultrasonication in an ethanol containing beaker. Finally the parts were
blown dry by N2. All the non-metallic components (Pt heater, the K-type ther-
mocouple, insulator bush, insulator block and the glass balls) were placed in a
beaker containing isopropyl alcohol in an ultrasonic bath for two hours. And
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Figure 3.32: Photograph showing the in-situ heater after assembly but without Si substrate and
upper heat shield.

blown dry by N2.

Similar to the heater V1, we used the commercially available PELCO high
temperature carbon paste to glue the platinum micro-heater to the heater block.
The sample holder was air cured for about 2 hours and at 90 oC for 2 hours in a
vacuum oven. This was followed by curing at 180 oC for 2 hours to achieve proper
electrical and mechanical properties. We used this glue as it is easy to remove it
by placing it in a beaker containing water. All the components were assembled
based on the CAD drawing.

Finally the leads of the Pt micro-heater were laser welded to the contact leads.
After the laser welding, the in-situ substrate heater was baked in a vacuum oven
at 150 oC overnight to remove any contaminants from the laser welding. Figure
3.32 shows the photograph of the assembled heater (without the substrate and
heat shield) on top of the Al block for the Nova Nano SEM. To deliver power, we
used the same power source we used for heater V1. To accurately measure the
temperature, we used a Graphtec Corporation midi LOGGER GL220 [26].

3.10. PERFORMANCE TESTS
Now that we have assembled the heater, it needs to be tested that our design
holds i.e., whether the top heat shield, the stacked heat shield and the glass balls
as isolator function in keeping the stage and the pole piece at room temperature.
We need to measure the temperature radiated by the heater. This is done to test
whether the design of the radiative shield keeps the detectors within their oper-
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ating temperature. The pole piece is generally kept at a distance of 5 mm from
the surface of the substrate. To mimic that, we constructed a setup in the SEM
to measure the temperature at a distance of 4 mm from the substrate. Here, we
replaced the pole piece with a piece of sheet metal made of stainless steel with
a thickness of 0.2 mm. Two additional K-type thermocouples were connected to
the shield and the stage (Al block) to measure the temperature of the shield and
the stage. The thermocouple attached to the shield was glued to the shield by
kapton tape. The thermocouple attached to the stage was placed in a hex screw
hole in the Al block.

Figure 3.33: Graph showing the measured temperature of the substrate, the stage (Al block) and
the shield used to test the radiation as we heat the substrate to 300 o C.

We placed the substrate heater in the SEM and moved the stage away from
the pole piece towards the door of the SEM chamber. After a base pressure of
2x10−6 mbar is attained, we ramped the substrate temperature to 300 oC. Simi-
lar to heater V1, we heated the substrate by adjusting the power delivered to the
Pt heater. Figure 3.33 shows the temperature of the substrate, the stage and the
shield as a function of time. From figure 3.33, it is visible that we observe an in-
crease of 2 oC and 6 oC for the stage and the shield respectively, when the sample
holder is kept at a temperature of 300 oC. The shield’s increase in temperature
will be much higher than the actual increase in temperature for the pole piece,
as we used a thin sheet metal for our testing. The increase of the stage tem-
perature is at the top of the Al block, the actual stage with the sensitive piezo
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Figure 3.34: Graph depicting the temperature of the substrate and the stage as the substrate is
heated to 300 o C. We are able to ramp-up the temperature to 300 o C in 15 minutes and

ramp-down the temperature to 55 o C in about 10 minutes.

components is further away. This validates our design to thermally isolate the
SEM stage from the substrate heater and the design of the radiation shield. The
in-situ substrate heater is now safe to operate under the pole piece. Now that
we can heat the substrate, we need to measure the time it takes to ramp-up and
ramp-down the substrate temperature. The measured temperature of the sub-
strate as we ramp-up and ramp-down the substrate is shown in figure 3.34. We
are able to reach 300 oC in 15 minutes, resulting in a ramp-up rate of 18.4 oC/min
and able to bring down the substrate temperature to 40 oC in about 10 minutes,
resulting in a ramp-down rate of 25 oC/min. The ramp-down procedure utilized
here was to vent the chamber completely. We could carry out cycles of chamber
vent plus chamber pump to bring the substrate to room temperature. In ad-
dition, we carried out an experiment to determine the temperature driven drift
while ramping up the substrate to 300 oC, this is shown in figure 3.35. We po-
sitioned the substrate over a patterned structure (indicated by the red cross in
figure 3.35a) while at room temperature. The position of the patterned structure
after the temperature is increased to 300 oC is shown in figure 3.35b. We can ob-
serve a shift of 25 µm in the X-direction and a shift of -28.25 in the Y-direction
from the patterned structure. This is a consequence of the relaxed requirement
of maintaining substrate position stability while varying the temperature in the
heater V2 when compared with heater V1.
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Figure 3.35: a) SE image of substrate centred at a patterned structure at room temperature (center
indicated by a red cross). The scale bar is 50 µm. b) SE image of the substrate after the

temperature is increased to 300o C. We observe a shift of 25 µm in the X-direction and a shift of
-28.25 in the Y-direction from the patterned structure. The scale bar is 50 µm.

3.11. CONCLUSION

To conclude, in this chapter we have set requirements for two in-situ substrate
heaters, V1 and V2, presented the designs and fabrication process, as well as
some initial tests. Heater V1 (designed for 150oC, but it could reach temperatures
up to 260 oC) was designed to meet the requirements for partial cleaning of the
substrate, removal of adsorbed water and purification of FEBID structures. The
heater V 1 can be used to heat the substrate from room temperature to 260 oC.
The target temperature for heater V1 was set at 150 oC, but due to a faulty tem-
perature measurement setup we were able to use the heater up to 260 oC with an
additional phosphor bronze clip to keep the substrate in place, and giving up on
the low substrate drift. The upper limit of temperature, 260 oC stems from the
temperature limit of the isolator block made of PEEK. We are limited to a sample
size of 10 x 10 mm2. To bring the substrate back to room temperature, we used
the venting mechanism of the SEM chamber.

Heater V2 (capable of heating up to 300 oC) was designed to meet the require-
ment of in-situ thermal ALD processes. Heater V2 can be used to heat the sub-
strate from room temperature to 300 oC. We replaced the isolator made of PEEK
by glass to meet the temperature requirements. A series of heat shields were used
to keep the SEM stage and the pole piece within their temperature range. Here
also, the sample size is limited to 10 x 10 mm2. We utilized the venting mecha-
nism of the SEM chamber to cool the substrate to room temperature.
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4
AREA SELECTIVE THERMAL ALD IN

SEM

4.1. INTRODUCTION
In the previous chapter, we demonstrated two in-situ substrate heaters V1 and
V2 which can go upto 250oC and 300oC, respectively inside the SEM. The heater
V2 satisfies the temperature requirement for having an in-situ ALD tool inside
the SEM. If we are able to achieve the pressure requirement, sufficient local high
pressure for ALD process, we will be able to achieve an in-situ ALD process in
the SEM. We would require a miniaturized ALD tool as it can produce a pure
layer of material with precise control over the deposited layer thickness. With
area selective ALD we can pattern and grow a layer in the desired shape without
any pattern transfer process. The working principle of ALD was briefly discussed
in chapter 2, it involves the sequential dosing and purging of the precursor and
the co-reactant alternatively. It is a self-limiting process. A single cycle of ALD
results in the growth of a monolayer or sub-monolayer. The desired thickness
is obtained by carrying out these cycles for the desired time. ALD operates in a
temperature range in which the growth rate is uniform. Each precursor and co-
reactant pair has its own temperature window. Outside the temperature window,
the growth rate is poor or more like CVD deposition. At low temperatures, the
growth rate is low due to low reaction rates or high due to precursor condensa-
tion. At high temperatures, the growth rate is high due to thermal decomposition
of the precursor resulting in a CVD type growth or low due to reduced residence
time of the precursor on the substrate [1]. The growth per cycle is well docu-
mented in the literature for a particular precursor and co-reactant. The main
advantages of ALD are its conformal nature, atomically precise growth and pu-
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rity. Due to its conformal nature, it is easy to deposit material on 3D structures.
Area selective ALD is a special type of deposition, in which deposition takes place
only in the area of interest instead of the whole substrate like in conventional
ALD. Area selectiveness is achieved by either activating an area or deactivating it
for ALD growth. There exist several strategies to activate or deactivate an area.
Self-aligned monolayers (SAM) can be used to achieve area selective ALD. The
SAM can be patterned in various ways [2].

Pt thermal ALD, for example uses MeCpPtMe3 as the precursor. The co-
reactant used is either O2 or dry air. The only observable difference between
the two co-reactants is that using O2 as the co-reactant results in a better adhe-
sion to the substrate [3]. The temperature window for Pt ALD is between 225oC
and 300oC. The growth rate at 300oC is about 0.045 nm/cycle and at 250oC it is
about 0.04 nm/cycle [4]. The observed growth per cycle is less than a monolayer,
due to steric hindrance. The precursor molecule hinders the adsorption of the
precursor molecule to adjacent sites due to its size.

Area selective ALD of Pt is achieved using Pt FEBID seed layers [5][4][6]. This
process combines the high-resolution capability of FEBID with the precise growth
of ALD along with a pure deposit overcoming the disadvantage of FEBID. This
approach of using FEBID seed layers for area selectiveness has been termed as
the direct write approach [5]. The FEBID seed layers are made in an SEM and
the sample is introduced in a standard ALD tool for the ALD deposit. We want
to integrate an in-situ ALD in an SEM so we can combine the two processes in a
single instrument. This approach has already been tried [7], but the deposit did
not show ALD growth but rather a CVD type growth. At the same time as this re-
search was carried out, the Huth group in Frankfurt published an article with the
same target of having an in-situ ALD in SEM [8]. We will describe the differences
later.

4.2. REQUIREMENTS FOR ALD IN SEM
When we add the miniature ALD tool, it shouldn’t affect the normal operation of
the SEM i.e., we should be able to use the SEM for inspection. This criterion, in
addition to the restrictions mentioned in chapter 2. leads us to several require-
ments for implementing the add-on ALD.

1 The precursor and the co-reactant gas shouldn’t interact with any of the com-
ponents of the microscope.

2 For the supply of the co-reactant, the gas should be introduced to the chamber.

3 A substrate heater that reaches up to 300oC, as most of the ALD process tem-
perature window is around this temperature.
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4 During the precursor and co-reactant dosing, the local pressure should be suf-
ficiently high to get the ALD process going.

5 All materials used should be non-magnetic.

6 All materials used should be vacuum compatible and have low outgassing.

7 If insulating materials are used, they should be shielded from the direct line of
sight of the electron beam.

8 No additional pump should be needed.

We need to choose an ALD process which satisfies the requirements. The
precursors used for ALD are generally CVD precursors, and for FEBID the precur-
sors used are often the same CVD precursors. Due to this, as a first step, we can
look into the ALD process which uses the same precursors as FEBID processes
since these precursors have been tested extensively in the SEM. The precursor
should be chosen such that the temperature required to heat up the precursor
should be within the temperature range of the heating element. Also, the precur-
sor should be chosen such that it is easy to re-fill the precursor and it should not
be toxic. The common co-reactants for ALD processes are O2, O3, dry air(80% N2

and 20% O2), H2O and H2 [9][10][11]. This results in safety concerns as some of
these co-reactants explode when exposed to atmosphere. We developed our own
in-situ substrate heater which can reach up to 300oC as discussed in chapter 3,
which satisfies the temperature requirements for most of the ALD processes. In a
standard ALD tool, during the precursor and the co-reactant dosing the chamber
reaches a high pressure at which we can’t operate the SEM. This issue needs to
be solved in order to carry out ALD in the SEM.

4.3. DESIGN OF THE ALD SETUP
For our experiments, we are using a Nova Nano 600i dual beam scanning electron
microscope from Thermo Fisher Scientific. Here, we will concentrate on imple-
menting area selective thermal ALD of Pt. The precursors used for Pt ALD are
MeCpPtMe3 and Pt(acac)2 [11][7]. Here we will utilize the MeCpPtMe3 precur-
sor, which is also used for Pt FEBID. During the precursor dosing, the chamber
pressure is around 1−25 mbar as discussed in chapter 2. The SEM can’t operate
at this pressure, hence the precursor can’t be flooded into the chamber directly.
For Pt FEBID, we use a GIS for the local delivery of the precursor gas close to the
substrate. Through the use of a GIS the local pressure near the substrate is in-
creased, hopefully enough to enable in-situ ALD. Here, we decided to go with dry
air as the co-reactant as it is easier to implement due to safety reasons. For de-
livery of the co-reactant we need to bring in the dry air into the SEM, we cannot
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flood the chamber due to the reason mentioned above. The best solution here
would be to have a directed flow similar to the GIS. Since we already have a GIS
in place, it would be easier to replace the GIS needle with a modified one, that
can deliver gas from outside the SEM. The modified GIS needle with a side entry
port for gas, is mounted to a GIS module of which the valve remains closed and
is used as holder for the modified needle, is shown in figure 4.1. Now, we will be
able to locally deliver dry air near the substrate.

Figure 4.1: Photograph of the needle assembly with gas feed for the co-reactant. Scale bar is 6
mm.

Figure 4.2: Sketch of the setup for in-situ ALD inside an SEM.
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Figure 4.3: Pump down curve for the platinum precursor when valve is opened for a second.

Figure 4.4: Illustration showing the recipe of an ALD process in SEM, along with the purification
step.

In a standard ALD tool, the chamber walls are heated to prevent the precur-
sor from condensing onto the walls. This cannot be done in an SEM chamber,
because of the presence of delicate parts. Moreover, in a standard ALD tool, the
whole chamber is flooded with the precursor, requiring chamber heating. In our
case, we have local high pressure only near the region of interest. The sketch
of the setup inside the SEM is shown in figure 4.2 showing the different compo-
nents. In figure 4.2, the substrate lies on top of a heater, the precursor gas is fed
through a GIS, which has been brought near the substrate. The co-reactant gas
is also delivered close to the substrate through the use of another GIS (modified
GIS needle with gas delivery). In area selective ALD, there is only growth in the
seed layer area. Inside the SEM, we can use the FEBID technique by using the
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precursor GIS and an e-beam to deposit the seed layers.

We now need to develop a recipe for ALD in SEM. From literature we observe
that a cycle duration is a couple of seconds [5][7]. To estimate the precursor gas
dose and purge time inside the SEM, we carried out pump down curve measure-
ments i.e., we introduced the Pt precursor into the chamber and noted the time
it takes to reach the base pressure when the gas supply is cut off. This is shown in
figure 4.3. We did the same for the dry air co-reactant. Based on these results we
decided on the cycle duration as shown in figure 4.4. Here, we choose a substrate
temperature of 241oC, which is well below the temperature requirement for the
ALD process. For the thermal Pt ALD process using the precursor MeCpPtMe3,
the temperature window of the ALD process starts at 200oC [12]. But the growth
per cycle at this temperature is low (approx. 0.01 nm/cycle). At a temperature of
241oC, we have a growth per cycle of 0.04 nm/cycle. So, we can use our heater V1,
which can go upto a maximum temperature of 250oC for our initial experiment.
Figure 4.5 shows the Pt GIS and dry air GIS inserted close to the substrate.

We begin by patterning Pt FEBID seed layers on a substrate. The deposited
seed layers contain 15−20 at.% of Pt with the rest being carbon. It has been ob-
served that baking the substrate at 150oC with a flow of oxygen resulted in the
purification of the Pt/C FEBID seed layers in the absence of an electron beam
[8]. For the Pt ALD processes carried out without the purification step, there is
a reduced growth. The reason for the reduced growth is because in the first few
cycles, combustion of the carbon present in the seed layer takes place resulting
in the purification of the seed layer. After the combustion, the normal ALD cy-
cle begins resulting in a reduced total growth. Thus the deposited seed layers
need to be purified. We bake the substrate at 241oC for 20 minutes with a flow
of dry air to purify the deposited seed layers. We chose a temperature of 241oC,
to begin the ALD process immediately after the purification step. After the ini-
tial cleaning step, we proceed with the precursor dosing of about 30 seconds. We
choose this value as we want to operate in the saturation regime and not in an
under saturated regime where the growth rate is lower than the ALD growth rate.
After the initial test of the ALD in SEM, the dosing time can be brought closer to
a time found in a standard ALD tool. The Pt precursor dosing is followed by a
purge to remove the leftover precursors from the chamber. We chose a time of
120 seconds as this is the time it takes to reach the base pressure after closing the
valve. The co-reactant is dosed into the chamber following the purge. We chose
a duration of 30 seconds for the same reason as for the precursor dosing to op-
erate the process in the saturated regime. This step is followed by the purge step
which is done to remove any leftover co-reactants from the chamber, similar to
the previous step we chose a duration of 30 seconds based on the pump down
time and to operate in the saturated regime.
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Figure 4.5: Secondary electron image showing the Pt GIS and dry air GIS inserted close to the
substrate. The slanted white edge seen from the Pt precursor is the edge of the Si substrate. Scale

bar is 1 mm.

4.4. FIRST ALD IN SEM EXPERIMENTS
Si substrates of 1 x 1 cm were used as substrates. First the Si substrates were
cleaned using the solvent clean method: acetone clean for 15 minutes followed
by ethanol clean for 15 minutes. For the FEBID seed layer deposition, we used
the following parameters, 5 kV, 98 pA, 1µs dwell time and 11.41 nm pitch to pat-
tern series of squares with 1 x 1µm2 dimensions. The dose for the patterned
seed layers was varied by increasing the passes (133, 266, 532, 665, 1064, 1328,
1993, 2658, 6650 and 13275) as follows, 0.1, 0.2, 0.4, 0.5, 0.8, 1, 1.5, 2, 5 and 10
nC/µm2. The seed layer patterns were repeated on a control wafer in the same
run to determine the growth after ALD cycles. The ALD process was started once
a base pressure of 4x10−6 mbar was reached. This is done to minimize the ef-
fect of background water vapor and other contaminants present in the chamber.
Also, we heat the GIS for half an hour before we start the process. This is done to
make sure the whole GIS is heated.

Once the base pressure is reached, we ramp-up the temperature of the sub-
strate to 241 oC and bake the substrate in the flow of dry air to purify the de-
posited seed layers. After the purification step, we immediately begin 17 cycles
of ALD with the recipe shown in figure 4.4 keeping the substrate at a tempera-
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Figure 4.6: a)Secondary electron image of Pt/C seed layers grown by FEBID with varying doses
(indicated in nC/µm2). b)Secondary electron image of the same seed layers after 17 cycles of

ALD, with a clearly observed contrast change. Inset red rectangle shows the layer shown in figure
4.7. Scale bar is 5 µm

Figure 4.7: Secondary electron image of one of the layers seen in figure 4.6 after 17 cycles of ALD,
with the observed contrast change and the granular structure of the deposit. The inset shows the
rectangular area exposed to the electron beam while depositing the seed layer. Scale bar is 1 µm

ture of 241 oC. Figure 4.6a shows the SE micrograph of the seed layers before the
ALD process. For lower doses, the deposited seed layers look dark. As the dose
of the deposit increase, we observe a brighter deposit area due to more Pt being
deposited at higher doses. After the ALD cycles, when we take an SEM image,
we observe a contrast change over the patterned layers as shown in figure 4.6b.
A similar contrast reversal of the FEBID seed layers after ALD was observed in
[13][7]. This observed contrast change is due to the growth of the layer [13][7].
Any carbon present in the seed layer would be combusted due to the catalytic
reaction of Pt in the presence of dry air at 241 oC. A close-up of the seed layers
showing the granular structure of the deposit after ALD is shown in figure 4.7.
An EDX measurement could not be done on these samples as they are too thin.
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Moreover we observe Pt growth outside the seed layer. This region corresponds
to the carbon halo observed in the Pt/C seed layers before ALD. The carbon halo
is a result of the dissociation of the precursor molecules by the secondary elec-
trons generated by the BSE. The size of the halo varies with the primary energy of
the electron beam. Even for a dose of 0.1 nC/µm2 we observe a contrast reversal,
so we could reduce the initial seed layer dose further. In our in-situ ALD setup, it
takes about 3 minutes and 30 seconds to complete a single cycle of ALD, whereas
in a standard ALD tool it takes less than 30 seconds for a single cycle [4].

We reduced the time duration to 3 minutes by reducing the Pt dosing to 15
seconds and the purge time of the co-reactant dry air to 15 seconds as shown in
figure 4.8. The lowest dose for the seed layer we used in the previous experiment
was 0.1 nC/µm2. We can further lower the dose of the seed layers to estimate
the minimum dose required for the ALD growth. Thus we patterned Pt seed lay-
ers with a dose of 0.001, 0.01, 0.02, 0.04, 0.05, 0.06, 0.08, 0.1, 0.2 and 1 nC/µm2

by varying the passes 1, 13, 27, 53, 66, 80, 106, 133, 266 and 1328 respectively.
The patterns were repeated on a control wafer at the same time to determine the
growth after the ALD cycles. The ALD process was repeated with the modified
recipe for 17 cycles at a substrate temperature of 241 oC. Similar to the previ-
ous experiment, we see a contrast change (figure 4.9 a and c ) immediately after
the ALD cycles. We used an AFM in SEM tool from Nano Analytik for AFM mea-
surements [14][15]. We carried out AFM measurements of the seed layer after
purification and of the seed layer after 17 cycles of ALD indicated by the red rect-
angles in figure 4.9 i.e., at a dose of 0.1 nC/µm2. We observe a growth of 0.7 nm
after 17 cycles of ALD (from figure 4.9 b and d), i.e. 0.04 nm/cycle, in excellent
agreement with the literature data for Pt ALD growth rate at that temperature of
0.04 nm/cycle [12]. For doses below 0.1 nC/µm2, we observed not a continuous
Pt seed layer. So a dose value of 0.1 nC/µm2 must be kept as the lowest limit
for the seed layer. We have now demonstrated a working in-situ ALD in an SEM.
Even though we have a working ALD in SEM, it takes about 3 minutes for a single
cycle. This is a serious drawback for the ALD in SEM, that needs to be overcome
to make it viable as an alternative to a standard ALD process.

4.5. DECREASE THE ALD PROCESS TIME

Needle configuration Rise time (s) Plateau time (s) Decay time (s)
Standard needle 9.5 8.5 29

Table 4.1: Table showing the time it takes for the platinum precursor to reach a maximum value,
saturation time and time taken to reach the base pressure.
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Figure 4.8: Illustration showing the modified recipe of an ALD process in SEM.

If we take a look at the recipe for the in-situ ALD process in SEM shown in fig-
ure 4.4, the main reason for the long duration of a cycle is the Pt precursor purge
time of 120 s. Looking at the pump down curve for the Pt precursor shown in
figure 4.10, it takes about 50 seconds to reach the base pressure after a Pt dosing
for 1 second. We can divide the pump down curve into three regions: region-1 to
reach the maximum value (rise time), region-2 of the maximum value (plateau
time) and region-3 to reach the base pressure starting from the maximum value
(decay time). Table 4.1 shows the different time taken by the three regions in the
pump down curve. We observe, it takes about 9.5 seconds to reach the maximum
pressure, even though the valve was kept open for 1 second. Also, the plateau
time is observed to be about 8.5 seconds followed by a decay time of 29 seconds.
The long rise time (Region 1 in figure 4.10) long plateau (Region 2 in figure 4.10)
and the long decay times (Region 3 in figure 4.10) are caused by the location of
the valve in the standard GIS.

Figure 4.11 shows a photograph of the GIS, crucible, the plunger which acts
as the closing valve, and the GIS needle. Also the location of the valve is indi-
cated. The crucible is filled with the precursor, in our case the Platinum pre-
cursor. The plunger controls opening and closing of the valve. The GIS needle
delivers the gas near the substrate from the crucible. The valve of the GIS is lo-
cated 7.5 cm above the tip of the needle. The total volume of the GIS needle
behind the valve towards the nozzle is about 271 mm3. The internal surface area
of the needle behind the valve to the end of the needle is about 428 mm2. For gas
removal from a vacuum system by a pump, we can use the following equation,
t = V/Se f f *ln(Po/P ) where V is the volume in m3, Se f f is the effective speed of
the pump (2.10−3 l/s conductance of the GIS needle), Po is the initial pressure in
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Figure 4.9: (a) Secondary electron image of Pt/C seed layers deposited with various doses
(indicated in nC/µm2) (b) AFM profile over the seed layer indicated by the red rectangle. (c)

Secondary electron image of the same seed layers after 17 cycles of ALD, with a clearly observed
contrast change. (d) AFM profile of the same seed layer as in a) after 17 cycles of ALD. The scale

bar is 5 µm.

Pascal and P is the final pressure in Pascal [16]. The above equation doesn’t take
into account the effects of desorption, diffusion and permeation in gas removal.
Based on the above equation, if we calculate the amount of time it takes to re-
move the precursor gas from the GIS needle, it should take about 2 seconds to
completely remove the volume of gas. But in reality, it takes us a total of 37.5 s
(8.5s from region-2 plus 29 s from the region-3). The longer time is because there
is also the surface area with which the gas interacts. The Pt precursor when trav-
elling from the valve to the end of the needle, collides with the internal surface
of the needle, gets adsorbed to the surface and after some time desorbs from
the surface. This time of residence on the surface is called the residence time.
The residence time is a function of temperature, lower temperature leads to an
increased residence time whereas higher temperatures results in a shorter res-
idence time [17]. The Pt crucible is heated to a temperature of 45 oC in a GIS.
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Figure 4.10: Graph showing the pump down curve for the Pt precursor when the valve is kept
open for 1 second.

Figure 4.11: Photograph showing the GIS crucible, needle assembly, nozzle and the plunger valve.

Figure 4.12 shows an ANSYS transient thermal simulation of the GIS needle as-
sembly with the crucible, 600 s after raising the crucible to a temperature of 50
oC. The nozzle of the needle assembly is at a temperature of 41.7 oC, a reduction
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of 8.3 oC from the crucible to the nozzle. In reality, for Pt precursor the GIS cru-
cible is heated to 45 oC, we should expect the temperature of the nozzle to be
36.7 oC. This temperature is a little above the melting point of the Pt precursor
30 oC -31 oC (MeCpPtMe3, CAS: 94442-22-5). And in a standard ALD tool, the
precursor gas lines and the chamber walls are heated to a temperature of 70 oC
to prevent condensation. We cannot heat the chamber walls of the SEM cham-
ber. To replicate this, we could increase the Pt crucible temperature but this will
result in a faster consumption of the precursor. An alternative solution would be
to reduce the internal surface area of the needle behind the valve. This can be
achieved by extending the plunger and the valve towards the end of the needle.

Figure 4.12: ANSYS transient thermal simulation of the GIS needle assembly with the crucible,
600s after raising the crucible to a temperature of 50 o C. Image courtesy of Youp van Goozen.

4.6. DESIGN OF THE MODIFIED GIS NEEDLE ASSEM-
BLY

Figure 4.13 shows the CAD drawing of the current GIS needle assembly showing
the different parts. A zoom-in of the needle is shown in figure 4.14. The inner di-
ameter of the needle and the nozzle is 1.5 mm and 0.5 mm respectively. The outer
diameter of the needle and the nozzle is 2 mm and 1 mm respectively. The pro-
posed solution is to move the valve shown in figure 4.13 near the nozzle. Figure
4.15 shows the proposed solution by extending the plunger towards the nozzle. A
new needle needs to be fabricated to move the valve near the nozzle and to have
the plunger extension.

Figure 4.16 shows the new arrowhead valve which will be used as the close
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Figure 4.13: CAD drawing of the original GIS needle assembly along with the crucible and
plunger.

Figure 4.14: CAD drawing of the original GIS needle assembly showing the different dimensions.

Figure 4.15: CAD drawing of the GIS needle assembly along with the proposed extension of the
plunger (shown in blue).

valve. The arrowhead valve is made of PEEK to have a proper seal when it is in
close position. The arrowhead is connected to an extension rod as shown in fig-
ure 4.17. The extension rod is made of Titanium grade 2, to have better thermal
conductivity. The needle assembly with its dimension is shown in figure 4.18
The needle assembly is made of titanium grade 2. To fix the extension rod into
the plunger, we need to modify the plunger. The modified plunger has been de-
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Figure 4.16: CAD drawing of the PEEK arrowhead valve with its dimension.

Figure 4.17: CAD drawing the extension rod along with the PEEK arrowhead fixed to it.

Figure 4.18: CAD drawing of the new modified needle assembly with its dimension.

signed to have a differential screw assembly to control the length of the extension
rod. The modified plunger is shown in figure 4.19. A close-up of the differen-
tial screw assembly is shown in figure 4.20. The differential screw assembly is
made of 2 set screws (M2.5 screw and M2 screw), a shaft made of titanium grade
2 and a spring. By moving the outer set screw (M2.5 screw in figure 4.20 ) in-
side the plunger, we can insert the extension rod further into the plunger valve.
The complete CAD illustration of the new needle attached to the GIS is shown in
figure 4.22.

Figure 4.21 shows the close-up view of the PEEK arrowhead valve near the
nozzle. If we move the valve near the tip of the needle i.e., 6 mm away from the
tip instead of 75 mm, this will result in a volume of 1.7 mm3 and a surface area of
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Figure 4.19: CAD drawing of the plunger along with the differential screw assembly.

Figure 4.20: CAD drawing of the differential screw assembly used for positioning the extension
rod.

Figure 4.21: CAD drawing of the PEEK arrowhead along with the nozzle.

9.4 mm2 after the valve. This should result in quicker pumpdown time for the Pt
precursor.
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Figure 4.22: CAD drawing showing the complete GIS assembly with the modified needle.

4.7. FABRICATION AND ASSEMBLY

A plunger from a standard GIS was machined in a lathe to obtain the desired
geometry shown in figure 4.19. The extension rod and the PEEK arrowhead were
machined in a lathe to the desired specifications as shown in figure 4.17 and 4.16.
The new needle was fabricated by EDM (electric discharge milling) as shown in
figure 4.18, the conical shape was first fabricated by a sharpner tool. The inner
threading, where the needle will be mounted to the GIS, was then machined and
the channel in the needle was made by electrical discharge machining to get the
required dimensions.

All the components of the GIS were thoroughly cleaned before being inserted
into the SEM. The metallic parts were first cleaned in a beaker containing Ace-
tone for 2 hours ultrasonically followed by blow-drying the components in dry
air. The non-metallic parts were cleaned in a beaker containing ethanol for 2
hours followed by blow-drying in dry air. The arrowhead was glued to the ex-
tended plunger valve by using Stycast 1266. Stycast 1266 is vacuum compatible
and heat resistant upto 200 oC. This was done so that the arrowhead didn’t fall off
onto the GIS needle blocking the flow of precursor into the SEM chamber. The
plunger valve with the modifications was prepared by fitting it with the two set
screws and the spring to have control of the plunger valve. The modified plunger
valve was inserted into the standard GIS assembly from Thermo Fisher Scientific,
after which we inserted the extended plunger with the arrowhead valve into the
modified plunger. The extension rod is inserted such that outside the plunger
there is length of 66.5 mm to have the valve closed. This was determined by
mounting the GIS and testing the GIS with a gas flow. Then we fitted the new
GIS needle made of Ti onto the GIS crucible. Finally, we mounted the GIS onto
one of the GIS ports of the SEM chamber.
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4.8. RESULTS AND DISCUSSION
We performed pump down measurements by letting in the Pt precursor for a
duration of 1 second and noted down the time taken to reach a base pressure of
2.10−6 mbar. The result of this experiment is shown in figure 4.23, we observe
an improvement of an order of magnitude to evacuate the chamber to the base
pressure.

Figure 4.23: Graph showing the pump down curve for the original (blue) and the modified GIS
(red) when the Pt precursor is let in for a duration of 1 second.

Needle configuration Rise time (s) Plateau (s) Decay time (s)
Standard needle 9.5 8.5 29
Modified needle 0.6 1.3 2.5

Table 4.2: Table showing the time it takes for the platinum precursor to reach a maximum value,
saturation time and time taken to reach the base pressure for the modified needle.

From table 4.2, we observe a reduction in time for all three regions of the
pump-down curve. This validates our design to reduce the pump down time for
the precursor. With a Pt dose time of 1 second, we should be able to have a pump
down time of 5 seconds. We now modified the recipe for ALD to the one shown
in figure 4.24. The control of the Pt precursor valve and the dry air was done
manually. Even though we could reduce the Pt dosing time to 1 second and the
Pt pump downtime to 5 seconds, we started with Pt dosing time of 10 seconds
followed by a pump downtime of 25 seconds to ensure that we operate in the
saturation regime of the ALD process. The Pt dosing and pump down time can
be gradually reduced to extract the saturation curves of the ALD process. We car-
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ried out an ALD process with the new recipe, we took a clean Si substrate with
1 x 1 cm dimensions and deposited Pt FEBID seed layers on it with a dose of 5
nC/µm2 with the following parameters, 5 kV, 98 pA, 1µs dwell time, 382 passes
and 2.74 nm pitch to pattern series of squares with 1 x 1µm2 dimensions. The
dose was mistakenly chosen as 5 nC/µm2 instead of 0.05 nC/µm2, resulting in
a much thicker seed layer than intended. The Pt FEBID seed layers were also
deposited on a control substrate. The ALD process was started once we reach a
base pressure of 4 x 10−6 mbar. Also the GIS was heated for 2 hours before we
began the process to ensure that the whole GIS (from the crucible to the nozzle)
is at the same temperature. Here we use our heater V2, which can go upto 300
oC. With a temperature of 300 oC, the main difference from the previous exper-
iment would be that the growth per cycle would be a bit higher. Once, the base
pressure is attained, we ramp-up the temperature to 297 oC and bake the seed
layers with a flow of dry air at 1.6 mbar line pressure for 20 minutes to purify the
seed layers. The chamber pressure was 1.5 x 10−5 mbar. Immediately after the
purification step, we carried out 25 cycles of ALD at 297 oC. Figure 4.25a shows
an AFM scan over the deposited seed layer after the purification step, the inset
picture shows the secondary electron image of the seed layer after purification.
The seed layer shows a brighter contrast since imaging was done after purifica-
tion, which results in a purer Pt layer. The AFM profile over the seed layer shows
a rough profile as the carbon content in the seed layer is removed during the pu-
rification. After the ALD process, we observe a denser Pt layer and a smoother
AFM profile.

Figure 4.24: Modified recipe with the new valve.

Figure 4.25b shows the AFM scan over the seed layers after 25 cycles of ALD.
The inset picture shows the secondary electron image of the layer after ALD. We
observe a growth of 1.2 nm, which matches the expected growth at 25 cycles and
297 oC, confirming that we have ALD growth assuming a growth rate of 0.048
nm/cycle [1]. From the secondary electron image, we observe that the Pt seed
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Figure 4.25: a) AFM profile of the seed layer, showing the noisier profile in the seed layer. Inset
picture: SE micrograph showing the seed layer, the noisier profile in AFM is due to the voids in

the seed layer. Scale bar is 1 µm. b) AFM profile of the layer after ALD, showing a smoother
profile. Inset picture: SE micrograph showing the ALD layer, the smoother profile in the AFM is

due to the ALD growth as seen. Scale bar is 1 µm.

layer deposited has a lot of voids due to the purification step which removes the
carbon from the seed layer. After the ALD cycles, we observe a denser Pt depict-
ing the growth. A single ALD cycle takes 55 seconds, but this is not the minimum
possible duration as we manually operate the valves. By controlling the valves
electronically, we can bring the ALD cycle time down to below 30s, a value com-
parable to a standard ALD tool. The ALD layer is too thin to carry out an EDX
measurement to determine the purity of the layer.

4.9. CONCLUSION
To summarize, in this chapter we have demonstrated an in-situ ALD process in
an SEM. We listed the requirements for in-situ ALD, described the choice of pre-
cursor and the co-reactant used, developed a recipe for ALD in SEM and per-
formed area selective ALD using a direct-write method. We chose to demonstrate
a Pt ALD process as the same precursor is used for FEBID. The seed layers are de-
posited using Pt FEBID. For the delivery of the co-reactant we used a modified
GIS needle assembly to deliver gas to the substrate. We decided to go with dry
air as the co-reactant because it was easier to implement due to safety concerns.
We used the in-situ substrate heater V1 we developed to bring the substrate to
the desired temperature of 241 oC. We designed the dosing and the purge time
for the precursor and the co-reactant based on literature data and pump down
experiments. We patterned Pt FEBID seed layers with different doses to estimate
the minimum dose required for ALD growth. With the designed recipe, we car-



REFERENCES

4

93

ried out 17 cycles of ALD. We observe a contrast reversal after 17 cycles of ALD.
To further quantify the result, we measured the growth by an AFM. We measured
the height of the seed layers after cleaning and height of the layers after 17 cycles
of ALD. We observe a growth of 0.7 nm, this matches with the literature data for
Pt ALD at 241 oC. Thus, we have demonstrated a working ALD in an SEM. Even
though we have an in-situ ALD, a cycle duration is about 3 minutes long whereas
a cycle duration in a standard ALD tool is only a few seconds. So, if we want to
grow a 10 nm layer at 241 oC it will take us 13 hours. This is a serious disadvan-
tage of the in-situ ALD. Therefore we aimed to reduce the cycle duration to under
30 seconds to make the in-situ ALD tool usable.

We suspected that the long purge time was due to the location of the valve
in the standard GIS which is located at 7.5 cm away from the tip of the needle.
This leads to the precursor getting adsorbed in the internal surface of the needle,
causing the long duration. We decided to solve this by moving the valve closer
to the tip of the needle at a distance of 6 mm away from the tip. This reduces
the internal surface area behind the valve from 428 mm2 to 9.4 mm2 and the
volume from 271 mm3 to 1.7 mm3. We designed a new GIS needle assembly that
brings the valve closer to the tip of the needle. With the new design, we observe
an order of magnitude in reduction in the pump downtime. We modified the
earlier recipe for the new design and ensued that we operate in the saturation
regime of the ALD process. We carried out 25 cycles of ALD with the new GIS
and at a temperature of 297 oC in 43 minutes and we obtained an ALD growth of
1.2 nm matching the expected value from literature. In a standard tool, a single
ALD cycle takes place within 30 seconds, whereas in our in-situ ALD process a
single cycle takes about 55 seconds. We manually operated the valves for both
the precursor and the co-reactant gases. In the future, both the valves should
be controlled electronically to bring down the total cycle time under 30 seconds.
From 4.23 we can reduce the pump down time, after Pt precursor injection for 1
second, to 5 seconds. With the above two ways, we can reduce the cycle time to
values close to those of a standard tool.
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5
IN-SITU SPUTTER ETCHING TOOL

IN SEM

5.1. INTRODUCTION
In the previous chapters, we have demonstrated an in-situ substrate heater and
in-situ area selective ALD in SEM for Cleanroom in an SEM. We chose to imple-
ment a sputter etching tool for pattern transfer as discussed in chapter 2.

A local sputter etching tool in an SEM was developed based on a DC mi-
croplasma source by Matra [1]. Microplasmas are plasma sources, whose dimen-
sion in at least one direction is less than 1 mm. Microplasmas can be operated in
a wide range of pressures from sub-atmospheric to atmospheric [2]. Matra’s tool
was based on a DC micro plasma jet with an orifice gas nozzle, shown in figure
5.1 a. The orifice gas needle, shown in figure 5.1 b, is used to reduce the pressure
in the SEM chamber. The plasma was created between the orifice gas nozzle
and the substrate. The e-beam was used to ignite the plasma, which in turn re-
duced the breakdown voltage for the plasma generation. The disadvantage of
Matra’s local sputter etching tool was that it needed an additional turbo molec-
ular pump and a rotary pump, to operate the SEM within its operating pressure,
and substrate biasing [3]. Another miniature plasma source was developed by
Miyazoe et al. Miyazoe’s design was based on an ultra-high frequency (UHF) mi-
croplasma jet [4]. It also required a 15 kV high voltage to ignite the plasma and
the substrate was biased between −30 V and 20 V. The UHF microplasma jet was
used as a local source of ions and radicals for in-situ charge neutralization of in-
sulating materials and improving the metallic content of EBID layers [4] [5]. The
plasma was operated at pressures of 10−5 mbar to 10−3 mbar. Miyazoe et al. re-
ported no effect on the electron beam due to the operation of the plasma source
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even though the plasma is operated by a UHF source. The disadvantages of the
UHF microplasma jet are the UHF source to generate the plasma, the matching
circuit required for the UHF source, the high DC voltage source required to ignite
the plasma and substrate biasing. A low energy argon ion source was developed
by Mulders et al [6]. Mulder’s source was based on electron impact ionization of
Ar gas delivered by a specially made GIS. The GIS was modified to deliver Ar gas
from outside and a slotted nozzle in the needle allowed for the electron beam
to impact Ar to generate ions by electron impact ionization. The substrate was
biased to attract the Ar ions. The low energy Ar ion source was used to remove
halos from EBID deposition, to transfer an EBID etch mask to an underlying gold
film and to obtain artifact free STEM imaging [7][8][9][10]. The disadvantage of
this ion source for sputter etching was that it required substrate biasing and that
the source was mounted at an angle with respect to the substrate.

Figure 5.1: a) Schematic drawing of the miniature plasma source developed by Matra [1]. b)
Schematic drawing of orifice gas needle. Copyright (2013), with permission from Elsevier

As discussed in chapter 2, sputter etching operates at pressures of 1 to 10−3

mbar whereas an SEM operates between 10−6 and 10−5 mbar. The plasma can
be operated by different power sources such as DC, RF and UHF. This leads us to
several requirements to implement a miniature plasma source in the SEM. The
various requirements are discussed in the next section.

5.2. REQUIREMENTS FOR THE PLASMA SOURCE
When we add the miniature plasma source to an SEM, it shouldn’t affect the nor-
mal operation of the SEM i.e., we should be able to use the SEM for inspection.
This criterion, in addition to the restrictions mentioned in chapter 2, leads us to
several requirements for implementing the add-on miniature plasma source for
sputter etching. The requirements are:

1 The sputtering angle of incidence should be 0 degrees to the normal of the



5.3. DESIGN OF A MICROPLASMA SOURCE IN A VACUUM SETUP

5

99

substrate, so we can use it for pattern transfer.

2 The plasma power source shouldn’t disturb the electron beam.

3 During plasma operation, the chamber pressure should be kept between 10−6

and 10−5 mbar.

4 The voltages used for the plasma source should be kept low (preferably < 1 kV)
to avoid any flash overs inside the SEM.

5 The plasma source should occupy a minimum floor space in the SEM, as there
is little available space in the SEM.

6 All materials used should be non-magnetic.

7 All materials used should be vacuum compatible and have low outgassing.

8 If insulating materials are used, they should be shielded from the direct line of
sight of the electron beam.

9 No additional pump should be needed.

5.3. DESIGN OF A MICROPLASMA SOURCE IN A VAC-
UUM SETUP

The plasma source needs to be designed such that the chamber pressure remains
within the operating limits. An increase of the chamber pressure beyond 9∗10−5

mbar will trigger closing of the valve between the gun area and the optical col-
umn and specimen chamber. This can be achieved by having a high pressure
miniature chamber where the plasma is ignited and sustained, and an orifice
which will limit the gas flow into the chamber which will limit the chamber pres-
sure. The base pressure of the SEM is normally in the range of 10−6 mbar. The
Knudsen number gives the type of gas flow through the orifice.

Kn = λ

d
(5.1)

where λ is the mean free path of the gas in m and d is the diameter of the flow
channel in m[11]. The mean free path λ is given by,

λ= k.Tp
2.π.p.d 2

m

(5.2)
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where k is the Boltzmann constant, T is the temperature in K, p is the pressure in
Pa, dm is the diameter of the atom or molecule in m[11]. For Argon, with a diam-
eter of 3.4 Å and with a pressure of 5 mbar the mean free path is 1.6.10−5 m. With
an orifice diameter of 50 µm, we obtain a value of 0.3 for the Knudsen number.
For Kn < 1, the type of flow is in a transition regime. The flow conductance for
an orifice in the transition regime can be found empirically using the following
equation [12][13],

CF

C0
=

(
α+ 0.4733+0.907z0.5

1+10.4z +16.1z2

)
(5.3)

where CF is the flow conductance, z is given by,

z = Kn .
(
α+0.125e−0.5(12α−11.2)

2

+0.18e−14.7α−0.08
)−1

(5.4)

and α is given by the following equation,

α= 1

0.996+ .94
( L

d

)0.94 (5.5)

where L is the length of the orifice in m and d is the diameter in m. C0 is the
conductance of an orifice in the molecular flow regime[11],

C0 = ν.π.d 2

4
(5.6)

where d is the diameter of the orifice in m and ν is the mean thermal velocity[11],

ν=
√

8.k.T

π.m
(5.7)

The gas throughput Qor through the orifice can then be found using the following
equation[11],

Qor = P Ar .CF (5.8)

where P Ar is the Argon pressure. The increase in chamber pressure due to an
Argon influx can be calculated from the following equation,

Pi ncr ease = Qo +Qor

Se f f
(5.9)

where Qo is the gas throughput without any Argon flow and Se f f is the effective
pumping speed of the turbomolecular pump connected to the vacuum system.
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The base throughput when no Argon flows through the orifice can be calculated
as,

Qo = Se f f ∗Pchamber (5.10)

The high vacuum test setup is connected to a water cooled Pfeiffer TPH/U
180 HM turbomolecular pump (TP). The pump is connected to the vacuum setup
by means of a pipe with a 90 degree bend. The effective pumping speed of the
pump would be lower than the actual speed of the pump, because we connect
the pump to the chamber by means of a pipe with a 90 degree bend. For estimat-
ing the rise in pressure due to the introduction of Argon gas into the chamber, we
use the effective pumping speed of 70 l/s which is the value for a Nova nanoLab
650[14] as an approximation. With an average thermal velocity of 392 m/s for Ar
at room temperature, a base pressure of 1.1∗10−6 mbar, and an orifice diameter,
do of 50 µm we can estimate the expected increase in chamber pressure for an
input of Argon pressure. With an input Argon pressure of 5 mbar to 70 mbar, the
expected chamber pressure is in the range of 8.3∗10−6 to 8.5∗10−5 mbar. An ori-
fice diameter of 50 µm satisfies the chamber pressure requirement. If we assume
the metal plate containing the orifice to be 100 µm thick, then, for a substrate
kept at 1 mm away from the orifice, we should expect Ar atoms in the radius of
550µm at the substrate assuming no electric fields. So we have a sufficient radius
of Ar impingement for the pattern transfer. We are also limited by the space avail-
able in the SEM, so the plasma source should be compact. We should choose a
DC power based plasma source to operate the plasma source without disturb-
ing the electron beam, even though we won’t be operating the electron beam
at the same time. The voltages needed to ignite and operate the plasma source
should be kept low to avoid unwanted breakdown in the SEM chamber. From the
requirements, it is clear that we need to choose a geometry such that the sputter-
ing angle of incidence is 0 degrees. A schematic of the miniature plasma source
is shown in figure 5.2.

It consists of a metal tube with an inner diameter of 4 mm, which is used to
deliver Ar. The tube ends by making contact with a metal grid. The metal grid is
used to create a plasma across the whole diameter of the grid. After, the metal
grid we have a small compartment enclosed by the orifice. The small compart-
ment acts as the plasma chamber. The plasma is ignited and sustained between
the grid and the orifice disc. The distance between the metal grid and the orifice
disc is kept at a distance of 0.5 mm. An insulator is used to electrically isolate the
two electrodes. The orifice restricts the gas throughput to the vacuum chamber
thereby restricting the rise in chamber pressure. By choosing a diameter of 50µm
for the orifice we would satisfy the requirement of keeping the chamber pressure
between 10−6 and 10−5 mbar. The substrate is kept at a certain distance from
the orifice disc. A potential is applied between the metal tube in contact with
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Figure 5.2: Schematic drawing of the miniature plasma source.

the metal grid (anode) and the orifice disc (cathode) to ignite and sustain the
plasma. The substrate is kept grounded to avoid biasing the substrate in the final
design in the SEM chamber. Also, the orifice disc is raised to a positive potential
to accelerate the positive Ar ions created in the plasma chamber. The potential
applied to the electrodes is kept below 1 kV keeping in line with the requirement.
Figure 5.3 shows the electric circuit used to apply the potentials and also to mea-
sure the voltage drops across the electrodes and the current flowing through the
plasma chamber. Since the voltage range in a multimeter is limited, we imple-
ment a voltage divider using the resistors R1 and RM to measure the voltage of
the anode. Similarly to measure the voltage of the cathode we use the voltage
divider using the resistors R2 and RM (RM is the impedance of the multimeter).
A picoammeter (I) was used to measure the plasma current within the plasma
chamber. In addition, to keep the substrate grounded, we raised the potential
of the orifice disc using a battery with a maximum voltage of 250 V. The battery
pack is adjustable from 25 V to 250 V. This is implemented such that Ar ions are
directed towards the substrate. To measure the substrate current at the substrate,
a picoammeter was connected between the substrate and the ground. The mea-
sured plasma current (I Ar ) would be a combination of the ion current (Ii on) and
the electron current (Iel ectr on).

I Ar = Ii on + Iel ectr on

I Ar = Ii on +α.Ii on

I Ar = (1+α).Ii on

(5.11)

where α is the number of electrons being stripped off from the Argon atom. The
ion current in the orifice Ib is defined as,
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Ib = d 2
o .I Ar

d 2
pl ate

Ib =β.I Ar

(5.12)

where β is a geometric factor depending on the orifice diameter (do) and the
orifice plate diameter (dpl ate = 5.5 mm). The substrate current Ietch measured at
the substrate is defined as,

Ietch = Ib + ISe−

Ietch = Ib +γ.Ib

Ietch = (1+γ).Ib

(5.13)

where ISe− is the ion induced secondary electron current and γ is the ion induced
secondary electron yield. For a Au film with an Ar ion of energy 250 eV we would
have a γ of 0.12 [15].

For such a design, the potentials are shown in figure 5.4. Ar ions created in
the plasma chamber will get attracted to the grounded substrate. The field from
the plasma chamber extends into the orifice, causing a focusing effect.

A Paschen curve provides the breakdown voltage as a function of the product
of the pressure and the electrode distance. By plotting the Paschen curve for the
designed microplasma source, we would be able to determine the gas pressure
required to sustain the plasma while keeping the electrodes at a low potential.

The sputtering rate of a target material is given by,

z

t
= M ∗S ∗ jp

ρ∗Na ∗e
(5.14)

where M the molar weight of the target material in kg /mol (0.197), S is the sput-
tering yield of the target (0.7 for Au), jp is the current density of the ions in A/m2,
ρ is the density of the target material in kg /m3 (19.3 for Au), Na is the Avogadro
number, e is the electron charge and z is the sputtered thickness in time duration
t in seconds. For example, if we have an substrate current Ietch of 1 nA (Ib = 0.89
nA) with an etch diameter of 25 µm we would have an etch rate of 8 nm/min for
a film of Au using equation 5.13.

5.4. FABRICATION AND ASSEMBLY
We chose a design based on a DC microplasma source. A piece of standard 1/4“
stainless tubing (inner diameter of 4 mm) was used as the anode and also to de-
liver Ar gas. An electrically insulating cylinder made out of PEEK [16] was fitted
around the tube. A metal grid (made of tungsten which was easily available) is
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Figure 5.3: Schematic drawing of the electrical circuit used to apply the potential between the
electrodes and also to measure the voltage drops and the current.

Figure 5.4: EOD simulation showing the electric potentials between the orifice disc (maintained
at 225V ) and a grounded substrate kept at a distance of 0.5 mm. The grid (maintained at 406V ) is
not visible as it is positioned 500 µm to the left of the orifice. The potential lines near the orifice

are displayed as vertical lines. The potential map values are shown in the legend.

placed inside the PEEK cylinder, making electrical contact to the stainless steel
tubing, i.e. the anode. The cathode consists of a 100 µm thick plate made of
phosphor bronze with an orifice of 50 µm in diameter in the center. We decided
to use phosphor bronze as it is vacuum compatible and non-magnetic. The hole
was drilled by using a laser. The orifice disc (cathode) is glued to the end of the
PEEK insulator using vacuum compatible double sided Kapton tape from Accu-
Glass products[17]. The distance between the tungsten grid and the orifice disc
is 500 µm, this is achieved by the PEEK insulator as it has a notch which keeps
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the anode from making electrical contact with the cathode. We can control the
pressure in the plasma chamber by controlling the line pressure of the gas supply
(Ar) delivered through the cathode tube. The metallic components were cleaned
ultrasonically in a beaker containing acetone for 2 hours followed by cleaning ul-
trasonically in a beaker containing ethanol for 2 hours. Finally, the components
were blown dry by using Nitrogen gas. The non-metallic parts were cleaned ul-
trasonically in a beaker containing ethanol followed by blow drying them in Ni-
trogen gas. The microplasma source was mounted onto a vacuum setup shown
in figure 5.5, consisting of a 6-way cross with CF150 flanges. The left flange (in
figure 5.5 ) contains a manipulator with 1 degree of freedom which is used to po-
sition the substrate under the plasma source. The bottom flange is connected to
a turbomolecular pump and a scroll pump as the pre-pump. On the top flange, a
translation manipulator with 4 degrees of freedom is used to position the plasma
source in X,Y,Z and rotation around the Z-axis. The top flange also has multi-
ple CF16 flanges, one of which is used as a gas feedthrough to deliver Ar. Two
MHV (medium high voltage) feedthroughs are used to supply the voltages to the
source. A FUG high voltage power supply is used to deliver the voltage. In fig-
ure 5.3, R1=R2=100 MΩ, and R3 = 1 MΩ. V1 and V2 are a Fluke 8840A digital
multimeter (RM1 = 10 MΩ) and a voltcraft M-4660A multimeter (RM2 = 10 MΩ)
respectively. The plasma current is measured using another voltcraft M-4660A
multimeter, whereas the current at the substrate is measured using a Keithley
6485 picoammeter. Two PEEK coated wires are used to connect the electrodes
and the electrical feedthroughs. Ar gas is delivered using a Bronkhorst EL-PRESS
pressure controller (1 mbar - 1000 mbar) [18].

Figure 5.5: Photograph of the vacuum setup used to test the prototype microplasma source.

5.5. PERFORMANCE TESTS IN VACUUM SETUP
The initial test was to determine whether the plasma source can sustain a plasma
while keeping the chamber pressure at SEM operating pressure. Initially the Ar
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inlet pressure, i.e. the pressure in the plasma chamber between the two elec-
trodes, was kept at 5 mbar resulting in a chamber pressure (PC h) of 3.6∗ 10−5

mbar, while increasing the voltage between the electrodes until a current be-
tween the electrodes is observed. Figure 5.6 shows the measured and the cal-
culated chamber pressure for various input Argon pressures. The observed dif-
ference between the calculated and the measured values could be explained by
the leaking of Ar gas through the double sided tape. A plasma current of 5 µA
was observed at the breakdown voltage. A photograph of the observed plasma
is shown in the inset of figure 5.7 (the blue dot in the centre). Subsequently the
Paschen curve (breakdown voltage versus product p.d of pressure p and elec-
trode distance d) was measured by varying the inlet pressure from 2 to 200 mbar
and recording the voltage at which breakdown was observed. The measured
Paschen curve is shown in figure 5.7. From the graph, we can determine the
pressure where we can ignite and sustain the plasma while keeping the voltages
low. We observe an outlier at a p.d of 4, this could be due to the geometry of the
plasma source, a cathode plate to an anode grid instead of two parallel plates.
This irregular geometry could lead to higher electric fields. While recording the
Paschen curve the chamber pressure was registered. It varied from 9∗10−6 mbar
to 1∗10−3 mbar.

Figure 5.6: Graph showing the measured chamber pressure (PCh(meas)along with the calculated
chamber pressure (PCh(calc)) using equation 5.3 for different input Argon pressures (PAr) for the

test vacuum setup.
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Figure 5.7: Graph showing the measured Paschen curve with a constant electrode spacing of 0.5
mm. Inset photograph showing the observed plasma.

Figure 5.8: Measured IV curves for the miniature plasma source at varying PAr .

We measured the current-voltage (IV) characteristic of the plasma source. Ar
gas with a line pressure PAr of 5 mbar was let into the chamber, after which we
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Figure 5.9: Graph showing the plasma current (IAr ) and the substrate current (Ietch ) as a function
of the voltage between anode and cathode of the plasma chamber, while operating the plasma

source at a pressure of 5 mbar and a potential of 250 V at the orifice disc.

started to increase the potential between the electrodes of the plasma source.
Once we obtained a plasma, we varied the potential between the electrodes and
measured the plasma current (IAr ) flowing between the electrodes. The plasma
currents are plotted as a function of the measured potential drop between the
electrodes, kept at a distance of 0.5 mm, shown in figure 5.8 for different Ar pres-
sures.

Now, we have achieved our goal of sustaining a plasma at SEM operating
pressures. In the SEM, the substrate is generally grounded. So, to avoid biasing
the substrate, we decided to raise the potential of the orifice plate while keep-
ing the substrate grounded. This should result in the Ar ions being accelerated
towards the substrate. Once we obtain a plasma, we applied a potential of 250
V to the orifice disc and measured the current flowing at the substrate. Figure
5.9 shows the IV curve for the plasma source along with the substrate current
Ietch measured at the substrate for an Ar pressure of 5 mbar. If we compare the
plasma current (IAr ) in figures 5.8 and 5.9, we observed a big increase in Iar. This
increase could be due to the biasing of the orifice disc (+250 V), as the Ar ions are
accelerated towards the orifice disc. Moreover, the sealing of the orifice disc was
improved before we biased the orifice disc.

Even though we have a plasma current, IAr in hundreds of µA range, the sub-
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strate current, Ietch is in the nA range. The current (Ietch) we measure is a com-
bination of the ion current, electron current and current from the ion induced
secondary electron emission process as shown in equations 5.11, 5.12 and 5.13.
For an IAr of 385 µA, we measured an Ietch of 4.56 nA. The plasma exposed di-
ameter on the orifice plate is about 5.5 mm and the orifice diameter is 50 µm.
Using equations 5.11, 5.12 and 5.13 with an α of 1, the estimated substrate cur-
rent Ietch is 17.8 nA. But on the substrate we measured a current of 4.56 nA. So
we have an ion current of 4 nA delivered to the substrate, out of the available 17.8
nA. The orifice disc has a thickness of 100 µm with a diameter of 50 µm, there
will be additional scattering of the Ar ions along the length of the orifice disc.
The reduction of the ion current from the expected value might be due to this
scattering in the orifice disc length.

Figure 5.10: SE image of the etch spot (dark area) on a 20 nm Au film on Si. The scale bar is 200
µm.

We replaced the orifice disc with another one which had a diameter of 75 µm
and a thickness of 100 µm. This was done, as the original orifice disc had a leak
which affected the chamber pressure. Based on the geometry, we can use the tri-
angle proportionality law to determine the expected etch diameter at 1 mm to be
750 µm. This doesn’t take into account any fields or scattering. Next, we tested
the plasma source as a sputter etching tool. We chose a Si wafer coated with a
20 nm thick Au film as the substrate and placed it at a distance of 1 mm from the
plasma source. The substrate was exposed to the plasma for 20 minutes, while
keeping the orifice disc at a potential of 225.5 V and at a PAr of 5 mbar. We mea-
sured an IAr of 399.4 µA at a voltage of 390 V and an Ietch of 5.89 nA with a PC h of
4.5∗10−5 mbar. When we observed the exposed area in an SEM, we observed an
etch spot (dark area) with a diameter of 200 µm shown in figure 5.10. This etch
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Figure 5.11: a) Ar ion trajectories for the high vacuum setup with an orifice disc diameter of 75
µm and with an initial energy of 25 meV at three different locations: 10 µm from the start of the
orifice (0.51 mm, shown in blue colour), at center (0.55 mm, shown in red colour) and at 10 µm

from the end of the orifice (0.59 mm, shown in green colour). Ar ions starting closer to the end of
the orifice are focussed. b) A close-up image of the Ar ion trajectories in the orifice.

spot of 200 µm is much smaller than our estimate from geometry. This could be
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explained by the effect of voltage at the orifice disc. To explain the effect of field
created by the orifice disc, we simulated the Ar ions trajectories using a finite el-
ement simulation package EOD [19]. For the ray tracing of Ar ions, we kept the
energy of Ar ions at 25 meV, as the microplasma source is a non-thermal plasma
where temperature of the ions is around room temperature. 19 Ar ions were in-
jected towards the substrate by equally spacing them at three different locations
at 10 µm from the start of the orifice (0.51 mm, shown in blue colour), at center
(0.55 mm, shown in red colour) and at 10 µm from the end of the orifice (0.59
mm, shown in green colour) as shown in figure 5.11. Due to such low energy,
we can assume that there will be no secondary ions generated along the orifice
thickness. All Ar ions that make it out of the orifice are focussed with a different
focal distance and after that they spread out again. And the Ar ions near the cen-
ter of the orifice pass through without any deflection. To correctly estimate the
diameter of the beam, we would need to inject ions at all possible locations in
the orifice and in all directions. Then, calculate the full width 50 %. If we take the
outermost ions from figure 5.11, we would arrive at a diameter of 280 µm which
is larger than the observed etch diameter. If we take into account only the ion
trajectories at 0.51 mm and 0.55 mm, we estimate an etch diameter of 180 µm
which is closer to the observed etch diameter. The observed deviation between
the simulation and experiment could be due to the interaction of ions with the
neutrals which could scatter the ions further from the optical axis resulting in a
bigger diameter. Also, the simulation was conducted with certain limitations, in-
cluding the restriction that trajectories were initiated only in the direction of the
substrate, and at predefined positions. Additionally, the FW50% was not deter-
mined.

From equation 5.14, with Ietch = 5.89 nA we obtain a sputter rate of 1 nm/min.
So, we would completely etch a 20 nm film of Au in 20 minutes as shown in figure
5.10. With a measured IAr of 399.4 µA and assuming an α of 1 using equations
5.11, 5.12 and 5.13, we should have a current Ietch of 41.5 nA. We measured a cur-
rent of 5.89 nA, so the ion current alone would be equal to 5.26 nA, this deviation
could be due to the approximate nature of the calculations. It could also be due
to the scattering of the Ar ions along the thickness of the orifice disc and could be
due to the scattering of Ar ions with neutrals while the ion travels from the ori-
fice to the substrate. In our estimation of the substrate current Ietch we assumed
a value of 1 for the α. In reality, there could be 2 electrons ejected out of the Ar
atoms during ionization. If we assume an α of 2, we would arrive at a Ietch value
of 27.7 nA. We could have a situation where we have a mix ofα at 1 and 2 [20][21].
We do have now demonstrated a miniature plasma source which can be used for
sputter etching in a standalone vacuum system. This miniature plasma source
now needs to be implemented inside an SEM.
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5.6. SUMMARY OF THE PROTOTYPE MICROPLASMA

SOURCE IN A VACUUM SETUP
In the prototype microplasma source setup, we were able to demonstrate the op-
eration of a plasma source at SEM operating pressures of 10−6 to 10−5 mbar. We
were also able to keep the voltages required to operate the plasma under 500 V.
We demonstrated a microplasma source with an angle of incidence of 0 degrees
to the substrate normal. Finally we were able to etch a Au film on top of a Si sub-
strate, utilizing the microplasma source as a sputter tool. The diameter of the
plasma chamber for our prototype device is kept at 5.5 mm and the electrodes
are separated at a distance of 0.5 mm. We have an etch area with a diameter
of 200 µm. Since we didn’t carry out a profilometer measurement over the etch
spot, we don’t know the etch uniformity.

5.7. DESIGN OF A MICROPLASMA SOURCE IN AN SEM
The prototype miniature plasma source in the high vacuum setup cannot be di-
rectly placed in the SEM. The plasma source is still large compared to the avail-
able space in the SEM. In normal use of the SEM, the sample is kept at a distance
of 5 mm from the pole piece. In the high vacuum setup, a 1/4 inch stainless steel
tube was used to deliver Ar, and was also used as the anode for the source. We
also used a tungsten grid at the end of the tube to act as the anode.

Figure 5.12 shows the interior of the SEM chamber from the view point of
the chamber door, the overall picture of the SEM can be found in figure 2.8. We
have several GISes present in the SEM, which deliver a precursor gas above the
substrate, and with our modified GIS needle described in the previous chapter
we can deliver an external gas above the substrate. The angle of incidence of
the gas depends on the port used. Also, the distance between the needle and
the substrate is in the range of 75 - 200 µm. One of the requirements for the
plasma source is that the angle of incidence of the ions should be zero degrees
to the normal of the substrate for reliable pattern transfer. Due to the little avail-
able space (5 mm between the pole piece and the substrate) and the angle of
incidence requirement the possibility of using one of the GIS ports is not pos-
sible. The stage of the Nova nanoLab SEM can be positioned in X-Y direction
up to ± 75mm with an accuracy of ± 1 µm. By having the plasma source sus-
pended away from the beam axis, we would have an error of approximately ± 1
µm from the translation of the stage. From our test setup, we observe an etch
area with a diameter of 200 µm. The translation error of the stage is far less than
our etch area and poses no issue for accurate positioning of the etch. The plasma
source should be suspended within the range of the stage, so we could position



5.7. DESIGN OF A MICROPLASMA SOURCE IN AN SEM

5

113

the substrate under the source. We also should keep the same design (diameter
of the source, distance between the electrodes and the orifice) of the prototype
microplasma source as these were found to be successful. The orifice disc of the
plasma source should be kept in the same plane as the end of the pole piece,
so there is no chance of collision with the stage during stage movements. By
first moving the stage below the plasma source, we could bring the stage up to a
required distance from the plasma source. We have space available on the load
lock side of the SEM chamber (right side of photograph shown in figure 5.12 ) and
on the side opposite to the door (behind the pole piece shown in figure 5.12). If
we utilise one of the available ports on the side opposite to the door behind the
pole piece, we will have difficulty in making adjustments and connections as the
pole piece blocks the view. Also it increases the chance of making physical con-
tact with the pole piece leading to damage. This leads us to the port above the
loadlock which currently houses the plasma cleaner, if we use this port it will be
easier to mount the plasma source and make connections to it as it is easier to
access it from the door. Figure 5.13 shows the loadlock side of the SEM chamber
with the port of interest indicated by a red circle. We will use this port to suspend
the plasma source inside the SEM chamber.

Figure 5.12: Photograph of the interior of the Nova nanoLab SEM from the point of view of the
chamber door.

We decided to 3D print the anode connector (shown in figure 5.14 ) along
with the gas feedthrough and the grid. Therefore eliminating the need of a sepa-



5

114 5. IN-SITU SPUTTER ETCHING TOOL IN SEM

Figure 5.13: Photograph showing the load lock side of the Nova nanoLab SEM with port of
interest (red circle, here containing the plasma cleaner) for suspending the microplasma source

and the port of interest for the gas feedthrough (blue circle) for the delivery of Ar.

rate grid and the assembly required. The anode connector needs to be conduc-
tive to act as the anode, so it was made of 3D printed Aluminum. Figure 5.14
shows the CAD illustration of the anode connector. The outer diameter of the
anode tube is 8 mm, while the inner diameter of the tube is 4.5 mm. The gas
chamber is connected to a gas feedthrough which has an outer diameter of 2.8
mm. The anode connector needs to be biased, so to avoid soldering a screw
hole was made for making the electrical connection to the anode connector. An
orifice disc made out of Phosphor bronze was used as the cathode in the high
vacuum setup. We used an orifice disc with an orifice diameter of 50 µm and a
thickness of 100 µm.

To electrically isolate the anode connector from the orifice disc, we used a
PEEK insulator. The PEEK insulator is designed as a push fit to the anode con-
nector. The orifice disc is glued to the PEEK insulator by using a two component
epoxy glue (Stycast 1266 [22][23]). The PEEK insulator is also glued to the an-
ode connector using Stycast 1266 to prevent any leaks. The distance between
the anode connector and the orifice disc cathode is kept at 0.5 mm. The anode
connector with the PEEK insulator and orifice disc is shown in figure 5.15. The
height of the anode connector is about 12.5 mm.

The plasma chamber lies between the grid in the anode connector and the
orifice plate. A close-up of the plasma chamber is shown in figure 5.16. The
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Figure 5.14: CAD illustration of the anode connector with a grid size of 0.5 mm x 0.5mm, the grid
size is similar to the one used in the test setup.

Figure 5.15: CAD illustration of the anode tube with the PEEK insulator and the orifice plate
cathode.

height of the plasma chamber is 0.5 mm whereas the diameter of the chamber is
6 mm. The diameter of the plasma chamber is slightly larger than the value used
in the high vacuum setup (diameter = 5.5 mm).

The different components of the adapter assembly used to suspend the mi-
croplasma source are shown in figure 5.17. The microplasma source is suspended
from a device holder shown in 5.17a and it is made of aluminum. The device
holder has space for holding two sources, so it could be used to suspend the
evaporator (will be discussed in the next chapter) too. The bottom of the plasma
source can be positioned by using the screws (shown in figure 5.17a) to lock the
source in place. The device holder containing the microplasma source is con-
nected to a fixture (shown in figure 5.17b) which is made of aluminum. The fix-
ture containing the source is connected to the flange (shown in figure 5.17d) by
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Figure 5.16: CAD illustration of the plasma chamber.

means of three support rods (shown in figure 5.17c). The support rods have a
hole on the side to remove any trapped air. The length of the support rods is
about 146 mm. This length is chosen such that the plasma source is at a distance
of 40 mm from the axis of the pole piece. The support rods and the flange are
made of non-magnetic stainless steel (RVS - 316). Also, we need two MHV elec-
trical feedthroughs for the plasma source and a gas feedthrough for the delivery
of gas, in our case Ar. The atmosphere end of the flange ends in a KF40 con-
nection, which can be used to attach the required electrical feedthroughs for the
source. For the delivery of Ar, we can use the port (blue circle) indicated in 5.13.
Figure 5.18 shows the design of the gas feedthrough. On the atmospheric side we
have a quarter inch stainless tube, which can be used with swagelok connectors.
On the vacuum side, we have a stainless steel tube with a diameter of 2.8 mm. We
used a viton tube with inner diameter of 2 mm to connect the anode connector
to the gas feedthrough.

The plasma source needs to be suspended by the device holder which will
also hold the evaporator. Since the adapter is made out of aluminum, the anode
connector should be electrically isolated from the device holder. So, we used
a PEEK cylinder which fits on top of the anode tube to make contact with the
device holder. The CAD illustration of the complete plasma source is shown in
figure 5.19. Figure 5.20 shows the photograph of the adapter along with the 3D
printed anode tube.

All the components of the plasma source were thoroughly cleaned before
placing them in an SEM. The metallic parts were first cleaned ultrasonically in
a beaker containing acetone for 2 hours. Then, they were cleaned in a beaker
containing ethanol for 2 hours followed by blow-drying the components with ni-
trogen. The non-metallic parts were cleaned in a beaker containing ethanol for 2
hours followed by blow-drying with nitrogen. The plasma source was assembled
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Figure 5.17: CAD illustrations of the different components of the adapter assembly. a) Device
holder where the plasma source can be suspended. b) Fixture where the device support structure
is attached. c) Support rods to which the fixture (b) is attached. d) the flange assembly in which

three support rods are attached.

as shown in the CAD illustration shown in figure 5.19. The electrical connections
were delivered by means of two electrical feedthroughs (MHV). The electrical
connection to the anode was made by means of a screw and the electrical con-
nection to the orifice plate was made by tin soldering a PEEK coated wire to the
plate.

TEST OF THE PLASMA SOURCE

After assembling the miniature plasma source, we placed it in the desired port.
The miniature plasma source in the SEM is shown in figure 5.21. Figure 5.22
shows the measured and the calculated chamber pressures as a function of the
input Argon pressure. The effective pumping speed for the SEM is 70 l/s which
is connected to a turbomolecular pump with a pumping speed of 250 /s [14].
When compared to figure 5.6 for the vacuum setup, we observe that the mea-
sured chamber pressure values in the SEM are much lower now. They are also
lower than the calculated pressure, which might be due to the empirical equa-
tion used to calculate the pressure. In the high vacuum setup we used a double
sided Kapton tape to seal the orifice plate, which was leaky and led to pressure
values much larger than the calculated pressure. The initial test was to deter-
mine whether we were able to obtain a plasma. After reaching a base pressure
of 3∗10−6 mbar, we let in Ar gas with a line pressure (PAr ) of 12 mbar. This re-
sulted in a chamber pressure of 1.45∗ 10−5 mbar. We gradually increased the
supply voltage to the plasma source until we observed an argon current, IAr of
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Figure 5.18: CAD illustration of the modified KF40 gas feedthrough to deliver Ar made of RVS 316
stainless steel.

Figure 5.19: CAD drawing of the miniature plasma source for implementation in SEM showing
the different components.

5 µA. Figure 5.23a shows the photograph of the plasma source inside the SEM.
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Figure 5.20: Photograph of the adapter. Inset picture showing the 3D printed anode tube as
compared to a 5 eurocent coin.

Figure 5.21: Photograph of the miniature plasma source inside the SEM.
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Figure 5.22: Graph showing the measured chamber pressure (PCh(measured)along with the
calculated chamber pressure (PCh(calc)) using equation 5.3 for different input Argon pressures

(PAr).

Figure 5.23: a)Photograph of the plasma source from the SEM camera. b) Photograph of the
plasma source under operation with an observable glow of the plasma.

Figure 5.23b shows the photograph of the plasma source under operation, where
we observe a glow indicating the successful ignition of plasma inside the SEM .

Subsequently, we carried out the test of utilising the plasma source as a sput-
ter etching tool. The substrate was a 20 nm thick Au film on a Si wafer and
placed at a distance of 0.5 mm from the plasma source. This was achieved by
first moving the stage below the plasma source and then gradually moving the
stage up until we reach the required distance. The gas line of the plasma source
was flushed 6 times with Ar to remove residual gas in the line. The substrate was
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Figure 5.24: SE image of the etch spot on a 20 nm Au film on Si. The scale bar is 200 µm.

exposed to the plasma for 90 minutes, while keeping the orifice plate at a posi-
tive potential of 205 V and the applied argon pressure (PAr ) at 12 mbar. The long
duration of exposure was to make sure that the Au layer was completely etched.
We measured an IAr of 500 µA at a voltage of 406 V and a substrate current, Ietch

of 3 nA with a PC h of 1.32∗10−5 mbar. When we observed the exposed area in
an SEM, we observed an etch spot with a diameter of 35 µm, as shown in figure
5.24. In the high vacuum setup, we observed an etch spot of 200 µm with an
orifice diameter of 75 µm and the substrate placed at a distance of 1 mm. The
EOD simulation for the geometry of the setup in the SEM is shown in figure 5.25.
The parameters for the ray-tracing simulation were similar to the previous case
of the high vacuum setup. Here also we observe bending of the Ar ion trajectories
closer to the orifice wall, due to the electrostatic field. Assuming similar condi-
tions as in the high vacuum setup, a crude estimate of the beam diameter can be
obtained by taking the full width of the ions arriving at the sample. This results
in a diameter of 140 µm for Ar ions starting with an energy of 25 meV.

From equation 5.14, with an Ib of 2.7 nA we obtain a sputter rate of 3 nm/min.
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Figure 5.25: a) Ar ion trajectories (blue, red and green) for the SEM setup with an orifice diameter
of 50 µm and with an initial energy of 25 meV at three different locations: 10 µm from the start of

the orifice (0.51 mm, shown in blue colour), at center (0.55 mm, shown in red colour) and at 10
µm from the end of the orifice (0.59 mm, shown in green colour). Ar ions starting closer to the

orifice are focussed. b) A close-up image of the Ar ion trajectories in the orifice.

So, we would completely etch a 20 nm film of Au in 7 minutes. The 90 minutes of
etching time was more than enough to remove the Au film. Also, surrounding the
etch spot in figure 5.24, we observe a halo with a diameter of 350 µm. This halo
might be caused either by re-deposition of Au or due to direct sputtering of the
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Figure 5.26: a)EDX spectrum of a spot (blue cross in inset image) outside the etch spot and the
atomic percentages of the detected elements. Inset image : SE image of the etch spot showing the

location of the EDX spectrum. The scale bar is 200 µm. b) EDX spectrum of the etch spot (red
spot in inset image) and the atomic percentages of the detected elements.

Au film. With an IAr of 500 µA, we would expect a substrate current Ietch of 23.1
nA based on equations 5.11, 5.12 and 5.13, deviating from the observed value.

We carried out an EDX analysis on the etch spot to determine whether there
was any Au present in the etched spot. The result of the EDX analysis is shown
in figure 5.26. It can be observed from figure 5.26 that the presence of Au atoms
in the etch spot area is extremely low, whereas we find a clear presence of Au
outside the etch spot (a strong Au peak). This confirms that we have completely
etched through the Au film. We also carried out a profilometer measurement to
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Figure 5.27: Graph showing the surface profile of the etch spot as measured by a profilometer.
The fit gives an etched height of 78 nm.

measure the etch depth. The result of the profilometer measurement is shown in
figure 5.27. An etch depth is observed of 78 nm, completely etching through the
Au film into the Si substrate. The 90 minute etching time has removed 58 nm of
Si from the substrate, so for Si we have an etch rate of 0.7 nm/min. Etch rates of
25−80 nm/min for Au are obtainable in an argon ion mill tool (eg., SCIA MILL
150) [24]. In an Argon ion mill tool found in a cleanroom, typically the energy
and the current density of Ar ions are tunable over a wide range, hence the etch
rates in a cleanroom tool are high compared to our miniature tool. The etched
region shows a height variation of 5 nm, so the etching is quite uniform. We also
observe re-deposition, shown in figure 5.27. From figure 5.24, we observe a wide
area with a brighter contrast. This could be due to re-deposition of Si on top of
the Au leading to a brighter contrast.

5.8. CONCLUSION
To summarize, in this chapter we listed the various requirements for implement-
ing a miniature plasma source in an SEM. We designed and built a prototype
miniature plasma source, and we were able to obtain a plasma at SEM operating
pressures and keeping the potential applied between the electrodes below 500
volts. We measured the Paschen curve and the IV curve for the plasma source in
a high vacuum test setup. We observed an etch diameter of 200 µm, in the high
vacuum setup with a voltage of 390 V and measured I Ar of 399.4 µA and ion cur-
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rent Ib of 5.26 nA. The observed ion current deviates from the calculated values,
which could be due to the approximate nature of the calculations resulting in an
estimate for the ion current. The substrate is kept at a distance of 1 mm from the
orifice disc. To implement the miniature plasma source in an SEM, a new ver-
sion was designed and fabricated. This miniature plasma source was tested in
an SEM, using Ar gas and igniting the plasma. Utilizing this Ar plasma, we were
able to etch a 20 nm thick layer of Au on Si with an etch diameter of 35 µm at
an etch rate of 3 nm/min. The substrate is kept at a distance of 0.5 mm with a
voltage of 406 V, an I Ar of 500 µA and ion current Ib of 2.7 nA . The total height
of the plasma source (between the PEEK holder and the orifice disc) is 25 mm,
even though the actual plasma chamber has a diameter of 6 mm with electrode
separation of 500 µm. One important factor which is required for utilizing the
plasma source as a sputter tool, is to keep the gas line clean by flushing the line
several times before starting experiments to remove residual air, residual water
vapor present and other contaminants trapped in the viton tube and the external
gas connections to the Ar cylinder. For future experiments it is advised to attach
a heater to the gas delivery line outside the SEM to remove contaminants (resid-
ual water vapour, etc.) in the gas line. By replacing the gas by dry air, we can
utilize an oxygen plasma to clean substrates and to improve the quality of FEBID
deposits.
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6
IN-SITU THERMAL EVAPORATOR

6.1. INTRODUCTION
In the previous chapters, we have demonstrated an in-situ substrate heater, in-
situ area selective ALD and an in-situ sputter etch tool in SEM for Cleanroom in
an SEM. The next step is to implement a miniature evaporation source inside
the SEM to be able to deposit material to complement the already existing tech-
niques in the SEM. An e-beam evaporator in an SEM was demonstrated by Titze
based on a commercially available e-beam evaporator [1][2]. The disadvantage
of the evaporator of Titze is that it is a bulky source which is mounted at an angle
and is mainly used for coating applications over a large area. In our application,
we require an evaporator that is small and has a smaller deposition area. As dis-
cussed in chapter 1, thermal evaporation operates at pressures of 10−6 to 10−8

mbar. An SEM operates between 10−6 and 10−5 mbar, we have an overlap in the
pressure region 10−6 mbar.

6.2. REQUIREMENTS FOR THE THERMAL EVAPORA-
TOR

When we add the in-situ thermal evaporator to the SEM, it shouldn’t affect the
operation of the SEM. We should be able to use the SEM for imaging the sub-
strate. This leads to several requirements for the design of the thermal evapora-
tor. The requirements are:

1 The deposition angle of incidence is normal to the substrate, to obtain a uni-
form thickness of the deposit in a local area (around 100 µm).

129
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2 The evaporator shouldn’t disturb the electron beam nor should it heat the sur-
roundings.

3 The chamber should be kept at high vacuum condition ( < 10−5 mbar) during
the operation of the evaporator.

4 The evaporator should occupy a minimum floor space in the SEM, as there is
little space available in the SEM.

5 All materials used should be non-magnetic.

6 All materials used should be vacuum compatible and have a low outgassing
rate.

7 No additional pump should be needed.

8 The deposit material should be easy to replace.

Figure 6.1: Photograph of the interior of the Nova nano SEM from the point of view of the
chamber door.
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Figure 6.2: Plot of the vapor pressure for Au, Al and Ag [3].

6.3. DESIGN OF THERMAL EVAPORATOR IN VACUUM

SETUP
The evaporant (material to be deposited) material needs to have a high vapor
pressure at low temperatures while the material of the evaporator (which con-
tains the evaporant) must have a low vapor pressure at high temperatures. So
that only the evaporant is deposited on the substrate. Since, we will be heat-
ing the evaporator to a high temperature we need to make sure not to heat the
surrounding materials. The interior of the SEM is shown in figure 6.1. We need
to choose an evaporator that can heat up the evaporant to a high temperature.
The temperature depends on the material and the vapor pressure of the evapo-
rant. The vapor pressure of Au, Al and Ag as a function of temperature is shown
in figure 6.2. So, for Au evaporation we need to heat the evaporator to about
1700 K, to have a vapor pressure of 10−2 mbar [4]. At this vapor pressure 10−2

mbar, it is possible to deposit material at a usable rate [4]. We decided to use
a Philips I-cathode source (used in cathode ray tubes) as the evaporator. The
cathode source is designed to operate at around 1000 - 1500 K [5]. The Philips I-
cathode can be used upto 1800 K, but it reduces the lifetime of the source [6][7].
The cathode source consists of a tungsten pill box in a molybdenum tray which is
placed over a molybdenum cylinder. The heating element consists of a tungsten



6

132 6. IN-SITU THERMAL EVAPORATOR

Figure 6.3: a) Sketch of the Philips I-cathode source with various dimensions in mm. b) Close up
of the W pillbox, the molybdenum cylinder with a hole da with a diameter of 0.2mm and the

molybdenum cap placed over another W pillbox with dimensions in mm. c) Sketch of the
evaporator assembly with a stainless steel heat shield with a hole db with a diameter of 0.4 mm

wire coated with an isolating ceramic in a spiral configuration and is placed in-
side the molybdenum cylinder. The molybdenum cylinder with the W pillbox is
held in place by three wires (made of tungsten-rhenium) attached to the ceramic
holder. The sketch of the Philips I-cathode source is shown in figure 6.3a, along
with it’s dimensions in mm. The evaporant now needs to be mounted on top of
the W pillbox, so the W pillbox heats up the evaporant. W has a vapor pressure
of 10−11 mbar at 2073 K, and doesn’t impact the evaporant material [4]. Also, the
Philips I-cathode source should be mounted such that the W pillbox containing
the evaporant faces the substrate. The source is now placed face down to the
substrate. Hence, we need a cap which can be placed over the W pillbox and can
hold the evaporant in place. The cap when placed over the W pillbox will be at a
high temperature of 1700 K, hence the material of the cap should withstand the
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high temperature. So, we decided to take a spare Philips I-cathode and removed
the W pillbox and the molybdenum cylinder. In the molybdenum cylinder we
drilled a hole da with a diameter of 0.2 mm. The molybdenum cylinder acts as
the cap and can withstand the high temperature. The hole is required to have
the evaporant escape from the cap to the substrate. The molybdenum cylinder
with its dimensions is shown in figure 6.3b. The size of the hole was based on the
evaporant flux on the substrate and described elsewhere [5]. We can determine
the area of uniform coating by using the cosine law of emission [8] using the hole
(da) in the molybdenum cap as the source.

In addition, we decided to add a stainless steel (non-magnetic, RVS316L) cap
over the evaporator, which acts as a heat shield. Since the molybdenum cap is
also at high temperature, we have a big surface area (11.95 mm) which is at 1700
K and radiates heat. We can estimate the radiated power by using equation [link
to eqn from heater chap] from chapter 2, resulting in 0.96 W of power radiated.
Based on the heat shield ANSYS simulation in chapter 2, each heat shield reduces
the temperature by 1/3. So, the heat shield should be at approximately 860 oC.
Also, the stainless steel cap needs to have a hole db (0.4 mm)to direct the depo-
sition spot onto the substrate and cut off the cosine distribution. The stainless
steel heat shield is mounted by a push fit on to the steel holder as shown in figure
6.3c. A Teflon adapter with electrical pins was used to connect the I-cathode to
the power supply.

6.4. FABRICATION AND ASSEMBLY
For the evaporator assembly we need to fabricate the heat shield made of stain-
less steel whereas the rest of the components are taken from the Philips I-cathode
sources. We took two Philips I-cathode sources, and from one of them we care-
fully removed the W pillbox by means of a tweezer. The molybdenum cylinder is
gently removed from the heating element using a tweezer. A hole with diameter
da of 0.2 mm was drilled onto the molybdenum cap. Similarly a hole was drilled
into the stainless steel heat shield with a diameter db of 0.4 mm.

The metallic components (connecting leads, heat shield, molybdenum cap
and heat shield) were placed in a beaker containing acetone and kept in an ultra-
sonicator for 2 hours followed by cleaning them in a beaker containing ethanol
for 2 hours. Finally the components were blown dry with Nitrogen gas. The
non-metallic components (connecting wires, the Philips I-cathode and Teflon
adapter ) were placed in a beaker containing ethanol and kept in an ultrasonica-
tor for 2 hours and the components were blown dry with Nitrogen gas. For the
evaporant, we chose Au as the deposit material, as it has a sufficiently high va-
por pressure at the operating temperature of the I-cathode. The evaporator was
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assembled and mounted in the vacuum setup described in chapter 4. Two elec-
trical feedthrough’s were used to supply the current to the evaporator. A Delta
Elektronika ES030−5 power supply was used to supply the power to the evapo-
rator [9]. The supply leads of the I-cathode with the heat shield is connected to
two electrodes made of copper. The copper electrodes are attached to a Teflon
adapter which is connected to the 3 DOF (degrees of freedom) manipulator in
the high vacuum setup. The Teflon adapter is used to thermally isolate the cop-
per electrodes from the manipulator.

Figure 6.4: Photograph of the evaporator assembly consisting of Philips I-cathode, molybdenum
cap and the heat shield with a 5 euro cent coin as a reference.

6.5. PERFORMANCE TESTS IN A VACUUM SETUP
The initial test was to heat up the evaporator. The evaporator was first heated by
applying a voltage of 10 V for 60 seconds, to remove any contaminant left over
from the evaporator. After that, the potential was increased to 14 V resulting in
a current of 0.16 A and a power of 2.24 W. Figure 6.5 shows the evaporator in
operation in the high vacuum setup. A glow can be observed on the evaporator,
due to the high temperature (approx. 1700 K).

Now that we can successfully heat up the evaporator to a high temperature,
we need to demonstrate its evaporation capabilities. We used a Si substrate and
placed it at a distance of 1 mm from the evaporator. As before, we applied a volt-
age of 10 V to the evaporator for 60 s and then increased the voltage to 14 V. The
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evaporator was kept on for about 300 seconds. The voltage was then gradually
reduced to zero. During the operation of the evaporator, the chamber pressure
was 1.3.10−6 mbar, satisfying the pressure requirement. After the evaporation,
we took out the sample and inspected it under the SEM, shown in figure 6.6.
We observe a hazy profile on the edge of the deposition, which could be due to
vibration of the evaporator assembly as it is suspended. Next, to measure the
deposition rate and the deposited thickness we used a tweezer to scratch the de-
posited spot. The measured height of the deposition spot is determined with a
Dektak profilometer to be about 87 nm as shown in figure 6.7. This results in an
evaporation rate of 0.29 nm/s. The size of the deposit is approximately 1 mm.
The roughness of the deposit is 10 nm (ignoring the scratch) between 100 to 400
µm over the scanned area shown in 6.7.

Figure 6.5: Photograph of the thermal evaporator in operation in the vacuum setup. The glow
observed is due to the high temperature(1700 K) of the Philips I cathode.

We also carried out a test to check the increase of temperature of a metal
(sheet metal), when the sheet metal is kept at a distance of 4 mm next to the
evaporator. The sheet metal is a replacement for the SEM pole piece. We ob-
served an increase of temperature upto 34.3 oC.
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Figure 6.6: Secondary electron image of the deposited spot. Scale bar is 0.5 mm

Figure 6.7: Measured height of the Au deposit using a profilometer. We used a tweezer to gently
scratch the center of the deposited spot to accurately measure the height.
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6.6. DESIGN OF THE THERMAL EVAPORATOR IN SEM
The prototype thermal evaporator cannot be directly placed into the SEM. We
will use the adapter which was used previously for the plasma source to mount
our evaporator. By using the adapter we will place the evaporator at a distance of
40 mm from the optical axis of the SEM column. The details of the adapter have
been discussed in section 4.7 of chapter 4. The CAD illustration of the Philips
I-cathode with its heat shield is shown in Figure 6.8. To electrically connect the
supply leads of the Philips I cathode, we laser welded two stainless steel (RVS
316L) leads with a rod diameter of 1.5 mm. Two insulator tubes are then push
fitted over the supply leads as shown in figure 6.9, the insulator tubes are made
of aluminum oxide. The supply leads are connected to an external power supply
through an electrical feedthrough. Since the Philips I cathode is heated to a high
temperature of 1700 K, we can’t directly mount the evaporator assembly to the
device holder of the adapter. The support leads are laser welded to a thermal
bridge 1. The thermal bridge 1 has a length of 20.15 mm and it has a staggered
design (shown in the inset picture of figure 6.10) to reduce the heat transfer due
to conduction.

Figure 6.8: CAD illustration of the Philips I cathode with its heat shield.

A second thermal bridge 2 is 13 mm in length and has a similar staggered
design to reduce the heat transfer further. Figure 6.11 shows the thermal bridge
2. And the connection between the thermal bridge 1 and 2 is shown in figure
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Figure 6.9: CAD illustration of evaporator connected to the supply leads through insulator tubes.

Figure 6.10: CAD illustration of the thermal bridge 1. Inset picture showing a close-up of the
thermal bridge.

6.12. The thermal bridges 1 and 2 are connected (push fit) by a thermal cap
which is used to fix the insulator tubes of the Philips I cathode. The insulator
tubes are used to provide electrical isolation between the supply leads and the
device holder which is grounded. The evaporator assembly with the two thermal
bridges is shown in figure 6.13.
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Figure 6.11: CAD illustration of the thermal bridge 2.

Figure 6.12: CAD illustration of the thermal bridge 2.

Since the heat shield of the evaporator is estimated to be at around 860o C,
we need to have an additional heat shield to reduce the heat transfer by radiation
and to protect the pole piece of the SEM objective lens, detectors and other com-
ponents present in the SEM chamber. The heat shield is hanged on the thermal
bridge 1 as shown in figure 6.14. If we use the same estimation of heat reduction
of 1/3 by using a heat shield, the temperature of the heat shield 2 is around 482o

C. Hence, we need another heat shield to further reduce the heat transfer. This
heat shield will result in a temperature of 230o C. The heat shield 3 is laser welded
to two stainless steel rods, which are used to hang the heat shield on the thermal
bridge 2. The CAD illustration of the heat shield 3 is shown in figure 6.15. The
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Figure 6.13: CAD illustration of the thermal bridge cap connecting the thermal bridge 1 and 2.

evaporator assembly is now placed in the device holder of the adaptor assembly
as shown in figure 6.16. The thermal bridge 1, thermal bridge 2, thermal cap, heat
shield 2, and 3 and the supply leads are all made of stainless steel (RVS 316L).

Figure 6.14: CAD illustration of the heat shield 2.

All components of the evaporator assembly were thoroughly cleaned before
placing them in an SEM. The metallic components were first cleaned ultrason-
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Figure 6.15: CAD illustration of the heat shield 3.

Figure 6.16: CAD illustration of the evaporator assembly mounted on the device holder which has
been described in chapter 4.

ically in a beaker containing acetone for 2 hours. Then, they were cleaned in a
beaker containing ethanol for 2 hours followed by blow-drying the components
with nitrogen. The non-metallic components (the insulator tubes) were cleaned
in a beaker containing ethanol for 2 hours followed by blow-drying with nitro-
gen. Before we install the molybdenum cap in the W pill box, we fill the cap
with Au foils (0.5 mm thickness). The molybdenum cap filled with Au is gently
placed over the W pill box with a steady hand, any unnecessary movement re-
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Figure 6.17: Photograph of the evaporator mounted in the device holder of the adaptor assembly
in the SEM chamber.

sults in damage ( the W pill box being disconnected from the steel holder) to the
Philips I-cathode. The evaporator was assembled as shown in the CAD illustra-
tion shown in figure 6.16. The electrical connection was delivered by means of
an electrical feedthrough. A Delta Elektronika ES030−5 was used to supply the
power to the evaporator.

6.7. PRELIMINARY EXPERIMENTS AND SUGGESTIONS

FOR IMPROVEMENT
The evaporator assembly was placed in the device holder of the adaptor assem-
bly and mounted on to the SEM. The evaporator assembly in the SEM chamber
is shown in figure 6.17. The initial test was to heat up the evaporator. Unfortu-
nately, the test failed because of a disconnection of the Philips I-cathode’s supply
lead from the heating element. This was likely due to stresses applied during
the entire mounting procedure and the lack of tensile relief structure in the sup-
ply leads. This could have been avoided if we had a stress relief structure as in
the case of our substrate heater. Unfortunately, due to time constraints, we were
not able to modify the existing evaporator assembly. One possible location to
have the tensile relief would be at the support rod of the adaptor. We could at-
tach an insulator that encloses one of the support rods (shown in figure 6.16 ),
through which we could attach the supply leads through this structure resulting
in stress release of the supply leads. Even though, we were not able to success-
fully demonstrate the working of an evaporator inside the SEM we have achieved
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several requirements. With our evaporator, we have successfully made a minia-
ture evaporation source that could be suspended inside the SEM. The evapora-
tor deposition angle is normal to the substrate. Based on our choice of material
and the design of several heat shields, we were able to minimize the impact of
the evaporator on the electron beam and the surroundings. In future, when the
evaporator is redesigned to have a tensile relief structure. Al, Cr, Ag and Sn which
have a vapor pressure of 10−2 mbar could be evaporated in the operating regime
of the Philips I-cathode [4]. The materials to be evaporated need to loaded into
the molybdenum cap before mounting the evaporator in the SEM. The material
has to be in thin foils or in wire form, or flakes (0.5 mm thickness), to make it
easier for the material to be pushed into the molybdenum cap.

6.8. CONCLUSIONS
To summarize, in this chapter we listed the various requirements for implement-
ing an in-situ thermal evaporator in the SEM. An initial prototype thermal evap-
orator was developed based on a Philips I-cathode source. With this evaporator
we were able to deposit Au with a spot size of 1 mm in a separate test setup. We
measured an evaporation rate of 2.9 Å/s when the substrate is kept at a distance
of 1 mm. Also, the chamber pressure was kept at 1.3.10−6 mbar during the oper-
ation of the evaporator satisfying the pressure requirements. Also, it satisfies the
requirement of the angle of incidence of the deposit material. And we observed
no measurable outgassing during the operation of the evaporator. No additional
pumps were required to keep the chamber pressure at 10−6 mbar. Based on the
prototype, we designed and fabricated the evaporation assembly for use inside
an SEM. Unfortunately, due to the lack of a tensile relief for the supply leads it
resulted in the failure of operation of the evaporator. Hence, we couldn’t demon-
strate the operation and implementation of the evaporator in an SEM. A tensile
relief structure should be added in a future design.
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7
CONCLUSION

The goal of this thesis was to develop miniaturized microfabrication tools as an
add-on to an existing SEM. By utilizing the add-ons, we could reduce the cost
and time for rapid prototyping of proof of concept devices in a single tool.

Initially we selected a few techniques that could be miniaturized as add-on’s
to the SEM. A miniature sputter tool, a miniature thermal evaporator tool and
a in-situ substrate heater were chosen as the add-on tools inside the SEM. The
add-on tools were chosen based on the criteria that it shouldn’t affect the normal
working of the SEM.

We demonstrated two substrate heaters, V1 (designed for 150 oC) and V2 (ca-
pable of heating up to 300 oC). Heater V1 was designed and developed to meet
the requirements for partial cleaning of the substrate, removal of adsorbed water
and purification of FEBID structures. It was designed to keep thermal drift at a
minimum while temperature ramp-up. We utilized the venting of the SEM cham-
ber as a mechanism for cooling the substrate back to room temperature. Heater
V2 was designed and developed to carry out an in-situ thermal ALD process. We
gave up the requirement of thermal drift as our goal here was to reach higher
temperatures (around 300 oC) for ALD processes. We were able to successfully
heat the substrate up to 300 oC and keep the SEM stage at room temperature. In
future, both heaters V1 and V2 can be used as substrate heaters for the develop-
ment of novel FEBID precursors.

Next, we successfully demonstrated an in-situ thermal atomic layer deposi-
tion (ALD) process by carefully selecting the precursor and co-reactant timing
from literature and pump-down experiments. However, a single cycle of the ALD
process required a long time, approximately 3 minutes. We identified the root
cause of the long precursor dosing and precursor purge time as the design of the
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existing GIS needle assembly. We solved this issue, by the design, fabrication, and
development of a novel GIS needle assembly that could be easily attached to the
existing GIS assembly. By utilizing the new GIS needle assembly, we successfully
reduced the precursor dosing and precursor purge times. Further by using the
heater V2, we successfully carried out an in-situ thermal ALD process inside the
SEM and reduce the cycle time to less than a minute. By incorporating computer
controlled valves, the cycle time could be further reduced, potentially reaching
cycle times as observed in a standard ALD tool. In future, the existing GIS needle
assembly can be replaced by our new GIS needle assembly for improved FEBID
processing in the SEM.

A miniature plasma source operating as a sputtering tool was successfully
demonstrated inside the SEM. To mount the novel miniature plasma source in
the SEM, we designed and fabricated a housing assembly that was able to ac-
commodate both the plasma source and thermal evaporator. We were success-
fully able to sputter a similar thin film of Au (20 nm) inside the SEM utilizing
the miniature plasma source. Looking ahead, the gas source could be replaced
with dry air, resulting in the use of an oxygen plasma for substrate cleaning and
enhancing the purity of FEBID deposits. Next, we mounted an in-situ thermal
evaporator on to the mounting assembly. Unfortunately, during the initial test of
the thermal evaporator the supply leads to the Philips I-cathode became discon-
nected as a result of the stress applied during the mounting of the evaporator.
Due to time constraints, further improvements were not possible on the thermal
evaporator. This highlights an important consideration while designing moving
components inside the SEM, that is to provide stress relief structures.

In conclusion, in this work we have developed prototype add-on tools for the
SEM, but due to time constraints the prototypes were not extensively tested or
characterized, nor were they used in combination to fabricate an actual in-situ
device. Moving forward, the next step would be to utilize the different minia-
turized tools together in fabricating a device completely inside the SEM. As il-
lustrated in figure 2.10, we can begin with a clean substrate and deposit a thin
layer of Au utilizing the thermal evaporator, once it is fixed with stress relief struc-
tures. Then, we can direct-write bow-tie antennas using the FEBID process (for
instance using carbon). This FEBID structure acts as a hard mask. Finally, we can
use the miniature sputter tool to transfer the pattern from the FEBID hard mask
into the underlying Au film. Any leftover material from the FEBID mask, can be
removed by using FEBIE.

Further in future, with the fabrication and characterization of an actual in-
situ device, the concept of Cleanroom in an SEM can perhaps be commercial-
ized. We believe that the integration of the substrate heater, in-situ thermal ALD,
sputtering tool, and evaporator inside the SEM will enable the faster realization



7

147

of proof-of-concept devices with significant reductions in time and cost. Such a
versatile tool will serve researchers in academia and research institutes in rapidly
fabricating prototype devices in a single tool, eliminating the need for a clean-
room. The Cleanroom in an SEM tool will be invaluable for universities and re-
search institutes to carry out research.
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