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ABSTRACT

When a metallic surface is subjected to a sufficiently strong electric field, elec-
tron emission can occur without the need for thermal excitation. This phenomenon,
known as cold field emission, arises from the narrowing of the potential barrier
and the formation of the Schottky–Nordheim barrier. Once the barrier is suffi-
ciently lowered and thinned, electrons with energies near the Fermi level can tunnel
through, giving rise to a current of free electrons. Such electron sources play a key
role in applications including electron microscopy, electron beam lithography, and
X-ray generation. Over the past decades, the field-emission properties of various
refractory metals, semiconductors, and carbon nanotubes have been investigated.
Nevertheless, for many high-resolution applications—most notably in electron mi-
croscopy—the tungsten tip with an apex radius of 100–200 nm remains the material
of choice. Tungsten offers outstanding durability and a low sputtering yield un-
der ion bombardment. The deposition of thin surface coatings on tungsten tips
can significantly modify their emission behavior. Properly designed coatings are
capable of reducing the relatively high work function of tungsten, lowering the turn-
on voltage, extending emitter lifetime, enhancing beam brightness, and improving
electron-beam focusing. In addition, protective layers suppress tungsten atom des-
orption caused by energetic ion impacts, thereby reducing reactivity. In some cases,
the coating may act as a tunneling filter, or conversely enable resonantly enhanced
tunneling, both of which influence the emission probability. The key challenge, how-
ever, lies in choosing the appropriate thickness and material of the coating so as to
ensure stability while achieving the desired electronic properties. This dissertation
focuses on the fabrication and subsequent deposition of thin oxide layers on tungsten
cathodes, followed by an in-depth analysis of their field-induced electron emission.
Two oxidation techniques were employed: thermal oxidation and anodization. The
Murphy–Good formalism was applied as the primary framework for emission anal-
ysis. The main experimental tool is an field electron microscope operating in the
ultra-high vacuum regime, which allows for detailed characterization of the field
emission. Complementary methods, such as scanning electron microscopy, were also
employed to provide valuable insights into the morphology and geometry of the
fabricated electrodes.
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ABSTRAKT

Působením elektrického pole o velmi vysoké intenzitě na povrchu kovu nastává
elektronová emise, a to i bez nutnosti jeho zahřívání. Tento jev se označuje jako stu-
dená vlastní emise, neboli autoemise elektronů a vzniká v důsledku zúžení potenciá-
lové bariéry a formování Schottkyho-Nordheimovy bariéry. Po dostatečném snížení a
tedy zúžení bariéry mohou začít tunelovat elektrony s energetickými stavy blízkými
Fermiho hladině. Takto získaný proud volných elektronů se uplatňuje v elektronové
mikroskopii, elektronové litografii či například jako zdroj elektronů v rentgenkách.
V posledních letech byly zkoumány vlastnosti řady žáruvzdorných kovů, polovodičů
i uhlíkových nanotrubiček. Pro mnohé aplikace, typickým příkladem je elektronová
mikroskopie, však nadále zůstává první volbou wolframový hrot o průměru 100 až
200 nm. Jeho hlavními přednostmi jsou trvanlivost a nízký poměr rozprašování.
Nanesení tenké vrstvy na wolfram může výrazně ovlivnit emisní vlastnosti. Povlak
dokáže snížit relativně vysokou výstupní práci, snížit prahové napětí, prodloužit
životnost, zvýšit jas emisního obrazu a zlepšit kondenzaci elektronového svazku.
Ochranná vrstva zároveň brání uvolňování atomů wolframu vlivem nárazu vysoko-
energetických pozitivních iontů a snižuje tak jeho reaktivitu. V některých případech
může působit i jako filtr pro tunelující elektrony, nebo naopak vytvářet rezonančně
zesílené tunelování, které zvyšuje pravděpodobnost emise. Klíčové je ovšem správně
zvolit tloušťku a materiál povlaku, aby byla zajištěna stabilita a dosaženy poža-
dované vlastnosti. Téma práce se zaměřuje na výrobu a následnou depozici tenké
oxidové vrstvy na wolframových katodách a na hloubkovou analýzu jejich autoemise
buzené polem. Jako oxidační techniky byly použity termická oxidace a anodizace.
K analýze byla využita Murphyho-Goodova metodika. Hlavním nástrojem pro hod-
nocení katod je autoemisní elektronový mikroskop pracující ve vakuovém rozsahu
UHV, který umožňuje detailní studium emise pole. Doplňkově lze využít elektronový
mikroskop, který poskytuje cenné informace o tvaru a morfologii vyrobených elek-
trod.

KLÍČOVÁ SLOVA

Autoemise elektronů polem, depozice tenké vrstvy, wolfram, oxid wolframu, rezo-

nančně zesílené tunelování, elektronový mikroskop
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Introduction

Field electron emission is a quantum mechanical phenomenon in which electrons

tunnel through a potential barrier at the surface of a material under the influence

of a strong electric field. It was first experimentally demonstrated by Lilienfeld

in 1922 [1], who showed that the observed current was not caused by residual gas

ionization but rather by an intrinsic field-induced emission process. Motivated by

the development of portable X-ray sources, Lilienfeld’s work laid the foundation for

modern field emission studies.

In 1928, Fowler and Nordheim (FN) [2] developed a theoretical framework to

describe cold field electron emission from metallic surfaces, incorporating Fermi-

Dirac statistics, wave-mechanical tunneling, and Sommerfeld’s free-electron model.

Their model predicted that a plot of ln(i/V 2) versus 1/V should be linear, a result

that became a hallmark of field emission analysis. Later, in 1956, Murphy and Good

(MG) extended the theory by introducing a more accurate representation of the

potential barrier, the Schottky-Nordheim (SN) barrier, leading to the now-standard

MG-type equations for field emission [3].

Cold field emission (CFE) has since become crucial in a wide range of applica-

tions including X-ray tomography, scanning and transmission electron microscopy

(SEM, TEM), electron beam lithography (EBL), and electron beam welding (EBW).

The demand for high-performance electron sources continues to grow, with partic-

ular emphasis on achieving low threshold fields, high current density, and emission

stability.

Field emitters are commonly classified into two categories: single-tip field emit-

ters (STFE), which typically feature micro- or nano-scale sharp tips [4], and large-

area field emitters (LAFE), composed of dense arrays of such emitters distributed

over a substrate [5]. While Schottky-type W/ZrO cathodes are widely used for their

longevity and operation under moderate vacuum, cold field emitters are still pre-

ferred in applications requiring extremely coherent and low-energy-spread electron

beams.

Tungsten remains a standard material for single-tip field emitters due to its

high melting point, mechanical robustness, and chemical stability. However, the

extreme sharpness of the tip apex, typically below 200 nm, makes it susceptible to

surface contamination and ion-induced sputtering under high field conditions. To

improve emitter performance, surface modifications such as thin dielectric or oxide

coatings have been investigated. These layers can serve multiple functions: reducing

the effective work function, stabilizing emission, filtering or modulating tunneling

electrons, and enhancing emission through resonant tunneling mechanisms.

Among candidate materials, tungsten oxide is of particular interest due to its

9



ability to form thin, stable dielectric films that can be grown by either thermal [6] or

anodic [7] oxidation. Tungsten oxides has been studied for its electronic properties,

chemical resilience, and potential to modify the electron transmission probability

through the surface barrier [8]. However, the relationship between its structural and

chemical characteristics and the resulting field emission behavior is not yet fully

understood.

The development of optimized dielectric coatings for field emitters has the po-

tential to significantly enhance the performance of electron-optical instruments. In

particular, improvements in brightness, emission stability, and energy spread are

critically important for high-resolution TEM and scanning transmission electron mi-

croscopy (STEM) [9, 10]. CFE cathods could also serve as X-ray source [11]. These

techniques benefit from narrow energy distributions and stable emission currents,

enabling imaging at lower accelerating voltages with reduced radiation damage and

improved contrast.

This thesis focuses on the preparation and characterization of tungsten field

emitters modified with dielectric tungsten oxides coatings. The primary aim is to

correlate material properties such as thickness, composition, and morphology with

emission performance. A combination of fabrication optimization, surface treat-

ment, coating techniques, and experimental analysis is used to gain a deeper un-

derstanding of the mechanisms governing electron emission from coated emitters.

Theoretical models are use to help evaluate the influence of dielectric layers on

tunneling and emission efficiency.

The broader goal is to contribute to the design of more stable and efficient

electron sources for next-generation electron-optical devices.

The thesis is structured as follows: Chapter 1 provides the theoretical back-

ground, covering quantum tunneling, FN and Murphy-Good models, the proper-

ties of tungsten oxides and basic analytical techniques. Chapter 2 define aims of

the thesis. Chapter 3 describes the materials and methods, including tungsten tip

fabrication, oxidation processes, and field emission microscopy technology. Then

chapter 4 presents the experimental results, focusing on the morphology, chemical

composition, and emission properties of coated emitters and discusses the findings,

comparing oxidation methods and correlating material properties with emission per-

formance. Finally, Conclusion summarizes research outputs.

10



1 Current State of the Field Emission and

Theoretical Background

Field electron emission, or cold field emission (CFE), is a quantum mechanical pro-

cess in which electrons tunnel from a solid surface into vacuum under the influence

of a strong electric field. This phenomenon, first formalized by Fowler and Nordheim

in 1928 [2], forms the theoretical basis for many electron-optical applications such as

SEM, TEM, STEM. This chapter outlines the fundamental principles of CFE, em-

phasizing the impact of dielectric coatings—particularly tungsten oxide (WO3)—on

emission stability and efficiency. It reviews core physical models, current research di-

rections, and the influence of material properties and surface treatments on emission

performance.

1.1 Field Electron Emission

In vacuum nanoelectronics and microelectronics, a field emitter refers to a material

surface—typically metallic or semiconducting—from which electrons are extracted

by quantum mechanical tunnelling through a potential barrier under sufficient neg-

ative bias [12].

CFE occurs when a high electric field (typically 1–10 V/nm) lowers and narrows

the potential barrier at the emitter surface, enabling electron tunnelling into vacuum.

The quantum mechanical nature of this process distinguishes it fundamentally from

thermionic emission. The FN equation, derived using the Wentzel–Kramers–Brillouin

(WKB) approximation, is widely employed to describe this type of emission from

metallic surfaces. In this work, we focus particularly on CFE from cathode surfaces

coated with dielectric layers, which significantly modify the tunnelling barrier profile

and influence emission characteristics.

1.1.1 Emission Regimes

Electron emission from metallic tips occurs through distinct regimes depending on

the temperature and the applied electric field. These regimes can be understood

through the unified formalism developed by Murphy and Good [3], which extends

both the Richardson–Schottky thermionic emission theory and the Fowler–Nordheim

field emission model.

Thermionic Emission (TE): Occurs at high temperatures (typically T ∼
3000 K) with negligible electric field. Electrons overcome the work function bar-

rier through thermal excitation. The emission current density is described by the

11
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Fig. 1.1: Graphs of emission regimes as a function of field and temperature. Left
is the logarithmic scale for emitter work function 2.8 eV [13] and right figure shows
linear scale for emitter work function 4.5 eV [3].

Richardson–Dushman equation, modified to include Schottky barrier lowering when

a weak field is present:

JTE = ART
2 exp

(

−φ− ∆φ

kT

)

,

where AR is the Richardson constant, φ is the work function, and ∆φ is the Schottky

barrier lowering due to the external field.

Schottky Emission (SE): Occurs at moderate temperatures (T ∼ 1000–1800 K)

and electric fields (F ∼ 0.1–1 V/nm). The field lowers the potential barrier, enhanc-

ing thermionic emission. This is still governed by thermionic processes but modified

significantly by the Schottky effect.

Thermal3Field Emission (TFE): A transitional regime where both thermal

excitation and quantum tunneling contribute significantly. It typically occurs in the

range of T = 1200–1800 K and F = 1–3 V/nm. Accurate modeling requires solving

the Murphy–Good integral, which accounts for the temperature dependence of the

tunneling probability.

Cold Field Emission (CFE): Dominates at low temperature (near room tem-

perature) under high electric fields (F > 1 V/nm) and ultra-high vacuum (p < 10−8 Pa).

Electrons tunnel directly through the triangular potential barrier from near the

Fermi level. The current density follows the Fowler–Nordheim law [14].

Transition and Extended Regimes: Intermediate regimes between SE and

CFE, such as the so-called extended Schottky or transition regimes, require com-

bined thermionic–field modeling. The emission characteristics in this region are

12



highly sensitive to the emitter geometry, field distribution, and temperature.

A detailed theoretical treatment of these regimes and their transitions is pre-

sented in the original work of Murphy and Good [3], with modern refinements

proposed by Forbes [14, 15]. Note, that the specified values of temperature and

applied field are indicative, and the regime that occurs depends on specific condi-

tions such as the shape and material of the cathode or the pressure in the apparatus.

Accurate extraction of emission parameters, such as the effective work function or

field enhancement factor, is best performed using Murphy–Good plots, which are

superior to traditional Fowler–Nordheim representations for experimental data fit-

ting. Figure 1.1 illustrates the approximate boundaries between these regimes as

functions of electric field and emitter temperature for different work functions. The

operating regime strongly influences emission stability, noise characteristics, and

ultimate source performance. In this work, all experiments are conducted under

conditions intended to take adventage of CFE regime, leveraging tungsten’s high

thermal conductivity to suppress tip overheating.

1.2 Dielectric Coatings and Their Influence on Cold

Field Emission

Recent developments in CFE cathode technology aim to address limitations such

as emission instability, limited emitter lifetime, and surface contamination. While

various emitter materials have been explored—including refractory metals, semi-

conductors, carbon-based nanostructures (e.g., carbon nanotubes, nanorods), and

layered systems—tungsten remains one of the most commercially relevant emitter

materials due to its high melting point, mechanical strength, and low vapor pressure

[16, 17].

In contrast to Schottky-type thermally assisted field emitters, CFE relies solely

on quantum tunnelling and does not require thermal excitation. As a result, CFE

emitters produce electron beams with narrower energy distributions, free from ther-

mal broadening. This leads to improved spatial and energy resolution, which is par-

ticularly advantageous for transmission electron microscopy (TEM) and scanning

transmission electron microscopy (STEM) applications. Lower energy spread also

reduces chromatic aberration and improves coherence, while low-voltage operation

minimizes radiation damage, preserving sample integrity.

Oxide coatings, in general, serve multiple roles in enhancing field emission per-

formance [18]. Firstly, they can act as protective barriers against ion bombardment

from residual gas species, which remains a concern even under ultra-high vacuum

conditions. Secondly, dielectric layers may modify the effective potential barrier via

13



interface dipoles or band bending, possibly enabling resonant tunnelling phenomena

and thereby increasing emission probability [17]. Furthermore, dielectric coatings

can stabilize the emission process by suppressing surface diffusion, reducing adsorp-

tion of contaminants, and homogenizing the local electric field distribution.

Tungsten oxide, in particular, is known for its resistance to corrosion and chem-

ical degradation due to the stability of the W–O bond and its robust crystalline

lattice [17]. Among dielectric materials, tungsten oxide has attracted increasing at-

tention for use in protective and functional coatings. Tungsten oxide offers excellent

thermal and chemical stability, suitable electronic structure, and good compatibility

with tungsten substrates [12, 19]. These features make it an attractive candidate

for improving emission uniformity, reducing energy spread, and enhancing emitter

longevity [20, 21]. When applied as a thin coating (typically 5–50 nm), tungsten ox-

ide can significantly enhance emission characteristics without introducing significant

energy barriers for electron transport.

The fabrication of high-quality tungsten oxides coatings is, however, technically

demanding. Achieving uniform layer thickness, appropriate density, and good adhe-

sion requires precise control over deposition methods. Among available techniques,

anodic oxidation is especially attractive due to its simplicity and ability to produce

uniform and conformal coatings with tunable properties. The resulting film morphol-

ogy, roughness, crystallinity, and stoichiometry are sensitive to process parameters,

including electrolyte composition, temperature, and anodization time [12, 22, 23].

These factors significantly influence the semiconducting behavior of tungsten oxide

and its suitability for use in field emission devices. The expected stoichiometry in

our experiments for the selected procedures based on the EpH diagram 3.2 and the

temperature for thermal oxidation used is tungsten trioxide.

1.3 W–WO3 Systems in Field Emission Applications

The interface between tungsten and its native oxide can be effectively described as

a metal–semiconductor (or metal–dielectric) junction. In the context of cold field

emission, understanding this system is critical, as it directly affects the electron

transport and the potential barrier at the emitter surface. Tungsten trioxide (WO3)

acts as a wide-bandgap p-type semiconductor, and its interaction with the under-

lying metal influences the shape of the surface potential barrier and the stability of

electron emission. Figure 1.2 shows band structure of an ultra-sharp tungsten field

emitter with oxid layer.

Key quantities that govern the interface behaviour include the metal work func-

tion φm, the electron affinity χ of the semiconductor, and the Fermi level position

within the band structure of the oxide. For a metal, the work function is defined

14



as the energy required to move an electron from the Fermi level EF to the vacuum

level Evac [24]:

φm =
1

e
(Evac − EF ) (1.1)

In contrast, for an n-type semiconductor, the energy difference between the conduc-

tion band minimum EC and the Fermi level is denoted φn, and the electron affinity

is defined as:

χ =
1

e
(Evac − EC) (1.2)

The total energy required to remove an electron from the Fermi level of the semi-

conductor to vacuum is then:

φs = χ+ φn (1.3)

The contact potential between a metal and a semiconductor is given by the

difference in their work functions. When a p-type semiconductor such as WO3 is

brought into contact with a metal, charge redistribution occurs at the interface until

thermodynamic equilibrium is reached, leading to band bending in the oxide. The

built-in potential eψBi emerges from this difference and opposes the flow of majority

carriers across the junction.

For an idealized metal/p-type semiconductor interface, the barrier height for hole

injection from the metal to the valence band of the semiconductor is [24]:

eφBp = Eg − e(φm − χ) (1.4)

where Eg is the band gap of the semiconductor.

Based on literature values, WO3 has a band gap Eg ≈ 2.8 eV [25] and an electron

affinity χ ≈ 3.33 eV [26]. Therefore, the energy difference between the vacuum level

and the valence band maximum is approximately:

φion = χ+ Eg ≈ 6.13 eV (1.5)

The Fermi level lies closer to the valence band, with a typical ionization energy

(from EF to Evac) of about 0.53 eV. This supports its p-type character, as the hole

concentration exceeds the electron concentration under equilibrium conditions [27].

When a voltage is applied between the emitter and the extraction electrode, the

surface potential profile changes. Under reverse bias (i.e., when the emitter is more

negative), the total barrier height is increased to [24]:

φtotal = φBp + ψBi + VR (1.6)
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This influences both the tunnelling probability and the effective emission area.

The thin oxide layer thus acts not only as a physical barrier but also plays an active

role in defining the electrostatic boundary conditions of the emitter apex.

(a) Equilibrium

metal (W) oxide (WO3)

Voltage applied

eφBp

EFm

EC

EF

eVR

e(ψBi+VR)

(b) Reverse bias

Fig. 1.2: Band structure of an ultra-sharp tungsten field emitter covered by a thin
oxide layer at equilibrium (left) and under applied reverse bias voltage VR (right).
Key features include: EF m – metal Fermi level, Ec – conduction band edge, Ev

– valence band edge, eφBp – barrier height, eψBi – built-in potential, and eφp –
electron affinity of the p-type semiconductor. Adapted from [27].

1.4 Oxidation of Tungsten and Formation of WO3

Layers

The formation of a tungsten oxide layer is a key strategy to modulate the emission

characteristics of CFEs. The ideal oxide should be thin, electrically insulating,

chemically stable, and uniformly covering the emitter apex. Among the tungsten

oxides, WO3 is preferred over WO2, despite the latter having a slightly lower work

function and in some studies improved turn-on fields [28]. The preference is due to

WO3’s significantly higher resistivity, better chemical durability, and more stable

electron affinity, which are crucial for maintaining long-term emitter performance

and reducing leakage currents.

In particular, WO3 helps to suppress undesired current paths along the emit-

ter substrate and stabilizes the emitter’s electrostatic environment [29]. Moreover,

under high electric fields, WO2 layers may degrade due to Joule heating and local

oxidation, while WO3 layers exhibit greater thermal and structural stability [30].
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The goal of this study is to engineer an oxide layer that retains WO3 stoichiom-

etry, forms conformally over the sharp emitter geometry, and supports reproducible

and stable emission. Several fabrication approaches are available, each with its own

advantages and limitations. Among these, the most common are low-temperature

hydrothermal growth [12], atomic layer deposition (ALD) [18], catalytic oxidation

methods [28], vacuum evaporation [31].

While ALD offers exceptional control over thickness and uniformity, and hy-

drothermal methods allow crystallinity tuning, they typically require complex or

expensive setups. In contrast, thermal oxidation and anodization offer simpler, scal-

able alternatives that can be implemented without specialized equipment, and have

a track record of producing WO3 layers under controlled conditions [6],[7].

1.4.1 Thermal Oxidation

Thermal oxidation involves exposing tungsten to an oxygen-rich environment at el-

evated temperatures. The process proceeds via solid-state diffusion, where oxygen

ions penetrate the growing oxide layer, resulting in inward oxide growth. The oxida-

tion kinetics typically follow a power-law behavior ∆m ∼ keng ·tn, with the exponent

n ≈ 0.7 at 600 ◦C, indicative of a near-parabolic regime. At higher temperatures,

such as 800 ◦C, the mechanism gradually transitions toward linear kinetics due to

the onset of micro-cracking and oxide scale spallation [32]. Such behavior is consis-

tent with the well-known Deal–Grove model and its extensions to metal oxidation

[33, 34].

The crystallinity, phase composition, and thickness of the resulting WO3 layer

depend sensitively on oxidation parameters such as temperature, ambient pressure,

and exposure duration. Dense, stoichiometric WO3 films typically form between

400–600 ◦C, whereas sub-stoichiometric phases like WO2 may appear at lower tem-

peratures or under oxygen-deficient conditions. At temperatures exceeding approx-

imately 1000 K, significant volatilization of tungsten oxide can occur, affecting film

stability [35].

A graphical overview of the oxidation regimes is provided in Fig. 1.3, illustrating

transitions between parabolic, linear, and sublimation-dominated behaviors as a

function of temperature and time [34].

1.4.2 Anodic Oxidation (Anodization)

Anodic oxidation offers an electrochemical route to forming oxide films under mild

conditions. The tungsten substrate is immersed in an acidic electrolyte and biased

as the anode; oxygen species are generated electrochemically and incorporated into
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Fig. 1.3: Oxidation mechanism map in the temperature range of 600–1600 °C and up
to 2 years. Contours indicate the thickness of the metal consumed. Green, red, and
blue regions denote parabolic, linear, and sublimation regimes, respectively. (The
numbered circles (1–4) indicate various accident scenarios predicted by Maissonier
et al. [36] for different power plant models.) Taken from [34].

the growing oxide layer. For barrier-type oxides, the film thickness d scales approx-

imately linearly with the applied voltage V , following the empirical relationship:

d ≈ k · V (1.7)

where the proportionality constant k depends on the electrolyte composition

and temperature. Reported values for tungsten range around 1.2 nm/V [37]. Unlike

thermal oxidation, which typically produces crystalline films, anodic oxidation often

yields amorphous or nanoporous WO3, depending on the electrolyte pH, voltage

ramping, and anodization time. Fine-tuning these parameters is essential to prevent

defects such as cracking or delamination [38]. Despite the lower thermal budget,

anodization offers precise control over film thickness and is especially suited for

modifying delicate emitter geometries.

1.4.3 Comparison of Anodic and Thermal Oxidation

Both anodic and thermal oxidation methods were successfully employed in this study

to fabricate tungsten oxide layers on flat and sharp tungsten substrates. Each tech-

nique presents distinct advantages and limitations in terms of process control, oxide
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Tab. 1.1: Comparison of anodic and thermal oxidation methods for tungsten oxide
formation.

Criterion Anodic Oxidation Thermal Oxidation
Temperature Room temperature High temperature

(550–750 ◦C)
Process atmo-
sphere

Ambient, liquid elec-
trolyte

Controlled gas (O2), low pres-
sure

Growth control High (via voltage/time) Moderate (via time/temp/-
pressure)

Film thickness Typically thinner, tun-
able

Generally thicker, tunable

Morphology uni-
formity

Sensitive to rough-
ness/crystallinity

Generally more uniform on flat
surfaces

Tip compatibil-
ity

Requires careful setup
(e.g., polishing)

Limited by risk of blunting; re-
quires short oxidation

Equipment com-
plexity

Low to moderate High (vacuum furnace, gas
flow control)

morphology, substrate compatibility, and overall suitability for specific applications.

To reduce resource demands during optimization, initial trials were carried out on

flat tungsten sheets. This allowed for quick characterization (e.g., by SEM, X-ray

Photoelectron Spectroscopy (XPS), or Raman spectroscopy) and reproducible con-

trol over processing conditions. Once optimal parameters were identified, these pro-

cedures were adapted to actual emitter tips, fabricated via electrochemical etching.

Table 1.1 summarise basic characteristic.

Anodic oxidation offers excellent control over oxide layer thickness and growth

rate through the adjustment of voltage and exposure time. It can be conducted

at room temperature in ambient conditions, making it a relatively low-energy and

accessible method [20, 39]. Additionally, the visual coloration associated with inter-

ference effects allows for rapid, qualitative assessment of film thickness. However,

anodization is highly sensitive to surface roughness and crystallographic inhomo-

geneity—particularly in the case of polycrystalline or sharp-tip geometries. In such

cases, non-uniform field distribution can lead to localized overgrowth or crystal for-

mation. To mitigate this, brief pre-treatment steps such as electrochemical polishing

may be required, thought at the cost of potential tip degradation.

In contrast, thermal oxidation enables the formation of stoichiometric tungsten

oxide phases under high-temperature conditions, often resulting in films with en-

hanced crystallinity and chemical stability [32, 34]. This method is particularly

suitable for generating thicker oxide layers or when phase composition (e.g., WO3

vs. WO2) is critical. The main disadvantages include longer processing times,
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higher energy requirements, and the need for vacuum or controlled gas environ-

ments to ensure reproducibility and cleanliness. Furthermore, sharp tungsten tips

are particularly sensitive to thermal oxidation parameters; excessive oxidation time

or temperature can blunt the tip, reducing its efficacy in applications such as field

emission or scanning probe microscopy.

The complementary nature of both methods makes them valuable for different

objectives. Anodic oxidation is well-suited for quick prototyping, thin coatings, and

surface-sensitive applications [20], whereas thermal oxidation excels in producing

chemically stable, stoichiometric films, especially where thicker coatings or crys-

talline phases are desired [34]. Depending on the application—such as field emission,

electrochromic performance, or dielectric behavior—the optimal oxidation strategy

can be chosen accordingly.

1.5 Surface Cleaning Techniques and Their Relevance

to Emission

Cleaning plays a fundamental role in preparing surfaces for high-performance ap-

plications, particularly in vacuum electronics and scanning probe microscopy. In

this context, we focus on the cleaning of CFE cathodes and scanning tunneling

microscopy (STM) tips, where surface purity at the nanometer scale is essential.

Cleanliness is not only critical for stable emission, but also affects the reproducibil-

ity of results and interpretation of interface properties during material deposition.

Field emission is highly sensitive to nanoscale surface features. Maximum cur-

rent densities are achieved when emission is localized to atomically sharp protru-

sions, where the electric field is significantly enhanced [40]. These sites are prone

to explosive electron emission, which leads to a rapid phase transition from solid to

plasma and creates a short-lived, high-density electron flow. The resulting instabil-

ities—such as microexplosions and mass transport—can cause irreversible damage

to the emitter tip, often observed as a sudden drop in emission current during FEM

tests, accompanied by an increase in chamber pressure. Such degradation is typically

triggered by contamination or residual oxide layers that promote localized heating

and uneven field enhancement.

Therefore, maintaining a contaminant-free and oxide-free surface is essential both

for performance and durability of field emitters. Cleaning aims to remove fabrication

residues (e.g., products of electrochemical etching), native oxides, and environmental

contaminants. Additionally, when preparing emitters for further surface modifica-

tion (e.g., coating with WO3 or metal contacts), the nature of the substrate-cleaning

process directly affects interface formation and adhesion.
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It is important to note that even seemingly metallic interfaces in literature (e.g.,

tungsten-gold) are often mediated by a thin tungsten oxide layer, unless specific

cleaning or in-situ deposition techniques are employed. The presence of this oxide

alters the effective work function and electron transport behavior, and if not removed

or accounted for, it can invalidate assumptions about electron injection and interface

energetics [41, 42]. Practical example relevant for laboratories is the cleaning of their

own fabricated STM tips created via electrochemical etching, as an alternative to

purchasing commercial tips, because these are expensive. While etching provides

good geometric sharpness, the process leaves behind chemical residues and native

oxides that can degrade tunneling resolution and spectral measurements. Atomic-

resolution STM imaging requires not only a sharp tip, but also a chemically clean

and electronically stable apex [43].

Although various methods for cleaning tungsten tips have been reported, repli-

cating these methods is either challenging (to access device) or has not yielded

completely optimal results to unjustified attempting and comparing multiple meth-

ods [44, 45]. In this work, we compare a range of chemical cleaning approaches

accessible in standard laboratory settings. These include (i) basic macroetching to

remove coarse contaminants and reaction products, (ii) etching in NH3:H2O (1:1)

mixtures with varying incubation times to test gentle oxide removal, (iii) etching

with hydrofluoric acid (HF) in two concentrations: 20% and 50%, (iv) sequential

cleaning using ethanol and deionized water prior to HF exposure to test surface

activation effects.

Each method was tested for its ability to remove native oxide layers, reduce sur-

face contamination, and preserve tip sharpness. However, regardless of the method

used, it is imperative to minimize air exposure after cleaning. Tungsten oxidizes

readily, and native oxide layers (primarily WO3 and substoichiometric WO2) form

within minutes in ambient conditions. Without a protective environment or rapid

coating, the cleaning process may need to be repeated prior to further processing.

1.6 Effect of Tungsten Crystallographic Orientation

on Emission Properties

Tungsten crystallizes in a body-centered cubic (bcc) structure, and its surface prop-

erties—such as work function, reactivity, and oxidation rate—are strongly anisotropic.

The three low-index planes, (100), (110), and (111), exhibit distinct surface energies,

atomic densities, and chemical behaviors.

The (111) surface, although less stable energetically, has the highest surface

electron density and the lowest work function among the three, typically ranging
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from 4.3 to 4.5 eV [46]. This makes it particularly suitable for cold field emission.

The (110) surface, in contrast, is thermodynamically the most stable due to its lowest

surface energy, but it exhibits higher work function and weaker electron emission.

The (100) surface lies between these two extremes in both structure and behavior.

Oxidation kinetics are also orientation-dependent. Bartlett and Wachtman ob-

served that the (100) surface oxidizes more rapidly than (110) and (111) planes

under identical conditions, which they attributed to differences in atomic packing

and surface diffusion rates [47]. This has significant implications for processes such

as thermal oxidation or anodization, where oxide thickness and uniformity can be

influenced by local crystallographic orientation.

Chemisorption and adsorption energies also vary across crystal planes. For ex-

ample, the (111) surface exhibits the highest chemisorption activity for nitrogen,

followed by (100), and then (110), likely due to its higher surface energy and den-

sity of unsaturated bonds [48]. Similarly, adsorption studies with hydrogen show a

preference for the (111) plane, with varying bonding geometries observed for other

orientations [49].

These orientation effects are particularly relevant for electrochemically etched

tips, which are typically polycrystalline. During etching or anodization, grains with

different orientations will evolve at different rates, resulting in inhomogeneous tip

geometry and surface chemistry. This directly affects the field enhancement fac-

tor and emission behavior. Additionally, since work function depends not only on

crystallographic orientation but also on surface energy and adsorbate interactions,

polycrystalline emitters are inherently more variable and less predictable in perfor-

mance.

In summary, control over crystallographic orientation—though challenging—is

highly desirable for reproducible emitter behavior, but financially demanding.

1.7 Emission models

The classical FN theory has served as a foundational model for describing field emis-

sion from ideal, planar metal surfaces. However, it becomes insufficient when applied

to real-world emitters, which are often nanostructured, possess non-uniform geome-

tries, or are coated with dielectric or semiconducting layers. These complexities

introduce deviations from the assumptions of the FN model, such as ideal vacuum,

uniform field, and simple triangular potential barriers. For such systems, extended

or modified emission models must be employed [50, 51, 52].

A primary factor influencing field emission from nanostructured emitters is the

enhancement of the local electric field due to sharp geometrical features. Emitters
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with high aspect ratios, such as conical tips, nanowires, or carbon nanotubes, con-

centrate the electric field at their apex, reducing the macroscopic voltage required

to induce electron emission.

The local electric field Floc at the apex is given by [53],[54]:

Floc = βFapp (1.8)

where Fapp is the applied macroscopic field and β is the field enhancement factor.

The value of β can range from tens to several thousands depending on emitter cur-

vature, height, and arrangement. Factors such as emitter tip radius, the proximity

of neighbouring emitters (mutual screening), and the presence of gate electrodes sig-

nificantly influence β. In regular emitter arrays, field enhancement is not uniform,

and edge emitters often experience stronger local fields than interior ones.

Accurate determination of β requires numerical simulation (e.g., finite element

methods), although simplified analytical estimates exist for common geometries.

Experimental estimation of β is often performed via fitting the FN plot with known

work function.

Thin dielectric coatings on metallic emitters, such as layers of tungsten trioxide

(WO3), introduce additional complexity in electron tunnelling by modifying the

shape and height of the potential barrier. These coatings can introducea shift in

the energy barrier due to the formation of interface dipoles, change in electric field

distribution owing to dielectric screening (characterized by relative permittivity εr).

There is possibility trapping of charge carriers or polarization effects, and formation

of substoichiometric phases or interfacial states influencing emission.

The tunnelling barrier is no longer a single triangular like shape but consists of a

composite profile that includes the dielectric region (visible at Fig. 4.1). For a layer

of thickness d and relative permittivity εr, the voltage drop is divided between the

dielectric and vacuum region, and the field strength within each domain is modified

accordingly. The tunnelling process may then be approximated using a two-barrier

model, with separate transmission probabilities across the dielectric and vacuum

segments.

In the presence of a dielectric, the reduced field in the metal-dielectric interface

lowers the tunnelling probability. However, under some conditions (e.g., certain

thicknesses and dielectric constants), constructive quantum interference or resonant

tunnelling can enhance the emission probability.

When the assumptions of analytical models are violated—e.g., due to complex ge-

ometries, surface roughness, or chemical inhomogeneity—numerical simulations be-

come necessary. Methods used include [53][55][56]:finite-difference or finite-element

solutions, Poisson-Schrodinger solvers to evaluate band bending and field distribu-
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tion, density functional theory (DFT) to compute surface potential profiles and local

density of states, or non-equilibrium Green’s function (NEGF) methods to model

tunnelling current under bias.

These methods can account for real material properties, such as defect states

(e.g., oxygen vacancies in WOx), interface bonding, and variable work function at

different crystallographic orientations. They are also essential when simulating the

dynamic behaviour of emission under applied bias, including local heating, dielectric

breakdown, or charge migration.

1.7.1 Wentzel–Kramers–Brillouin Approximation

The Wentzel–Kramers–Brillouin (WKB) approximation is a semiclassical approach

widely used to estimate the quantum tunnelling probability of particles through a

spatially varying potential barrier. In the context of CFE, it provides a framework

to describe electron emission when the potential barrier is complex or modified, for

example due to the presence of dielectric coatings or oxide layers [27, 57].

This method assumes that the potential varies slowly compared to the wavelength

of the electron, and therefore the wavefunction can be approximated by exponential

functions inside the barrier. It is particularly advantageous when the potential

cannot be described by simple analytical shapes such as triangular or rectangular

profiles, as assumed in the classical FN theory.

In practical emitter systems, surfaces are often covered by native or engineered

dielectric layers (e.g., WO3), which significantly influence the electrostatic potential.

The presence of such a layer modifies both the barrier height and its spatial slope.

Barrier showed at Figure 1.4. Specifically, in a dielectric with relative permittivity

εr, the slope of the electrostatic potential is reduced by a factor 1/εr compared to

vacuum. Additionally, the image charge potential is modified as:

Vimage(z) =
e2

4πε0εrz

which further lowers the barrier and increases the tunnelling probability. These

effects are critical to include for accurate modelling of oxide-coated emitters, espe-

cially when the oxide thickness is on the nanometer scale.
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The potential energy barrier U(z) in such a layered system can be described as:

U(z) =
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16πε0εrz
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εr
0 ≤ z < toxide

EF + φ− e2

16πε0z
− eFappz z ≥ toxide

0 z < 0

(1.9)

where:

• EF is the Fermi energy of the emitter material,

• EB is the barrier height at the metal–oxide interface,

• φ is the work function of the metal,

• toxide is the oxide thickness,

• Fapp is the applied electric field.

To compute the emission current, we evaluate the integral of the product of the

density of states and the tunnelling probability across all available electron energies

[24]:

J(F, T ) = e
∫

∞

0
N(φ, T )D(F, φ, T ) dφ (1.10)

The electron distribution function N(φ, T ) at temperature T follows Fermi-Dirac

statistics:

N(φ, T ) =
mkBT

2π2h̄3 ln
[

1 + e
−

φ−EF
kBT

]

(1.11)

The tunnelling probability D(F, φ, T ) can be expressed as:

D(F, φ, T ) =
(

1 + eQ(φ)
)

−1
(1.12)

where the exponent Q(W ) represents the action integral across the classically

forbidden region:

Q(φ) = −2i
∫ z2

z1

λ(ξ) dξ (1.13)

and the wave number λ(ξ) is defined as:

λ(ξ) =
(

2m∗

h̄2 [φ− U(ξ)]
)1/2

(1.14)

Here, m∗ is the effective mass of electrons in the oxide and vacuum regions, U(ξ)

is the total potential energy, and z1, z2 are classical turning points where φ = U(ξ).
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For certain barrier shapes, an analytical approximation of the transmission prob-

ability can be written in closed form using image charge corrections. One such

expression is [24]:

D(Un) = exp
[

− 4

3eh̄F
2m(φ− Un)3/2v(y)

]

(1.15)

where v(y) is the Nordheim image charge correction function that modifies the

barrier due to long-range Coulomb interactions [24].

This model has known limitations, especially when the oxide barrier becomes

thick or when the electron energy is far below the barrier maximum. In such cases,

the WKB approximation tends to underestimate reflection and overestimate trans-

mission, and numerical solutions of the full Schrödinger equation may be required

[53, 58].

Fig. 1.4: Potential energy profile for electron emission. The shaded region represents
the tunnelling barrier. The plane z = z0, where V (z0) = −ζ0, defines a suitable
reference for the onset of tunnelling. Adapted from [24].

1.7.2 Double-Barrier Fowler–Nordheim Equation

In order to accurately describe field emission from surfaces covered by thin di-

electric or oxide layers, modifications to the classical FN equation are necessary.

These systems introduce additional electrostatic interfaces and potential barriers

that affect electron tunnelling. One such approach is the so-called double-barrier

Fowler–Nordheim (DBFN) model, which explicitly accounts for the layered structure

of a metal-dielectric-vacuum interface [53].

The DBFN equation has been developed to model field emission from cathodes

with oxide coatings and dielectric films. It is particularly relevant for emitters coated

with thin WO3, SiO2, or other insulating materials. Such configurations modify
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the effective work function and redistribute the electric field, leading to changes in

emission current.

A modified current density expression for these systems can be written as [53,

59, 60]:

J =
e3F 2

16π2h̄φB2
exp

(

−4
√

2m

3eh̄F
φ3/2C

)

(1.16)

In this expression, the exponential term reflects the tunnelling barrier width

(similar to FN), but the presence of coefficients B and C accounts for the influence

of the dielectric layer on both the barrier shape and field distribution.

The coefficients B and C are defined as follows:

B = εr

[
√

φeff

φ
−H(φeff − eFdieltoxide)

√

φeff − eFdieltoxide

φ

]

+H(φ− eFdieltoxide)

√

φ− eFdieltoxide

φ
(1.17)

C = εr





(

φeff

φ

)3/4

−H(φeff − eFdieltoxide)

(

φeff − eFdieltoxide

φ

)3/4




+H(φ− eFdieltoxide)

(

φ− eFdieltoxide

φ

)3/4

(1.18)

Here:

• φ: work function of the metal (eV),

• φeff = φ−χ: effective work function at the metal–dielectric interface, where χ

is the electron affinity of the dielectric,

• Fdiel: electric field inside the dielectric layer,

• toxide: thickness of the dielectric layer,

• εr: relative permittivity of the dielectric,

• H(x): Heaviside step function, where H(x) = 1 for x > 0 and H(x) = 0 for

x ≤ 0.

The Heaviside function H(x) ensures that different regimes are handled appro-

priately depending on whether the potential drop across the dielectric is smaller or

greater than the energy barrier.

In the limit where no dielectric is present (toxide = 0, εr = 1), and the electron

affinity χ = 0, we recover the classical Fowler–Nordheim equation, as both B and

C reduce to 1. Thus, the DBFN model generalizes the FN model while remaining

consistent in the appropriate limits.
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Physically, the presence of a dielectric modifies the distribution of the applied

electric field across the emitter surface and the vacuum gap. Part of the voltage

drop occurs across the dielectric, and due to its finite permittivity, this alters the

effective barrier width and height. These effects become more pronounced for thicker

dielectrics or lower-permittivity materials.

While this approach provides a more accurate picture for emission from coated

emitters, it also introduces mathematical complexity. For this reason, numerical

methods are often employed to evaluate B and C for arbitrary parameters. Addi-

tionally, the DBFN model does not capture all quantum effects (e.g., interference,

tunnelling resonance), as it remains within a semiclassical framework.

Both the WKB approximation and the double-barrier FN model describe quan-

tum tunnelling, but they are formulated under different assumptions. WKB allows

integration across arbitrarily shaped barriers and can include gradual transitions in

material properties, while DBFN is particularly efficient for idealized, layered struc-

tures with sharp interfaces. Despite these differences, both methods show consistent

scaling with electric field and work function, and both are valuable tools in emission

modelling.

More sophisticated simulations may combine DBFN with other methods, such as

Poisson-Schrödinger solvers or transfer matrix approaches, to better predict emission

in realistic geometries and conditions [53, 61].

1.7.3 Extended Murphy-Good Equation

The Extended Murphy-Good equation refines the classical FN model by introducing

additional physical factors that better capture the realities of field electron emission

from structured and non-ideal surfaces. Originally developed to address deviations

from the FN theory due to image charge effects and surface roughness, the MG

formalism has become particularly useful for emitters involving complex geometries

or coatings with dielectric or semiconducting character [15, 62].

The MG equation introduces image-force corrections and realistic barrier round-

ing, which have been shown to increase the effective tunneling probability by more

than two orders of magnitude compared to FN predictions [63]. Forbes [64] em-

phasized that MG plots can serve all the functions of traditional FN plots while

offering greater precision, especially in determining the formal emission area. By

contrast, the FN equation assumes an ideal flat metallic emitter in ultra-high vac-

uum and neglects space-charge and quantum interference effects, such assumptions

are rarely satisfied in nanotechnology applications. Modern emitters often consist of

nanoscale tips, emitters covered with oxide or dielectric layers, or arrays of emitters

with mutual electrostatic interaction—all of which require refined theoretical treat-

28



ment [65]. Theoretical considerations and numerical studies firmly establish MG

theory as “better physics” than FN—especially under these conditions involving

non-ideal surfaces, coatings, or finite temperatures [66]. Therefore, for structured or

oxide-coated emitters, adopting the MG framework significantly improves both the

accuracy and reliability of emission characterization.

A commonly used expression of the extended MG formalism for evaluating ex-

perimental I–V characteristics is:

ln
(

Im

V 0.625

)

= ln

(

AS

Ngap

)

+ ln(f) + ln (θ exp(β)) − η
(

Vm

V

)0.375

(1.19)

where:

• Im is the measured emission current (A/cm2),

• V is the applied voltage (V),

• Vm is a reference voltage associated with peak or threshold current (V),

• Ngap denotes the anode-cathode gap (cm),

• S is the effective emission area (cm2),

• A is a proportionality constant dependent on geometry and fundamental con-

stants,

• f represents the transmission efficiency (often related to electron collection or

scattering),

• θ is a work function reduction factor, typically 0.6 < θ < 0.95,

• β is the field enhancement factor, capturing local amplification of electric field

due to emitter geometry.

The exponents 0.625 and 0.375 in this formulation are empirical corrections

derived from more accurate tunneling barrier models, notably incorporating the

Schottky-Nordheim barrier shape and non-ideal surface conditions. The generalized

Murphy-Good theory provides a more physically meaningful interpretation of experi-

mental FN-like plots, especially under non-ideal conditions, such as dielectric-coated

emitters or nanostructured surfaces with strong curvature.

Unlike the classical FN model, the extended MG approach separates effects due

to geometry (through β) from those arising from surface physics (via θ and f), allow-

ing for more detailed diagnosis of emission behavior. The work function reduction

factor θ encompasses image force lowering, adsorbate-induced dipole formation, and

chemical modification of the surface potential barrier. Meanwhile, β can be inter-

preted in terms of emitter tip radius, array density, or proximity to gate electrodes

[67].

A key application of the extended MG model is in the interpretation of field

emission data from emitters with thin dielectric or oxide layers, where additional
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energy barriers and electrostatic screening alter the classical tunneling scenario.

Studies have shown that oxide-coated emitters often exhibit higher apparent β values

due to increased localization of electric field and reduced effective work function [53].

The model has also been used to investigate field emission from semiconductors,

carbon-based materials (CNTs, graphene), and complex emitter arrays [65].

Moreover, applying this model to experimental data allows extraction of phys-

ically meaningful parameters. For example, once β and θ are determined through

curve fitting, the inferred emitter radius rtip may be estimated using analytical ex-

pressions such as β ≈ 1/(krtip), where k depends on tip shape and spacing. Similarly,

changes in θ under different environmental conditions (e.g., vacuum vs. ambient, or

oxidized vs. clean surface) can reflect changes in work function due to surface states

or contamination.

1.7.4 Orthodoxy Testing in Field Emission Analysis

A critical step in evaluating the validity of field emission models—such as the FN or

Extended MG equation—is orthodoxy testing. This procedure assesses whether the

experimental data conform to the physical assumptions underpinning standard emis-

sion theories, especially those related to the Schottky–Nordheim tunneling barrier.

Orthodoxy testing is therefore used to determine whether a data set is consistent

with these ideal assumptions [15, 68].

A key concept underlying orthodoxy testing is the universal FN-type equation,

which refers to a generalized class of emission equations that share the same math-

ematical structure as the original FN model. Rather than being limited to the

classical formulation, an FN-type equation is any relation where the logarithm of

the emission current, divided by a power of the voltage, is linearly dependent on a

negative power of voltage or electric field. This general form allows the inclusion of

empirical corrections to the tunneling barrier shape, field enhancement, or surface

chemistry effects. As such, the extended MG equation is considered FN-type, since

it retains this logarithmic-linear dependence while introducing refined exponents

and correction factors.

A general FN-type expression for orthodox field emission takes the form [68]:

I = CFNV
2exp

(

−vF
BFN

V

)

(1.20)

or can be written as:

ln
(

I

V 2

)

= ln(CFN) − −vFBFN

V
(1.21)

This is a reduced empirical form of the universal FN-type equation suitable

for linear fitting, where constants have been grouped into BFN and CFN.The −vF is
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barrier-form correction factor for the chosen barrier, CFN is a constant incorporating

geometric and material properties, and

BFN ≡ bφ3/2

cX

(1.22)

where:

• φ is the local work function (eV),

• b = 6.830 × 109 eV−3/2 V/m being the second Fowler–Nordheim constant,

• cX being universal auxiliary constant

If the emission process is orthodox, a plot of ln(I/V 2) versus 1/V will be linear over

a suitable voltage range. Note that Fowler’s cX is a universal auxiliary constant

relating voltage to local field, which differs from the pure field enhancement factor

β. Today, cX is often approximated as β for simplicity, though it may include

additional effects.

The core of orthodoxy testing lies in analyzing the slope Sexp of the linear region

of the FN-type plot. The theoretical slope is given by [68]:

Stheory = −σIVBFN (1.23)

with σIV is a slope correction factor (σIV ≈ 0.95 for metallic emitters).

The apparent field enhancement factor β is then computed by rearranging Eq. (1.23)[68]:

β =
−bφ3/2

|Sexp| · σ (1.24)

A value of β falling within a reasonable physical range (typically 10 < β < 5000)

indicates that the emission data are consistent with orthodox FN-like behavior.

A more precise formulation of orthodoxy testing uses scaled field parameters.

The scaled barrier field f , a dimensionless measure of the local electric field strength,

is given by [68]:

f =
F

FSN

=
F

c−2φ2
(1.25)

where c = 1.44 × 10−9 eV · m1/2 is the Schottky constant and F = βV is the

local field. One can also define the normalized slope function [69]:

S∗ =
Sexp

Stheory

(1.26)

where S∗ ≈ 1 indicates orthodox behavior. This ratio is explicitly used in the

field-emission orthodoxy test applied to both FN and MG plots [69].

The MG plot reformulates the emission data as [15]:
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ln
(

I

V κ

)

= ln(C ′) − ηV −λ (1.27)

Empirical fitting of the extended Murphy–Good equation often yields effec-

tive exponents around κ ≈ 0.63 and λ ≈ 0.38, derived from the general form

κ = 2 − η/6, with η ∼ 0.85–0.9 as typically used in literature [15]. That is re-

flecting corrections for the Schottky–Nordheim barrier shape. Although Eq. (1.27) is

non-linear in 1/V , numerical fitting or MG-specific slope analysis allows extraction

of physically meaningful parameters that can then be tested via orthodoxy criteria,

as shown by Allaham et al. (2020) [69].

A typical orthodoxy test workflow includes the following steps [15, 68]:

1. Plot ln(I/V 2) versus 1/V or appropriate MG form;

2. Identify linear region and extract slope Sexp;

3. Estimate φ based on material properties;

4. Calculate β using Eq. (1.24);

5. Calculate capp and compare to typical values;

6. Optionally, compute S∗ and f to refine the diagnosis.

If these tests fail—e.g., yielding unreasonably high β, or inconsistent slopes—the

data likely stem from a non-orthodox emission process and require more advanced

modeling.

1.8 Analytical Methods for Surface and Structural

Characterization

To thoroughly characterize the structural, chemical, and morphological properties

of the fabricated tungsten oxide layers, a suite of advanced analytical techniques was

employed. These methods included SEM, Electron Backscatter Diffraction (EBSD),

Focus Iont Beam (FIB) (to create a lamella or hole for observing the layer), TEM,

STEM, XPS, Energy-Dispersive X-ray Spectroscopy (EDS), and Atomic Force Mi-

croscopy (AFM). The combined application of these surface-sensitive and crystallo-

graphic techniques was essential for correlating the microstructure and composition

of the oxide layers with their functional performance, particularly in the context of

their use as CFE cathodes [6, 27].

1.8.1 Electron Microscopy and Spectroscopy (SEM, BSE, EDS)

Pure tungsten typically crystallizes in a bcc structure. Its grain size, defect density,

and impurity content (e.g., oxygen, carbon, nitrogen) can significantly influence its

performance in high-precision applications [70]. For instance, fine-grained structures
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are associated with enhanced mechanical strength due to grain boundary strength-

ening, while oxygen impurities may induce localized oxide formation, potentially

degrading electrical conductivity. Furthermore, crystallographic defects such as dis-

locations, vacancies, and interstitials can act as charge traps or scattering centers,

thus affecting both the emission stability and lifetime of tungsten-based emitters

[46, 71].

To investigate these factors, electron microscopy techniques were extensively uti-

lized. SEM served as a primary tool for morphological inspection of the tungsten

substrates and oxide layers. SEM imaging enabled the visualization of surface fea-

tures such as etch patterns, tip sharpness, oxide roughness, and defect sites. High-

resolution images allowed for accurate estimation of the tip radii, which is critical for

evaluating the field enhancement factor in emission applications. Moreover, SEM

was instrumental in failure analysis, providing insight into tip degradation or frac-

ture mechanisms, particularly under prolonged exposure to electric fields or elevated

temperatures. Representative examples of such analyses are shown in Figure 1.5.

EBSD, integrated with the SEM Helios G4 HP system (Thermo Fisher Scientific,

USA), was employed to assess the crystallographic orientation, grain boundaries,

and phase distribution of both metallic and oxidized tungsten. EBSD maps offered

detailed insights into texture evolution during oxidation and provided quantitative

metrics for grain size and misorientation angles. These parameters are vital for

understanding oxide growth mechanisms and the role of crystallography in diffusion-

driven processes [72].

Complementarily, EDS was used to determine the elemental composition of the

analyzed regions. EDS data were acquired using a MIRA 3 SEM platform (Tescan,

USA) operated at a primary beam energy of 10 kV, which offered a balance between

spatial resolution and excitation depth. EDS enabled semi-quantitative analysis of

the tungsten-to-oxygen (W:O) ratios, offering indirect insight into oxide stoichiome-

try and layer thickness. While EDS lacks the surface sensitivity of techniques such as

XPS, its volumetric compositional data proved useful for cross-verifying the integrity

and homogeneity of the oxide layer across different sample areas. This method also

facilitated the identification of trace impurities or foreign elements that could arise

from sample handling, chamber contamination, or precursor residues.

The combined use of SEM, EBSD, and EDS thus provided a comprehensive

understanding of both the structural and compositional attributes of the anodized

and thermally oxidized layers.
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(a) Contamination (b) Bent

(c) Broken (d) Propagation of crystal lattice defect.

Fig. 1.5: Examples of possible tip defects from our inspections.

1.8.2 Focused Ion Beam Preparation and Transmission Electron

Microscopy (FIB, TEM, STEM)

For high-resolution structural and chemical characterization of the tungsten oxide

layers at tip, cross-sectional lamellae were prepared using a FIB system. Samples

were first examined using a TESCAN Lyra 3 XMU FEG SEM/FIB instrument,

which enabled site-specific milling of thin lamellae from the oxidized tungsten wires.

Given the anticipated nanometer-scale thickness of the oxide layers, precise FIB

milling was essential to ensure the inclusion of the W/WO3 interface in the cross-

section.

TEM analyses were carried out using a JEOL JEM-2100F instrument, equipped

with a field-emission gun (FEG) and operated at an accelerating voltage of 200 kV.

Both bright-field (BF) and high-angle annular dark field (HAADF) STEM modes

were employed. In STEM mode, a condenser aperture was inserted to optimize
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contrast and resolution. Imaging was performed using a Gatan Orius 200D CCD

camera (TEM) and the built-in HAADF detector (STEM mode, JEOL EM-24571

module). The emission current was maintained at 113 µA throughout all measure-

ments, though the actual dose on the sample was regulated by condenser settings.

For elemental mapping and line scans, EDS (on lamellas) was performed using

an Oxford X-Max 80 detector. The EDS analysis was conducted along line profiles

perpendicular to the W/Pt interface, enabling spatially resolved detection of oxygen,

tungsten, and any residual platinum used during lamella protection. This configu-

ration allowed for reliable estimation of the oxide layer thickness and compositional

gradients across the interface.

Additional FIB cross-sections were also prepared using the Helios G4 HP dual-

beam system (Thermo Fisher Scientific, USA), particularly for samples with planar

geometry. These preparations were used to corroborate the findings and ensure

reproducibility across different sample geometries.

This combination of high spatial resolution and chemical specificity provided

by this suite of methods was promising tool to correlate local microstructure with

emission-relevant properties of the cathodes.

1.8.3 Atomic Force Microscopy (AFM)

AFM was employed as a complementary surface characterization technique to inves-

tigate the nanoscale topography and surface roughness of the tungsten oxide layers.

Unlike SEM, which provides high-resolution images based on electron interactions,

AFM relies on mechanical interaction between a sharp probe and the sample surface,

enabling three-dimensional mapping of the surface with nanometer-scale resolution.

This technique is particularly advantageous for quantifying surface roughness and

morphology in a non-destructive manner, and is highly sensitive to topographical

variations that may influence physical and electronic properties.

In the context of tungsten oxide layers, surface roughness plays a critical role in

determining field emission behavior, as it can locally enhance the electric field and

influence the emission current density. A rougher surface may present sharp protru-

sions or microfeatures that act as localized emission sites, while a smoother surface

can limit this effect [73]. Therefore, understanding and quantifying surface rough-

ness is essential for correlating fabrication conditions with functional performance

in emitter applications.

AFM measurements were conducted using a Bruker Dimension Icon system

(Bruker, USA) operating in tapping mode, which reduces lateral forces during scan-

ning and is particularly suitable for soft or fragile films. Commercially available

silicon cantilevers (AppNano ACT series) were used, featuring a nominal tip radius
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of curvature of ∼6 nm and a spring constant of 37 N/m. Based on previous studies

on tungsten oxide thin films [74, 75], the expected correlation length was in the range

of 13–40 nm, so these specifications should ensured sufficient spatial resolution for

capturing relevant surface features without inducing damage to the oxide films.

Surface scans were performed over two different areas, depending on the type of

sample: a 100×100µm2 scan area was selected for anodized layers to capture larger-

scale undulations, while a 30×30µm2 scan area was used for thermally oxidized films,

which typically exhibited finer surface textures. For each sample, topographical data

were collected from two distinct locations to account for spatial variability, and the

results were averaged over three independently prepared samples for each processing

condition, thereby improving statistical robustness.

The primary quantitative parameter extracted from the AFM data was the arith-

metic mean surface roughness (Ra), defined as [76]:

Ra =
1

N

N
∑

i=1

∣

∣

∣Zi − Z̄
∣

∣

∣

where Zi is the height at a specific point, Z̄ is the mean height over the scanned

area, and N is the total number of measured points.

To ensure the reliability and accuracy of the roughness analysis, post-processing

of AFM images was performed using the open-source software Gwyddion. Data

correction steps included mean plane subtraction (to level the scan), row align-

ment using the median of differences (to reduce scanning artifacts), and correction

of horizontal streaks caused by scanning inconsistencies. These procedures mini-

mized instrumental artifacts and enhanced the fidelity of the extracted roughness

parameters.

Additionally, the potential influence of tip convolution—where the finite geom-

etry of the AFM probe can artificially alter surface profiles—was addressed by se-

lecting probes with a well-defined, sharp tip. Given that the correlation length of

surface features in tungsten oxide films has been reported in the literature to range

from approximately 13 to 40 nm [77], the 6 nm tip radius used in this study provided

sufficient spatial resolution to resolve these features without significant convolution

artifacts.

1.8.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a powerful surface-sensitive analyti-

cal technique used to investigate the elemental composition, chemical states, and

electronic structure of materials. It operates based on the photoelectric effect, in
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which core-level electrons are ejected from a sample upon exposure to monochro-

matic X-rays. By analyzing the kinetic energy of the emitted photoelectrons, the

binding energy of each element can be determined, providing both qualitative and

quantitative information about the sample surface. XPS is especially effective in

distinguishing oxidation states of elements and identifying surface contamination or

adsorbates [78].

In the context of tungsten oxide layers, XPS is particularly useful for identifying

different tungsten oxidation states—such as W6+ (corresponding to WO3) or W4+

(corresponding to WO2)—as well as for analyzing the bonding environment of oxy-

gen [79]. These insights are critical for understanding the dielectric and electronic

behavior of the oxide layer, which directly influences field emission performance and

surface stability [80].

XPS measurements were carried out using a Kratos AXIS SupraTM instrument

(Kratos Analytical, UK) equipped with a monochromatic Al Kα X-ray source (pho-

ton energy of 1486.6 eV). The analysis was performed under ultra-high vacuum con-

ditions (base pressure < 1 × 10−8 Pa) to ensure surface cleanliness and minimize

charging or beam damage effects.

Survey spectra were initially acquired to detect the elemental composition of the

surface and confirm the presence of tungsten and oxygen, with additional atten-

tion paid to phosphorus in anodized samples. Following the survey, high-resolution

spectra were obtained in the W 4f, O 1s, and P 2p regions. The W 4f region is

particularly informative, as it reveals the characteristic doublet peaks (W 4f7/2 and

W 4f5/2) whose positions and splitting patterns can be used to differentiate between

oxidation states. For instance, the W 4f7/2 peak for W6+ (WO3) typically appears

around 35.5 eV, while peaks associated with lower oxidation states (W5+, W4+) are

found at lower binding energies.

The spectra were processed and deconvoluted using CasaXPS software, applying

Shirley background subtraction and Gaussian-Lorentzian peak fitting. Binding en-

ergy calibration was performed using the C 1s peak from adventitious carbon, which

was fixed at 284.8 eV to account for any charging effects. Deconvolution of the O 1s

region further allowed identification of different oxygen bonding environments, such

as lattice oxygen, hydroxyl groups, or adsorbed species, which can influence the

dielectric performance and stability of the layer.

To ensure the reproducibility and spatial uniformity of the oxide films, measure-

ments were repeated at three distinct locations per sample. The observed variation

in peak positions and intensities across these regions was minimal, indicating good

homogeneity in both chemical composition and oxide thickness. This consistency

supports the reliability of the deposition techniques and reinforces the quality of the

surface preparation protocols employed.
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2 Aim of the thesis

The objective of this study is to gain a deeper comprehension of the field emis-

sion characteristics of single-tip field emitters which have been covered with a thin

dielectric coating. We can deeper study quantum mechanic properties, such as tun-

nelling of electrons and change of the quantum barrier, aiming to achieve brighter

and more stable beam of electrons, that may be used with an advantage in vari-

ous electron-optical devices utilizing focused beam of electrons, such as STEM. The

study aims to optimize the fabrication and coating processes, investigate the struc-

tural and chemical properties of the emitters, and correlate these properties with

their emission performance using experimental and theoretical approaches.

Specific objectives include:

1. Optimization of Tungsten Tip Fabrication:

• Optimize a two-step electrochemical etching process using the Armin 2

and Armin 3 (newer version) device to produce high-quality tungsten tips

with repeatable geometry and minimal defects.

• Investigate cleaning methods (e.g., hydrofluoric acid, ammonia) to remove

surface contaminants and native oxides, ensuring a clean substrate for

subsequent coating.

2. Fabrication of Dielectric Tungsten Oxide Coatings:

• Prepare thin tungsten oxide layers on tungsten substrates (planar sheets

and tips) using thermal oxidation and anodic oxidation, optimizing pro-

cess parameters (e.g., temperature, voltage, duration) to achieve uniform,

low-roughness coatings.

• Compare the effectiveness of thermal oxidation and anodic oxidation in

producing WO3-rich layers.

3. Material Characterization of Coated layers:

• Analyze the morphology, roughness, and uniformity of WO3 layers using:

(a) Scanning Electron Microscopy to inspect tip geometry and detect

defects post-etching.

(b) Electron Backscatter Diffraction to determine the crystallographic

orientation, that affect the electron emission properties.

(c) X-ray Photoelectron Spectroscopy to determine the chemical compo-

sition, oxidation states, and presence of impurities (e.g., phosphates).

(d) Atomic Force Microscopy to measure surface roughness and study

layer topography.

• Use planar tungsten sheets for initial layer characterization to overcome

limitations of tip geometry, followed by validation on tips.

4. Make assumptions about cold field emmision behavior based on theoretical
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models.

5. Analysis of Field Emission Performance:

• Evaluate the emission properties of coated tungsten tips using Field Emis-

sion Microscopy (FEM), including current-voltage (I-V) characteristics

and stability under high-voltage conditions.

• Apply the Extended Murphy-Good equation and orthodoxy tests to quan-

tify key emission parameters, such as field enhancement factor and emis-

sion area.

6. Correlation of Material Properties with Emission Performance:

• Investigate the relationship between tungsten oxide layer properties (thick-

ness, roughness, O/C ratio, chemical composition) and emission charac-

teristics (stability, onset voltage, current density).
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3 Experimental part: Methods and Sample

Preparation

To evaluate the applicability of tungsten oxide layers, produced via thermal oxi-

dation and anodization, for use as functional coatings on CFE cathodes in high-

resolution electron sources (e.g., STEM electron guns), a series of characterization

experiments was conducted. The focus was placed on investigating both morpho-

logical and chemical properties of the oxide films. These analyses were initially

performed on planar tungsten substrates, because of tips shapes limitation.

Tungsten tips were fabricated using a two-step electrochemical etching process

from high-quality polycrystalline tungsten wire. Due to the geometrical differences

between flat sheets and sharp tips, slight process modifications were necessary to

ensure comparable oxide formation. In the case of thermal oxidation, the entire

surface of the tip was exposed to oxygen, whereas during anodization, only the

part submerged in the electrolyte was oxidized. As a result, oxidation procedure

duration for the tips were adjusted independently for each method to account for

the reduced active area and to achieve similar oxide thickness and uniformity. These

adjustments aimed to preserve film integrity and maintain consistency in functional

performance.

Two preparations techniques were explored for forming thin tungsten oxide lay-

ers: thermal oxidation and electrochemical anodization. These processes differ in

terms of growth mechanism, surface coverage, and controllability. Initial charac-

terization involved determining the arithmetic mean surface roughness (Ra) and

analyzing the chemical composition of the produced layers. Based on these results,

optimal oxidation conditions were selected for subsequent experiments on tungsten

tips. In this chapter, the methodology of realization and assessment of two main

coating techniques—thermal oxidation and anodic oxidation—applied to tungsten

planar substrates and electrochemically etched tungsten tips will be discussed.

Following oxide growth and characterization, field emission properties were eval-

uated using Field Electron Microscopy (FEM). This technique enabled direct visu-

alization of emission patterns and provided insight into the electron emission be-

havior of individual tips. Quantitative analysis was subsequently performed using

Murphy–Good formalism, which allowed extraction of key emission parameters such

as the field enhancement factor and effective work function. These measurements

served to correlate the observed morphological and chemical modifications with func-

tional performance, thereby assessing the suitability of the oxide-coated tips for CFE

applications.
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3.1 Fabrication of Tungsten Tips by Electrochemical

Etching

Polycrystalline tungsten wire (10 mm length, 0.3 mm diameter, 99.9+% purity;

Goodfellow Cambridge) was shaped into sharp emitters using a two-step electro-

chemical etching method [81] in a semi-automated device (Armin v.2 and Armin v.3,

Attachment 6). The base material, produced by powder sintering, was etched in

2 M NaOH at 6.9 V DC. This concentration, slightly lower than the 2.5 M used in

[81], slowed the etch rate and improved apex sharpness; only 2 M was used in the

final protocol.

The two-step method (Fig. 3.1) consisted of controlled immersion/retraction cy-

cles (1–2.3 mm depth) with real-time current monitoring. Etch current was varied

between 6.5–22 mA. Meniscus detachment was detected by a 240 µA or higher cur-

rent drop, triggering the polishing phase. Optimal immersion depths were: polishing

1.6 mm, first etch 1.5 mm, final etch 1.9 mm. The tungsten cathode was centered

inside a cylindrical platinum anode to minimize contamination.

Fig. 3.1: The illustration of difference between one and two step etching. For poly-
crystalline material needs to be used two-step method. The pictures were taken
from [81].

The main electrochemical reactions in 2 M NaOH are [27]:

Anode: W + 8OH− → WO2−

4 + 4H2O + 6e− (3.1)

Cathode: 6H2O + 6e− → 3H2 + 6OH− (3.2)

Overall: W + 2OH− + 2H2O → WO2−

4 + 3H2 (3.3)

From the E–pH diagram of the W–H2O system at 300 K (Figure 3.2), the primary

electrochemical etching product under highly alkaline conditions (pH ≈ 14.3) is the
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Fig. 3.2: E-ph diagram for the W-H2O system at room temperature (300 K), taken
from [82].

tungstate ion (WO2−

4 ), leading to Na2WO4 formation. Subsequent oxidation in

air is expected to produce a surface layer containing WO3 and Na2WO4.

3.2 Surface Cleaning and Pre-treatment Procedures

In this study, planar polycrystalline tungsten sheets were employed for pre testing,

each with dimensions of 10 × 10 mm, a thickness of 1 mm, and a declared chemical

purity of 99.95%. Samples were bought polished in very low roughtness. For cleaning

were used deionized water and ethanol.

For cleaning tungsten tips, harsher conditions were needed than for sheets, as the

sheets had already been purchased in high quality, but tips were crated in our lab.

At first, before etching of the tungsten wire, the polishing by acceleration voltage

(AC) was made. Then methods of cleaning after creation of tips were examined in

this study included both conventional chemical etching (macroetching) and milder

solvent-based approaches. In particular, the following procedures were tested and

compared:

Cleaning with a 1:1 mixture of ammonia (NH3) and deionized water (H2O), with

varying incubation times ranging from 1 to 10 minutes, followed by thorough rinsing

with deionized water and ethanol.
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Etching with hydrofluoric acid (HF) at two different concentrations — 20 % and

50 %. Samples were immersed for durations optimized to remove native oxides while

minimizing surface damage or over-etching.

A combined cleaning method involving an initial rinse with ethanol and deionized

water, followed by immersion in 20% HF. This multi-step approach aimed to remove

organic contaminants prior to oxide dissolution.

All samples were handled in a clean environment using PTFE tweezers.The ef-

fect of each method on the tungsten surface was evaluated using SEM to observe

morphological changes.

3.3 Controlled Thermal Oxidation

Prior to the actual oxidation step, the vacuum chamber was subjected to a pre-

cleaning phase using high-purity oxygen. This step lasted approximately 10 min-

utes and was performed at a pressure higher than the subsequent working pressure.

For example, if the intended oxidation pressure was 103 Pa, the pre-cleaning step

was conducted at 1.3 × 103 Pa; for an oxidation pressure of 104 Pa, pre-cleaning

occurred at 1.3 × 104 Pa. The primary objective of this oxygen pre-treatment was

the removal of residual contaminants—particularly hydrocarbons—present on the

chamber walls and internal surfaces. Contaminant removal is crucial for preventing

parasitic reactions and ensuring the uniformity and chemical purity of the growing

oxide layer.

Two preheating durations were systematically investigated: a longer period of

200 minutes and a shorter one of 30 minutes. During preheating, the chamber was

maintained under low-pressure conditions (267 Pa) while ramping the temperature

to the selected target level. This gradual temperature increase minimized thermal

shock to the samples and promoted stable conditions for subsequent oxidation. Once

the desired temperature was achieved, the oxidation step was initiated and sustained

for 30 minutes. The working pressure during oxidation was maintained at either 103

or 104 Pa, and three different temperatures were evaluated: 550 ◦C, 650 ◦C, and

750 ◦C. High-purity oxygen was continuously introduced into the chamber using a

precision rotary valve, which maintained a steady inflow and minimized pressure

fluctuations. Notably, a transient increase of approximately 733 Pa was typically

observed before pressure stabilization, a phenomenon attributed to initial oxygen

backflow and thermal expansion.

The oxidation furnace used in this study was the OTF-1200X model, manu-

factured by MTI Corporation. This horizontal tubular furnace is equipped with

a quartz glass reaction tube and a ceramic substrate tray for supporting samples

during processing. The system incorporates integrated thermocouples for accurate
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temperature control and monitoring. To facilitate post-process cooling, external

water-cooled hoses were connected to the furnace ends, enabling a controlled de-

scent in temperature.

Depending on the selected preheating duration, the total duration of the thermal

oxidation process (excluding cooling) was either approximately 230 minutes (for the

long procedure Fig. 3.3a) or 60 minutes (for the short one Fig. 3.3b). Cooling

rates varied with both the maximum process temperature and ambient pressure but

generally required 250–350 minutes to reach a temperature near 220 ◦C, at which

point the samples were deemed safe to handle and removed from the furnace. The

deviation between the programmed heating profile and the real thermal response

(see Fig. 3.3) arises from the finite thermal inertia of the system. In particular, the

long cooling times correspond to the highest order of thermal inertia, dominated by

the thermal mass of the furnace insulation and surrounding materials, which delays

heat release on the order of several hundred minutes.

All thermal oxidation conditions were chosen based on the classical work of

Gulbransen et al. [6], who investigated the oxidation kinetics and phase transitions

of tungsten oxides under controlled high-temperature conditions.

Fig. 3.3: Approximate time progression for thermal oxidation (a: long procedure, b:
short procedure). For tungsten tips, a shorter oxidation process was implemented.
Based on initial results, the optimal conditions were chosen as 550 ◦C, 103 Pa, and
a preheating duration of 30 minutes. The tips were oxidized at 550 ◦C for only 10
minutes due to their smaller surface area compared to the tungsten sheets.

In addition to flat tungsten substrates, selected sharp tungsten tips were also

subjected to thermal oxidation. Due to their significantly smaller surface area and

different thermal mass, a modified, shorter oxidation protocol was applied. Based

on preliminary results from flat sample oxidation, optimal conditions for tip treat-

ment were identified as: oxidation at 550 ◦C and 103 Pa, preceded by a 30-minute
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preheating phase. However, the oxidation step itself was limited to 10 minutes to

avoid excessive oxide growth, which could compromise the sharpness and emission

properties of the tips.

3.4 Anodic Oxidation and Layer Formation

Fig. 3.4: Armin v.1 device which has been modified for anodic oxidation. The
process is controlled by a matlab script, which operates with voltage source and
multimeter.

Anodization of tungsten was carried out in 0.33 M phosphoric acid (H3PO4,

pH ≈ 1.2), selected for its stability and efficiency in forming WO3 layers [82, 83, 84].

Based on the E–pH diagram from Fig. 3.5 for the W–H2O system, these con-

ditions favor the formation of stoichiometric WO3 as the dominant oxide phase.

Polycrystalline tungsten sheets (10 × 10 mm, 1 mm thick, 99.95 % purity) were

anodized at room temperature (22–25 ◦C), as visible on Figure 3.4 and 3.5, us-

ing a programmable DC source (KEYSIGHT E3649A) and a precision multimeter
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Fig. 3.5: Photograph of the anodization set-up: (1) electrical connection to the
cathodes; (2) electrical connection to the anode; (3) sample holder with screw fixa-
tion; (4) electrolytic dish. For tip-shaped samples, the holder was adapted to their
geometry, as also the dish with a platinum cathode were changed to circular shape,
ensuring uniform anodization along the tip perimeter.

(KEYSIGHT 34410A) for current monitoring, both controlled via MATLAB. The

tungsten specimen served as the anode, with a Pt counter-electrode placed opposite

in the electrolyte cell. Voltage (5–35 V) and duration (10–120 min) were varied to

study oxide growth kinetics.

Current–time curves typically exhibited an initial rapid drop, followed by slower

decay, consistent with barrier-type oxide formation. For tip anodization, the same

setup was used with reversed polarity relative to etching. Prior to anodization, tips

were briefly electrochemically polished (few seconds, AC voltage) to reduce surface

roughness. Due to their smaller geometry, anodization times of oxidation procedure

was shortened 5x. Anodized samples were dried in air for at least one hour before

further characterization.

For tip anodization, the same setup was used with reversed polarity relative

to etching. Prior to anodization, tips were briefly electrochemically polished (few

seconds, AC voltage) to reduce surface roughness.
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3.5 Field Emission Microscopy (FEM) Setup

A detailed schematic of the Field Emission Microscopy (FEM) setup is presented in

Figure 3.6 and photo of real device at Figure 3.7. The experimental configuration

primarily adopts a triode geometry, in which the emitter under investigation is

mounted as the cathode. An extractor electrode with a miniature aperture (typically

1 mm in diameter) is placed in close proximity to the emitter to shape and enhance

the electric field. The distance between the cathode tip and the extractor can be

finely adjusted in the millimeter range to optimize emission conditions and focus

the electron beam.

Fig. 3.6: Schematic of the FEM, taken from [81].

Further downstream, a grounded anode with a significantly larger aperture is

used to collect the majority of the emitted electrons. Positioned behind the an-

ode is a collector electrode, consisting of a cerium-doped yttrium aluminum garnet

(Ce:YAG) scintillator coated with a 30 nm thin aluminum layer. This scintillator

serves a dual function: it converts a portion of the incident electrons into visible

light, which can then be imaged by a camera, and it allows simultaneous current

measurements via a picoammeter connected to the same circuit.

The macroscopic distance between the cathode tip and the anode is adjustable

between 1 and 40 mm, with a typical working distance of approximately 2-4 mm.

The system is housed within an ultrahigh vacuum (UHV) chamber capable of reach-

ing base pressures better than 1 × 10−7 Pa, which is crucial to prevent electron

scattering and contamination during prolonged emission measurements. For these

reason, the turbo-molecular pump put it to lower vacuum and then iont pumps were

turn on, which are able to go to the ultra high vacuum.
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Fig. 3.7: Photograph of the FEM device configured for (a) planar samples and
(b) cathode field emission (CFE) tip measurements. 1. Ion pump; 2. Lead to
the picoammeter for nanoampere current measurement; 3. Leads from the heating
bands to the DC power supply for sample heating; 4. Power supply connection
to the ion pump; 5. Outlet to the turbomolecular vacuum pump; 6. Observation
window.

Fig. 3.8: Examples of the emission patterns visible from windows of FEM set-up
a) distant wive, anodization 5 V, acceleration voltage 6.06 kV b)close wive only on
emission pattern, anodization 5 V, without extractor, acceleration voltage 4.85 kV.

A typical measurement procedure involved gradually increasing the acceleration

voltage in small steps of approximately 1–5 V/s until the desired value was reached.

Once set, the acceleration voltage was kept constant at the cathode, while the ex-

tractor voltage was progressively raised to initiate and control field emission. When

the local electric field exceeded the material-specific threshold, electrons tunneled

through the surface potential barrier and were emitted into the vacuum. These

electrons were subsequently collected on a YAG screen, where they produced char-
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acteristic emission patterns reflecting the surface morphology, crystallographic ori-

entation, and emission uniformity of the tip. The examples of resulting patterns

were illustrated in Figure 3.8. The emission current was measured using a picoam-

meter. Current–voltage (I–V) characteristics were obtained not only during the

gradual increase of the applied voltages but also during their controlled decrease,

primarily by reducing the extractor voltage. In cases where the initial estimate of the

required acceleration voltage proved insufficient and an excessively high extractor

voltage would otherwise have been necessary, the acceleration voltage was further

increased. Importantly, this adjustment was never performed simultaneously with

changes to the extractor voltage, which remained fixed during such corrections.

3.5.1 Performance Characterization and Emission Analysis

To evaluate the quality and performance of the fabricated emitters, two key experi-

mental protocols are employed: long-term stability measurements and quantitative

field emission testing using I–V characteristics.

The current-voltage (I–V) measurements provide critical information about the

electron emission behavior of the tip. Parameters such as threshold voltage, onset

of emission, and emission stability can be extracted. The analysis of these measure-

ments is typically performed using theoretical models based on quantum tunneling,

such as the classical FN equation and its more accurate modern variant, the Ex-

tended MG formalism.

The orthodox emission test is then conducted to assess the validity and reliability

of the collected data. This test involves extracting several key emitter parameters as

voltage conversion length (ζ) or formal emission area (Af ). The ζ defines the effective

distance over which the applied voltage translates into the local electrostatic field at

the tip apex. (αf ) – presence ratio of the emitting area to the geometrical surface

area, reflecting the degree of emission localization.

These parameters are extracted from MG plots and entered into specialized anal-

ysis software, which compares the results against benchmark datasets spanning the

historical range of 1926 to 1972. Through this comparison, the emitter’s performance

can be rigorously classified, aiding in determining if its CFE emission and potential

suitability for applications in high-resolution electron-beam instruments [27].
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4 Results of Tungsten Oxide Thin Films De-

position and Characterization of Tungsten

Field Emitters

This chapter presents the experimental results related to the preparation, characteri-

zation, and evaluation of amorphous tungsten oxide thin films deposited on tungsten

field emitters. The main goal of this part of the thesis is to understand how the

deposition method and resulting structural properties of tungsten oxide layers affect

the field emission behavior of coated tips.

In the first part of the chapter to support the experimental findings and deepen

our understanding of electron transport across thin dielectric films, we also intro-

duce a simplified piecewise potential model describing the potential energy barrier

within the WO3 layer, as we assume that this will be the prevailing stoichiometry.

This model, based on the WKB approximation, allows us to estimate tunneling

probabilities through the oxide under an applied electric field and to visualize the

role of barrier shape and dielectric properties in CFE.

In addition, finite element simulations were conducted using COMSOL Mul-

tiphysics 6.1 to model the electrostatic field distribution in the emitter-extractor

system. These simulations provide detailed insight into the spatial variation of the

electric field around the tip, the resulting field enhancement, and the expected elec-

tron trajectories.

Then, building on the aims outlined in the previous chapter, we focus here on

the coatings characterization in detail using a combination of advanced microscopy

and spectroscopy techniques, allowing us to evaluate their morphology, thickness,

chemical composition, and roughness.

The second part of the chapter is devoted to the analysis of field emission per-

formance of the coated emitters. Using FEM, we investigate the current–voltage

characteristics, stability, and emission onset voltages. The results are interpreted

using theoretical models, including the Extended Murphy-Good equation and or-

thodoxy tests, to extract key physical parameters such as field enhancement factors

and effective emission area.

The results presented in this chapter thus form the experimental core of the

thesis, combining material science insights with practical emission measurements.

Where possible, we correlate the structural and chemical features of the WO3 layers

with emission performance metrics, providing a comprehensive view of how surface

engineering can enhance the stability and brightness of field electron sources.
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4.1 Potential Profile Modeling for Cold Field Emis-

sion in W-WO3

Understanding electron transport across thin dielectric layers, such as WO3, is criti-

cal for describing CFE phenomena. In particular, the tunneling behavior of electrons

through these layers is governed by the shape and height of the potential energy bar-

rier they encounter.

In this section, we present a one-dimensional, piecewise-defined potential energy

profile U(z), constructed and visualized using Wolfram Mathematica 11. It models

the effective barrier experienced by an electron moving in the direction z normal

to the WO3 oxide surface. The oxide layer has a thickness toxide = 15 nm, with

z = 0 representing the metal-oxide interface and z = d the oxide-vacuum boundary,

showed in 4.1. The general form of this potential is introduced and further discussed

in Chapter 1.7.1, within the framework of the WKB approximation equation 1.9.

As illustrated in Figure 4.1, the potential barrier exists approximately in the

region between z = 15 and z = 19 nm, corresponding to the oxide-vacuum interface

and the vacuum region itself. An electron emitted from the metal must tunnel

through this potential to escape into vacuum.

Fig. 4.1: Potencial profile across tungsten with WO3 15 nm thick layer.The potential
is plotted with respect to an arbitrary reference level at the metal–oxide interface.

The model incorporates several physical effects: (i) the intrinsic potential barrier

due to the insulating WO3 layer (from z = 0 to z = 15 nm), (ii) the influence

of the external electric field, which induces barrier lowering and narrowing, and

(iii) image charge effects near the oxide-vacuum boundary. These contributions

collectively modify the effective barrier shape and height, and thus play a crucial

role in determining the tunneling probability.
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Figure 4.2 shows the evolution of the potential barrier under increasing applied

electric fields. As the field strength rises, the potential barrier becomes narrower

and lower, significantly enhancing the probability of quantum tunneling. This effect

is clearly visible in the shrinking width of the potential barrier region (highlighted

by curved lobes in the plot). For reference, the energy zero in this plot is taken to

be the Fermi level of the metal emitter.

The presented potential profile serves as a foundation for calculating tunneling

probabilities and emission currents, especially under high-field conditions typical of

cold field emission.

Fig. 4.2: Potencial profile across tungsten with WO3 15 nm thick layer. Here, the
potential is aligned to the Fermi level of the metal emitter, set as the zero of the
energy axis.

Tab. 4.1: Parameters used in Mathematica 11 potential profile modeling.

Symbol Description Value

EB barrier height at the metal–oxide interface 1.5 eV

ε0 Vacuum permittivity 8.9.10−12 F/nm

εr Relative permittivity 10

e Elemental charge 1.6.10−19C

ϕ Work function of the metal 4.5 eV

toxide Oxide thickness 15 nm

Fapp Applied eletric field 1(0 − 2) eV/nm

EF Fermi energy of the emitter material −4.5;0 eV
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4.2 Finite Element Method (COMSOL)

Finite element simulations were conducted using COMSOL Multiphysics 6.1 to eval-

uate physical quantities that require the solution of complex partial differential

equations (PDEs). Specifically, the simulations focused on determining the elec-

tric potential distribution around the cathode. From this distribution, the region

exhibiting the highest field gradient was identified and designated as the emission

surface. In addition, the simulation allowed for the visualization of electric field lines

between the extraction electrode and the cathode tip, which is crucial for evaluating

the trajectories of charged particles accelerated through the extraction systém.

The modeling process in COMSOL generally follows several key steps. First,

the spatial dimensionality of the model is defined. Given the axial symmetry of

the geometry, a two-dimensional axisymmetric model was employed. This setup

enables COMSOL to internally generate a three-dimensional representation while

significantly reducing computational demands.

Subsequently, the appropriate physics module must be selected. In this work, the

Electric Currents module was used, as it provides the necessary mathematical and

physical framework for solving electrostatic field problems. Following the selection

of the physics and the study type, model construction and configuration can begin.

The geometry of the emitter was designed with a primary focus on the tip, as this

region has the greatest influence on the local electric field and hence on emission

properties. The end of the tip is rounded rather than sharp, reflecting realistic

fabrication outcomes.

Once the work plane was defined and revolved to form the axisymmetric geom-

etry, the model was meshed using geometric elements tailored to capture both fine

and coarse features of the structure. A thin oxide layer was included in the model,

with adjacent boundary layers implemented to better resolve its curvature and in-

teraction with the surrounding material. For most of the geometry, the predefined

„extremely fine“ mesh setting was applied. However, in areas where this resolu-

tion was deemed insufficient—particularly near the tip—custom mesh settings were

defined, with a maximum element size of 5 nm.

Figure 4.3 presents a 2D schematic of the emitter region, highlighting areas

meshed with the predefined „extremely fine“ setting (in blue) and those with a

custom-defined mesh (in white). Figure 4.4 shows specifically fine mesh on the tip

apex and there is also visible boundary layer mesh for oxide layer. As expected,

the simulation reveals the highest electric field gradients near the cathode surface.

This field enhancement enables the generation of local field strengths sufficient for

electron emission. For a tip radius of 100 nm with 30 nm oxid layer thikness and

an extraction voltage of 2000 V and voltage on cathode -4500 V, the local electric
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Fig. 4.3: 2D schematic of the emitter region, highlighting areas meshed with the
predefined „extremely fine“ setting (in blue) and those with a custom-defined mesh
(in white)

field at the emitter surface at tip reaches approximately 3.6 V/nm, which align with

applied fields for CFE regime [13]. For blunter tip, with higher oxide layer we need

to increase applied voltage to get simmilar values. For 200 nm oxid layer at 100 nm

tip radius extraction voltage 4000 V and voltage on cathode -6500 V the emitter

local electric field at tip reaches approximately 2.9 V/nm.

Tab. 4.2: Geometric and electrical parameters used in COMSOL simulation.

Symbol Description Value
Rc Radius of cathode base 150 µm
rtip Radius of cathode tip 100 nm
rap Aperture radius (extraction electrode) 500 µm
ra Anode radius 4 mm
h Cathode–anode separation distance 3 mm
Rch Chamber radius 8 mm
Vacc Acceleration voltage −4.5 to −6.5 kV
Vext Extraction voltage 2-4 kV
toxide Thickness of oxide layer 30-200 nm
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Fig. 4.4: Zoom on the mesh around tip.

Fig. 4.5: Picture show electric field distribution (left) and the computed trajectory
of electrons (right). This is for tip with 200 nm oxid layer.

The resulting electric field lines are shown in Figure 4.5. The simulation clearly

illustrates the bending of these lines toward the aperture of the extraction electrode,

which defines the direction of particle acceleration. The exact configuration of the
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field lines depends on multiple parameters, including the extraction voltage, the

cathode tip radius, the aperture size in the extractor electrode, and the spacing

between the cathode and the extraction electrode.

Figure 4.5 also includes the computed trajectory of electrons, where the green

lines indicate electrons that were not captured by the extracor. The corresponding

input parameters used for defining the cathode and its surroundings are summarized

in the following table 4.5.

In general, we observed, that the sharper the tip apex, the lower the voltage re-

quired to achieve a high local electric field, and thus the earlier electron emission be-

gins. However, this also strongly depends on the quality of the surface layer, as CFE

is highly sensitive to any surface residues. Due to the high voltage involved—and

the associated heating or even explosive electron emission—there is a risk of altering

the original tip geometry through a quasi-steady-state phase transition into plasma.

Although these heating effects we have not been investigated through modeling be-

cause of their complexity, they are known from the literature [40] and from our own

experimental observations. In principle, if a single-atom apex or a stable conductive

channel through the oxide could be reliably maintained, such a configuration could

provide a strong emission source at relatively low voltages [85]. However, achiev-

ing and preserving such a delicate structure under realistic operating conditions

would be extremely challenging. Therefore, we will attempt to experimentally find

conditions that can produce stable emissions and maintain it.

4.3 Characterization of Tungsten Sheet Substrate

The reference (untreated) tungsten sample exhibited a polycrystalline microstruc-

ture, as shown in Figure 4.6. Large crystalline grains, several micrometres in size,

were visible in specific orientation and also smaller areas where the grain direction

changes slightly were revealed by EBSD analysis. SEM imaging further identified

surface imperfections, such as protrusions, shallow pits, and deformation features.

These are likely remnants from mechanical polishing or chemical cleaning processes

used in substrate preparation. Also as different orientations have distinct electron

refrectivity properities, large change in orientations were visible even by SEM as

darker and brighter areas.

Notably, Figure 4.6e also presents one of the oxidized samples displaying vis-

ible colour gradients across its surface. These colour variations are indicative of

oxide layer thickness changes, with darker regions corresponding to thicker films

and lighter regions to thinner areas (also depended on other conditions, as exact

chemical composition of oxide [86]). The oxide colours observed ranged from light

brown to deep blue, which is consistent with known interference effects associated
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Fig. 4.6: a) Presents an EBSD analysis of a tungsten reference sample, showing
visible crystalline structures. In the SEM image b), crystal orientations appear as
areas of varying brightness. Panel c) provides the EBSD legend, where blue indicates
111 orientations, red 001, and green 101, with black areas remaining undistinguished.
Panel d) displays an untreated tungsten reference sample and e) tungsten with thin
oxide layer.

with varying oxide thickness on tungsten surfaces [6, 87]. These visual differences

serve as a qualitative confirmation of successful oxide growth and are in line with

expected changes during oxidation.

4.4 Oxide Layers Formed by Thermal Oxidation

Thermal oxidation experiments were conducted to systematically investigate the

influence of temperature, oxygen pressure, and preheating duration on the structural

and chemical properties of tungsten oxide layers. Conditions were selected based

on the oxidation kinetics reported by Gulbransen et al. [6], ensuring reproducible

growth of WO3 and its substoichiometric phases under controlled environments.
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4.4.1 Evaluation of Morphology by AFM

Surface morphology was systematically studied for thermally oxidized tungsten sam-

ples under various experimental conditions, with a primary focus on the influence of

oxidation temperature, vacuum level, and heating duration on the resulting rough-

ness of the oxide layer. As previously observed, thermal oxidation can reduce surface

roughness on initially rough samples [88]. However, when starting with a smooth

tungsten surface, oxidation tends to increase roughness due to stress-driven surface

reconstruction and uneven oxide nucleation.

AFM revealed that samples oxidized at a pressure of 103 Pa exhibited lower sur-

face roughness compared to those oxidized at 104 Pa. Specifically, the arithmetic

mean roughness (Ra) decreased from approximately 240 ± 8 nm to 210 ± 20 nm,

motivating the selection of 103 Pa as the preferred pressure for subsequent experi-

ments.

Regarding thermal treatment duration, both long and short oxidation protocols

were tested. Interestingly, both methods yielded comparable surface roughness val-

ues, suggesting that extended heating was not critical for achieving a homogeneous

oxide film under the selected conditions.

Figure 4.7 and 4.8a and table 4.3 presents AFM images and arithmetic mean

roughness of selected thermally oxidized samples. Samples oxidized at 550 °C using

the short protocol (Figure 4.7c) exhibited relatively smooth surfaces, with isolated

protrusions likely resulting from localized defects or uneven oxidation. These fea-

tures are consistent with the Volmer-Weber growth mechanism, where the initial

oxidation proceeds through the formation of separate oxide islands that eventually

merge into a continuous film. This mode of growth inherently leads to surface non-

uniformities, especially in the early stages of oxidation. At higher temperatures (e.g.,

750 °C), increased roughness and crack formation were observed (Figure figs. 4.7a

and 4.7e), which could be attributed to enhanced grain boundary oxidation and

stress-induced delamination due to volumetric expansion of the oxide. Further-

more, at elevated temperatures, differential thermal expansion between the oxide

and metal may introduce mechanical strain, contributing to ridge formation and

surface cracking.

While moderate surface roughness can enhance field emission by increasing the

local electric field at protrusions, excessive roughness or sharp discontinuities in-

crease the risk of electrical breakdown, arcing, and emitter degradation. Hence,

optimizing oxidation conditions to balance surface morphology and emission per-

formance is critical. The influence of tungsten’s polycrystalline nature cannot be

overlooked, as grain orientation affects oxidation rates, diffusion pathways, and stress

accumulation—ultimately shaping the surface topography during oxidation [89].
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Fig. 4.7: AFM topographic measurements of polycrystalline tungsten samples
thermo-oxidized under various conditions: a) short procedure, 750 °C; b) short
procedure, 650 °C; c) short procedure, 550 °C; e) long procedure, 750 °C; f) long
procedure, 650 °C; g) long procedure, 650 °C at lower vacuum (103 Pa instead of
104 Pa); d) reference sample, 100 × 100 µm area; h) reference sample, zoomed to
2 × 2 µm area. Unless otherwise noted, measurements were taken from a 30 × 30 µm
area.

4.4.2 Results from Chemical Characterisation by XPS

XPS measurements were performed to assess oxidation states and oxide compositions

in the top layer. XPS was particularly useful for identifying the oxidation states of

tungsten and oxygen within the oxide layer (as O/C ratio), as well as detecting any

potential contaminants that could compromise the performance of the oxide films.

The initial XPS spectra acquired from thermally oxidized samples revealed signif-
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Fig. 4.8: a) Averaged results of arithmetic mean roughness and b) percentage rep-
resentation of oxygen compared to carbon before and after Ar cleaning of thermally
oxidized samples.

icant surface contamination, primarily due to adsorbed hydrocarbons, atmospheric

moisture, and potential residues from the vacuum chamber environment. This was

particularly evident in the O/C ratios, becouse of elevated carbon (C 1s) signals

and suppressed O 1s and W 4f intensities, which complicated the accurate interpre-

tation of the oxidation states (Fig. 4.8b, Tab. 4.3). To mitigate this issue, Ar+

ion sputtering (2.5 keV, 90 s, rastered over 3 × 3 mm2 area) was applied to all

samples prior to detailed spectral analysis. Postcleaning results revealed substantial

differences. For instance, a sample oxidized at higher pressure with a very low O/C

ratio (1.3 ± 0.2) exhibited the second-highest value (3.4 ± 0.4) after the cleaning

process. It is suggesting that carbon contamination in the native state masked the

actual oxide composition. Carbon contamination was particularly notable in low-

temperature oxidation runs, highlighting the importance of surface pre-treatment

for accurate characterization.

Post-cleaning results showed marked improvements in spectral clarity. The re-

moval of the surface contaminants revealed distinct peaks corresponding to tungsten

oxides, and the O/C ratio increased substantially—especially in samples thermally

oxidized at 550 ◦C and 103 Pa. In this sample, the W 4f7/2 peak was centered at

35.5 eV, closely matching the characteristic binding energy of WO3 (36.1 eV for crys-

talline phase), rather then WO2 (33.1 eV), indicating that the dominant species was

stoichiometric tungsten trioxide [90]. However, all thermo oxidated samples after

Ar+ spattering had O/C ratio 3 or more and based on positioning W 4f7/2 peak are

closer to binding energy of WO3 then WO2. The most significant influence on the
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shape of the W 4f peaks was the different pressure in the chamber, compared to

temperature or time, shown in the Fig. 4.9b-4.9c. W 4f peaks for reference sample

are shown at Fig. 4.9a, there are peaks for native oxide, but also for tungsten which

after oxidation are no longer visible. O/C ratios derived from XPS for thermal

oxidated samples were presented in the table 4.3 and at Fig. 4.8b.

Tab. 4.3: XPS Results including O/C Ratios and Arithmetic Mean Roughness for
Thermally Oxidized Samples.

Parameter Short procedure Long procedure
Temperature(◦C) Ref 550 ◦C 650 ◦C 750 ◦C 650 ◦C 750 ◦C 650 ◦C (104 Pa)
Arithmetic mean roughness [nm] 12 ± 4 23 ± 3 134 ± 3 130 ± 20 210 ± 20 450 ± 100 240 ± 8
O/C Ratio 1.1 ± 0.2 2.1 ± 0.4 2.4 ± 0.5 2.8 ± 0.3 2.2 ± 0.2 2.3 ± 0.2 1.3 ± 0.2
O/C Ratio after Ar ion cleaning – 3.9 ± 0.7 3.0 ± 0.6 3.1 ± 0.3 3.1 ± 0.3 3.0 ± 0.3 3.4 ± 0.4

Fig. 4.9: Example of XPS chemical analyses of a) reference sample with tungsten
and native oxide b) polycrystalline tungsten thermo-oxidized at 650 °C at 104 Pa
and c) 650 °C at 103 Pa.
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4.4.3 Effect of Oxidation Conditions on Layer Thickness and

Uniformity

Since direct analysis on the tip is challenging, it was instead performed on selected

tungsten sheets. For thermal oxidation, a sample produced at 550 ◦C using a short

process appeared most promising due to previous tests. FIB milling determined a

layer thickness to approximately 240 nm as shows Figure 4.10. The uniformity of the

layer was also confirmed, with minimal variations in thickness across the analysed

area. The combination of moderate thickness, low roughness (compared to thermally

oxidized samples at higher temperature), and a high O/C ratio rendered this sample

the optimal candidate for further application. Other samples were excluded to FEM

testing on CFE due to excessive predicted thickness and no so preferrable roughness.

Fig. 4.10: Shows determination of layer thickness for a sample created using a short
procedure at 550 °C. The thickness varies slightly but ranges around 240 nm. In
the picture at the top is Pt interface for protection during FIB milling, an oxide
layer is in the middle with highlighted dimensions, and a tungsten substrate is at
the bottom.

4.5 Oxide Layers Formed by via Anodic Oxidation

In parallel with thermal oxidation, electrochemical anodization was explored as an

alternative route to forming oxide layers on tungsten. Anodic oxidation offers the

advantage of room-temperature processing and precise control over oxide thickness

via applied voltage and duration.

62



Fig. 4.11: Anodization current density transient for tungsten foil under 20 V: (1)
initial high current peak due to voltage ramp and rapid oxide barrier formation,
(2) short quasi-stationary regime after reaching 20 V, (3) subsequent sharp decay as
ionic transport through WO3 is hindered, and transition around 120 s into diffusion-
limited growth, (4) followed by stabilization as a dense passivating oxide layer forms.

Figure 4.11 shows a representative current–time curve recorded during 10 min

anodization of tungsten at 20 V. (1) The initial high current peak results from

the voltage ramp up to 20 V and the rapid formation of an oxide barrier layer

on metallic tungsten. (2) After approximately one minute, once 20 V is reached, a

short quasi-stationary period ( 30 s) can be observed. (3) As the oxide layer thickens,

ionic transport (particularly O2− ions) becomes increasingly hindered, leading to a

pronounced current decay. The inflection point around 120 s marks a transition

from kinetically controlled to diffusion-limited growth, possibly involving structural

rearrangements within the oxide. (4) Beyond this region, the current stabilizes at

low values, reflecting the formation of a dense, passivating WO3 layer that strongly

suppresses further ion migration and current flow [91].

After completion of the anodization process, the samples were allowed to rest

for at least one hour in ambient air before any further characterization or testing.

This step ensures sufficient drying and stabilization of the oxide layer, as residual

phosphoric acid and adsorbed water may otherwise influence surface properties or

interfere with subsequent measurements. Once optimal anodization parameters (i.e.,

voltage–time combinations) have been established for flat tungsten substrates, the

similar conditions (because of the different dimensions, the time will be shortened.)

will be applied to the fabrication of oxide-coated sharp tungsten tips. This step

is particularly relevant for studies involving field emission or dielectric breakdown,
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where controlled surface chemistry and uniform oxide coatings play a critical role in

device performance and reproducibility.

4.5.1 Morphological Evaluation by AFM

Fig. 4.12: a) Tip after macroetchants (AFM topographic measurements of poly-
crystalline tungsten samples anodized under various conditions: a) 5 V, 10 min;
b) 7.5 V, 10 min; c) 10 V, 10 min; d) 12.5 V, 10 min; e) 20 V, 120 min; f) 20 V, 10 min;
g) 27.5 V, 10 min; h) 35 V, 10 min. Measurements were taken from an 80–100 µm
area.

Figure 4.12 illustrates AFM topographies of anodized samples with applied volt-

age 5-35 V and duration of anodization from 10 to 120 min, with roughness data

summarized in table 4.4 and in Figure 4.13a. Unlike thermal oxidation, anodization
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yielded a more systematic variation of surface roughness as a function of applied

voltage. Specifically, Ra increased approximately linearly with voltage, reflecting

the growth of the oxide layer and potential changes in crystalline phase or poros-

ity. However, notable deviations were observed at 12.5 V and in the high-voltage

regime (20 V and 35 V), where standard deviations increased significantly. These

fluctuations suggest that at certain thresholds, the anodization process becomes un-

stable—possibly due to the initiation of crystalline tungsten oxide phases, localized

pitting, or increased electrolyte breakdown, which introduces structural inhomo-

geneities.

An important observation was that prolonged anodization at a fixed voltage

tended to reduce roughness slightly, likely due to the smoothing of initially rough

features through continued oxide growth. Nonetheless, surface roughness alone can-

not serve as the sole metric for evaluating oxide quality in this context. The chemi-

cal composition and uniformity of the resulting oxide film must also be considered,

especially since CFE applications require not just morphological but also electri-

cal stability. For example, higher-voltage anodization may introduce stoichiometric

variations in the tungsten oxide (e.g., from WO3 to sub-stoichiometric WOx<3),

which affect conductivity, dielectric strength, and emission properties.

Fig. 4.13: a) The plot of measured average arithmetic mean roughness from samples
anodized at different voltages. b) The degree of oxidation depends on the applied
voltage during anodization, calculated from XPS analysis. The concentration is
0.3 mol/L H3PO4 for all anodized samples.

4.5.2 Chemical Characterization

Distinctive feature of the anodically oxidized samples was the presence of phos-

phorus. This was confirmed by the appearance of a P 2p peak at approximately
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133.1 eV, corresponding to surface-adsorbed phosphate species [92]. The presence of

phosphorus is attributed to the use of phosphoric acid (H3PO4) as the anodization

electrolyte. Quantitative analysis showed that P concentrations reached up to 22 %

in samples anodized at 5–12.5 V, with the highest concentrations detected at lower

voltages and shorter anodization times.

Notably, phosphorus content decreased with increasing voltage and anodization

time, possibly due to enhanced field-driven desorption or reduced surface adsorp-

tion affinity. This trend supports the hypothesis that phosphate groups are pre-

dominantly adsorbed on the surface rather than being incorporated into the oxide

lattice. Such surface species can alter the electronic properties of the oxide layer, for

example by modulating the work function or introducing surface dipoles [93]. In our

case, however, was possible, that phosphoric contamination decrease work function,

which could be desired.

For anodized samples at 12 V, the W 4f2/2 peak was positioned at 35.5 eV,

for anodized samples at 5 V, it has a lower value, such as 35.2 eV. That was still

indicating the dominant species was stoichiometric tungsten trioxide [90]. The O/C

ratio values were 3.2 ± 0.3 for 5 V anodization and 2.6 ± 0.3 for 12 V anodization,

which were significant increase compared to O/C of reference sample with native

oxide 1.1 ± 0.2. Values derived from XPS for anodized samples were shown in the

table 4.4 icluding O/C ratios. Graphical representation of O/C ratios were shown

at Fig. 4.13b. The effect of anodization time on the resulting shape of W 4f peaks

were presented in the Fig. 4.14.

Fig. 4.14: Example of XPS chemical analyses of anodized samples at 20 V for a)
120 min and b) 10 min.

In contrast to thermal oxidation, anodization enabled finer control over oxide

thickness through voltage modulation. There were also changes with prolonging

time, but because they increased undesirable tendencies (as lowering O/C ratio),

the experiments were focused more on changing the voltage. The process displayed
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Tab. 4.4: XPS Results including O/C Ratios and Arithmetic Mean Roughness for Anodized Tungsten Samples.

Parameter Ref 5 V 7.5 V 10 V 12.5 V 20 V (10 min) 20 V (30 min) 20 V (120 min) 27.5 V

O1s 45 ± 5 57 ± 6 57 ± 6 58 ± 6 56 ± 6 24 ± 3 16 ± 2 24 ± 3 57 ± 6
C1s 43 ± 4 18 ± 2 19 ± 2 18 ± 2 22 ± 2 67 ± 7 76 ± 8 67 ± 7 19 ± 2
N1s 3 ± 1 0.7 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 1.2 ± 0.3 2.8 ± 0.6 4.5 ± 0.9 2.79 ± 0.6 0.4 ± 0.1
W4d 9 ± 2 1.7 ± 0.3 0.8 ± 0.2 1.0 ± 0.2 2.1 ± 0.4 1.5 ± 0.3 3.4 ± 0.7 1.5 ± 0.3 1.54 ± 0.3
P2p 22 ± 2 23 ± 2 23 ± 2 19 ± 2 4.7 ± 0.5 1.3 ± 0.2 4.7 ± 0.5 22 ± 2
Ra [nm] 12 ± 4 19 ± 3 17 ± 7 22 ± 1 33 ± 3 25 ± 1 23 ± 1 35 ± 1 42 ± 10
O/C ratio 1.1 ± 0.2 3.2 ± 0.3 3.0 ± 0.3 3.3 ± 0.3 2.6 ± 0.3 0.4 ± 0.1 0.22 ± 0.05 0.36 ± 0.07 2.9 ± 0.3

Tab. 4.5: EDS Measurements for Anodized Tungsten Samples.

Element Ref 5 V 12.5 V 20 V (10 min) 20 V (30 min) 20 V (120 min) 27.5 V

W 95.70 96.02 88.29 86.98 89.19 89.77 86.28
O 3.23 3.98 9.95 11.89 8.37 8.31 10.94
P 1.76 1.14 1.39
Others 1.07 2.44 1.92 2.77
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a linear dependence of layer thickness on applied voltage, consistent with field-

assisted migration mechanisms. For example, anodization at 5 V for 10 minutes

resulted in an oxide thickness of approximately 23 nm (Figure 4.15). While this is

significantly thinner than thermally grown layers, such thin films may offer advan-

tages in applications where precise control of tunneling current is required.

EDS measurements confirmed the voltage dependence of oxide thickness (Ta-

ble 4.5), becouse it takes chemical information from volume, therefore increasing

O/W ratio indicate thicker oxide lazer. But also was revealed that higher anodiza-

tion voltages were associated with increased surface phosphorus incorporation, likely

from residual phosphate species in the electrolyte. These contaminants can adversely

affect the dielectric properties and even thougt it can possibly decrease work func-

tion, the increasement of thikness would be of higher inpact on CFE aplication.

4.5.3 Effect of Oxidation Conditions on Layer Thickness and

Uniformity of Oxide Layer

For the anodization process, the layer thickness was significantly thinner, demon-

strating a linear correlation with the applied voltage. For instance, a sample an-

odized at 5 V for 10 minutes achieved a layer thickness of approximately 23 nm,

as confirmed by FIB milling (Figure 4.15). This thickness was considerably lower

than that observed for thermally oxidized samples. Nonetheless, the thinner oxide

layers resulting from anodization may be more beneficial for specific applications

where electron emission control is required, as it can be beneficial for enhanced tun-

nelling. The thickness of anodized layers increased proportionally with voltage, as

corroborated by EDS measurements (SM Table S3). However, higher anodization

voltages were associated with greater surface roughness and increased phosphorus

contamination, which can degrade the overall performance of the oxide layer.

4.6 Comparison of Thermal and Anodic Oxidation

In this section, we present a comparative evaluation of the parameters obtained from

both thermal and anodic oxidation analyses. The purpose of this comparison is to

identify the most promising oxide layer fabrication approach for subsequent testing

of CFE cathode emission properties.

4.6.1 Surface morphology and roughness.

Thermally oxidized tungsten exhibits a pronounced increase in arithmetic mean

roughness Ra with rising temperature, particularly when employing higher temper-
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Fig. 4.15: Shows thickness of anodized sample at 5 V for 10 min, which is around
23 nm. In the picture at the top is W interface for protection during FIB milling, an
oxide layer is in the middle with highlighted dimensions, and a tungsten substrate
is at the bottom.

atures such as 750 ◦C. In the short oxidation protocol, Ra increases from 23 ± 3 nm

at 550 ◦C to 134 ± 3 nm at 650 ◦C and 130 ± 20 nm at 750 ◦C. In the long proto-

col, the roughness at 750 ◦C escalates dramatically to 450 ± 100 nm, compared to

210 ± 20 nm at 650 ◦C. Lower oxidation pressure (103 Pa) yields improved smooth-

ness (Ra = 240 ± 8 nm) compared to the reference at 104 Pa. These observations

indicate that thermal oxidation frequently induces surface degradation (e.g., crack-

ing, ridge formation) at elevated temperatures and extended durations.

Conversely, anodic oxidation offers a more controlled morphological response,

with Ra increasing approximately linearly with applied voltage, albeit with greater

variability at specific voltages (notably 12.5 V and 20–35 V).

Moderate nanoscale roughening arising from either method can be beneficial for

CFE, nevertheless, the surface damage associated with thermal oxidation—such as

pronounced cracks and sharp morphological irregularities—poses a higher risk of

arcing and emitter degradation. Anodic oxidation, is susceptible to localized insta-

bilities at elevated voltages, potentially compromising electrical reliability. Thus,

careful optimization is critical in both cases, with thermal oxidation favoring me-

chanically stable, lower-temperature treatments, and anodic oxidation providing

tunable morphology under more controlled electrochemical conditions.
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4.6.2 Comparative Analysis of XPS Results

Both anodic and thermal oxidation methods improved the O/C ratio compared

to the native oxide, prolonged anodization introduced increasing levels of carbon

and phosphorus contamination. This may arise from residual electrolyte residues

or environmental exposure during post-processing. In contrast, thermally oxidized

samples—especially after Ar+ cleaning—displayed significantly lower contamination

levels and higher chemical uniformity, making them more promising for applications

requiring surface stability and chemical purity.

Furthermore, the combination of XPS data with SEM and AFM observations

suggests that the smoothest and most uniform oxide layers were obtained via thermal

oxidation at 550 ◦C and 103 Pa. These conditions led to low roughness, high oxide

stoichiometry, and minimal residual contamination—attributes desirable for long-

term emitter stability in CFE applications.

The comparison between thermally oxidized and anodically formed oxide layers

revealed several fundamental differences in chemical composition, oxidation state

distribution, and contamination profile. In anodized samples, XPS spectra of the W

4f region displayed binding energies similar to those of thermally oxidized samples at

12 V (35.5 eV), but shifted slightly lower (35.2 eV) in samples anodized at 5 V. This

shift suggests a greater proportion of sub-stoichiometric WOx<3 species, particularly

WO2 or intermediate oxidation states such as WO2.9.

This interpretation is supported by the corresponding O/C ratios: 3.9 ± 0.7

for thermally oxidized samples (550 ◦C), compared to 3.2 ± 0.3 and 2.6 ± 0.3 for

anodized samples at 5 V and 12 V, respectively. The data imply that while thermal

oxidation promotes the formation of more fully oxidized WO3, anodization—due to

its electrochemical nature—results in a mixed-valence oxide layer. These differences

may influence the electronic structure and emission behavior of the oxides, which

are critical for field emission applications.

Figure 4.9, Figures 4.13 and Tables 4.3, 4.4 summarize the XPS spectra and

O/C ratio evolution across various treatments. In the reference sample, metallic

tungsten peaks were visible, indicating incomplete oxidation – form only native

oxide. Thermal or anodic oxidation removed these features, suggesting the formation

of a continuous oxide film. Phosphorus was detected only in anodized samples,

confirming electrolyte-derived contamination.

Although the deconvolution of W 4f peaks could not conclusively resolve the

WO3:WO2 ratio due to low signal intensity and overlapping states, the dominant

presence of WO3 was inferred from peak positions and O/C ratios. Overall, thermal

oxidation appeared to offer superior surface chemical quality, while anodization al-

lowed for finer control of oxide thickness and possibly electronic properties, thought
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there was the higher contamination (of P).

The distinction between crystalline and amorphous WO3 also plays a role in the

observed XPS binding energies. Amorphous WO3 is often associated with lower

binding energy values compared to its crystalline counterpart due to differences

in local atomic coordination and dielectric screening. SEM imaging revealed that

anodized samples exhibited more granular, potentially polycrystalline morphologies,

whereas thermally oxidized samples at lower temperatures were smoother and likely

more amorphous.

The XPS results must therefore be interpreted in the context of both chemical

composition and phase structure. The subtle differences in binding energy observed

between samples may reflect not only the tungsten oxidation state but also the

crystallinity and density of the oxide layer.

4.6.3 Comparison of Layer Thickness and Uniformity

Thermally grown oxide layers tend to be significantly thicker than those formed

via anodic oxidation, primarily due to the diffusion-limited nature of the high-

temperature oxidation process. The oxide layer must be sufficiently thick to provide

stability against environmental factors such as oxidation and contamination while

maintaining a low surface roughness to minimize localized electrostatic field enhance-

ments. As indicated in the literature, dielectric layers with thicknesses ranging up

to 0.2–0.3 µm have been shown to significantly enhance stability under operational

conditions due to protection against ion bombardment [94]. However, excessive

thickness can lead to increased roughness and also suppression in emission current

[95]. Thus, we would test the 240 nm thick oxide at 550 ◦C and ≈23-45 nm thick

oxide from anodization, to find out which could give a balance between sufficient

barrier properties and preservation of favorable surface topography.

4.6.4 Implications for Tips Experiments

Two anodized samples–prepared at 5 V and 12 V for 10 minutes each–were se-

lected to evaluate the influence of oxide thickness and surface roughness on CFE

performance. The 5 V sample exhibited a thin, uniform, and smooth oxide layer

(Ra = 19 ± 3 nm, thickness = 1–23 nm, O/C = 3.2 ± 0.3), indicative of a high de-

gree of surface passivation with minimal geometric perturbation of the emitter apex.

Its combination of low roughness and high O/C ratio was considered particularly

promising for stable, low-noise electron emission. Comparable surface characteris-

tics were for anodization voltages in the range of 7.5–10 V; however, to broaden the

parameter space, a thicker anodized oxide with a slightly lower O/C ratio was also

chosen for investigation: The 12 V anodized tungsten sheets. It exhibited increased
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oxide thickness, moderately higher surface roughness (Ra = 33 ± 3 nm), and a re-

duced O/C ratio (2.6 ± 0.3) compared to the 5 V sample. EDS further revealed an

increase in the O/W ratio, consistent with a thicker oxide layer. Despite its higher

roughness and reduced oxygen content relative to the 5 V sample, the 12 V tip still

possessed properties deemed suitable for CFE testing–namely, the absence of large-

scale surface defects and the retention of a relatively high O/C ratio. This enabled

a direct comparison to determine whether the presumed performance advantages of

the 5 V oxide layer would be borne out experimentally or whether these expectations

might be contradicted.

From thermally oxidized samples (550 ◦C, 10 min) was also included in the study,

representing a substantially different oxide formation route. This sample exhibited a

much thicker oxide layer (240 nm), comparable surface roughness (Ra = 23 ± 3 nm),

and the highest O/C ratio of the set (3.9 ± 0.7). In contrast to the anodized samples,

the thermally grown oxide was free of phosphorus impurities and therefore expected

to be more insulating.

The combination of these three tip variants—thin anodized oxide with high O/C

ratio (5 V), thicker anodized oxide with slightly reduced O/C ratio (12 V), and

thick thermally grown oxide (550 ◦C)– was chosen to provided a well-defined ex-

perimental set for comparative analysis of emission properties. However, because of

their smaller area, the time of procedure creating the oxide layer on the tip during

decreased: to only 10 min from 30 min for thermal oxidation, and to 2 min from

10 min for anodized oxidation. For anodization, the decrease is greater because the

part immersed in the solution is important – only around 1/3 of the tip was im-

mersed (compared to around 0.5 immersed part for sheets), therefore the decrease

in activated surface area was even greater.

4.7 Optimization of Tungsten Tip Fabrication

Lowering the NaOH concentration from 2.5 M to 2 M significantly slowed the etch-

ing rate. This slower etching allowed for improved control over apex geometry,

minimizing tip blunting from over-etching. For this reason, the 2 M concentration

was selected as the standard in the final procedure. The polishing stage at 1.6 mm

immersion, proved effective at removing irregularities from the initial etch 4.16.

The optimization of immersion depth and etching current was critical. During the

first etching stage, depths between 1.0–2.3 mm were tested; optimal sharpness was

achieved at 1.5 mm for the main etching and 1.9 mm for the final stage. The end

of final etch at 1.9 mm immersion were triggered by a 240 µA current drop, proved

effective at removing irregularities from the initial etch. Similarly for Armin version

2, but values of currents etch varied and immersion is defined in steps of motor, not
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in mm. Process is summarized in Table 4.6 and in Fig. 4.17 are example of sharp

edge of tip.

Different tungsten wires exhibited different initial currents at the start of etch-

ing. This variability affected the timing of the polishing stage, suggesting that

future optimization could involve normalizing the start of the second etching stage

as a percentage of the initial current for each wire. Overall, the semi-automated

method allowed high reproducibility across multiple trials. The combination of dy-

namic immersion control, real-time current monitoring, and precise stage sequencing

produced tungsten tips with predictable and reproducible characteristics, however,

mainly because of polycrystallinity and slightly differently cutted wire before etch-

ing, there still were small deviations between tips. Deviations could also be com-

pared with Fig 4.17 to figures from next section of cleaning, for example Fig. 4.20

or Fig. 4.21 where the tip diameter was only ≈88.7 nm.

Tab. 4.6: Process steps and parameters used for electrochemical etching on devices
Armin v.2 and Armin v.3.

Armin v.3 (mm) Armin v.2 (steps)
1 Set movement speed 100 100
2 Surface detection (20 µA) — —
3 Go down 1.6 1,800
4 Polish time 120 s 120 s
5 Go up 2.7 3,999
6 Surface detection (20 µA) — —
7 Go down 1.5 1,450
8 Etch current 16,500 µA 9,000 µA
9 Go up 2.7 3,000
10 Surface detection (20 µA) — —
11 Go down 1.9 1,700
12 Etch gradient 240 µA 240 µA
13 Go up 2.7 Home

4.7.1 Testing of different cleaning procedures

As outlined in Section 1.5, numerous cleaning methods for tungsten tips have been

reported in the literature. However, many of these approaches present challenges in

terms of reproducibility, equipment availability, or the need for highly specialized

setups. In some cases, previously described techniques failed to produce sufficiently

clean or reproducible results, making it unjustifiable to attempt or directly compare

all available methods [44, 45, 96]. Therefore, this work focused on evaluating a
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Fig. 4.16: Example of cleaned tip by polishing. A visible clear boundary where
the polishing reached. Dark bands correspond to residual deformation texture of
tungsten wires, preserved during sintering due to anisotropic grain growth.
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Fig. 4.17: Example of etched tip by the best derived procedure.

set of accessible and practical chemical cleaning procedures to determine the most

effective approach under controlled laboratory conditions.

This comparative analysis was designed not only to identify the most effective

procedure for tungsten cleaning prior to oxidation or emitter use, but also to estab-

lish a reproducible baseline for future preparation of field emission tips and planar

reference samples.

4.7.1.1 Macroetching

The rationale behind the use of macroetching stems from the inherent difficulty in

removing tungsten oxides, which are typically stable and strongly bonded to the

metal surface. Moreover, aggressive acid mixtures employed in macroetching can ef-

fectively dissolve a wide range of surface contaminants, including residual metals and

organic impurities [97, 98]. However, in practice, this method proved to be overly

aggressive. Rather than selectively removing surface contaminants, macroetching

caused substantial material degradation, including significant reshaping of the emit-

ter tips (see Figure 4.18a).

Figure 4.18b illustrates the emergence of “tree-like” surface structures, which

appear as a consequence of the polycrystalline nature of tungsten. The anisotropic

etching rates across different crystal grains result in an uneven and highly irregular

surface. This phenomenon severely disrupts the original microstructure and com-

promises the geometric integrity of the tip. A detailed view of the area near the

tip (Figure 4.18c) reveals the onset of differential etching already at the submicron
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Fig. 4.18: a) Tungsten tip after macroetching in a mixture of 30 ml 31% HCl, 15 ml
65% HNO3, and 30 ml 38% HF. b) Surface morphology showing dendritic structures
formed due to grain-dependent etching. c) Detailed view of the transition region
near the tip, indicating anisotropic etching behaviour.

level, correlating with grain orientation and boundary effects.

Additionally, variations in etching time had minimal influence on the outcome.

All tested exposure durations led to similar destructive results, suggesting that the

macroetching approach lacks the selectivity and controllability required for delicate

emitter tip preparation. Consequently, no time-dependent comparisons are included,

as all tested samples showed extensive damage and loss of functionality.

76



4.7.1.2 Ammonia-Based Cleaning

Ammonia is commonly used in industrial and household cleaning applications due

to its strong degreasing and basic properties [99]. In the context of tungsten emitter

cleaning, however, ammonia showed limited effectiveness. It neither significantly

improved surface cleanliness nor caused notable physical damage to the samples.

1 μm

a)

500 nm

b)

3 μm

300 nm

500 nm

500 nm

c)

d)

e)

f)

Fig. 4.19: Surface morphology of tungsten tip after exposure to NH3:H2O (1:1)
solution at different time intervals: a) untreated tip with pre-existing oxide islands,
b-c) appearance of flakes after 1.5 min, d) initial surface coverage at 2.5 min, e) Same
tip as in Figure 4.19a) after cleaning with ammonia for 3.5 min., f) full surface layer
formed after 20 min exposure.

As shown in Figure 4.19, oxide islands were present both before and after ammo-

nia exposure. Prolonged immersion resulted in visible morphological changes, with

the apparent growth of white surface islands. This behaviour suggests the formation

of ammonium tungstate or related compounds on the tungsten surface, rendering

ammonia unsuitable for cleaning emitter tips under these conditions.

Specifically, as illustrated in Figures 4.19b–4.19f, morphological changes increased

with longer exposure times. After approximately 1.5 minutes (Figure 4.19b-–4.19c),
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surface flakes began to emerge, though their presence near the actual tip remained

limited. By 2.5 minutes (Figure 4.19d), oxide formations started appearing directly

on the tip, and after 3.5 minutes (Figure 4.19e), coverage increased substantially.

After 20 minutes of exposure (Figure 4.19f), a thick, continuous layer enveloped the

entire surface, severely altering the tip morphology.

In conclusion, while ammonia is not suitable as a cleaning agent for emitter

tips, its ability to induce surface transformations could potentially be exploited

for functional layer deposition or sensor applications, where surface modifications

due to ammonia adsorption are desired [100]. The progression of surface changes

with exposure time highlights the rapid kinetics of these reactions and underscores

the importance of precise time control when using ammonia solutions in surface

processing.

4.7.1.3 Hydrofluoric Acid Cleaning

Hydrofluoric acid is one of the most established methods for the chemical cleaning

of tungsten tips, widely used especially in STM and related nanotechnologies. Its

effectiveness lies in its ability to selectively dissolve tungsten oxides (WO3, WO2)

without significantly attacking the underlying metallic tungsten. In this study, HF

treatment was found to be the most efficient among all tested methods, achieving

oxide removal while preserving the overall tip shape.

Since the tips are produced via electrochemical etching in NaOH, a thin layer of

residual sodium tungstate (Na2WO4) often remains on the surface. If the tips are

exposed to HF without prior rinsing, these residues react to form inhomogeneous

and insoluble precipitates, resulting in visible deposits on the surface, as shown in

Figure 4.20a. These structures not only impair the surface quality but may also

affect the emission characteristics of the tip. Therefore, it was necessary to assess

how pre-cleaning treatments before HF exposure influence the final surface state.

Three different pre-cleaning approaches were evaluated: omitting pre-cleaning

completely, rinsing with deionized water only, and a combination of rinsing in

deionized water and ethanol (1:1). It was observed that the water–ethanol mix-

ture produced the cleanest and most uniform surfaces after subsequent HF treat-

ment. Ethanol likely enhances the solubility of organic contaminants and lowers the

surface tension, thereby improving the wetting of the HF solution on the surface.

Figures 4.20c– 4.20f illustrate the progressive improvement in surface cleanliness

depending on the rinsing strategy employed prior to HF exposure.

Moreover, the influence of HF concentration was investigated. Two concentra-

tions—20 % and 50 %—were compared. Both were capable of removing oxides

effectively, but subtle differences in surface morphology were observed. While the
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Despite its effectiveness, HF cleaning is not without limitations. Pre-cleaning of

the tips with deionized water or a water combinated with isopropyl alcohol proved

essential for achieving optimal results. This step facilitates the removal of sodium

tungstate residues, which form during the electrochemical etching of tungsten in

NaOH and would otherwise interfere with HF’s action or lead to insoluble deposits.

A combination of water and ethanol was especially effective, likely due to improved

surface wettability and removal of organic or ionic contaminants.

Nevertheless, it must be emphasized that even with the most meticulous prepa-

ration, achieving a perfectly oxide-free tungsten surface is practically unattainable

under ambient conditions. Tungsten is inherently prone to rapid re-oxidation when

exposed to air, and this process can occur within seconds following the removal from

the cleaning solution. This reactivity presents a significant obstacle for practical

applications, especially in vacuum-based electron emission systems, where surface

purity directly affects emission stability and lifetime.

To mitigate re-oxidation, two strategies can be employed. The first involves

the immediate immersion of cleaned tips into a storage medium, such as ethanol,

water or high vacuum, which limits their exposure to oxygen. The second—and

more promising in the context of high-vacuum devices—involves the application of

a passivating, non-reactive layer directly following cleaning. This layer should ideally

be thin enough not to interfere with the electron emission, yet dense and uniform

enough to prevent uncontrolled oxide growth.

Interestingly, a controlled formation of a native oxide layer, if sufficiently reg-

ular and homogeneous, may be beneficial rather than detrimental. A well-defined

metal–dielectric interface on the emitter tip could help stabilize the emission current

and act as a diffusion barrier, delaying further oxidation. This phenomenon is partic-

ularly relevant in the context of thermal oxidation, where process parameters can be

optimized to develop a desired oxide thickness and morphology. However, inhomo-

geneities in this oxide film—such as local overgrowth, pinholes, or roughness—can

severely degrade performance by causing local field enhancement or altering the

work function, leading to premature tip failure in field emission conditions.

From a practical standpoint, macroetching proved too aggressive for tip applica-

tions, leading to irreversible damage to tip morphology. Similarly, ammonia-based

cleaning resulted in the unintended formation of ammonium tungsten oxide layers,

rendering it unsuitable for oxide removal, though it may have potential in functional

coating or sensing applications. However in conclusion, HF-based cleaning combined

with appropriate pre-treatment (water, ethanol) represents the most viable method

for preparing clean tungsten emitter tips under laboratory conditions.
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milling and subsequently analyzed using both TEM and STEM. It is likely that

the resulting thickness after anodization will be lower than that of an unpolished

surface. This multimodal approach enabled high-resolution structural and chemical

profiling of the interfaces.

Figure 4.24 shows the preparation of a thin lamella from an etched tungsten tip.

Figure 4.24a captures the original tip with the milled site visible, while figure 4.24b

depicts the extracted lamella supported by a copper grid and protected by a de-

posited platinum layer. Notably, despite the high magnification of the SEM system,

no discernible interfacial layer was observed between tungsten and the platinum cap,

motivating further investigation using transmission techniques.

Fig. 4.24: Lamella preparation via FIB. A protective Pt layer was deposited on the
sample prior to milling. (a)Tungsten tip with FIB milling site. (b) Lifted lamella
attached to a copper holder.

Subsequent TEM analysis provided additional insight into the interfacial char-

acteristics. Figure 4.25a shows a complete overview of the lamella, whereas Fig-

ure 4.25b highlights the W/Pt interface at higher magnification. While the detailed

interfacial structure remains ambiguous at this scale, a finite transition layer is evi-

dent. Diffraction patterns indicated that the tungsten exhibited a fine-grained poly-

crystalline structure, likely resulting from sintering during filament production. In

contrast, the protective platinum layer appeared fully amorphous, which is common

for FIB-deposited layers.

To improve imaging contrast and enable elemental analysis, STEM imaging in

HAADF mode was conducted (Figure 4.26). The high atomic number contrast af-

forded by HAADF detection revealed the tungsten–platinum interface with increased

clarity. The darker background and brighter lamella in HAADF, as compared to
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Fig. 4.25: (a)Full lamella in TEM mode. (b)Interface between W and Pt (TEM).
Bright-field TEM images of the prepared lamella.

BF-TEM, reflect the enhanced scattering from high-Z elements. It is visible, that

oxide layer is very thin, in the nanometer range, probably not too thicker from native

oxide layer.

Fig. 4.26: STEM-HAADF images highlighting the W/Pt interface and regions se-
lected for compositional analysis. (a) Lamella in STEM mode (HAADF). (b) Detail
of W/Pt interface.
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likely caused by localized field concentration, oxide thinning, and heating-induced

damage.

The earlier emission onset in anodized samples can be partially explained by

their higher conductivity and the presence of phosphate contamination (Section 3.2,

19–22% P 2p signal). Phosphorus incorporation into the oxide matrix reduces the

work function and increases conductivity, further enhancing electron emission but

decreasing overall dielectric strength. This duality—lower voltage operation vs. re-

duced long-term robustness—defines the design trade-off when choosing anodization

as a fabrication method.

The uncoated tungsten reference sample, with a native oxide layer formed via

ambient exposure, exhibited the lowest emission onset (5.77 kV) and rapidly de-

graded at slightly higher voltages due to catastrophic tip melting around 5.8 kV

(Figure 4.27c). The sudden current drop to near-zero values indicated structural

failure, confirming the inadequacy of thin native oxides in preventing thermal and

electrostatic damage under operational voltages. These findings highlight the neces-

sity of engineered oxide layers with controlled thickness and stoichiometry for stable

emitter operation.

4.8.2 Estimation of the Operating Regime

The fundamental distinctions between different electron emission regimes were out-

lined in Section 1.1. As illustrated in Figure 1.1, these regimes depend primarily

on the applied electric field and emitter temperature. One key requirement for cold

field emission (CFE) is operation under ultra-high vacuum conditions. In our exper-

iments, the base pressure was on the order of 10−7 Pa, which fulfills this prerequisite.

Simulation results from COMSOL provided estimated values for the local electric

field at the emitter surface, ranging around 3–3.5 × V/nm. These values are

typically associated with CFE, although the actual emission regime also depends

critically on temperature. According to the analytical expression derived by Fransen

et al.[13]:

E = 3.10 × 106
√

Φ · T, (4.1)

pure CFE conditions are expected for maximum temperatures between approx-

imately 370–440 K, assuming an oxide work function (WO3). However, based on

observations shown in Figure 4.29, it is plausible that an initial transient regime

occurs in which the oxide layer is partially desorbed due to intense localized heating

or ion emission. Once the apex is stripped, emission may continue from metallic

tungsten. In such a case, the emission regime could persist up to higher tempera-

tures—estimated around 460–530 K.
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during operation, even though the melting point of WO3 is 1746 K. Furthermore,

high-current arc discharges—characteristic of dielectric breakdown or ion-driven

processes—were generally absent from the thermally oxidized emitters. However,

such breakdown events were more frequently observed in anodized samples (see Fig-

ure 4.28), where transient voltage shifts occurred, suggesting sporadic breakdown

and partial tip degradation. Despite these observations, the majority of measure-

ments likely took place under sub-critical thermal conditions, consistent with field-

dominated emission regimes.

4.8.3 Current–Voltage Characteristics and Orthodoxy Testing

Table 4.7 summarizes the orthodoxy test parameters, Figure 4.27a presents the mea-

sured I–V characteristics, while Figure 4.27b shows Murphy–Good orthodoxy fits

for each sample, using a simulation framework assuming a work function of 5.05 eV

[105, 106]. The ζC parameter, related to the field enhancement factor and effective

emission area, varied only slightly across samples, suggesting comparable tip geome-

tries. However, the apparent emission area Af differed significantly, particularly in

the 5 V sample, which exhibited a disproportionately large value (20 × 10−4 m2),

indicating likely overestimation due to unstable current behavior or excessive field

enhancement at micro-defects. This also reduces the calculated applied field, which

depends on the value of Af .

During orthodoxy testing, the 5 V anodized sample passed the Murphy–Good

criteria only at voltages exceeding 5.95 kV, with significant deviation observed at

lower voltages, consistent with evaporation or structural damage. The 12 V anodized

tip showed improved behavior, passing the orthodoxy test around 6.9 kV, which

coincides with its higher thickness and improved protection. Nevertheless, neither

anodized tip achieved the long-term stability of the thermally oxidized sample.

4.8.4 Stability Testing

4.8.4.1 High-Current Stability Testing

All samples (anodized 5 V, 12 V, thermal oxidated 550 ◦C) were subjected to a

400-second high-voltage stress test at voltages near their emission thresholds. As

shown in Figure 4.27d, the thermally oxidized tip sustained a consistent emission

current throughout the duration of the test, while the anodized tips displayed in-

creasing fluctuations and gradual current degradation. This directly correlates with

oxide stoichiometry and morphological integrity: thicker, more stoichiometric oxides

maintain emission behavior under thermal and electrical stress, whereas thinner or

contaminated layers exhibit progressive degradation.
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4.10 Discussion

The CFE behavior of tungsten emitters is significantly affected by the presence

and nature of surface oxides. Both thermal oxidation (at 550 ◦C) and anodization

(at 5 V or 12 V) were employed to form WO3 layers on tungsten tips, which were

then characterized in terms of turn-on field, emission stability, and current-carrying

capability. Our measurements demonstrate that oxidized tips exhibit competitive

performance when compared to nanostructured WO3 emitters reported in literature,

while also offering simpler fabrication routes.

4.10.1 Emission Onset and Turn-On Field

The measured turn-on fields ranged from approximately 1.48 V/µm (for the 5 V

anodized sample) to 1.88 V/µm (for the thermally oxidized tip). These values are

in good agreement with the data reported for similar WO3 nanostructures. For

instance, Zhou et al. reported ∼ 2.0 V/µm (to get 10 µA/cm2) for WO3 nan-

otips [107], while Chang et al. found significantly higher values (∼6.44 V/nm) for

nitrogen-doped nanowires [108]. It is important to mentioned, that our turn of field

was taken after current reached 50 nA, and often in different papers, the different

current/current threshold is taken as decision rule. However, readers can be reas-

sured, that in most cases the resulting difference is not very large (of the same order),

for example for a 5 V sample it would change it from 1.48 kV/mm to 1.56 V/µm.

Another factor contributing to inaccuracy may be the distance between the tip and

the anode, which, if specified inaccurately, also changes the counted applied elec-

tric field. The lower fields observed in our anodized samples may be due to the

thickness of the oxide layer, resulting in local field enhancement, but also because

of phosphorus contamination and crystalline structure.

Thinner oxide layers generally lead to lower emission thresholds. Mousa and al.

[31] reported only µA-level emission currents from MgO-coated tungsten until the

samples were annealed at 550 ◦C, after which the current and stability increased

substantially. Our own thermally oxidized sample also shows higher currents even

though higher voltages are needed, which may suggested that densification of the

oxide lead to increase of emitting current.

4.10.2 Work Function and Conductivity

A critical factor influencing emission is the effective work function. Although sto-

ichiometric WO3 has a relatively high work function (∼5.2 eV), sub-stoichiometric

phases such as W5O14 or W18O49 exhibit significantly reduced values (down to

4.20 eV to 4.57 eV) [109]. These phases also exhibit markedly lower resistivity—e.g.,
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W5O14 has been reported with ∼25 µΩ cm, while W18O49 shows ∼2750 µΩ cm. This

suggests that the presence of oxygen vacancies or metastable suboxide domains may

locally enhance emission by lowering the energy barrier and improving conductivity.

In our case, MG analysis confirms nearly linear behavior, indicating that even

thermally grown oxides (likely closer to WO3 stoichiometry) can support vacuum

tunneling. However, the anodized tips—with thinner oxide coatings—consistently

demonstrated lower onset fields and more stable operation. This corresponds well

with previous observations that porous or finely structured WO3 morphologies can

significantly enhance field emission due to higher field enhancement factors (β).

For example, Saqib et al. extracted β ∼ 110–210 from single crystalline W5O14

nanowires [109].

4.10.3 Current and Stability

Regarding current stability, our thermal oxide sample (at 550 ◦C) showed a relative

current fluctuation of approximately 28,%. This is higher than the ∼1.8 % reported

for WO3−x nanofibers under long-term operation [8], but comparable to or better

than many conventional field emitter cathodes (stability test is often in papers not

even mentioned, or only short times are showed, but it is known, than CFE have

problems with long time stability). This indicates that while thermal oxidation

yields reasonable performance, complex nanostructures or composite configurations

(e.g., W–WOx–Au heterostructures) can provide enhanced long-term stability [42].

In applications like flat-panel X-ray cathodes, current stability below 5 % is often a

practical requirement.

Current levels observed in our tips were in the nA to low µA range, which

corresponds to current densities in the order of µA/cm2 for microscopic emission

areas. These are orders of magnitude lower than the peak current densities reported

for planar or fibrous WO3−x emitters, which can reach 15.2 mA/cm2 at 4.8 V/µm [8].

This disparity underscores the fact that results obtained on dense nanowire films

or porous structures cannot be directly extrapolated to isolated microtips, due to

the fundamentally different emission geometry and field distribution. That is why

it may be important to experiment with shapes that are more readily available, to

find easy functional solutions.

Overall, the oxidized tungsten emitters exhibit several advantages. The an-

odized 5 V sample combines the thinnest oxide layer with the lowest field require-

ment. While these structures do not match the absolute performance of sophis-

ticated WO3−x nanostructures, they offer practical advantages in terms of ease of

fabrication, mechanical robustness, and emission consistency, making them viable
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Conclusions

This dissertation focused on the fabrication and characterization of CFEs enhanced

with thin tungsten oxide layers. The overarching goal was to understand how phys-

ical, chemical, and electrical properties of these layers influence electron emission

behavior—particularly in enhancing emitter stability, suppressing current leakage,

and enabling efficient operation under high electric fields. Special attention was

given to exploring the advantages of dielectric coatings for localized field control

and their impact on emission performance.

A combination of analytical techniques, including XPS, AFM, and various elec-

tron microscopy methods, was employed to characterize surface morphology, chem-

ical composition, and oxide layer thickness. The results demonstrated a clear re-

lationship between layer characteristics—specifically roughness, thickness, and sto-

ichiometry—and the emission properties of the CFE tips.

Thermal oxidation at 550 ◦C under low-pressure conditions (103 Pa) produced

tungsten oxide layers approximately 240 nm thick with relatively low surface rough-

ness (Ra ≈ 23 nm). These samples exhibited high O/C ratios (∼ 3.9), suggesting a

WO3-rich composition. This composition correlated with improved emission stabil-

ity and a higher onset voltage (∼7.5 kV), attributed to the dielectric nature of the

oxide layer, which suppressed leakage currents and withstood stronger electrostatic

fields. These characteristics render thermally oxidized emitters particularly suitable

for high-voltage and long-duration operation.

In contrast, anodization—performed at 5 V and 12 V—produced thinner oxide

films (23–45 nm) with lower O/C ratios (2.6–3.2). These layers enabled earlier

emission onset (5.9–6.9 kV), making them more suitable for applications requiring

rapid response or low-voltage operation. However, anodized samples showed reduced

stability under prolonged high-voltage exposure, as indicated by a higher relative

standard deviation in emission current and earlier signs of oxide degradation. The

presence of phosphorus in the anodized layers (∼20 % P 2p) further influenced their

electrical behavior by narrowing the work function, thus facilitating tunneling, but

potentially reducing long-term durability.

The experimental results underscore the importance of optimizing layer param-

eters—including thickness, roughness, and oxidation state—to tune emitter perfor-

mance for specific use cases. Both thermal oxidation and anodization were shown to

be viable and scalable surface modification techniques for tungsten-based emitters,

each with distinct advantages: thermal oxidation favors high-voltage, long-lifetime

applications, while anodization offers controllability and low-voltage operation po-

tential.

In parallel, a complementary study into tip shaping via the drop-off etching
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Symbols and abbreviations

AFM Atomic Force Microscopy

ALD Atomic layer deposition

bcc body-centered cubic

CFE cold field emission

DBFN double-barrier Fowler–Nordheim

DFT Density functional theory

EBSD Electron Backscatter Diffraction

EBL electron beam lithography

EBW electron beam welding

EDS Energy-Dispersive X-ray Spectroscopy

FEM field electron microscope

FIB focused ion beam

FN Fowler and Nordheim

LAFE large area field emitters

MG Murphy and Good

NEGF Non-equilibrium Green’s function

PDEs partial differential equations

Ref reference sample

RSD relative standard deviation

SEM scanning electron microscopy

SN Schottky-Nordheim

STM scanning tunneling microscopy

STEM scanning transmission electron microscopy

STFE single-tip field emitters
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