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ABSTRACT
This PhD thesis describes, and covers the preparation of field-emission cathodes that
represent a high-quality, inexpensive source of electrons for devices that work with a
focused electron beam. In this work, an improved method of electrochemical fabrication is
used for the preparation of a composite field-emission cathode. The composite structure
improves current stability in comparison to tungsten-based pure field-emission cathodes.
Improvements to the technology used were implemented on the basis of findings obtained
using spectrum noise diagnostics, which are based on measuring and evaluating the
emission current in the time and in frequency domains. Additionally, noise spectroscopy
provides important information about charge transport, electron mobility, and lifespan,
which is essential for future research. Results obtained using the experimental method
have been further supplemented with theoretical data provided by a computer simulation
in order to establish characterization procedures for improved field-emission cathodes.
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ABSTRAKT
Téma doktorské práce se zabývá přípravou a popisem katod na bázi autoemise, jenž před-
stavují kvalitní a levný elektronový zdroj pro zařízení pracující s fokusovaným elektrono-
vým svazkem. Pro přípravu kompozitní autoemisní katody byla využita elektrochemická
metoda výroby. Kompozitní struktura katody zlepšuje proudovou stabilitu ve srovnání s
čistě autoemisními katodami na bázi wolframu. Na základě charakterizace katody, jenž
byla nově provedena metodou šumové spektroskopie, byla implementována technologická
zlepšení stávající výroby. Metoda šumové spektroskopie je založena na analýze emisního
proudu v časové a kmitočtové rovině, ale především poskytuje informace o nosiči náboje,
o jeho pohyblivosti a dále o životnosti katody. Výsledky experimentální části byly roz-
šířeny teoretickými simulacemi, vedoucími k návrhu metodiky charakterizace vylepšené
autoemisní katody.
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1 INTRODUCTION

1.1 Problem Formulation

Electron devices utilizing a focused electron beam require a high-quality source of free
electrons that is sufficiently bright, able to provide high current density, and able to
work in low-quality vacuum conditions.

This thesis discusses an experimental emitter that meets all the requirements stated
above. However, the stability of the emission must be further described and analysed,
since this is considered to be one of the essential parameters determining the quality of
an electron beam.

An experimental field-emission emitter based on an ultra sharp emitter with a metal-
oxide-dielectric structure proved to be the ideal candidate based on the conditions stated
above. This emitter is further examined in order to make itthe electron source for a low-
energy transmission electron microscope (TEM) that is currently being developed by
Delong Instruments. There are several reasons why we find this kind of emitter to be
beneficial for use in a new type of "desktop"low-energy TEM.

Regarding the advantages of the cold field-emission sources, it should be emphasized
that only slight demagnification is required to obtain a 1-nm-diameter probe, because
of the small virtual source (2-5 nm). Secondly, there is only a very small energy spread,
which enables operation at low accelerating voltages, which in turns makes it possible
to obtain a very sharp, high-contrast image without major radiation damage to the
specimen, especially when working with biological specimens (e.g. tissues or single
cells).

Lastly, thanks to the epoxy layer, it is possible to work in relatively low-quality
vacuum (less than 10−6 Pa), preventing the ion-bombardment and chemi/physisorption
of residuals on the surface of the tip. The preservation of the lower vacuum also enables
faster manipulation with the sample and generally lower price comparing to devices
working with UHV (more than 10−7 Pa).

As it was mentioned in the opening, these sources are still not stable enough to
provide a high-quality source of electrons. Thus it is necessary to examine and improve
preparation procedures so as to minimize current fluctuations. New techniques must
be found, as well as suitable methods for describing the structure and providing the
information needed to perform a further theoretical simulation, which will help us to
understand the correlation between the structure and the resulting electron emission.
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1.2 Literature Review

Researchers’ interest in field emission of electrons, a phenomenon known since 1897 [79],
dates back to the first half of the twentieth century and is mostly associated with the de-
velopment of the electron microscope. The development of electron sources was made
possible primarily by a work of H. Busch [6], published in 1926, which showed that
solenoid deflection systems and magnetic fields could act analogically to classical opti-
cal lenses. At the beginning of the 1930s, interest in research on field-emission sources
increased slightly, mostly in connection with the electron microscope prototype con-
structed by a team led by Knoll and Ruska. In years following that, many papers were
published that were focused on the properties of field-emission sources. The electron
sources of that era consisted mainly of tungsten mono-crystalline tips with various
crystallographic orientations [44], [73], [18].

As the development of devices utilizing a focused electron beam progressed, de-
mands on their parameters increased significantly, and so these parameters continuously
improved. Electron optical components showed particular improvement. Electron sour-
ces became especially popular after 1956, when prof. Hibi, one of the pioneers of
electron microscopy, pointed out the beneficial properties of sharp thermionic-cathodes [33]
However, the first projects using purely field-emission based sources did not begin ap-
pearing until 1954, the first utilization of the field-emission appeared lately in 1968 as a
part of scanning electron microscope [9], [11].

The years following that brought even further developments in the production of
field-emission cathodes. This enabled widespread use of field-emission cathodes. Mea-
nwhile technological advances in the field of vacuum preservation have also been im-
portant, since a high-quality vacuum is essential for ensuring reliable field-emission
cathodes. In the past three decades, cathode-manufacturing technology based on elect-
rolytic etching [45] has been investigated and enhanced. This technology makes it possi-
ble to prepare a cathode tip with a diameter of just a few dozen nanometers, and thus
to meet one of the main criteria for a high-quality field-emission source. Along with
recent progress in the area of inorganic chemistry and in the field of applied techno-
logy disciplines, these are leading to an ongoing broadening of the range of materials
used [16], [51], [26].

1.3 Objectives of This Work

The aim of this work is to describe the main mechanisms influencing current instabi-
lity in field-emission sources and to suggest improvements to cathode fabrication, de-
veloping the new methodics of reproducible cathode preparation. Recent studies have

11



drawn attention to the presence of current fluctuations occurring in the investigated
structure, that causes electrical noise on both thermionic and field-emission catho-
des [80]. Current research, based on noise spectral density analysis, reveals the presence
of relatively large characteristic noise, whose dominant component, called "1/f noise",
is easily correlated with flickering of the emission current. This and other types of no-
ise, which are mutually superimposed, has already been described in detail and modeled
mathematically [61], [17]. Based on these results, it seems appropriate to use the noise
spectrum diagnostic method when diagnosing and describing the field-emission catho-
des. This technique enables us to learn about the origin of any transport phenomena
taking place during the electron emission.

Exact knowledge of the charge transport behavior is needed in order to analyze the
cathode’s structure and to suggest technology improvements and conditions to further
reduce current fluctuations. Our criteria for materials to be used in the preparation of
emission cathodesare: low chemical activity, high melting point, high mechanical stren-
gth, and especially the low work function of electrons. And indeed, tungsten has been
used from the beginnings of cathode history due to precisely these virtues. However,
it is almost impossible to assure an atomically clean tungsten surface, the metal-oxide
interface has to be analysed and further taken in the account in the pursuit of our
studies.

Last goal of the thesis is connected with theoretical simulations, which are perfor-
med using finite element method (FEM), implemented via scientific software Comsol
4.2a. The output of these simulations, based on FEM calculations using Comsol 4.2a,
provides basic information about potential distribution near the cathode’s tip , allowing
us to trace the electrons coming out of the emission plane.

12



2 ELECTRON EMISSION

This chapter discusses and explains theory needed to understand the text that follows it.
It focuses mainly on describing and calculating the basic electric properties of various
emission mechanisms. The main properties used further on in the text are:

1. Current density, j = I
S [A × m−2]

2. Current per solid angle, ω = I
πα2 [A × sr−1]

3. Electron beam brightness, B = I

π
(

d0
2

)2
π(α0)2

= 4I
(πd0α0)2 [A × m−2 × sr−1]

where α is the divergence angle, j is the current density, I is the cathode current
and d0 is the diameter of the surface plane from which electrons are emitted.

2.1 Electron Emission from a Surface

Electron emission can be induced using several methods: thermionic emission, photo
emission, secondary emission, field emission, and emission from light-emitting p-n
junctions. But only a few of these can be used to create a practical source of free
electrons for lighting systems. Thermionic sources are the typical electron sources [53]
usually used for lightning systems. Sources based on field emission are considered to
be less common, however, they have become ever more popular during the last two
decades [46]. Sources based on light-emitting p-n junctions are still being researched,
and the other sources mentioned are not used, because of their drawbacks.

Taking into consideration the general principles of electron optics, it is apparent
that when trying to create an electron beam with a small diameter and significant
current density, it is preferable to choose the smallest feasible cathode, which emits
electrons from a smaller surface with lower amount of energy dispersed. For practical
reasons, it is reasonable to investigate only sources operating based on electric fields
and thermionic emission, commonly classified as thermoemission and field emission
cathodes. It should be also emphasized that both of the mentioned mechanisms overlap
in some cases and that both mechanisms are used in equal measure [46].

The two extremes here are represented by pure thermoemission sources, which
operate at high temperatures (up to 3000 K), with a very weak electric field near the
emitter source, and pure field emission sources, which operate at room temperature and
have a significant electric field present on the surface of the emitter (1010 V × m−1). A
high intensity for the electrostatic field is achieved by shaping the emitter’s tip until it
is extremely sharp (< 100 nm). Various cathode types are shown in fig. 3.1.
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As mentioned before, electron emission needs to be considered from the standpoints
of both electric field influence and temperature influence. Electron emissions from me-
tal, insulators, and semiconductors have already been explored entirely under both field
emission and thermoemission conditions [8]. Using a suitable approximation, the three
basic equations can be found describing the current density of three basic situations.

The first of these situations is pure thermoemission, which is described by the
Richardson-Dushman equation. The second situation is the influence of a weak electrosta-
tic field together alongside classical thermoemission, as described by the Richardson-
Schottky equation. Here the pure field emission is caused only by the presence of an
electric field [21]. The third of these situations is the field emission electron beam,
which is mathematically described by the Fowler-Nordheim equation. Here the poten-
tial difference is caused by electrons tunnelling through the potential barrier.

2.2 Potential Barrier at a Surface

Assume electrons that are extracted at increased temperature and a negative voltage
applied to a cathode (with respect to an extractor). At a temperature of zero Kelvin
with zero bias, the work function does not allow the electrons to leave the emitter’s
surface. By the work function, we mean the energy needed to remove an electron from
the metal surface into the vacuum. This energy is equal to the potential between the
Fermi energy level and the vacuum potential level at zero K. The potential energy is
caused by the movement of free electrons in metal that spill out into the vacuum from
the surface, so the spilled out electrons and the positive charges remain inside the metal
while producing an electric double layer [41].

Therefore, the potential barrier near the surface of the cathode does not behave like
a step function. Electrons that escape from the metal surface are pulled back. This is
caused by the force that originates from the positive screening charge inside the metal.
For an ideally conductive semi-infinite metal material, the image charge energy is equal
to the work needed to bring a point charge from infinity to −x , that is, the distance
between the screening charge and the surface. The potential energy is equal to:

U (x ) = EF + ϕ +
∫ ∞

−x

−e2

4πε0(2x )2 d x = EF + ϕ −
e2

16πε0x
(2.1)

where the EF is the Fermi energy, ϕ is the work function and ε0 is the permittivity
of vacuum.

The image potential is not dependent on the atomic structure of the metal surface
and is considered to be valid for distances larger than the lattice parameter. Mostly,
the image potential is truncated (illustrated by the horizontal dashed line in fig. 2.1 at
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Fig. 2.1: The classical image potential diagram for the metal-vacuum interface.

U =0 eV). In fact, there are some minor potential fluctuations near the surface, which
are connected with the charge density oscillation (Friedel oscillations) [19].

2.3 Emission via Heating

It is assumed that the energy of static free electrons located inside the metal is equal to
zero. In order to make such an electron leave the metal, its velocity component has to
be perpendicular to the metal surface whose energy has to be at least Es [13]. If the x
axis is perpendicular to the surface. For an electron that leaves the surface, it is required
to have the momentum of px ≥ px0 , whereas:

p2
x0
/2m = Es . (2.2)

Yet, however the surface electron has the momentum of px ≥ px0 , it is not ne-
cessary for the electron to leave the surface, since it could be reflected by the potential
wall [13]. The probability for the electron to leave the metal is equal to 1 − r (px ),
where the reflectivity r (px ) is the function of the momentum px . Reflectivity also de-
pends on the shape of the potential wall. Let us assume that the number of electrons in
one volume unit inside the metal for a momentum between px and px + dpx equals
n(px )dpx . The number of electrons appearing in one square unit of the surface during
one second then equals vxn(px )dpx . From this it follows that the current density of the
emission current is

j = (e/m)
∫ ∞

px0

pxn(px )[1 − r (px )] dpx . (2.3)
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The expression in parentheses is for the most part being substituted by (1 − r ) fac-
tor, that is mostly written before the integration symbol, while the r stands for a pro-
perly chosen mean value of reflectance coefficient [13]. Then the n(px ) is computed. For
an isotropic distribution of momentum, in one volume unit (inside the metal), there
is enough of allowed states belonging to the momentum element in space dpx dpy dpz ,
that can be mathematically expressed as [13]:

2dpx dpy dpz/ℎ3. (2.4)

The number of electrons that is present in the states of momentum is located in
intervals (px , px + dpx ), (py , py + dpy ) and (pz , pz + dpz ), which are equal to

n(px , py , pz )dpx , dpy , dpz =
2
ℎ3

dpxdpydpz

e(E−EF )/kT + 1
, (2.5)

where E = (p2
x , p2

y , p2
z , )/2m, from which we get

n(px )dpx =
2
ℎ3 dpx

∫ ∫ dpydpz

e(E−EF )/kT + 1
. (2.6)

Only the electrons with overall energy equal to Es , meeting the condition of px ≥ px0 ,
are of interest for us [13]. Assumed that for all electrons in metal, at the sub-melting
point temperatures, the Es − EF = ϕ � kT . It is apparent that inside the distribution
function, the number one is neglected, thus we are interested about Boltzmann part
of the Fermi distribution. The value ϕ is named the work function, that is, the diffe-
rence between the electron energy in the vacuum and on the Fermi level. Based on this
information, the equation 2.6 is then developed into

n(px )dpx = (4πmkT /ℎ3)e(EF /kT )e(−px2/2mkT )dpx . (2.7)

Upon substituting the equation 2.6 into the equation 2.3, we find the Richardson-
Dushman equation:

jT = AT 2e(−ϕ/kT ) [A × m−2], (2.8)

where the material constant of the cathode A equals to 4πemk2/ℎ3, T is cathode
temperature in K, ϕ is the work function in eV and k is the Boltzmann constant. For
tungsten, A = 6.10−5 [A × m−2], and ϕ = 4.5 eV.

The Richardson-Dushman equation accurately describes a stable thermoemission
system. During the thermoemission process, only electrons having an energy level
higher than that of the free electrons in the vacuum are being emitted from the sur-
face of the cathode. Electrons with such an energy level are able to leave the emitter’s
potential well. After this, these emitted electrons are attracted by the electric field and
are slowly accelerated to the working energy (see fig. 2.2). In this approximation, the
electric field is considered to be weak.
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Fig. 2.2: The energy distribution of the thermoemission process. The external electric
field is not considered [19].

2.4 Emission via Electric Field

If the electric field intensity near the emitter surface is increased (for instance by ma-
king the cathode tip sharp, as in fig 3.1.b), then the emission current for the particular
temperature is observed. This event is caused by a deformation of the top of the po-
tential barrier. This change is consequently reflected by lowering the work function ϕ

(see fig. 2.3) [19]. Schottky explained the theoretical side of this event and proposed a
correction factor, which refines and further extends the equation for thermoemission
current density for use in the situation where an electric field is present as well [21].

jT S = jT e
(
−∆ϕ
kT

)
, (2.9)

where the jT is thermoemission current density expressed without the influence of
the electric field and ∆ϕ is the work function decrease caused by the presence of the
electric field [19]. When the electric field near the surface of the cathode is further
increased, electrons are emitted even at room temperature, when the occupation pro-
bability for the energy levels above the of the potential barrier is equal to zero. This
process cannot be explained via classical physics. Electrons are emitted into the vacuum
via the mechanism of potential tunnelling, occurring due to the influence of the electric
field thinning the potential barrier.

This process is called the field emission of electrons (see fig. 2.4, the F curve). The
current density of the field emission could be computed using the Fowler-Nordheim
equation.

jF =
AF 2

ϕ
e

− Bϕ
3
2

F


, (2.10)
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Fig. 2.3: The energy distribution for the thermoemission process. The external electric
field is considered [19].

where F is the electric field intensity on the surface of the cathode [V × m−1].
In the region where pure thermoemission transitions to pure field emission, there

is an intertwining of both mechanisms. The equations mentioned above are valid only
when the correction coefficients are used. For the field emission aspect, we must take
into account thermal stimulation of the field emission, and for the thermoemission
aspect, we must factor in the presence of the electric field, which stimulates the emission
process [62].

For field emission operating at low temperatures, there is only minor tempera-
ture dependence. For higher temperatures, where the excited electrons start occupy-
ing energy levels located under the top of the potential barrier, the current density of
the emission increases. The Fowler Nordheim equation expanded with the temperature
coefficient is expressed mathematically as:

jT F = jF

πT
Tc

sin πT
Tc

, (2.11)

where the constant Tc at which the energy distribution for the electrons in the
emitter changes to Ec = EF + 2kTc , where the EF is the level of Fermi energy. This
type of electron emission is called thermionic field emission (T-F emission) (see fig 2.4,
the T-F curve).

The specific conditions at which the Schottky emission dominates are set by cho-
osing higher temperature and lower field intensity at the surface of the cathode. If the
potential barrier is still high enough while the decrease of the work function is signi-
ficant, then only the electrons located near the cathode’s surface are emitted from the
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Fig. 2.4: Energy distribution scheme considering quantum tunnelling [19].

metal. Taking into account that one part of the electrons is emitted by the classic ther-
moemission mechanism and the other by quantum tunnelling, the equation describing
the current density can be mathematically expressed as:

jS = jT S

πTk
2T

sin πTk
2T

, (2.12)

where Tk is the temperature at which the maximum of the normal energy distri-
bution of the electrons is located exactly on top of the potential barrier. It is a type
of electron emission caused partly by the influence of an electric field and partly by
temperature increase (see fig. 2.5) [19].

energy
distribution
at T = Tk

energy
distribution
at T = 0 K

electron energy, E

emitted
electrons

the potential barrier

Fermi level

work
function

φ

energy of free electrons

Fig. 2.5: Energy distribution scheme for the Schottky mode [19].

When the bias between the emitter and the extractor is applied, a difference po-
tential between the Fermi level of the extractor and the Fermi level in the emitter is
created. According to [5], the electric field strength (for x < 20 nm) is approximately
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constant, and therefore the potential is approximately linear. This can be used to sim-
plify the energy diagram calculation when analytical describing the potential barrier
near the surface (in SI units):

U (x ) = EF + ϕ +
∫ ∞

−x

−e2

4πε0(2x )2 d x + e
∫ x

0
−F d x = EF + ϕ −

e2

16πε0x
− e F x(2.13)

As can be seen in figure 2.5, the electric field lowers the potential barrier at the
surface according to the zero bias case. This function is often called the Schottky effect
and can be mathematically described as:

Umax = EF + ϕ −

√
e3F
4πε0

, (2.14)

where Umax is the maximal height of the potential barrier, EF is Fermi-energy level
and the F is the electric field strength.

2.4.1 Improving the Fowler-Nordheim equation

In order to achieve more accurate results when describing the effect of field emission,
the contribution of the coulomb interactions between an electron and its induced image
charge on the metal surface should also be included. Classical electrostatics states that
the image potential can be expressed as:

Uimag e (x ) = −
e2

4x
. (2.15)

However, while the equation 2.15 is theoretically correct, it applies only in the case
where the electron is not located too close to the metal surface, since the potential
energy Uimag e diverges for small values of x . Near the surface, the surface states of the
metal should be therefore considered in order to obtain a more realistic expression for
the potential. However, the classical image potential contained in eq. 2.15 provides a
good approximation to help to estimate the effect of an externally applied electrostatic
field on the potential barrier.

The field emission potential energy diagram (including the image potential) is illustra-
ted by fig. 2.6. Allowing for the possibility of an additional contribution by the image
potential, the barrier without applied field can be expressed as:

Uwel l (x ) = ϕ −
e2

4x
. (2.16)

In fig. 2.6 you can see the influence of the image potential, which rounds off the
top corner of the barrier. From this reason, equation 2.16 offers a more appropriate
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picture of the potential well where the electrons are trapped. Therefore, the effective
barrier influencing electrons at a metal surface with an applied electric field (and with
the inclusion of the image potential) can be written as:

Ue f f (x ) = ϕ −
e2

4x
− F e x . (2.17)

Fig. 2.6 shows the influence of the image potential on the shape of the effective
potential barrier, which becomes lower and thinner than that obtained when neglecting
image effects. Based on these observations, it can be concluded that due to the increased
tunnelling probability for a thinner barrier, the calculated current density emitted from
the metal surface becomes larger when the image potential is included.

Metal
surface

Vacuum

φ

μ

Distance, x

Effective potential barrier
(incl. field and image potentials)

Tunneling electrons

Potential barrier without image potential,
with field potential applied (-Fex)

Potential barrier without apllied field,
with image potential included (-e2/4x)

Electron energy, E

Fermi level

Fig. 2.6: The potential energy diagram for electrons at a metal surface in the presence
of an applied electrostatic field F considering the image potential. [22].

When dealing with the calculation of barrier penetration probability, the influence
of a smaller potential barrier has to be considered as well. This correction is called the
image correction factor, and has been calculated by Nordheim himself [24]. This factor
depends on the applied field and the work function of the surface and takes the form
of a multiplicative correction to the original Fowler-Nordheim exponent. Apart from
that, α is slowly varying function of the applied field F, which allows it to be treated as
a constant in a standard application of the Fowler-Nordheim equation. Using the first
order image correction, the F-N equation becomes [4]:

j =
e3

2πℎ
(µ/ϕ)1/2

α2(µ+ ϕ)
F 2e

(
− 4

3
π
√

8m
eℎ

αϕ3/2
F

)
[A × m−2], (2.18)

where e is the electronic charge, h is Planck’s constant, m is the mass of the electron
and µ is the Fermi level. In practice, the modified Fowler-Nordheim equation offers a
useful theoretical model for most field emission applications.
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2.4.2 The Fowler-Nordheim Plot

The Fowler-Nordheim plot is used to graphically interpret and analyze data obtained
from the theoretical equation derived by Fowler-Nordheim (see eq. 2.10). The Fowler-
Nordheim plot was introduced by Stern et al. in 1929 1929 [66] and was based on
plotting the quantity ln( I

V 2 ) against 1/V . The original idea was to obtain exact straight
line of slope SF N , which would be ratio related to the parameters appearing in the
exponent of a Fowler-Nordheim-type equation of I −V form by:

SF N =
−bϕ3/2

β
, (2.19)

and therefore knowledge of ϕ would enable determination of β and vice versa. The
macroscopic conversion factor β = F /V is one of the characteristic parameters in
system geometries, where there is a local-field enhancing nanostructure present. Since
the original thinking is correct only for an ideal, unrealistic situation, where the emitter
is completely flat and the potential barrier has a triangular shape, for real emitters and
barriers, a slope correction factor correction factor σF N must be introduced:

SF N =
−σF N bϕ3/2

β
. (2.20)

Because the only barrier sufficiently described by well-established theory is the
Scℎot tky − N or dℎeim barrier, the only parameter that is considered important is νF

relating to the barrier shape. Therefore σF N is given by a mathematical function called
s , which was firstly correctly tabulated (as a function of the Nordheim parameter y) by
Burgess, Kroemer and Houston in 1953 [7]. In practice, due to the complexity involved
in obtaining the slope correction factor, many authors insert σF N = 1 in, thereby ge-
nerating a systematic error in their estimates of β averaging around 5%. For practical
emitter operation, the value of s lies in the range 0.9 to 1. Due to the complexity of
taking the slope correction factor into detailed account, many authors put σF N = 1 in
eq. 2.20, thereby generating a systematic error in their estimated values of β usually to
be around 5%.
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3 ELECTRON EMITTERS

3.1 Characteristics of Material Parameters

The cathode material must satisfy certain criteria in order to ensure cathode functiona-
lity. These are: a high melting point, a low work function, large mechanical strength,
and a low chemical affinity. Tungsten remains the most widespread cathode material
precisely because it meets all of these criteria except for the work function. Tungsten’s
work function ϕ = 4.5 eV is considered to be slightly higher than for other suitable me-
tals (for instance: Ta, at 4.31 eV; or Hf, at 3.9 eV ). Therefore, tungsten’s work function
is often lowered using chemical activation and a suitable choice of crystallographic
orientation. Another frequently-used material that fits most of the mentioned criteria
is Lanthanum Hexaboride (LaB6). Lafferty first proposed the use of boride emitters
in 1951, while the first boride cathode was created by Broers in 1967. The emitter is a
small rod made of Lanthanum Hexaboride that was originally used to heated externally
using small coil. One serious drawback of this material is a lack of mechanical strength,
which lowers its suitability for use as cathode holder, as reported by Plomb in [52].
The second drawback, which is actually technological problem, is the suppression of
chemical reactions between the LaB6 and the cathode support [32].

Fig. 3.1: Various configurations of emission cathodes.

Fig. 3.1 illustrates various configurations that are most often used in setup intended
for electron microscopes. Fig. 3.1.a a shows a classic thermoemission cathode made of
bendt wire, called a hairpintip cathode. Fig. 3.1.b illustrates a sharp-wire thermoemis-
sion cathode. In figure 3.1.c you can see a thermoemission cathode created by adding a
sharp wire (0.05 - 1µm). And finally fig. 3.1.d. shows field emission cathode mounted
on the classic hair tip, with extra sharp wire (0.005 - 1µm), which can also be executed
as in fig. 3.1.e, where a chemically activated cathode with an extra sharp tip (≥ 1 µm)
is mounted is mounted on solid holder [19]. The field intensity change at the top of the
cathode is regulated by altering the cathode tip’s diameter. Modern emission cathodes
have one of two basic configurations:

1. hairpin shaped tungsten cathode, directly heated (fig. 3.1.a, b).

2. pointed filament-cathode, directly heated (fig. 3.1.c, d, e).
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Hairpin-shaped cathodes are mostly used in pure thermoemission (T) cathodes.
Recently, hairpin-shaped cathodes have begun to be replaced with a filament tip-cathode
welded to the cathode holder, which is in fact a directly heated hairpin-shaped cathode.
Using point-filament cathodes, it is possible to run all the emission mechanisms (see
fig. 3.8) that are based on electric field stimulation:

a. thermoemission (T.E.),

b. Schottky emission (S.E.),

c. thermal field emission (T.F.E.),

d. cold field emission (C.F.E.).

Cathodes designed to operate in various emission modes differ only in the diame-
ters of their tips. The cathode holder (a hairpin-shaped filament) is usually created
from polycrystalline tungsten wire with a diameter of 0.1-0.2 mm. The emitter is usu-
ally fabricated from polycrystalline tungsten wire (thermoemission) or from oriented
monocrystalline tungsten wire (field emission). The most frequently used crystallo-
graphic planes are (100), (111), and (310). Special type of emitter is made of sintered
polycrystalline or monocrystallin LaB6 tip [19].

The vacuum quality is an important aspect influencing the emitter’s functioning,
since it differs for each type of emission. The lower the working temperature of the
cathode occur, the higher the quality of the vacuum has to be. Thermoemission requires
at least 10−2 Pa to operate, for LaB6 the minimum is 10−4 Pa and for field emission
operating at room temperature, the minimum is 10−8 Pa.

The current density depends exponentially on the metal’s work function in the
whole temperature and electric field intensity range. For cathodes operating at high
temperatures, the work function of the pure metal is assumed. Surface coverage caused
by gas molecules adsorbed on the surface of the cathode is ignored, since the surface of
the cathode is in contact with the gas for only a very short period of time. Pure field
emission cathodes operating at room temperature, on the other hand, are influenced
considerably by adsorbed gas molecules. Adsorbed gas has a fundamental influence on
the cathode’s work function, as well as on the emission current level [19]. Adsorbed gas
can decrease the work function for a cathode based on the emission from pure surfaces,
where the work function is relatively high. For chemically activated cathodes with a
lower ϕ, the work function can be increased [30].

Along with chemical activation, which is connected to an increase or decrease of
the work function, there is also a clear relation to the given cathode’s noise proper-
ties of. For thermoemission cathodes, static, low-amplitude, high-frequency noise is
observed. For field emission cathodes, the situation is different. The prevailing noise

24



component originates from local changes at the surface of the cathode, because of inho-
mogeneous work function which is not globally constant. Current fluctuations caused
by these changes have significant amplitude (up to 30%) and very low frequency, espe-
cially for cathodes operating at room temperature (< 1 Hz). Only limited amount of
atoms is taking place in the emission process (about hundreds of atoms) and adsorp-
tion of next few electrons coming causes significant change of the work function. For
thermoemission cathodes, requirement of the vacuum quality is not so strict since the
noise amplitude is about (1-10%) and noise frequencies are located much higher (kHz -
MHz) [19].

3.2 Description of the Electrical Properties

the narrowing of the potential barrier in the area near the cathode’s surface, is presented
as follows: if the emitter is slipped between the capacitor plates, then its potential map
is illustrated on fig. 3.2.

VoltageVoltage hairpin cathode

- 3 [kV] - 3 [kV]

0 [kV] 0 [kV]

potential
distribution
beyond the
surface of
the cathode

potential
distribution
beyond the
surface of
the cathode

anode anode

Distance 3 [mm] 0 [mm] 3 [mm] 0 [mm]

sharp hairpin cathode

Fig. 3.2: The potential distribution on the optical axis of the emission for a) field emis-
sion and b) thermoemission cathode [19].

The potential gradient increases along with the decrease in disturbances to the spa-
tial distribution that is caused by the presence of an external electric field in which
the cathode is placed. This means that the given emission type is mainly influenced by
the emitter geometry, the spatial configuration, and the shape of the electrodes used,
although the operating temperature is another important factor. For any suitably cho-
sen ratio of electric field intensity to operating temperature, the whole spectrum of
emission modes can be covered, and thus a source can be optimized for a particular
purpose.
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Taking into account that the surface plane from which the electrons are emitted
decreases as the tip diameter thickens, it can be seen that also the electron beam bright-
ness is rising. This means that the field emission cathode is brighter in comparison with
the thermoemission one. The active surface area of the thermoemission cathode has a
diameter of approximately µm, whereas the electron-emitting tip has less than 0.1 µm.

Table 3.1 shows a comparison of the current densities and electron beam bright-
nesses achieved using field emission, thermoemission, and LaB6 cathodes [77]. From

Tab. 3.1: Comparison of Current Densities

Unit Thermoemission LaB6 field emission

j [A × m−2] 104 106 1010

B [A × m−2 × sr−1] 109 1010 1013

the above equations it is evident that the work function is one of the most important
parameters modifying the current density value. The work function differs depending
on the cathode material, its crystallographic orientation, and the surface’s chemical
structure [67].

Two other important attributes describing our emission cathode are the virtual
source size and the emission characteristics. The tangential velocity component and
the minor potential gradient at the cathode surface cause electrons to be virtually emit-
ted from the source at a size in the tens of micrometers, in contrast to field emission,
where the virtual source size is in single-digit nanometers (see fig. 3.3) [19].

The typical radiation angle for a thermoemission source is about 10−3 rad. For field
emission sources, it is about 10−1 rad. The size of the virtual source rises linearly with
the emitting tip’s diameter, and also rises slightly with operating temperature. The
energy distribution for electrons that are thermally emitted, and that operate with low
current (for 1 µA) considered to be the Maxwell distribution. Its full width at half
maximum (FWHM) is mathematically expressed as [65]:

∆E = 2.45
T

11600
[eV], (3.1)

(´E = 0.58 eV for 2760 K) where ´E rises due to electrostatic interactions between
the electrons. For 10 µA the ´E = 1 eV and its distribution approaches the Gaussian
Distribution. The energy distribution for field emission sources is dependent on the
applied electric field and temperature. The full width at half maximum (FWHM) at
room temperature approximately equals 0.2 V and for 1800 K it is approximately 0.5 V.
This value also rises depending on the overall current taken off the cathode. The ove-
rall current taken from the cathode reaches values up to 400 µA. For field emission
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Fig. 3.3: The emission characteristics for a) field emission and b) thermoemission
cathode [19].

sources operating at room temperature, these values are only around 20 µA, and for
thermoemission sources, they are about 200 µA [19].

In general, thermoemission sources are more suitable for systems utilizing beams
with a wide diameter (over 0.1 µm) and in general for systems utilizing relatively strong
currents. Meanwhile, the electron beam brightness level provided by field emission
sources lets them achieve a higher current density for beams with a submicron diameter
(see fig. 3.4) [76], [2].

3.3 Electron Emitters Based on Field Emission

Field emission sources are generally based on the influence of an external electric field.
Temperature does not have significant influence here, although it does slightly help
to stabilize the chemical structure at the cathode surface. For field emission cathodes,
operating temperatures start from 300 to 1800 K. In general, the work pressures used
for field emission sources are lower than for thermoemission sources, and it is necessary
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to operate these cathodes in high-vacuum conditions (P ∼ 10−5 to 10−6 Pa).
Unlike thermoemission sources, a field emission based electron jet does not need to

form a crossover (see fig. 3.3), because a virtual source can be used as well. The emission
current is adjusted by setting the voltage on the extractor and suppressor. For jets based
on field emission, the cathode temperature is considered to be a fundamental parameter
for setting the mode of operation, especially the level of the emission current.

Every field emission source is limited by the level of overall current drawn by the
cathode (max. 300 µA). However, this limitation is not a significant problem for micro-
analytical purposes, because electron beams with a current stronger than 10−6A can not
be focused to under micrometer dimensions. Coulomb interaction is considered to be
the reason for such behavior, causing spatial and energetic dispersion of the beam (Boer-
sch event) (Boersch event) [39].
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Fig. 3.4: The dependence of the current to the beam diameter for a) LaB6 source b)
thermoemission c) field emission [19].

In order to take advantage of the high electron beam brightness of field emission
sources, it is necessary to design a jet with the smallest possible optical aberration. This
issue becomes very important when constructing a power field emission jet. Although
many experiments have been done with the use of various metals (YB6, ZrC, TaC...)
ungsten remains the most common material. In most cases, a 0.1 or 0.2 mm thick tun-
gsten wire is used to create the electron jet. The classification into a pure field emission
or thermionic field emission device depends on the emitter’s chemical activity. Emit-
ters with low chemical activity can operate at room temperature. For emitters with
higher chemical activity it is necessary to supply thermal energy in order to prevent the
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change to the work function that occurs due to chemi/physisorption of the residual ga-
ses on the surface of the emission tip. Tungsten emission tips are usually prepared using
electrochemical etching and fixed to the cathode holder using spot welding (hairpin tip
cathode) [19], [45].

For field emission jets operating at low temperatures (including those operating at
room temperature), the characteristic emission properties of oriented monocrystalline
tungsten wires are utilized [9]. Various crystalline planes have various work functions
and chemical affinities.

For pure, monocrystalline-based field emission sources, the most suitable configu-
ration is (310), which has the lowest work function and chemical affinity. This means
that for cathodes with a structure belonging to that crystalline orientation, the current
density will reach its optimal value, and the cathode will be able to work at room tem-
perature (at a high pressure where P ∼ 10−8 Pa) for a couple of hours with no need of
flashing. The highest beam brightness is reached using a special formed emission tip,
whose design is influenced by the operating temperature and by the electric field [19].
The typical diameter of the emission tip ranges from 0.05 to 0.1 µm.

The electric field intensity near the cathode surface reaches over
109 V × m−1. Electron beam brightness when operating at a voltage of 25 kV reaches
values up to 1013 A × m−2 × sr−1. The first anode, with a variable potential level (2-5
kV), drives the emission current. The second anode is grounded. The work function
determines the cathode potential. Both cathodes can be configured to create either a
strong electrostatic lens ensuring beam focusing [11] or a weak lens, which generates a
divergent beam requiring further focusing via e.g. a magnetic lens [14]. The two sim-
plest optical arrangements are shown in fig. 3.5.

- 17 kV

- 20 kV

Fig. 3.5: Scheme of the one stage focused configuration with field emission source based
on: a) electrostatic projection lens b) magnetic projection lens. [14]
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Considering the virtual source’s small size (in the single nm), a single-level optical
system (of 1 : 1 ratio) is sufficient for most scanning electron microscopy applications,
as well as for microanalysis. Field emission sources operating at room temperature have
the narrowest energy band (0.1 - 0.2 eV) though they achieve low emission currents
(max. 20 µA of the overall current). Tungsten’s work function, which is relatively high,
is further lowered by adsorption of the molecules and atoms in the residual gases. This
process leads to the gradual increase of low-frequency noise. At the same time, the
emission current increases until the cathode is eventually destroyed by an electric burst.
The cathode therefore must be flashed periodically by heating it to a temperature of
1000 K in order to keep the surface clean. For this very reason field emission cathodes
are sometimes operated with slightly increased temperature conditions.

3.4 Electron Emitters Based on T-F Emission

Thermionic field emission cathodes operate at temperatures at which thermally sti-
mulated emission must be taken into account alongside field emission. The emission
current is increased using chemical activation, that is, by covering the cathode sur-
face with a thick film of a different element. This decreases the work function due
to bond creation. When manufacturing chemically activated cathodes, the tungsten
monocrystal must be oriented suitably (for instance (100)), because each orientation
poses a different chemical activity. The chemically activated cathodes must operate at
relatively high temperatures, in order to prevent further undesirable adsorption and
increase of the work function. Under high temperature conditions, chemically activa-
ted cathodes are still able to operate with a vacuum one order lower than for pure
cathodes(10−7 to 10−6 Pa).

Activation is caused by a tip diameter increase (up to 1 µm) leading to a decrease of
the electric field intensity (up to 108 V × m−1) near the cathode surface. The emission
current is increased due to the work function decreasing as the temperature rises, as
well as due to the expanded emission area on the cathode surface. An active cathode
of a higher diameter is able to provide a stronger current (up to 300 µA). Unlike in
virgin cathodes, the beam brightness can reach values up to 1014 A × m−2 × sr−1. The
operating temperature ranges from 1200 - 1800 K; this increases the energy width as well
as the virtual source size. Cathodes operating in this mode are called thermionic field
emission cathodes (T-F). Two basic techniques are used most frequently for activation:

1. oxygen activation (T-F tungsten (100) cathodes O2) [76],

2. zirconia activation (T-F tungsten (100) cathodes ZrO) [67], [12].
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In both cases, the beam brightness is increased due to a change to the crystallogra-
phic plane. For instance, the work function of the crystallographic plane (100) decre-
ases after activation, unlike in adjacent planes, and this focuses the emission beam to a
smaller angle (about 10−1 rad rad near the optical axis [3]).

3.4.1 Oxygen Active T-F Cathodes

The manufacturing process for these cathodes was described by [76]. Etched cathodes
are briefly annealed in a vacuum (1 × 10−8 Pa), and then at room temperature, the par-
tial pressure is increased for five seconds to 10−4. Afterwards, once the pressure in the
vacuum chamber has stabilized, the temperature is increased to 1700 K, and the extrac-
tor voltage is applied until the current reaches at least 5 µA. In a short time, the voltage
is set to allow a steep increase of the emission current up to 50µA. Once the emission
current has stabilized (after a few dozen minutes), the temperature is dropped to 500
K. The whole process can be viewed as a combination of a local decrease to the work
function, alongside the tip forming in the electric field at slightly increased temperature.
Thus activation is achieved using rapid partial pressure increase on a cathode previously
cleaned via flashing.

These cathodes work with a similar configuration to that for pure field emission
cathodes (fig. 3.5). The operating temperature of the active oxygen cathode ranges from
1000 to 1700 K. Despite a decrease to the work function (ϕ = 3.5 eV), there is no ther-
moemission process draining power from the high-voltage source in this case. Oxygen
active cathodes possess a significant level of high-frequency noise.

3.4.2 ZrO Active T-F Cathodes

These cathodes are intended for high power applications. The work function is decrea-
sed to 2.4 eV [68] near the cathode surface, and the operating temperature ranges from
1200 to 1800 K [68]. At these conditions, thermoemission current is generated throu-
ghout the active surface, both from the emitter and the holder (see fig. 3.6).

Fig. 3.6: The thermoemission jet configuration intended for active cathodes (T-F tun-
gsten (100) ZrO). [19]
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The suppressor is either set to a negative voltage of 0 - 500 V (relative to the cathode)
so it can be used for emission current regulation, or is connected directly to the cathode.
In the latter case, the emission current is regulated only by altering the voltage on the
extractor. When the temperature is increased, the emission current increases as well.
Normally the temperature should not reach the threshold at which the cathode be-
comes deactivated. The needed coverage of the cathode surface is ensured by surface
diffusion of zirconium (at higher temperatures) from the reservoir, which arises from
the area where the cathode joins the holder (see fig. 16). The whole process takes place
at a partially increased pressure 10−4 Pa, in a pure-oxygen atmosphere.

For sources intended for higher power levels, the design must address electron-
optical parameters as well. The lower the optical aberrations of the jet, the higher the
emission angle that can be processed. The electron beam current rises with the square of
the emission angle. Since magnetic lenses are generally more accurate than electrostatic
ones, it is reasonable to lower the divergence of accelerating electrodes and use a mag-
netic lens to focus the beam. For low-voltage operation, a grounded lens can be used as
well [15]. For higher voltages, a magnetic lens must be connected with the emission
cathode [71]. While operating only the electrostatic system, optical aberrations can be
optimized using whole electrode-configuration.

The noise characteristics of T-F tungsten (100) ZrO cathodes generally differ from
those of T-F tungsten (100) O2 cathodes, since the average noise amplitude is increased.
For an active cathode, there is no danger in an immoderate increase of the emission
current because of surface adsorption (for example, when increasing the pressure). In
this case, the work function is low as possible (2.4 eV) while any contaminant can in-
crease it locally. Chemically activated cathodes are generally viewed as durable emission
sources.

3.5 Schottky Mode Electron Emitters

Between the classical thermoemission and field emission regions, there is a “Schottky
emission” region (see fig 3.8). As concerns cathode configuration, active thermal field
emission cathodes can be operated in this mode. The decrease to the work function ena-
bles a reduced operating temperature (1800 K), and thus a lower energy distribution
width, than for classical thermoemission. Here both thermoemission and field emis-
sion contribute to the electron emission. Because electrons only tunnel near the top
of the potential barrier, the energy distribution width is lower than for field emission
cathodes.

Schottky cathodes are a point source of electrons. T-F active cathodes are easily con-
verted to run in Schottky mode (for example T-F tungsten (100) ZrO cathodes, with
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a tip diameter of up to 1 µm), if the extractor voltage is lowered to a value of 1 - 3 kV
and the operating temperature is increased. For sources running in Schottky mode, the
electron beam brightness is lower than for thermal field emission cathodes, where the
tunnelling process prevails. Also, the decrease in noise makes Schottky cathodes more
similar to thermoemission cathodes, while preserving the other thermal-field emission
parameters [49]. Schottky cathodes prove themselves to be long-term suitable for ana-
lytical applications, where a stable lighting current regulates a secondary signal.

Fig. 3.7: Diode-jet configurations for Schottky and field emission cathodes with ultra
sharp tips, operating at room temperature (tungsten (100)).

3.6 Summary of Electron Emitters

Various types of electron emission have been presented above. Each emission type ope-
rates under different conditions, with the operating temperature, electric field intensity,
and vacuum quality being the most important factors. These factors determine the
electron emission mode that takes place in the final system. On the basis of this in-
formation, emission jet configurations based upon the above-described principles have
been presented together with their material requirements, cathode configuration and
vacuum requirements.

Fig 3.8 shows a comparison of the energy distribution spectra for particular emis-
sion principles You can see that the distribution probability and potential energy differ
for each emission type.

For focused-beam equipment, emission jets based on Schottky and field emission are
used the most often, since thermoemission guns are being used still less (both the LaB6

and tungsten gun). Regarding cathode operation stability, Schottky emission sources
are sometimes given preference over classical field emission and thermoemission sour-
ces because of their longer lifetime, which can be up to 6000 hours. For comparison,
thermoemission sources achieve at most 100 hours for tungsten wire and 1000 hours
for the LaB6 rod.
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Regarding the energy spread [eV] and the brightness [A × m−2 × sr−1], Schottky
emitters provide similar values to those from field emission cathodes at similar vacuum
conditions.

metal vacuum
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Ed Ed
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Fig. 3.8: Comparison of the energy distribution scheme of the emission sources.

3.6.1 Thermoemission Emitters (T.E.)

— the operating temperature around 3000 K
— the work function decreases with tip diameter (the potential barrier is getting

deformed)
— T.E. is usually implemented using:

+ classical hairpin tip cathode 3.1.a, or
+ hairpin-tip cathode with sharpened wire 3.1.b

— the electron emission are has diameter of about 100 µm
— the virtual source size is in the tens of micrometers
— the radiation angle is about 10−3 rad, the current goes up to 400 µA
— the vacuum level required for operation is 10−2 Pa
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— we can work with the ϕ of pure metal, since any foreign atoms remain only
briefly h-f noise occurs, with a small amplitude

— h-f noise occures, with a small amplitude

3.6.2 Cold Field Emission Emitters (C.F.E)

— operating temperature approaches room temperature
+ emitters with low chemical affinity start at 300 K
+ more chemically active emitters require higher temperatures (> 1800 K)

— the electric field on the tip needs to be at least 1010 V × m−1

— the electric field has to be strong enough for the occupation-probability of the
energy levels placed over the top of the potential barrier to equal zero (electron
tunneling is taking place here)

— C.F.E. cathodes are usually implemented using a tip cathode, see for instance 3.1.d
and e

— electron emission aera has a diameter of about 0.1 µm
— the virtual source size is about only a few nanometers
— the radiation angle is about 10−1 rad, the current reaches up to 20 µA
— the vacuum level required for operation is 10−8 Pa
— the clarity of the cathode surface strongly affects its work function
— l-f noise takes place on very low frequencies

3.6.3 Thermal Field Emission Emitters (T.F.E.)

— hybrid of thermoemission and field emission
— operating temperatures start in the range from 1200 to 1800 K
— only slightly thermally dependent at low temperatures
— energy level of electrons moves to Ec = E f + 2kTc

— T.F.E. cathodes are usually implemented via tip cathode, see for instance 3.1.c, d
and e

— the current reaches up to 200 µA
— the emission mode (set by the current) is determined by the temperature level
— the vacuum level required for operation is 10−6 Pa
— v-f noise occurs (hundreds of kHz to MHz) with lower amplitude (1-10%)

3.6.4 Schottky Emitters (S.E.)

— achieved by using high temperature and low field intensity
— electrons are emitted partly in the classical way and partly by electron tunnelling

(1:1)
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— S.E. cathodes are usually implemented via tip cathode, see for instance 3.1.d
— T-F cathodes with a tip diameter of > 1 µm can be used for this mode as well
— cathodes that are chemically active need a higher operating temperature in order

to avoid unwanted absorption, which increases the work function:
+ tungsten T-F cathodes - operate from 1000 to 1700 K, thermoemission does

not play a major role, significant h-f noise, up to 20%
+ ZrO cathodes - operate from 1200 to 1800 K, significant thermoemission

current, the necessary coverage is provide by surface diffusion of the Zr
atoms, noise is low (about 1%)

— Emission modes are described in fig. 3.9
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Fig. 3.9: Emission modes as a function of field and temperature for a ZrO/W emitter
with ϕ = 2.8 eV. [25]
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4 EXPERIMENTAL FIELD-EMITTER

This chapter describes the preparation of an ultrasharp tungsten field emitter and its
analysis. Although much development work on these sources was performed during the
1980s, the technology can still be improved and extended, and also the latest electronics
can be utilized to provide for fully automated and reproducible preparation. In order
to achieve a sufficiently large electric field on the emitter surface, it is necessary for the
apex radius of curvature to be very small (less than 100 nm). The field typically ranges
from about 2 to 9 × 109 V/m.

Cathodes of this type represent an attractive emitter, especially for applications
requiring a monochromatic electron beam or those that are limited by chromatic aberration.
However, the small emission area together with the small radius of curvature can pro-
duce some instability. Individual atoms moving over the surface can considerably while
affecting the beam current. The only ways to prevent this are to ensure complete chemi-
cal clarity of the surface (which is slightly difficult from the technological standpoint)
or to operate the cathode in ultra-high vacuum conditions (at 10−9 Pa) or in a state of
current saturation.

4.1 Physical and Chemical Properties

When preparing ultrasharp field emitters, it is necessary to use metal of the possible
highest quality. In all of our experiments, tungsten wire from Goodfellow Cambridge
was used. According to the results of chemical analysis, this wire meets the requirement
of being a low-copper and mercury-free material, where the particular tungsten (exclu-
ding gases) is about %. The remaining components are mostly oxygen, molybdenum,
and carbon, which are present in a concentration of about 50 ppm. Such quantities
do not significantly influence the cathode properties, especially the work function or
current stability.

The tungsten is present in metallic form, together with any oxide-based residuals
that might be located at the cathode surface. Preparation technology of the experimen-
tal tungsten emitter is based on immersed tungsten wire into hydroxide solution, which
is placed in conductive cylinder usually made from corrosion-proof material. Both the
anode (tungsten wire) and the cathode (steel cylinder) are connected to a precise DC
voltage laboratory power source. The etching current through the wire alters accordin-
gly with the diameter of the tungsten wire and its surface clarity. Thus, the current
value decreases as the wire becomes thinner (in the range of milliamperes to approx.
20 µA) and continues until the bottom part of the wire falls off.
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The chemical processes taking place during the electrochemical etching are descri-
bed by the following equations (eq. 4.1, eq. 4.2, and eq. 4.3):

W + 8OH− →WO2−
4 + 4H2O + 6e− (anode ) (4.1)

6H2O + 6e− → 3H2 + 6OH− (c atℎode ) (4.2)

W + 2OH− + 2H2O→WO2−
4 + 3H2 (sys t em) (4.3)

To achieve a precise and reproducible preparation method that leads to an ultrasharp
nano-tip, the following requirements must be met:

1. sufficient surface wettability of the etched wire

2. sufficient chemical clarity of the chemicals used

3. accurate depth when immersing the wire

4. etching source capable of disconnecting etch current in a very short time

5. sufficient immunity to mechanical vibrations

A basic review of electrochemical etching methods, including their descriptions,
was published in 1991 by Melmed [45]. All of these methods are based on common
principles. During the etching process, the etched wire is immersed into a grounded
metal cylinder. For the cylinder, it must be manufactured of a proper metal that does
not react with the electrolyte inside, since the cylinder acts as the cathode in the system.
However a Petri dish with an immersed cathode (made of stainless steel for example)
can be used as well.

The cylinder is filled with a liquid electrolyte, which is usually NaOH or KOH
when working with tungsten wire. The etch procedure is processed inside the cylinder,
where the etched wire acts as the anode. From the chemical point of view, the process
taking place can be described as anodic dissolution. The name of the method is derived
from the bottom part of the etched wire, which drops off (down) during the etching
procedure. The curvature radius of the tip apex at the moment of the drop off can be
expressed as [82]:

r = R

√
L(ρw − ρe )

σT S
(4.4)

where the R and L are the dropped part’s radius and length, σT S is the ultimate
tensile strength, ρw and ρe are the tungsten and electrolyte densities. This means that
the resulting tip sharpness depends on the dropped part’s dimensions, which should
be as small as possible. The small mass of the dropped part minimizes some negative
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effects connected with the sudden release of the stored elastic energy when the wire is
broken. If the energy release increases to a high value, it may cause the tips to recoil,
melt, or bend, causing blunting and tip apex deformation [82].

Usually the initial length of the wire immersed in the solution is used as the input
parameter determining the length of the dropped-off part. If the wire is not completely
immersed, this leads to complete tip dissolution, whereas if the wire is immersed deeply,
it leads to the premature breaking of the neck. In both cases, the fabricated tip becomes
blunt. After the electrochemical etching process, the tip is unavoidably covered with a
residual layer of oxide-base contaminants. While the tip-apex sharpness depends on the
electrochemical etching, the tip clarity determines its effort.
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Fig. 4.1: E -ph diagram for the W-H2O system at room temperature (300 K) [1]

From E -pH digram, illustrated in figure 4.1, it can be seen that the product of
electrochemical etching is mostly a sodium tungstate (WO2−

4 ), which is being created
with an electrolyte of high pH. For 0.2 M NaOH solution, the pH level is 13.3, and
for 2M NaOH solution, the pH is 14.3. Taking into account that we are working with
voltages much higher than the threshold level the pH (see fig 4.1), it can be concluded
that the reaction is taking place in the region of WO2−

4 , yielding Na2WO4. The rest of
the oxide-based layer is created by oxidation on air, and thus it can be concluded that
the thin layer on top consists of WO3 and Na2WO4 oxides.

4.2 Preparation Technology

For the cathode preparation, polycrystalline-tungsten wire with a diameter of 0.1 mm
immersed in a solution of NaOH is generally used. The NaOH solution is present in
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two molar concentrations (2 and 0.2 mol · dm−3) for the first and second etching phase.
Electrochemical polishing is performed in a 0.2 mol · dm−3 solution. The moving part
of the etching setup consists of a micro-metric stepper-motor-controlled device provi-
des for accurate movement. The static part of the etching setup contains a chemically
resistant cylinder in which the electrolyte is located. Laboratory preparation consists
of a few basic steps that are described further in the text.

a b c d

Etched tip

Surface
tension

time

NaOH water solution
The bottom part

Fig. 4.2: The etching procedure: a) immersing tungsten wire into the electrolyte b)
surface tension forming the tip geometry during etching c) the bottom part
starts to separate d) the bottom part drops off

1. Step - mechanical cleaning - mechanical cleaning - the wire is cleaned using abra-
sive paper of a high granularity (2000 − 2500 granules/cm2) removing oxide la-
yers, additive impurities, and carbon particles. Carbon particles occur on the me-
tal surface as residuum arising from the tungsten-wire preparation process. The
number of carbon particles can be reduced by using the purest available tungsten
wire.

2. Step - chemical cleaning - wire is rinsed in hexane dissolves and extracts oily
contaminants along fatty acids.

3. Step - electrochemical cleaning - after the mechanical and chemical cleaning pha-
ses, and before the first etching phase, the wire is polished using an AC current of
defined frequency and amplitude, which makes the surface smooth and improves
the wire’s wettability.

4. Step - surface detection and wire immersion - dduring wire immersion, the
current value is continually measured, and in the moment when it reaches a de-
fined value, the micro-metric lifter is held in place. Using this method, we can
precisely position the wire on the solution surface. 4.2.a

5. Step - first etching phase - in this phase, the immersed wire is etched in a 2 M
solution of NaOH with DC voltage (6.9 V) applied. The first phase runs until a
current threshold is reached (usually around 3.5 mA). After the first phase, the
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wire gets most thin near the surface, but is still connected to the bottom part.
Near the surface, the etching process runs faster; this is due to the surface tension
pressing on the tungsten wire. 4.2.b

6. Step - reset the position of etched wire - this is the most critical part of the
whole preparation process. The constricted region must be set approx 0.2 mm
higher against the solution surface. The surface tension directly influences the
final shape of the tip apex and is followed by the dropping off of the bottom
part. 4.2.c

7. Step - second etching phase - in this phase, the final tip shape is prepared. Etching
takes place in a 0.2 M NaOH solution with exponentially lowering voltage which
is continuously set by the computer. Lowering the voltage lowers the current
density before the tip is drawn up out of the solution. 4.2.d

8. Step - the drop off detection - during etching, the current values are continually
measured and saved at discrete time intervals. The drop off detector, activated
when the current approaches a preset current range, immediately starts waiting
for the rapid current decrease that occurs just after the bottom part drops off.
When the dropping off of the bottom part is detected, the wire must immedi-
ately be slid out of the electrolyte, since the wire could become over-etched or
additionally contaminated by residuals that are attracted to the etched tip.

9. Step - additional technological steps - these steps are executed so as to reach the
required clearance and to increase the tip’s chemical immunity. Firstly, the tip is
immersed in distilled water in order to remove solution residuals. Then the tip
is immersed in sulphurous acid, since the acid is a reduction agent and removes
hydrocarbon residuals without unwanted oxidization.

10. Step - epoxy coating - epoxy coating – finally, the tip is covered in an epoxy
coating and placed in a vacuum chamber. The epoxy is polymerized in a special
temperature chamber for two different phases.

4.3 Automated Etching System

Our main requirement for the etching setup was that it be a complete and automated
system capable of controlling all the necessary processes centrally from a single compu-
ter. This means that the system’s computer should measure and record physical quan-
tities and also send and receive instrument commands over the GPIB communication
interface.

All data needed for preparation is gathered continually during preparation, allows
for flexible control of the whole process. The controlling application was completely
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programmed in MATLAB, which provides for easy implementation and communi-
cation with the external instruments (the multimeter, the programmable DC source,
and above all the micro-metric lifter) as well as easy modification of the current-etching
algorithm.

Computer

A

V

=

USB/GPIB

Agilent 34410A

Agilent E3631A

steel cylinder
(NaOH)

tungsten
wire

+

moving
holder

(stepper
motor*)

Agilent 82357A

GPIB

GPIB

GPIB
Stepper-motor

controller*

USB

Fig. 4.3: The experimental setup of the electrochemical etching setup.

The whole preparation process is controlled and evaluated by the computer in real
time, which enables it to detect the current preparation state at any given instant in
time and to respond with appropriate actions based to events as they occur. The zero
position of the wire (the position when the wire touches the solution surface) is set
with micrometric precision based on the measured conductivity. The core idea behind
the system is to trigger the software whenever the etched wire touches the electrolyte’s
surface, which causes a quick current increase of roughly a few dozen microamperes.
This principle is used throughout the preparation process whenever is necessary to lay
the bottom part onto the electrolyte surface.

To design a suitable method for controlling the etching current, it is necessary to
describe the etching current and understand its behaviour during the pursuit of the wire
etching. As mentioned above, the tip etching consists of two phases. The first phase is
performed until the wire is significantly constricted and thus prepared for the second
phase. The slope of linear regression of the etching current can be seen in fig. 4.4, where
the slope is equal to −2.65 × 10−4. Consequently, we are able to estimate the drop off
time from the initial current based on the result of linear regression. However this is
not used for the first phase, since for two-phase etching, phase one is always terminated
prematurely and continued in a different electrolyte as phase two. Thus this approach
can only be used for single-phase etching. The current for the second phase can also be
modelled using the linear regression function, where the slope for the 2nd phase equals
−1.86 × 10−4 and continues until the bottom part drops off.
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Fig. 4.4: Variation of the etching current as a function of etching time

According to our experiments, there is a clear relation between the length of these
two etching phases and the diameter of the etched wire in order to achieve the desired
tip geometry and to avoid tip blunting. We named this ratio the phase-length ratio
(PLR); it can be expressed with the help of fig. 4.4 as:

pl r =
t1 − t0

t2 − t1
, (4.5)

at (0 < pl r < 1), where t0 is the initial etching current, t1 is the current at the time
of the second phase, and t3 is the dropping-off time. Common values for the PLR are
illustrated in the table 4.1

Tab. 4.1: Common values of the plr coefficient depending upon the etched wire

0.1 mm wire 0.3 mm wire

initial time, t0 0 s 0 s
end of the phase 1, t1 100 s 600 s
drop off time, t2 450 - 650 s 1800 - 2400 s
phase length ratio, plr 0.16 - 0.25 0.25 - 0.33

Even though the PLR differs for different diameters of wire, the value of the 2nd
differential gradient that is used to activate the gradient detector remains the same.

4.3.1 Switch-off Algorithm

The most important computer-controlled part of the process is the tip lifting up and
down, from or towards to the solution. This must be timed precisely, in order to pre-
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vent an over-etched or insufficiently etched tip with inaccurate tip geometry. In recent
years a comparator circuit together with a common a DC source has been used for
this purpose while switching off the voltage when the current reached pre-set threshold
value. Nevertheless, this method has proven to be inefficient, because the wire is not
always etched at the same current level, depending on the solution and metal clarity.
For this reason, we have implemented an algorithm based on the discrete second dif-
ferentiation which responds to rapid changes in the etching current. This algorithm,
combined with knowledge of the approximate drop off current (somewhere between
20 to 100 microamperes), was used to determine the gradient values at which the bot-
tom part drops off.

In general, the response for the desired algorithm must be:

a. zero for the constant current range,

b. non-zero for the step-change range, and

c. zero for the continuous current change.

Mathematically, the discrete second differentiation can be written as follows:

∂2 f
∂x2 = f (x − 1) − 2 f (x ) + f (x + 1) (4.6)

where the f (x ) values are substituted with discrete etching current levels that are
obtained continually during the etching process. For this reason, the algorithm beco-
mes active after the third reading cycle, just after the two previous current levels are
stored in the memory. It is also possible to implement a method based on the first di-
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Fig. 4.5: a) waveform of the etching current in time, b) current gradient of the 2nd
differentiation

fferentiation that is also fast and sensitive to rapid trend changes, but in contrast with
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the method based on the second differentiation, this method lacks a zero response for
the continuous trend change. In figure 4.5.a you can see typical etch current behaviour
in the region where the bottom part drops off. This current change can be easily re-
cognized, since it causes an abrupt decrease to the etch current. In figure 4.5.b., there
is a gradient progress computed using second discrete differentiation. In the drop-off
region, you can see a steep increase in the current. Empirically it has been determined
that the gradient threshold usually ranges from 2.5×10−4 to 4.2×10−4 A, for a tip of
roughly 60 nm diameter..

4.4 Characterization of the Prepared Field Emitter

The prepared sample of the experimental field-emitter was successfully tested in a va-
cuum chamber under HV vacuum conditions, at a pressure of 10−6 Pa. Since the structure
is not homogeneous, each layer must be described in detail in order to obtain data im-
portant for improving the process. As for tip geometry, the sample is shaped based on
the theoretical assumptions described in the relevant literature [19]. Fig. 4.6a. was obtai-
ned using classical SEM at 20 kV and shows the tip of the emission cathode. The surface
near the emission plane is covered in a thin epoxy layer that is shown more closely in
fig. 4.6b. The resin coating looks darker than the clear surface. The resin coating pro-
tects the surface of the emission plane from unwanted chemical or physical sorption of
ions, which are attracted backwards towards the cathode and cause massive bombard-
ment of the tip. This protection enables the cathode to work at lower vacuums than for
classical field emission. The coating also slightly reduces the emission current and be-
haves like a quantum barrier. The epoxy influence of the coating thickness on emission
stability will be discussed later in the text; for now it can be concluded that the coating
is very thin (usually in the tens of nm). Under the epoxy layer, there is a non-compact
oxide-based layer covering the whole tip that is created during the preparation process.

Fig. 4.6: SEM image of the a) tip of the cathode, b) surface covered by epoxy
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The influence of the oxide layer will be also discussed further in the text, since it is an
important factors directly influencing the emission of electrons.

Even though all chemicals used were of high clarity (for analysis), the cathode sur-
face is inevitably contaminated. For this reason, chemical characterization of the sample
was performed using Energy-dispersive X-ray spectroscopy (fig. 4.7) in order to identify
elements present in the surface layer.
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Fig. 4.7: Obtained spectra of the SEM-EDS analysis, a) EDS on the tip (blue), b) EDS
in the area of wire narrowing (red)

From the results of the EDS analysis it can be seen that even though tungsten is
predominant, there is a significant amount of contaminants present on the surface. The
presence of carbon cannot be determined precisely since the method does not provide
an accurate response, although it does give us information about its presence. The EDS
spectrum was measured twice, first on the uncoated cathode tip and then near the re-
gion of the narrowing. Both measurements are comparable, which enables us to suggest
further technology improvements. From the first measurement, shown in fig. 4.7a., it
can be seen that the tungsten is predominant although there is a significant amount of
nickel and sodium, which originate from the etching process. the nickel originates from
the steel Ni-Cr anode used during the etching, and the sodium originates from the elect-
rolyte. For both elements, it is still unclear what kind of chemical bonds they create.
However it can be presumed that these elements (or their compounds) locally affect the
work function thereby causing current fluctuations and field inhomogeneities.
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4.4.1 Characterization of the Epoxy Coating

As mentioned above, the epoxy coating is used in order to protect the tip against re-
sidual ions that are attracted to the tip, causing damage to it. In this section we will
describe the physical and chemical properties of this coating, which is created at the
end of the preparation process.

FFrom the chemical s, the epoxy is based on Diglycidyl Ether of Bisphenol A, com-
monly abbreviated as DGEBA, with the molecular formula C21H24O4. DGEBA is a
chemical compound used as a constituent of epoxy resins. It is a derivative of bisphe-
nol A that is used in epoxy resins for its cross-linking properties [55]. The commercial
product used is Epoxylite 6001M (from The P.D. George Company). The structure of
DGEBA (monomer) is shown in fig. 4.8 below.

Fig. 4.8: Structure of Epoxylite 6001M (monomer)

As mentioned above, the epoxy layer is deposited by immersing the etched tip into
the epoxy and cured in the temperature chamber in two phases. In the first phase,
solvents present in the epoxy are evaporated. This phase takes approximately one hour,
during which the is held at a temperature of 100 ◦C. In the second phase, the epoxy
is cured at a temperature of 180 ◦C. Depending on the height of the epoxy layer, the
process of polymerization usually takes one hour or longer, as can be seen in fig. 4.9,
depending on the height of the epoxy layer. During the second phase, the surface is
fully hardened, and the epoxy layer becomes rigid and compact.

Circular samples were prepared in order to determine the dielectric constant, which
was further calculated from the geometric capacity that is given by:

ε r =
C
C0
=

1.41 × 10−11

2.48 × 10−12 = 5.67 (4.7)

where C0 = ε0S/d , A is the area of the electrodes and d is the separation between
the two electrodes.

47



0

50

100

150

200

250

0 30 60 90 120 150

time, t [min]

θ 
[°

C
]

Phase 2

Phase 1

Fig. 4.9: Temperature during the process of epoxy polymerization.

4.5 Suggested Cleaning Techniques

In light of the results obtained by the EDS method (tab. 4.7) it is clear that the cathode
surface is covered in contaminants that cannot be removed by mere rinsing in water,
alcohol, or common acids. As it was mentioned above, a thick layer of tungsten trio-
xide and sodium tungstate develops on the tip during electrochemical etching, but the
relation between the growth of this layer is still not fully understood, as well as its
relation to the etching parameters. The various contaminants mentioned above unavo-
idably cause instabilities in the tunnel junction, therefore affecting the image quality
and increasing the noise level.

UHV tip annealing - tip heating poses a very efficient way to achieve the desorption
of the contamination layer. At temperatures above 1000 K, under ultra-high vacuum
conditions, tungsten trioxide transforms into the gas tungsten dioxide, while leaving a
clear tungsten metallic surface. Although this method is successful at removing the con-
tamination layer from electrochemically etched tungsten tips, it has been also reported
that the annealing process causes blunting of the heated tips [82]. Although this effect is
far from desirable, the method can be used if optimal annealing length and temperature
are precisely determined.

HF chemical cleaning - the idea of cleaning the tip in hydrofluoric acid is based on
dipping the tip in HF just after the completion of electrochemical etching, in order to
solubilize the tungsten oxides. Tungsten does not react with HF, but all of its oxides are
soluble in a concentrated HF solution. The optimal time and concentration still need
to be experimentally determined.

Ion milling - ion-milling cleaning is based on directing argon ions to the tip surface
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in order to remove the contamination layer via sputtering. In order to cover the whole
surface, the tip must be rotated in a flux of ions with the ion beam at a certain inci-
dent angle. Another option is to place the ion beam so that its axis coincides with the
beam. The exact bombardment time and flux energy needed still need to be determined
experimentally.

4.6 The Optimal Preparation Technique - Summary

This section is intended as a quick overview of the etching parameters that reproduci-
bly yielded sharp tungsten tips when using the setup described above. Tip preparation
information is summarized in table 4.2.

Tab. 4.2: Summary of the parameters yielding the optimal etching procedure

Etching parameter Options Optimal value/procedure

Tip wire diameter Option 1 0.1 mm polycrystalline wire
Option 2 0.3 mm polycrystalline wire

Electrolyte concentration Phase 1 2 mol/L NaOH
Phase 2 0.2 mol/L NaOH

Applied voltage Electropolishing AC 1.37 V
Phase 1 DC 6.9 V
Phase 2 DC 6.9 - 1 V

Pre-etching tip immersion length 1 mm
Etching tip immersion length 0.45 mm
Starting etch current Phase 1 4.5 mA

Phase 2 0.4 mA
Monitoring the reaction Option 1 Visible light microscope

Option 2 Using gradient detector
Tip quality evaluation Visible light microscope
Additional steps Chemical cleaning

Epoxy layer deposition
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5 SAMPLE CATHODE ANALYSIS

5.1 Measurement Setup for Emission Properties

The multi-purpose measurement setup used for electrical, optical, and stability analysis
is shown in fig. 5.1. The system is divided into three main parts: a vacuum chamber
based on two-phase venting, a computer with instruments connected to it used to me-
asure electrical parameters, and a CCD module, which enables the systém to capture
incident electron beam patterns.

Fig. 5.1: The measurement setup including the high-voltage power supply.

The high vacuum is provided using the combination of a turbomolecular pump and
an ion pump, enabling it to achieve a 10−6 Pa. The described setup is adapted to be used
for two various modifications.
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The first configuration of the measurement setup mentioned above is intended to
be used for Fowler-Nordheim analysis (see section 5.2), which is based on measuring
the total emission current at a particular extraction voltage. This configuration is also
used to perform noise spectral analysis (see chapter 6.2), which is based on measuring
the emission current (or voltage), which is afterwards converted to obtain the spectral
image. In both cases, the total emission current is measured on the YAG scintillator.

The second configuration of the measurement setup is intended to obtain the emis-
sion patterns. This configuration is based on the configuration intended for Fowler-
Nordheim analysis; however, there is an extra CCD camera (or photodetector) placed
next to the vacuum chamber, behind a glass window, making it possible to obtain a
precise picture of the emission pattern.

Tab. 5.1: Physical properties of YAG:Ce crystal [56]

Property value

Index of refraction 1.82
Wavelength of Peak Emission [nm] 550
Density [g/cm3] 4.57
Radiation Length [cm] 3.6
Photon Yield [photons/MeV] 18 × 103

Scintillation Efficiency (compare to NaI) 45%
Cerium Concentration (with respect to Y) 0.18%

The YAG crystal (Y3Al5O12) used in our setup poses a Cerium-doped chemically
inert inorganic scintillator (Ce:YAG). The wavelength of the maximum emission at 550
nm is well matched to CCD sensitivity. YAG(Ce) is a reasonably fast scintillator with a
relative light yield of 45% of sodium iodide activated with thallium, NaI(Tl) [56]. Upon
considering its excellent scintillating properties - vacuum-friendliness, mechanical rigi-
dity, very long lifetime in a high radiation environment, sub-micron resolution, and
excellent linearity - it can be concluded that YAG:Ce is evidently the ideal candidate for
diagnosing high-brightness ultra-relativistic electron beams [56].

The output noise of the scintillating screen can be in general expressed by the va-
riance in the emitted photon energy flux, that is, the number of photons per unit of
area. In the frequency domain, the noise is expressed by the noise power spectral density
(NPSD) - see chap. 6, which may be obtained by the Fourier transform of data obtained
after uniform irradiation of the screens.
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5.2 Fowler-Nordheim Analysis

The main goal of this section is to provide a physical characterization of the sample
field-emitter whose preparation has been described above. For this reason, the Fowler-
Nordheim analysis has been used. The objective is to show that the phenomenon of
electrons moving through the vacuum of the experimental emitter is in fact an example
of Fowler-Nordheim tunnelling, also known as quantum tunnelling. Using Fowler-
Nordheim Analysis it is shown that the V-I relation is consistent with the expected
tunnelling model.

Tab. 5.2: The tabulated experimental data for the F-N analysis

I [A] Ve xt [V] ln(I /V 2) [A·V−2] 1/Ve xt [V−1] F [V·m−1]

1.46×10−6 195 -23.98 5.13×10−3 6.11×109

1.70×10−6 200 -23.88 5.00×10−3 6.26×109

2.40×10−6 208 -23.62 4.81×10−3 6.51×109

3.20×10−6 215 -23.39 4.65×10−3 6.73×109

3.60×10−6 223 -23.35 4.48×10−3 6.98×109

4.20×10−6 224 -23.20 4.46×10−3 7.01×109

4.40×10−6 227 -23.18 4.41×10−3 7.11×109

5.10×10−6 234 -23.10 4.27×10−3 7.33×109

6.50×10−6 242 -22.92 4.13×10−3 7.58×109

8.50×10−6 248 -22.70 4.03×10−3 7.76×109

9.02×10−6 251 -22.67 3.98×10−3 7.86×109

1.20×10−5 262 -22.47 3.82×10−3 8.20×109

Data was gathered by measuring the total-emission current on the YAG along with
measuring the extraction voltage. For a given voltage, the corresponding output current
was read using a precise Agilent 34410A multimeter. This process yielded 12 data points
illustrated by the table 5.2.

Graphing these data yields an exponentially increasing trend as illustrated in fig. 5.2.a.
The Fowler-Nordheim analysis consists of showing that there is a relation between
current and voltage. Using the following relation, we can determine whether or not
our data is consistent with the expected tunnelling model.

ln
(

I
V 2

)
= m

(
1

V

)
+ n, (5.1)

Equation 5.1 clearly shows that there is a linear relation between the inverse of the
voltage and the natural logarithm of the current divided by the square of voltage. To
prove, that the above data from table 5.2 its this form, the two quantities stated in the
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Tab. 5.3: Data for Least Squares Line of Best Fit∑
xi (

∑
xi )2 ∑

(xi
2)

∑
yi

∑
xi yi

5.32×10−2 2.83×10−3 2.38×10−4 -2.78×102 -1.48×101

equation 5.1 must be calculated and shown to be linearly dependent. Graphing these
data yields the following apparently linear figure 5.2.b.

In order to show that our data fits the Fowler-Nordheim relation, a least squares fit
must be performed. The slope of a last squared fit and the y-intercept are given by the
following equations, where N is the number of data points (twelve in this case). The
corresponding equations can be written as:

m =
N

∑
i

xi yi −

(∑
i

xi

) (∑
i

yi

)
N

∑
i

x2
i −

(∑
i

xi

)2 , (5.2)

n =

(∑
i

x2
i

) (∑
i

yi

)
−

(∑
i

xi

) (∑
i

xi yi

)
N

∑
i

x2
i −

(∑
i

xi

)2 . (5.3)

Using (1/V) as xi and ln(I /V 2) as yi , each of the required sums was computed and
is shown below in table 5.3. Inserting these values in equations 5.2 and 5.3 yields the
following values for the slope and y-intercept:

slope m⇒ −1.15 × 103, y-intercept n⇒ −18.12
The least squares analysis is applied using standard linear form y = mx + n and

plotted over the data as shown in fig. 5.2.b.
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Another quantity of interest is the electric field intensity at the cathode tip, since
according to the Fowler-Nordheim theory, the electric field at the the tip apex reduces
the width of the energy barrier that confines electrons to the interior of the cathode.
According to the Fowler-Nordheim theory [24] the electric field at the cathode surface,
F , is proportional to the applied voltage V , as can be illustrated by the equation:

F =
V

K R
. (5.4)

To find the electric field strength, the field-voltage proportionality factor KR must
be calculated, using an iterative numeric procedure described by Robert Gomer in
1961 [27]. Using the work function for clean tungsten, ϕ = 4.55 eV, the Fermi energy
for tungsten µ = 10.46 eV, the Nordheim image correction factor α, the slope of from
the linear fit m, and the y-intercept from the above linear fit n, the acceptable approxi-
mation for KR can be found.

The calculation of the coefficient KR is based on an iterative algorithm that is cyc-
lically calculated until required precision is reached. The procedure contains these five
basic steps [27]:

1. The initial values of α and KR are set to 1
2. The new value of KR is (re)calculated
3. The mean value of F is found using mean value of voltage V
4. The new value for the correction factor α is found using approximation
5. steps 2 − 4 are repeated until the required accuracy is reached

In the step 2, the new value of KR is calculated from the slope m of the Fowler-
Nordheim equation, which can be expressed as [27]:

K R =
m

−6.8 × 10−7αϕ3/2
. (5.5)

As follows, the mean value of the field strength Fm from the mean value of the
voltage Vm is found:

Fmean =
Vmean

K R
, (5.6)

where Vm =
∑

V /N with N standing for the number of voltage readings. The
fourth step deals with the calculation of a new value for the Nordheim image correction
factor from the approximation [27]:

α =
√

(1 − y), (5.7)
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where for the y stands:

y =
3.8 × 10−4√Fmean

ϕ
. (5.8)

Steps 2 to 4 are repeated until the absolute value: |K R − K Rold | ≤ 1 × 10−8. The
last quantity that is of interest to us is the emission area Ae , which is computed using
the above values for m , n, ϕ, α and K R. The calculation of Ae can be expressed using
following equation [27]:

Ae =
en (µ+ ϕ)(αK R)2

k
, (5.9)

where k is equal to:

k = 6.2 × 10−6
√
µ

ϕ
(5.10)

From the above numerical analysis, several relationships appear. Referring back
to table 5.2, it can be seen that there is a clearly exponential increase of current as a
function of voltage 5.2.a., which can be explained by quantum tunnelling [24]. Based
on the analysis of (1/V ) against the ln( I /V 2), as seen on fig. 5.2.b., apparently linear
relation was yielded. The linearity of this relation provides the essential physical phe-
nomenon of the experiment.

Since it has been proven that the quantum tunnelling takes place in our case, other
quantities were derived from this situation. Finding the value of KR by multiple iterati-
ons enabled us to find the average electric field strength for this experiment. We could
also calculate the emission area. The results achieved are illustrated by the following
table.

Tab. 5.4: Calculated data

FN slope FN intercept K R / m Ae / m2 j260V / A m−2 Fm / V m−2

-1.15×103 -18.12 3.19×10−8 6.48×10−18 1.85×1012 7.1×109

Some source of uncertainty is connected with measuring of current over the voltage
range. This was caused mainly by current fluctuations which made the current (for
particular voltage levels) vary slightly over time. In order to help alleviate this problem,
the data was sampled and integrated using a in-built function of the Agilent 34410A,
which helped to minimize the fluctuations. The issue of stability and current noise will
be discussed in a separate chapter.
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5.3 Band Diagram of the Sample Cathode

As was mentioned previously, atomically clear surfaces cannot be expected on real emit-
ters, since a thin oxide layer develops very quickly, and its presence is thus unavoidable.
But even though the presence of the oxide layer can decrease the emitter’s emissions, it
can also protect them against degradation. For a clean metallic surface, the field emis-
sion density can be calculated using the Fowler-Nordheim equation. Therefore, we are
working with a three-layer composite structure represented by a metal-oxide-epoxy in-
terface with various parameters of each component. Tungsten acts here as a metal; tun-
gsten trioxide is used as an oxide layer. The epoxy coating affects the emission current
by limiting the supply of carriers to the surface, which is strictly dependent on the
applied potential. Detailed values for the materials used are presented in table 5.5.

Tab. 5.5: Energy levels of metal and oxide components

Material property Tungsten Tungsten trioxide

Work function [eV] 4.53 5.6
Electron affinity [eV] 0.82 3.33
Energy gap [eV] - 2.8
Dielectric constant - 1 × 1018

The work function is the energy difference between the vacuum level Ea = 0 and
the Fermi level EF . This quantity is denoted by eϕm for the metal, and is equal to
e( χ + ϕn ) in the n-type semiconductor, where eχ is the electron affinity measured
from the bottom of the conduction band Ec , to the vacuum level Ea , and eϕn is the
energy difference between Ec and the Fermi level EF . The potential difference between
the two work functions ϕm – ( χ + ϕn) is called the contact potential. From the previ-
ous analysis [38] it can be seen than the tungsten-oxide layer acts as a semiconductor of
some type that we should further specify, and therefore it has an essential influence on
the stability of the emission current and involves noise mechanisms typical for semicon-
ductor devices. With knowledge of tungsten trioxide electron affinity χ (3.33 eV) and
energy gap Eg (2.8 eV), it is possible to determine the difference between the energy of
the vacuum level Ea and the energy of the valence band Ev , which can be calculated as
a sum of the oxide electron affinity and it’s energy band, yielding the value of energy
6.13 eV. Upon estimating the value of the work function from the calculated energy
level, we obtain the ionization level for our type of semiconductor. The value obtained
is about 0.53 eV, that is, much less than half of the energy band (1.4 eV). Therefore, it
can be concluded that our semiconductor has p-type conductivity.

For an oxide-epoxy-covered surface without an applied electric field, the emitter can
be modelled using two one-dimensional barriers divided into three parts, as illustrated
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Fig. 5.3: Band structure of ultra sharp tungsten field emitter covered by thin oxide and
epoxy layer at thermal equilibrium, without applied electric field

in fig. 5.3. In a metal-oxide system, the barrier height is simply the difference between
the metal’s work function and the electron affinity of the semiconductor. On the con-
trary, for ideal contact between a metal and a p-type semiconductor, the barrier height
eϕBp is given by eq.5.11, [32]:

eϕBp = Eg − e(ϕm − χ), (5.11)

where eϕ is the electron affinity of semiconductor. Fig. 5.3 also illustrates the values
of the oxide surface potential eψBi and the ionization potential eϕp . By increasing the
extraction voltage in the case of reverse bias 5.4 the value of potential barrier is raised
up to eψBi + eVR, and therefore the value of the current density can be written as [32]:

J = Js

(
e
−eVR

kT − 1
)
. (5.12)

Regarding the epoxy layer, the interface properties between metal and polymers
are generally not very well understood, since these materials are of entirely different
characters. However, a recent study reported the presence of an image force lowering
the potential barrier at the metal-semiconductor polymer [54]. Based on this effect,
information on the polymer’s electrical properties can be obtained. Because of the re-
lative permittivity (ε r ) the slope of the oxide barrier is lowered to 1/ε r times that of
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the vacuum barrier. Additional lowering of the barrier is caused by the effect of image
charge, for which stands that e2/16πε0ε r z . Thus the barrier can be expressed as [81]:

U (z ) =


EF + EB −

e2

16πε0ε r z −
eF z
ε r

(0 < z < tox )
EF + ϕ − e2

16πε0z − eF z (z > tox )
0 (z < 0)

(5.13)

where EF stands for Fermi level of the metal, EB the oxide barrier height, F the
intensity of the applied electric field, ϕ the work function of the metal, and tox stands
for the thickness of the oxide film. The emission current density can be in general
written as it was mentioned in Hawkes and Kasperkasper [32]

J (F ,T ) = e
∫ ∞

0
N (W ,T )D (F ,W ,T )dW , (5.14)

where N (W ,T ) stands for electron density with kinetic energy W at temperature
T and D (F ,W ,T ) is the tunnelling probability, which can be written as follows [81].

N (W ,T ) =
m′kBT
2π2~3 ln

[
1 + e−

W −EF
kT

]
, (5.15)

Therefore, for the whole function we can write

N (W ,T ) =


m′kBT
2π2~3 ln

[
1 + e−

W −EF
kT

]
( E > EC , E < EV )

0 ( EV < E < EC )
, (5.16)

where m′ is the effective mass of electron in the emitter material.
For numerical solution of the tunnelling coefficient, the Wentzel–Kramers–Brillouin

approximation [78], [81] can be calculated yielding [81]

D (F ,W ,T ) =
1

1 + eQ (W )
, (5.17)

where

Q (W ) = −2i
∫ z2

z1
λ(ξ)dξ, (5.18)

and therefore

λ(ξ) =
{

2m∗

~
[W −U (ξ)]

}1/2
(5.19)

with x1 and x2 are the roots of λ2(ξ) = 0. It should not be omitted, that the m∗

tands for the effective mass of the electron in the oxide layer as well as the electron
mass for the vacuum. Based on the calculations described above, band diagrams have
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Fig. 5.4: Band structure of an ultra-sharp tungsten field emitter, covered in a thin oxide
and epoxy layer ( reversed bias applied).

been proposed (fig. 5.3 and 5.4). It can be seen that the oxide layer affects the emission
current, acting as a potential barrier. The relation between thickness of the oxide layer
and the current density is shown in fig. 5.5.

It is evident that the density of the emission current decreases as the width of the
oxide layer increases. When it reaches its minimum, the trend reverses and tends to
slowly increase until it reaches the saturation level. This event can be mathematically
explained using equation provided by the WKB method [81]. As shown in eq. 5.17, 5.18
and 5.19, the transmission coefficient is being slowly decreased as the effective mass m∗,
multiplied by the total barrier area. As you can see in the fig. 5.4, the barrier area of
the oxide increases as the oxide layer increases, while the energy level is lowered. As a
result, the increase of the oxide layer thickness alters the oxide part of the barrier to
increase more than vacuum part is decreased.

This event takes place even despite the lower effective mass of the electrons, which is
lower than that in the vacuum. For this reason, the product of equation. 5.18 increases
when the emission current density is decreased. The emission current density reaches
its minimum when the thickness of the oxide layer reaches a certain value. As the
oxide thickness increases further, the product of eq. 5.18 decreases, while the current
density increases [81]. On the basis of our calculations, it can be concluded that there
is a significant difference between the clean (virgin) emitter and the oxide-covered one.
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Fig. 5.5: Emission current density of oxide-coated tungsten emitter against thickness of
the oxide layer. under the field of intensity F = 109 V × m−1

The emission’s saturation level is reached when the emission current leaks through the
oxide layer, causing the vacuum part of the barrier to stop altering the emission current.

5.4 Measuring the Emission Pattern

Along with stability diagnostics, the correlation between the extractor voltage and the
relative lightning intensity must also be examined. The lightning intensity has been
measured in relative ratio using a CCD camera.

A

Vex = 200 V
d = 1.02 mm
L = 9 %

B

Vex = 250 V
d = 1.19 mm
L = 32 %

C

Vex = 300 V
d = 1.42 mm
L = 65 %

D

Vex = 350 V
d = 1.69 mm
L = 86 %

Fig. 5.6: Cathode emission patterns vs. the extraction voltage

The luminance given by the HSL model (hue, saturation, lightness) was used when
evaluating lightning. Obtained data, coming from the central maximum that was crea-
ted by the incident electron beam on to the YAG crystal, was used. The approximate
diameter of the area that was covered by the electron beam (and its aura) was determi-
ned using a common edge detection algorithm based on the 2nd discrete differential.

60



0

30

60

90

185 235 285 335

L
ig

ht
ni

ng
, L

 [
a.

u.
]

Extraction voltage, Vex [V]

L = aVex - b

0.9

1.1

1.3

1.5

1.7

185 235 285 335 385

Extraction voltage, Vex [V]

pa
tte

rn
 d

ia
m

et
er

, d
 [

m
m

]

d = a exp (bVex)

Fig. 5.7: Emission pattern properties; a) relative light intensity vs. the extraction vol-
tage, where a=0.5 and b=101.7 and b) pattern diameter vs. the extraction
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The dependence of lightning on the extraction voltage is illustrated in fig. 5.7.
As you can see, the lighting is linearly dependent on the extractor voltage. Taking
into account that the emitting area decreases as the tip diameter increases, the electron
beam brightness is also rising. The observed dependence of the pattern diameter on the
extraction voltage proved to be exponential.

5.5 Finite Element Modelling using Comsol

Using Comsol Multiphysics 4.2a, finite element simulations were performed in order to
calculate those physical quantities whose exact determination is based on solving very
complicated partial-differential equations (PDE). This includes calculation of the po-
tential distribution around the cathode, i.e. determination of the area with the highest
potential gradient which is consequently considered to be the emission plane. Along
with the potential distribution calculation, the simulation in Comsol also makes it
possible to illustrate lines of force between the extraction electrode and the tip of the
cathode, which is essential for calculating particle trajectories passing through the ex-
traction electrode while being accelerated by the high voltage. The general approach
for creating a model in Comsol is based on a few basic steps. In the first step, the spatial
dimensionality is selected; the default is 3D. In order to start creating a model, it is
more required to add relevant physics-module which will be used for the calculations.
In our case, the default is the electrostatics module, which covers the mathematical and
physical apparatus intended to solve field-related problems. Finally, after choosing the
type of study and the solver, model definition can commence.

The model definition approach consists of first creating a geometrical shape andthen
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Fig. 5.8: Detail of the emitter model schematic representation, the mesh

defining material properties for the particular elements of the model. Since our model
is axially symmetric, we can use an approach familiar to users of CAD systems. This
approach is based on defining a work plane, which is then revolved around the axis,
thereby creating a three-dimensional model. In order to make the approach as easy as
possible and to lower the number of elements present in the model, the work plane is
defined inversely. This means that instead of defining the cathode and the electrodes,
only the surrounding vacuum is defined resulting on creating the final shape. After the
work plane is defined and revolved, the model is fragmented in order to create what is
called a “mesh,” which is made up of predefined geometric elements. For our model,
an extra-fine preset has been used, in order to precisely follow the sharp shape of the
emitter’s tip. Fig. 5.8 gives a schematic view of our 3D model for the extra-sharp emitter.

In order to make the approach as easiest as possible and also to lower the amount
of elements present in the model, the work plane is defined inversely. This means,
that instead of defining the cathode and the electrodes, only the surrounding vacuum
is defined resulting on creating the final shape. After the work plane is defined and
revolved, the model is fragmented in order to created so called mesh, which created by
predefined geometric elements. For our model, extra-fine preset has been used in order
to follow precisely the sharp shape of the tip of the emitter. Fig. 5.8 gives a schematic
view of our 3D model for the extra-sharp emitter.

Fig. 5.9 illustrates the potential distribution near the surface of the experimental
emitter. According to our expectations, it can be seen that the highest field gradient
occurs near the cathode surface, especially around the tip. This makes it possible to
achieve a field intensity of the strength needed in order to emit electrons. For a tip
with a tip diameter of 50 nm, at an extraction voltage of 200 V, the field strength near
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Fig. 5.9: Visualisation of the electric potential distribution near the tip of the cathode

the cathode tip is approximately 6.32 × 109 V/m which corresponds with the results
obtained by experimental Fowler-Nordheim analysis (see tab. (see tab. 5.2).

Fig. 5.10: Particle tracing and force-lines of the field visualisation

The last figure (5.10) illustrates the lines of force between the extraction electrode
and the cathode the (blue lines). It can clearly be seen here how the lines of force are
bent towards the aperture in the extraction electrode. The exact positioning of the lines
of force depends on several factors. In the ideal situation, the factors influencing the
distribution are: the extractor-voltage, the radius of the cathode tip, the aperture in the
extractor electrode, and the separation between the extractor electrode and the cathode.

The fig. 5.10 also shows the approximate electron trajectory of the electrons (red
line) that are emitted from the region where the local electric field is stronger than 1 ×
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Tab. 5.6: Input data for the COMSOL model

name name unit description

r1 0.05 [mm] cathode radius
ra 0.5 [mm] aperture radius
Ra 4.5 [mm] anode radius
rt ar g e t 4 [mm] target radius
w 0.5 [mm] cathode width
L 4.5 [mm] cathode length
d 1 [mm] separation distance
a 5 [mm] chamber radius
Vacc -5000 [V] acceleration voltage
Ve xt 200 [V] extraction voltage
e 1.602 × 10−19 [C] elementary charge
me 9.1 × 10−31 [kg] electron mass

109 V/m, which is considered to be the theoretical threshold level for the field emission
of electrons into vacuum. The following table summarizes the input parameters that
were taken into account when defining the cathode model.
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6 NOISE CHARACTERISATION

Technological imperfections and impurities, caused mainly by the fabrication process,
prove themselves the most likely source of superfluous current and redundant noise.
This noise is considered to be composed of all fluctuations occurring in the receiver.
The source of the current or voltage fluctuations originates mostly from the thermal
behaviour (movement) of the carrier in the bulk, as same as on its chemical clarity, on
its surface and its contacts. We also should not ignore movement between bands and
the level of allowed state, as well as conductivity modulation, fluctuations of the bac-
kground temperature and the fluctuation caused by the radiation and acoustic noises.
In a system where the working current is small, added noise becomes more signifi-
cant. Unfortunately, its instantaneous value cannot be predicted, because the noise is a
type of random process. Additional valuable information can be observed by analysing
its spectrum, because the spectral bandwidth and its shape depend significantly on the
physical processes from which the fluctuations originate. Therefore, specific noise com-
ponents are emphasized in order to understand the physical processes that are taking
place on the quantum level.

6.1 Theoretical Background

Overall, noise can be considered a random process, because its fluctuation level cannot
be predicted. On the other hand the system can be described using a statistical model
enabling us to predict the average noise level. The average power of a voltage signal x (t )
is defined as [61], [74]

Pav = lim
T→∞

1
T

∫ T /2

−T /2
x2(t ) dt , (6.1)

where Pav is expressed in V2. In order to make the concept of noise strength more
versatile, it can be defined in relation to the frequency component of noise. The Power
Spectral density (PSD), Sx ( f ) of the noise signal x(t) is defined as the average power
carried by x(t) in a one-hertz bandwidth around f. The PSD is a very useful tool in-
tended for the noise analysis in electric systems. Consider a signal with PSD Sx(f ) is
applied to a linear time-invariant system (LTI) with transfer function H (s), the PSD of
the output signal can be written as [61], [74]

Sy ( f ) = Sx ( f ) |H ( f ) |2. (6.2)

IIt should be also emphasized that the autocorrelation function of a signal and its
Power Spectral Density are Fourier Transform pairs,

Sx (ω) ⇔ X (t )X (t + τ). (6.3)
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According to Carson’s theorem, the spectral intensity of a stationary random vari-
able Y(t) is the superposition of a significant number of independent events [61]. The-
refore Fi (t ) randomly occurring at the average rate λ is the twice the product of λ and
the magnitude squared of the Fourier transform of the independent event, ψ( f ). Thus
if

Y (t ) =
∑

i

F (t − ti ) (6.4)

then SY ( f ) is equal to

SY ( f ) = 2λ |ψ( f ) |2 (6.5)

6.1.1 Thermal Noise

In homogeneous conductor or semiconductor material, there are no potential barriers.
However, noise is generated even if current is not flowing through the circuit. This is
caused due to the thermal movement of the free carriers and the crystal grid, and by
their random collisions. This event is usually called the Brownian motion of the charge
and is caused by thermal energy. Charge carriers are not affected by any external force,
and therefore the velocity is constant amongst every direction. Taking into conside-
ration the fact that the mean time between collisions is 10−12 s and the magnitude is
constant until f ∼ 1012 Hz, the spectral density of the current fluctuations caused by
thermal noise is equal to [61], [74]

Si ( f ) = 4kT G
ℎ f /kT

e(ℎ f /kT ) − 1
= 4kT G

ℎ f /kT
1 + ℎ f /kT − 1

= 4kT G , (6.6)

where G is the real part of the admittance, called the conductance. Except for
very high frequencies where f ∼ 1011, the ℎ f << kT . This corresponds to the basic
equation for the voltage fluctuations,

SU ( f ) = 4kT R, (6.7)

where k is Boltzmann constant, T is the absolute temperature and R is the sample
resistance.

It has been also observed that the spectral noise density of thermal noise increases
with frequency, rather than with another constant. This conclusion comes from more
detailed research that takes into consideration the actual distribution of carrier energies,
as modified by considerations related to Heisenberg uncertainty principle. Similarly, as
with accurate determination of the position and velocity of a moving particle, it is
likewise impossible to simultaneously accurately measure both the current through a
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resistor and the voltage across it. Nyquist calculated thermal noise more generally and
extended the theory to include quantum noise. The microscopic theory of quantum
noise in a conductor was established by Callen and Welton. [61], [74]

SU (ω) = 2~ωR · coth
(
~ω

2kT

)
. (6.8)

However, at room temperature, the expression has the same value as given by
equation until around f = 2kT /h � 1013 Hz.

6.1.2 Diffusion Noise

Diffusion noise originates from carrier velocity fluctuations, which are caused by its
collisions. In general, this noise is connected with the diffusion process, resulting from
non-uniform carrier distribution. Let us consider a model situation on a simple semi-
conductor. If the carrier density increases for some reason at one end (for instance due
to illumination), then carriers move towards the opposite end, to the area with reduced
population. It must be stressed that no voltage is applied. During the movement of the
electrons, massive scattering takes place, since the particles collide with the lattice and
with ionized impurity atoms. As a result, carrier velocities are changed. This represents
a perturbation of the regular diffusion tendency. Since the scattering is considered to be
a random process, the instantaneous value of the diffusion current is also random. [61]

Diffusion noise was first modelled by Becking, followed by Van der Ziel. Both of
them considered an n-type semiconductor with an electron density gradient. Based
on their considerations, the general expression for thermal noise voltage is based on
segmentation of the volume of the semiconductor into elementary rectangular boxes
(∆x ∆y ∆z ). Because of the collisions, the electrons are able to pass from one box to an
adjacent box. This movement is considered to be a series of independent events. Thus
the current spectral density of the diffusion noise is [61], [74]

SI = 4e2Dnn(x )
∆y∆z
∆x

(6.9)

where e is the elementary charge, n(x ) the electron concentration on the x-axis , Dn

the diffusion constant, and ∆x ∆y ∆z are the dimensions of the elementary box. Con-
sidering this situation from microscopic point of view, if Einstein’s relation [61], [74]

Dn =
kT
e
µn (6.10)

holds ( µn stands for electron mobility and Dn the electron diffusion constant), the
current spectral density becomes [61]

SI =
4kT
∆R

, (6.11)
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where ∆R stands for the resistance for the elementary box (∆x ∆y ∆z ), that is given
by [61], [74]

∆R =
∆x

eµnn(x )∆y∆z
. (6.12)

Comparing the spectra of the diffusion and shot noise (6.11 and 6.15), for the ma-
jority carriers only, diffusion noise reduces to thermal noise, if Einstein’s relation 6.10
holds. From the macroscopic point of view, the device must be examined to obtain its
current-voltage characteristics. If the characteristics obtained follow Ohm’s law, then
the noise is considered to be thermal; otherwise, it is diffusion noise. Unlike thermal
noise, which is caused by random motion of carriers, diffusion noise is related to the
fluctuations induced by random collisions. [61]

6.1.3 Shot Noise

Shot noise originates from the discrete nature of charge carriers. This type of noise
appears in every system conducting electric current; the current flowing through the
device is limited only to those electrons that possess enough energy to pass the potential
barrier. The passage of electrons through this barrier constitutes a series of independent,
random events. Let’s consider a model situation again, with two electrodes, A and B.
Electrons are emitted by electrode A and collected by electrode B, which has a positive
voltage compared to A. Electrons crossing plane B will fluctuate from one short time
period to the next, which leads to a random emission rate of electrons at plane A, to-
gether with a random distribution of particular (individual) velocities. Every time that
an electron crosses plane B, an elementary current pulse appears in the external circuit.
The pulse area is equal to the elementary charge e, and Tt corresponds to the transit
time, which is the average time needed to cross the barrier. The region α corresponds
to a cluster of 5 electrons reaching plane B. [61], [74]

The common approach for estimating shot noise is based on Carson’s theorem,
where the elementary event is identified to be the arrival of an electron at the collecting
electrode. Without considering the transit time Tt , the instantaneous current can be
calculated as a sum of elementary Dirac pulses of weight e

I (t ) = e
∑

i

δ(t − ti ), (6.13)

whose mean value is

I (t ) = I0 = λe, (6.14)
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where λ is the average number of electrons received on the collector electrode per
second. Therefore the current spectral density of shot noise is

SI = 2eI0 [A2/Hz]. (6.15)

The spectral energy distribution is constant, and thus the spectrum is obviously
white. However, when the transit time Tt of the electrons is considered, the cut-off
frequency is ω � 3.5/Tt . The power distribution vs. frequency corresponds to white
noise, however unlike thermal noise, shot noise does not depend on temperature. [61], [74]

Shot noise is modelled as a current generator whose mean square value is

i2
n (t ) = 2eI0∆ f [A2], (6.16)

where I0 stands for the average direct current flowing through the device.

6.1.4 Shot Noise in Metal-Semiconductor Junctions

Shot noise is always generated in all vacuum devices and generally in devices where
electrons move in ballistic trajectories. The flow of current in a metal-semiconductor
device (a Schottky cathode for instance) is caused due to majority carriers. There are
two groups of carriers that have to be taken into account: [61]:

1) Carriers that are moving from the metal into the semiconductor, encountering
a potential barrier of height E0. These carriers produce the current -IS, which is
nearly independent of the applied voltage.

2) Carriers that are moving from the semiconductor into the metal, encountering
a potential barrier of height e(Φc −V ), where Φc is the contact potential and V
the voltage applied to the metal.

The overall current is the sum of these currents, making the total current spectral
density equal to [61]

SI = 2e(I + 2IS ) (6.17)

or

SI = 2kT gm
(I + 2IS )
(I + IS )

. (6.18)

Shot noise exhibits a Gaussian distribution of its instantaneous amplitudes.

69



6.1.5 Generation-Recombination Noise

Generation-recombination noise (G-R noise) is connected to statistical fluctuations of
the charge carrier population caused by random generation, random recombination,
random trapping, and the release of carriers in the semiconductor. When a covalent
bond is broken, an electron-hole pair is generated. A small amount of energy is needed
to break a covalent bond. This energy can be supplied by, for instance, thermally or
by illuminating the semiconductor surface. Since the energy of photons and phonons
is quantized and non-uniform, the generation of charge carriers is considered to be a
random process, both in space and in time. [61], [74]

The opposite process to that of charge generation is charge recombination, which
takes place simultaneously and happens every time that an electron meets a hole. The
encounter probability is influenced mostly by the Brownian motion of carriers, and
therefore it can be concluded that recombination also has a random nature; however,
recombination must on average be balanced with generation. [74]

An important role is also played by traps, which are located in the bulk or on the
surface of a semiconductor. Since electrons and holes are captured and consequently
released after a variable lapse of time, an additional fluctuation in the charge carrier
population is caused. All crystal lattice defects, including impurity atoms and molecules
in the semiconductor or on its surface, act like traps.

The fluctuation process can be described using Langevin’s method, using the following
differential equation:

d(∆N )
dt

= −
∆N
τ0

+ H (t ), (6.19)

where ∆N stands for the fluctuation in the number of carriers, τ0 is the average
lifetime of added carriers, and H (t ) is a random white noise source that describes the
fluctuation. After applying some algebra, the power spectral density of the generation-
recombination noise can be calculated using [74]

Sn (ω) =
4σ2

1 + ω2τ2
0
. (6.20)

In order to accurately calculate the power spectral density, it is important that we
consider all lifetime constants that are in any way associated with the fluctuating quan-
tities. These include for instance the number of electrons, the number of holes, the
number of ionized impurities, etc.). Equation 6.20 describes the situation where only
the majority carriers take place, therefore is physically inaccurate. [74]

G-R noise can be modelled using a noise current generator of the power spectral
density given by 6.20 and the mean square value

i2
n =

4I 2τ

N (1 + ω2τ2)
, dI = Ae µdnE =

I dn
N

, (6.21)
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where N stands for the average number of carriers , I is the average DC current
flowing through the device, and τ is time constant characteristic of the generation-
recombination process. It can be concluded that the level of G-R noise is proportional
to the square of the average DC current flowing through the device.

G-R noise takes place in semiconductors with common level of doping, because
conductance is mainly influenced by the number of carriers released from impurity
atoms. Those that are thermally or optically generated greatly dominate. G-R noise
is generally the most significant in regions where carrier concentrations are weak, for
instance in intrinsic or lightly doped semiconductors, and in the space charge layer of
each junction. [74]

6.1.6 1/ f Noise

Along with generation-recombination noise and thermal noise, 1/ f is generated in
emission cathodes as well. Its origins are still not fully understood. However it is obvi-
ous that 1/ f noise, often called “flickering” noise, represents a general process encoun-
tered in non-equilibrium systems. For this sort of noise it is typical that the spectral
noise density is inversely proportional to the frequency. The first studies of 1/ f noise
at resistors were performed by Bernamont in 1934. He discovered that the spectral no-
ise density is inversely proportional to the low-frequency part of the spectrum. There
are several fundamental models that describes 1/f noise. The most widely used among
them is McWhorter model is most widely used. [17], [74]

The model assumes that 1/f noise is primarily a surface effect caused by the number
fluctuation of the particles created as a superposition of the generation-recombination
noise processes with a wide range of relaxation periods. McWhorter’s theory states that
the 1/f type spectrum originates from the superposition of the Lorenz power spectra
and by occupation of the independent trap states. This presumption is not necessarily
universally applicable from the physical point of view, but mathematically, the model
is valid in all cases.

Using the method of spectral superposition on the spectrum type [17], [61]

Si ≈
1

1 + ω2τ2 , (6.22)

where τ variable varies from 1µs to 1 s. From the model we can see that the
fluctuation spectral noise density is directly proportionate to the square root of the ap-
plied voltage V0, to the concentration of surface centers NT and to the speed of surface
recombination. These direct proportions are experimentally proven. Let us describe
the simple model discovered by Van der Ziel [17]. A correlation exists between slow
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surface states and wide interval of the relaxation values. Such a time constant distribu-
tion can be explained in various ways:

a) the time constant varies due to electron tunnelling through the potential barrier
of constant height and variable width. In this case, the time constant, which cha-
racterizes the electron crossing between the surface states and conduction band,
can be described using this formula: [61]

τ = τ0eαx , (6.23)

where α is a parameter connected to the barrier height whose value is about 108

cm−1, x is the barrier width.

b) the time constant varies due to localized surface states with a bride spectrum of
excitation energies Et .

τ = τ0e
Et
T , (6.24)

where Et is the excitation energy of surface traps. In this case, the time constant
becomes dependent on the temperature. This is in conflict with the mentioned
experiments, and for this reason, we will be using the first equation.

Let us assume semiconductor with the length of N , width L and cross-section A. An
electron is supposed to be captured on a surface element ∆S . That changes the electric
current by about [61], [74]

∆I1 = −
qV0

L2 µF E , (6.25)

where V0 is voltage applied on the sample, µF E mobility affected by the applied
electric field. The caught electron modulates the generation of electron-hole pairs via
quick states. In the case where the electron is caught, eventually M pairs are being
generated which causes change of the electric current, resulting in [61]

∆I2 = −
qV0

L2 (µm + µp )M . (6.26)

and therefore the current is changed by

qV0

L2 [(µm + µp )M − µF E ]. (6.27)

The number of carriers caught fluctuates, thus creating a source of noise. Let us
assume that ∆NT = nT ∆S is the number of traps in a small surface element ∆S .
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∆NT is the number of electrons caught at ∆S , n is the overall electron concentration
at volume, and x is the distance between the trap and the semiconductor-oxide border.
Therefore exp(-αx) is the probability of electron tunnelling.

For the generation of slow electrons, it holds that [61]

g (∆Nt ) = C1n(∆NT − ∆Nt )exp(−αx ), (6.28)

and for electron catching at slow states

r (∆Nt ) = C2∆Nt exp(−Et/kT )exp(−αx ), (6.29)

where g (∆NT ) and r (∆NT ) are the velocities of the electron generation and the
recombination, and C1 and C2 are constants. These speeds are essential for determining
the lifetime τ of the charge carriers. According to Burgess, τ is given by [17], [74]

τ = (r ′(∆Nt ) − g ′(∆Nt ))−1, (6.30)

where r ′ and g ′ are differentiations according to the ∆NT . After substituting from
the previous formulas (6.28) and (6.29) into the generation and recombination speed,
the resulting formula equals

τ =
ft exp(αx )

C1n
, (6.31)

where ft is the occupation probability for the surface state of the electron and equals

ft =
C1n

C1n + C2exp − Et/kT
. (6.32)

The mean value for the number of electrons that are caught in the surface element
Del t aS is directly proportional to the hole occupation probability [61]

∆Nt = ft∆NT , (6.33)

where NT is the trap number and to the dispersion

∆N 2
t = ∆NT ft (1 − ft ), (6.34)

which is proportional to the probability that a surface state will be occupied by an
electron, multiplied by the probability that it will be occupied by a hole. Only those
traps from energy levels close to the Fermi level have a substantial influence. For these,
ft =0.5 and thus [17]

τ = exp(αx/2C1N ), (6.35)
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∆Nt = 0.5nT ∆S , (6.36)

the dispersion can be described using equations

∆N 2
t =

1
4

nT ∆S , (6.37)

where the Fourier transformation of the dispersion is

F∆NT (ω) = 4∆N 2
T

τ

1 + ω2τ2 , (6.38)

The energy spectrum for the catching and emission of electrons on surface states on
the plane ∆S can be obtained as follows. The energy spectrum belonging to stochastic
events taking place throughout the surface layer can be obtained using integration over
the conductor’s whole surface. Consider that nT is constant for 0 < x < x1 and is equal
to zero outside that interval. Meanwhile together with a change of the length, the life-
time τ changes as well. [61]
Substituting to the equation (6.38), we receive

FNT (ω) = nT S x1

∫ x1

0

τ

1 + ω2 + τ2
d x
x1
. (6.39)

The lifetime τ in a position x1 is according to (6.29)

τ1 = τ0exp(αx1), (6.40)

and thus

d x
x1
=

dτ/τ
ln(τ1/τ0)

. (6.41)

Substituting from equations (6.38) and (6.41), and by integrating, we receive

FNT (ω) =
nT S x1

ωln(τ1/τ0)
[arctg(ωτ1) − arctg(ωτ0)]. (6.42)

In the region, where ωτ1 < 1, the FNT is constant. When ωτ0 < 1 < ωτ1, the FNT

follows the 1/ f spectrum and when the ωτ1 > 1 , the FNT follows the 1/ f 2 function.
Equation (6.42)describes the fluctuation energy spectrum of the electrons that are cau-
ght at the surface states. [17]

Regarding to equation (6.27),the energy spectrum can be written as

Fi (ω) = (
qV0

L2 )2[(µp + µn)M − µF E ]2(
nT S x1

ωln(τ1/τ0)
)[arctg(ωτ1) − arctg(ωτ2)].(6.43)
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Thus the energy spectrum is proportional to the square of the applied voltage and to
the surface-center concentration. It is also indirectly proportional to the fourth power
of the length. [74]

Regarding research of the origin of 1/ f noise carried out by Bontch-Brujevitch,
it has been found out that the stochastic processes are not pure Markovian processes,
because the examined system is not fully inertial. Bontch-Brujevitch also derived the
1/ f spectrum under the precondition that the localized states in the semiconductor vo-
lume are distributed stochastically, and that they are in accordance with the continuous
energy spectrum of the energy levels placed in the band gap.

In the current 1/ f noise theories, it has been assumed that the noise originates from
the carriers fluctuation. In his work, Holte proved that 1/ f noise can be described using
the concept of movement fluctuation. In these works the 1/ f noise is connected with
the quantum transition or with a transport of charged carriers. An interesting result
was published by Musha, who proved that 1/ f fluctuations were also observed in the
situations and that they also are not fixed on charged particles. It can be seen that
fluctuations of a relativistic neutron flow in a magnetosphere, frequency fluctuations
of the crystal oscillator, and lastly even the fluctuation of the air temperature in the
atmosphere can be described using a stochastic process with the 1/ f shaped spectrum.
In this thesis, it is presupposed, that 1/ f fluctuations are a general statistic characteristic
system with significant amount of particles. [61], [31]

The 1/ f is being generated both in monocrystalline and polycrystalline materials
as well as in thin layers, causing current fluctuations. The dependence of the spectral
noise density is given by

Si ( f ) ∼
I β

f α
. (6.44)

The exponent β is most often equal to β � 2, however this value can be distributed
anywhere in the interval 1 to 4. For the exponent α � 1; in real systems, the value of the
α is moving from 0.9 to 1.4. The 1/ f noise sources are transition of carriers between
the band of forbidden energy and the localized state on the surface. [17]

The 1/ f can be theoretically modelled using: stochastic mathematical models, phy-
sical models or experimental characteristics and empirical relations connected with the
spectral density.

6.1.7 Hooge’s Model

This model presumes that 1/f noise is caused by the dispersion of the free carriers due
to thermal vibrations of the crystalline structure, which causes mobility fluctuations.
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Hooge defined the empiric relation describing resistivity fluctuations of the observed
metal or semiconductor sample

(∆R)2

R
=
α

N
∆ f
f
, (6.45)

where ∆R is the deviation from the resistivity mean value of the resistor, α is Ho-
oge’s constant and N is the number of free charge carriers in the sample. From Hooge’s
empiric relation, the power density spectral function was derived for the voltage and
current

Si

I 2 =
SU

U 2 =
SR

R2 =
α

N f
, (6.46)

where α is parameter given in relative measure and the empirical constant depen-
dent on the charge carrier’s energy dispersion.

6.1.8 Handel’s Model

Handel’s quantum model [31] originates from quantum noise theory, where 1/f noise
is considered to be generated by charge carrier fluctuation. It is assumed that within the
carriers collisions, braking potential is generated, and the quantum-mechanical process
becomes the source of the noise. The collision mechanism is slightly dependent on
temperature.

6.2 Noise Spectroscopy of Sample Cathode

Noise diagnostics were performed on our field-emission cathode in high vacuum. The
tested field-emission cathode, based on tungsten wire with an ultra-sharp, epoxy-coated
tip, was designed to meet the requirements of transmission electron microscopy, which
requires a small and stable source of electrons. Current fluctuations were reduced by
improving the structure and fabrication technology. Noise was measured in both the
time and frequency domains, giving information about current fluctuations as well
as about charge transport. The mutual correlation between the noise spectral density,
extractor voltage, and beam brightness was analysed. [61]

6.2.1 Experimental Setup

The experimental setup consists of a DC source, intended both for powering the electron
jet (acceleration and extractor voltage) and for powering up the ion pump used for the
second-stage chamber decompression. The measured signal is in fact the current flowing
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out of the yttrium aluminium garnet (YAG), which is the scintillator screen. The
current is then preamplified and further sampled. The whole configuration is illustrated
in fig. 6.1, where C1, C2 are filtering capacitors.

Acceleration
voltage

C1 C2

R1 

Exctractor
voltage

0 - 1000 V

- 5 kV

Cathode Anode

YAG

Vacuum chamber

to PCPreamp
20dB

ground pontential

150 pF 150 pF

1 MΩ

Fig. 6.1: Schematic illustration of the experimental setup (note that the electron jet is
placed in the vacuum chamber)

For the experimental setup, it is necessary to work in, at minimum, High Vacuum
(HV), where the pressure is lower or equal than 10−6 Pa. Such a low pressure is achieved
using the combination of a turbo-molecular pump and an ion pump. The ultra-low
pressure is needed to reduce the number of ion-particles in the chamber, which tends
to being attracted back to the surface of the cathode and bombard its surface while
damaging the epoxy layer or the tip itself. It also protects against high voltage, which
could cause a discharge (voltage surge) between the extractor and the cathode. Such
discharges arevery dangerous and could seriously damage equipment and the cathode
itself: the gas molecules could be absorbed on the cathode surface, thereby reducing the
cathode current.

The residue of various gases that is most often present in the vacuum chamber can
fractionally affect the resulting emission in a different way. For the most used gases, the
situation is illustrated in table 6.1 [72], [75]. For our measurement, only nitrogen and
oxygen residues will be taken in to the consideration, since the quantities of other gases
(for example argon or carbon dioxide) are insignificant. The nitrogen residue that is
present in the vacuum chamber originates mostly from the chamber decontamination
process. This step is performed every time, thereafter new cathode is inserted in to the
vacuum chamber.
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Tab. 6.1: Gas-influence description on the resulting electron emission. [72], [75]

Gas Pressure [Pa] Resulting emission Extractor current Specimen current

O2 5 × 10−7 steep decrease steep decrease steep decrease
N2 1 × 10−6 decrease fluctuation decrease
H2 5 × 10−7 decrease fluctuation decrease
Ar 1 × 10−6 decrease fluctuation decrease

CO2 5 × 10−7 decrease unchanged decrease
C3H8 1 × 10−6 increase decreased unchanged

6.2.2 Noise Measurements

Main effort has been focused on cathode noise diagnostics, in order to describe the trans-
port of the charge carriers flowing from the surface of the cathode layer. Therefore it
was important to identify the main sources of the current fluctuation components and
to describe their origins. As mentioned above, the sample cathode was tested in a two-
stage vacuum chamber under high-vacuum conditions. The accelerating voltage was set
to -5 kV, and the extractor voltage was manually increased until the electron emission
become optically apparent (we observed light spot for voltages higher than 200 V). Im-
mediately after the electron beam appeared on the faceplate of the YAG, the current
fluctuation of the cathode was sampled and recorded. In order to meet the signal quasi-
stationariness requirement for power spectral density analysis, we empirically found
the ideal sampling time of a single realization t = fs · N = 80 · 103 · 33.5 · 106 = 418s .

To reach good frequency resolution at low frequencies, the sampled signal was pro-
cessed using a digital quadrature filter bank (DQFB) of order M = 4, derived from the
wavelet transformation algorithm. The output of the DQFB is a set of 16 band-limited
fractional signals. From each sequence, a fractional spectrum Syy , evaluated using the
Short-Time Discrete Fourier Transformation, is obtained. The resulting Power Spectral
Density is calculated using the non-parametric version of Welch’s method. The final
composition of all fractional spectra is given by equation

S (ω) =
M−1∑
m=0

Syy (ωm−1 − ωm ). (6.47)

6.2.3 Noise Diagnostics in the Time Domain

The first measurement deals with the current fluctuations analysis in time domain that
had been performed for time period of 16 hours.
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Fig. 6.2: Emission current vs. time showing steep current peaks

Emission current fluctuation is shown in fig. 6.2, where mean value is 17 nA and va-
riance σ2 = 1.6×10−13A2. The variance of the current fluctuation decreases as extractor
voltage increases (see fig. 6.3).
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Fig. 6.3: Variance of the noise voltage vs. extraction voltage, where α = 2.8×10−2 V−1,
σ2

0 = 2.6×10−9A2

The long-time measurement results (see fig. 6.2) suggest the presence of diffusion,
which can be identified from the mean value and standard deviation in time. In gene-
ral, the extracting potential affects fluctuating particles, which are following Brown’s
motion, and can pass through the potential barrier, which is lowered due to the applied
electric field. Correspondingly, the emission current slowly increases. Ions are moving
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inside the surface layer, causing the creation of a spatial charge which has a fundamental
influence on charge transport and generates burst noise.
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Fig. 6.4: Dependence of the variation on time

For field-emission cathodes, the prevailing noise component originates mostly from
local changes on the surface of the cathode potential. The presence of adsorbed posi-
tive ions of residual gases on the cathode surface can affect the work function. The
current fluctuations that are caused by these ions have a significant amplitude at very
low frequency, especially for cathodes working at room temperature. Burst noise is ob-
served. The noise spectral density appears in the lower part of the spectrum, usually
lower than 1 Hz. The noise power spectrum is given by the superposition of 1/ f and
the G-R spectrum. For the G-R spectrum, variance is constant while for 1/ f noise
variance increases with time as shown in fig. 6.4.

6.2.4 Noise Diagnostics in the Frequency Domain

The results of the noise diagnostics performed in the time domain are further supported
by spectral analysis. From fig. 6.4, it is apparent that the power spectral density of the
whole spectrum is slowly increasing over time, and that the slope is remaining constant.
From the slope, which constantly remains about f 1.5,it is evident that the measured
noise has characteristics of 1/ f (flickering) noise.

The 1/ f noise is a process with a frequency spectrum such that the power spectral
density is proportional to the reciprocal of the frequency.

SU = SU (1H z ) · f −1.5SUT , (6.48)

80



10
-18

10
-17

10
-16

10
-15

185 230 275 320 365

S i
 [

A
2 s]

Extraction voltage, Vex [V]

Si = Si0
 exp (-αVex)

Fig. 6.5: Noise spectral voltage density, where α = 2.5×10−2V−1, Si0 = 1.2×10−13A2s

where ω = 2π f . Therefore, the noise current density can be calculated using this
equation:

SI = f −1.5SU (1H z )/R2
L ⇒

SU

R2
L(1 + 4π2 f τ2)

, (6.49)

where τ = RC. The slope of the function (n = -1.5) implies the presence of dif-
fusion. The whole spectrum is accompanied by the presence of thermal noise, which is
expressed in the equation as VT and is equal to 4kT , where k is the Boltzmann constant
and T is the temperature: 300 K. The regression function for the voltage noise spectral
density n as seen in fig. 6.5 can be mathematically described as

y = ax−n (1 + b2x2), (6.50)

where b2 is the time constant squared, and is equal to ω2τ2. The parameters for
the blue curve on fig. 6.5 are a = 1.5 · 10−2, slope n = -1.5 and the time constant b
= 1 × 10−3 s. The time constant τ can be calculated using R and C value according to
fig. 6.1, and hence we can write:

b x = 2πτ = 10−3 ⇒ τ = RC = 160µs . (6.51)

Fig.6.6 shows the long term measurement of noise current density at a constant
extraction voltage (Ve xt = 200 V). The red curve presents the spectrum measured at the
beginning of the experiment ( t = 0 s) and the blue curve illustrates the state after two
hours of operation ( t = 120 min). It can be seen that for the red curve, the spectrum
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Fig. 6.6: Long time noise power spectrum density at Ve x=200 V, measured from t = 0
s (blue) and t = 120 min (red)

parameters changed to a = 1.5 × 10−4 and n = -1.3 (slope) while the time constant
remains constant, b = 1 × 10−3.

Fig.6.6 also shows that the spectral density of the later state ( t = 120 min) has a
higher slope for the of 1/f noise component as well as a higher value for the G-R noise
component compared to the noise spectrum of the early state ( t = 0 s).

6.2.5 Analysis of Generation-Recombination Noise

As was mentioned above, there are various models and mechanisms that could be re-
sponsible for the observed noise, and especially for the 1/f noise component. In this
section we will further discuss the G-R component, since it is supposed that generation-
recombination noise results from the electron motion that takes place on the surface
of the cathode. It is further supposed that one part of the electrons is being evaporated
out of the cathode surface and the other part is being attracted and recaptured on the
surface. Considering these interactions between two reservoirs, a model of adsorption-
desorption noise can be formulated based on the Kolmogorov equation [59].

The proposed model is based on the interaction between two reservoirs:
a) a quantity of extracted free electrons, with concentration n
b) a cathode surface with a total density of states for the capture of analysed electrons

N0, with a surface density of sites occupied by analysed electrons Nt ,
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Fig. 6.7: Transition probability model of generation-recombination processes on the
cathode surface

The described model is illustrated in fig. 6.7, where E2 stands for the energy of
emitted electrons, and E1 is the energy level of captured electrons.

In general, the model assumes that the described system is: 1) Markowian and 2)
near equilibrium, and that 3) G-R process may take place between the two reservo-
irs [59].Therefore, the random process of the surface site is assumed to be stationary
and to exist in two states. The stationariness is of a constant transition probability
density, which is defined by [59]:

µi j = limt→s
pi j (s , t )

t − s
, (6.52)

where pi j stands for the transition probability at time s from the i-state to the j -
state at time t. Fig. 6.7 illustrates the model of electron movement near the surface
of the cathode. The transition probability density for emission and capture is schema-
tically shown in fig. 6.7, where µ01 stands for the transition probability density for
emission and µ10 for capture. According to that, the characteristic time for a particle
to be captured is represented by τc and its time to be emitted by τe . Both of them are
inversely proportional to the transition probability density µ [59]:

µ10 =
1
τc
, µ01 =

1
τe
. (6.53)

By solving the Kolmogorov differential equations, we can find the probabilities
pi j (t )of the transition from the state i into the state j:

dpi j t
d(t )

=
∑
k∈1

µik pk j (t ), (6.54)

for i , j = 0, 1, with the conditions pii (0) = 1, pi j (0) = 0, for i , j . In a state of
thermodynamic equilibrium, the statistics of free surface occupancy can be described
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using the absolute probabilities Π0 and Π1 [59]. These are provided by the solution of
the Kolmogorov equation for the stationary state in the form∑

k∈1

Πi µik = 0, (6.55)

where

Π0 =

[
1 +

µ01

µ10

]−1

, Π1 =

[
1 +

µ10

µ01

]−1

. (6.56)

The absolute probability distributions Π0 and Π1 are similar to the Fermi-Dirac
statistics [59].

The kinetic equation, which describes the density of emitted particles comes from
eq. 6.55 in the form:

dp10

dt
= µ10Π0 + µ11Π1, (6.57)

dp01

dt
= µ00Π0 + µ01Π1, (6.58)

where µ00 and µ11 are densities of system persistence in state 0 or 1. With µ01 =

CN n1 for generation, µ10 = CN n for recombination and CN as coefficient of capture

dN
dt
= recombination(N ) − generation(N ) = CN n(N0 − N ) − CN n1N . (6.59)

Therefore, the surface density of captured electrons is proportional to the coefficient
of capture CN , the concentration of captured electrons n, the cathode surface density
N0 and the effective concentration of occupied sites n1 [59]. The dependence of the
fluctuation δN (t ) around the value N0 at emission/capture equilibrium on the cathode
surface layer was solved in [59].After some calculation modifications, the following
differential equation is obtained:

dδN
dt
= −

δN
τ
, (6.60)

where

τ =

(d(generation(N ))
dN

−
d(recombination(N ))

dN

)
N0

−1

. (6.61)

The power spectral density of captured electron density fluctuation can be determi-
ned using the Wiener/Khinchin theorem [59], which states that the spectral density
of a wide-sense stationary random process (considering ω ∈ (−∞,∞)) is the Fou-
rier transform of the corresponding autocorrelation function. The above-mentioned
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spectral density is equal to two times Fourier transform, since frequencies can be only
positive in physical processes. Since autocorrelation is an even function, the factor
two is included again, yielding the power density spectrum of the captured electron
density [59]:

SδN = 4
∫ +∞

0
σ2e−|t |/τcos ωt dt =

4σ2τ

1 + ω2τ2 , (6.62)

where σ2 denotes the mean square value of δN .
As was mentioned above, the low-frequency component (1/f noise) changes insigni-

ficantly. The G-R component increases with the decreasing thickness of the epoxy layer
that is caused by ion bombardment. Taking into account that a decreasing height for
the epoxy layer also enables a higher emission current, it can be assumed that the shift
in G-R noise is caused by the increase in the amount of electrons passing between the
surface of the cathode and the outside environment, which corresponds to the increased
variation of current fluctuations. Thus equationn 6.62 can be rewritten as

S∆ f =
4σ2
∆ f τ

1 + ω2τ2 , (6.63)

where σ2
∆ f stands for the variance of current fluctuations. On the basis of the model

(eq. 6.62 and 6.63) and experimental results, the hopping time for particle capture can
be estimated.

6.2.6 Conclusions

The noise is strongly affected by the work regime of the cathode. In the saturated re-
gime (i.e. in the regime, where additional increase of voltage does not further increase
current) the stability is higher, since the current stability is indirectly proportional to
the amount of charge carriers. According to our measurements, the saturated regime is
located > 300 V of extraction voltage, where the further increase of voltage does not
further affect the noise level.

Based on the findings mentioned above, it can be concluded, that there are few
dominant factors causing the fluctuations of the emission current.

Above all, the quality of used materials has significant impact on the stability of
electron emission. From the technological point of view, the biggest problem poses the
presence of impurities atoms contained inside the polycrystalline wire of tungsten, that
locally affects the work function. The work function modulation of electron emission
plays important role in the flicker part of noise spectrum. The flicker part of the spectra
are to be described by 1/ f , 1/ f 3/2, 1/ f 2 type spectral functions. While the beam of pri-
mary electron would induce shot noise, additional flicker-like contribution is possible
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on the spectra of the work function fluctuations, which is characteristic for the field
emission in general.

The flicker noise proved to be dependent on the residual gas coverage, where the
1/f part is enlarged on the account of the shot noise. The 1/f spectrum of gaseous
adsorbate can be described by the adsorption-desorption model [37], [70] using the
flicker noise interpretation described by Schottky [58] with an appropriate distribution
of time constants. The surface migration of adsorbate should play an important role as
well, since the fast hopping process on the surface might be responsible for the noise
observed over the analysed frequency range.

The ion bombardment of residual gasses causes spatial changes in the surface to-
pography, especially to the epoxy layer which further affects geometry of the electric
field and thus affects the emission stability and decreases the current density. Decre-
ase of the current density might be also influenced by the strong electric field on the
tip of the cathode, which (along with the Joule heat caused by passing electrons) de-
forms the crystalline structure of the emission plane and thus decreasing the level of
the intensity of applied electric field. Level of the thermal noise induced by the Joule
heat can be easily calculated from the knowledge of resistance of the cathode expressed
mathematically as 4kTR.

Generation-recombination noise proved to be caused by the emission-capture pro-
cess, which takes place on the surface of the cathode. Using the probability model based
on Kolmogorov equations, it was show that the probability of particle capture on the
surface of the cathode is proportional to the captured particle velocity and surface site
cross section. The derived probability distributions are similar to the Fermi-Dirac sta-
tistics known from semiconductor physics.
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7 CONCLUSIONS

In accord with theory, it has been proven that to achieve a high-quality cold field-
emitter, a metal with specific properties must be used. The most important of these are
a low work function and a high melting point. Based on the conditions stated above,
the following transition metals meet the requirements: Tungsten (W), Hafnium (Hf),
Tantalum (Ta), Niobium (Nb), and Lanthanum (La). The experiments conducted over
the course of this thesis work were all carried out on tungsten. In order to describe the
experimental emitter, a band diagram describing the metal-oxide-epoxy junction was
solved. The theoretical expectations were verified practically, using the experimental
cathode in a high-vacuum chamber at 10−6 Pa.

In the experimental portion of this work, a method for preparing a metal-oxide-
epoxy cathode was devised. Within the method devised, the cathode tips were prepared
using electrochemical etching of tungsten. The oxide layer on the surface was prepared
using anodic oxidation, and lastly, the oxidized tips were covered in a thin layer of epoxy
that has been polymerized in a thermal chamber. Only cathodes of a sufficiently thin
tip diameter (< 100 nm) are suitable to be used within the cold field-emission-based
jet. Theoretically, the performance of the cathode could be improved by reducing the
tip diameter of the cathode, which should be as small as possible (only a few atoms in
the optimal case).

It has been determined that the diameter of the tip has a fundamental impact on
the electric field gradient. Mathematically, the function can be described by the mu-
tual ratio of the local electric field (the electric field on the tip) and the macroscopic
electric field (the axial electric field). The cathode’s lifetime was one of the examined
properties. It has been discovered that there is a direct proportion between the noise
of the cathode’s emission current. The most important mechanism causing the unwan-
ted noise is the generation-recombination (G-R) process, which originates from the
superposition of several 1/f noise mechanisms. The observed noise strictly follows the
theoretical presumptions and can be described by the McWorther model.

Over the course of this project, a vacuum setup was designed for cathode testing.
The setup is based on a turbomolecular pump and an ion pump, enabling it to achieve a
high vacuum: (10−6) Pa. On the basis of the findings mentioned above, a comprehensive
system for reliability checking can be devised in the future.

The topic covered by this thesis has been published in number of scientific articles:
5 local conference papers, 6 international conference papers (1 of these papers is registe-
red in Scopus ©), 3 reviewed journal papers, and 2 impacted journal papers (one paper
is currently available through Scopus ©, and one is still in press).
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8 CONTRIBUTIONS OF THE WORK

Among the various contributions in this work, the preparation methodology for the
ultra-sharp field-emission cathode is considered to be the most important. The problem
of cathode preparation has been addressed on three different levels.

1. Firstly, the physical and chemical foundation has been studied in order to pro-
vide the information needed for designing the automated preparation setup. The
results provided are mostly physical (i.e. the mechanical parameters of the etched
wire), chemical (i.e. solution parameters), and processparameters (i.e. specific ma-
nufacturing steps) required for cathode preparation.

2. Based on the results provided in the first part, an etching setup has been designed
and assembled. The setup is based on a computer-driven device, made up of by
mutually connected instruments driven by an IEEE 488 (GPIB) bus. The key
part of the setup is the microstepper lift, which makes it possible to immerse the
etched wire with high accuracy and repeatability.

3. Using the experimental setup mentioned above, it was possible to find a suitable
algorithm for current switch-off detection. The algorithm designed, which was
based on the 2nd derivation, has been implemented and tested using a language
for scientific and technical calculations: Matlab. When the proposed algorithm
was applied for various wire diameters, it was possible to establish an empirical
parameter called the phase length ratio (PLR), which determines the ratio be-
tween the two etch phases needed in order to achieve an ultra-sharp tip.

The contributions contained in the second part of the thesis are important for the
characterization methodology. Various analysis methods were applied to the samples
prepared using the experimental setup mentioned above. In general, the methods can
be described based on their working principles.

1. A method based on the Fowler-Nordheim calculations was implemented in or-
der to confirm the presence of, and to evaluate, electron tunnelling. The results
of this method provided us with parameters that are essential for characterizing
the cathode’s main values, such as the plane of emission, the average electric-field
intensity, the current density, and the electron beam brightness.

2. A method based on noise spectroscopy was incorporated in order to provide us
with information about charge carriers and about processes taking place on the
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quantum level. The results provided by this method were derived from the level
and slope of the voltage or current noise-spectra, and they enabled us to learn
about events taking place on the quantum level (e.g. adsorption-desorption) and
to determine the optimal working point from the standpoint of emission stabi-
lity.

Finally, theoretical calculations describing the cathode structure and behavior can
be considered among the last set of contributions of the work. The theoretical part of
this thesis can be divided into two key parts:

1. In the first part, the band structure of the cathode is proposed in order to evaluate
the influence of the oxide layer on the resulting electron emission. The calculati-
ons that were carried out in this part are based on the solution of partial differen-
tial equations using the Wentzel-Kramers-Brillouin method. These calculations
yielded the function of the oxide layer influencing the total emission current.

2. In the second part, the cathode is modelled using the finite element method im-
plemented using the Comsol simulation software. This modelling yielded the
electron trajectory, the line of force, and the electric field-intensity map of the
modelled cathode.

To summarize, the main contribution of the work can be summarized in three
main points::

1 Development of a preparation methodology for composite ultra-sharp field-
emission cathodes,

2 Implementation of this methodology and of an experimental design for an
automated etching setup (hardware and software intended for sample prepa-
ration), and lastly a

3 Proposal for a characterization methodology based on the Fowler-Nordheim
analysis, the FEM simulation (COMSOL) and the Noise Spectroscopy me-
thod.

The results achieved in the experimental portion of the work were additionally
supported by theoretical calculations that made it possible to clarify the main
effects essential for understanding the cathode behavior.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS AND
ABBREVIATIONS

α Nordheim image correction factor

A first Fowler-Nordheim constant

Ae active area on cathode surface emitting electrons

B second Fowler-Nordheim constant

β macroscopic conversion factor

AC Alternating current

B Electron beam brightness

C capacity

C.F.E. Cold field-emission

CAD Computer-aided design

CCD Charge-coupled device

d pattern diameter

D tunnelling coefficient

DC Direct current

DGEBA Diglycidyl Ether of Bisphenol A

DQFB Digital quadrature filter bank

ε r dielectric constant

E energy

Ec Conduction band energy level

EF Fermi-energy level

Ev Valence band energy level

EDS Energy-dispersive X-ray spectroscopy

F electric field-intensity
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Fm macroscopic field-intensity

F-N Fowler-Nordheim

ϕ work function

FWHM Full width at half maximum

GPIB General Purpose Interface Bus

G-R Generation-recombination

HF Hydrofluoric acid

j current density

jF current density of the field emission

jT current density of the thermoemission

jT F current density of the thermal-field emission

jS current density of the Schottky emission

KOH Potassium hydroxide

L lightning of the electron beam

LaB6 Lanthanum hexaboride

LTI linear time-invariant system

m electron mass

N tunnelling probability

NaI(Tl) Sodium iodide activated with thallium

NaOH Sodium hydroxide

p momentum of an electron

P gas pressure

Pa power of a voltage signal

PDE Partial-differential equation

pl r phase-length ratio
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PSD Power spectral-density

σ correction factor of the Fowler-Nordheim plot

σT S ultimate tensile strength

r curvature radius of the tip apex

SF N slope of the F-N plot

SI current power spectral density

SU voltage power spectral density

S.E. Schottky emission

SEM Scanning electron microscopy

ϑ thermodynamic temperature

τ time constant

t time

t0 initial time

t2 drop-off time

T temperature

T.E. Thermionic emission

T.F.E. Thermionic field-emission

TEM Transmission electron microscopy

T-F Thermionic field

U (x ) Potential energy in the dimension x

UHV Ultra-high vacuum

W kinetic energy of electron

WKB Wentzel–Kramers–Brillouin approximation

V voltage

YAG Yttrium aluminium garnet
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