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Abstract

The developement of electronic devices based on micron-sized vacuum electron sources during
the last decades [1] have triggered intense research on highly e�cient carbon based thin �lm
electron emitters [2].

We developed a new vacuum �eld emission apparatus composed of a �eld emission microscope
(FEM) and a scanning anode �eld emission microscope (SAFEM), in order to investigate the low
threshold electron �eld emission from carbon based thin �lms and carbon nanotubes. The unique
design enabled us to characterize di�erent chemical vapor deposited diamond, diamond-like
carbon and carbon nanotube (CNT) thin �lms with the SAFEM and individual carbon nanotube
emitters with the FEM. The �rst part (chapter 2) of this thesis provides a technologically relevant
description of carbon cold cathode electron emission, whereas more fundamental physical aspects
with regard to emission anisotropy and short term instability are discussed in the second part
(chapter 3).

The emission from carbon thin �lms is explained by Fowler-Nordheim tunneling [3] of electrons
from tip-like structures in the micro- and the nanometer range, which locally amplify the applied
�eld [4] by the �eld enhancement factor . From the investigations accomplished with the
SAFEM it became clear that the emission properties of thin �lm emitters are best characterized
by the spatial distribution of their �eld enhancement (x,y). The (x,y) maps can be used to
describe the emitted current density and emission site density (ESD) of thin �lm emitters. Our
measurements clearly show that a high density of �eld enhancing structures (FES) in a narrow
�eld enhancement range is advantageous in order to obtain a high ESD but the emitter density
must not surpass an upper critical limit. If the inter-FES separation becomes comparable with
the typical size of the FES, electrostatic screening will reduce the emitted current density.

The SAFEM investigations have also shown that deviations from the Fowler-Nordheim char-
acteristics and emission degradation occur above a critical (for our samples 300 nA) emission
current and is ascribed to the resistivity of the conduction path between the emitter and the
substrate. It seems that the emission degradation is induced by joule heating at the emitter-
substrate interface.

From the FEM investigations of single CNTs we have gained better insight into the phenomena
occurring at the tip apex of the CNTs during �eld emission. It seems that the observed FEM
patterns are representing the molecular orbitals of the CNT tip apex. Such orbitals can be
modi�ed by impinging atoms or molecules coming from the gas phase or more probable from
the outgassing phosphor screen. If the impinging species are adsorbed to the CNT tip apex it is
possible that enhanced resonant tunneling states are created.
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Zusammenfassung

Die Entwicklung elektronischer Ger�ate, deren Funktionsweise auf Mikrometer grossen Elek-
tronenquellen beruht [1], haben im letzen Dezenium intensive Forschungsaktivit�aten auf dem
Gebiet von d�unnen, Elektronenemittierenden Filmen aus Kohlensto� ausgel�ost [2].

Zur Untersuchung der Elektronen-Feldemission dieser Filme und von Kohlensto�
Nanor�ohrchen, haben wir eine neue Feldemissions Anlage im Ultrahochvakuum gebaut. Diese
besteht aus einem Feldemissions Mikroskop (FEM) und einem Raster Anoden Feldemissions
Mikroskop (SAFEM). Elektronenemitter aus Filmen verschiedener Kohlensto�modi�kationen
wurden analysiert, insbesondere in der Gasphase abgeschiedene Diamant- und diamant�ahnlichen
Filme, sowie Filme von direkt auf Substraten aufgewachsenen Nanor�orchen. Der erste Teil
(Kapitel 2) dieser Dissertation beschreibt vor allem die technologische Relevanz der kalten Elek-
tronenemission von Kohlensto�, w�ahrend fundamentale physikalische Aspekte, z.B. Anisotropie
und Instabilit�at der Emission im zweiten Teil (Kapitel 3) behandelt werden.

Die Elektronenemission von Kohlensto�schichten kann durch Fowler-Nordheim Tunneln aus
scharfen Spitzen [3], die bis einige Mikrometer hoch sein k�onnen, beschrieben werden. Solche
Strukturen k�onnen das angelegte Feld erheblich vergr�ossern (um dem Faktor ) [4]. Durch
SAFEM Untersuchungen konnten wir zeigen, dass die Emissionseigenschaften von d�unnen emit-
tierenden Filmen am besten durch die r�aumliche Feld�uberh�ohung (x,y) beschrieben werden.
Sowohl die feldemittierte Stromdichte wie auch die Emitterdichte (ESD) kann mit (x,y) charak-
terisiert werden. Unsere Messungen zeigen klar, dass eine hohe Emitterdichte in einem m�oglichst
engen Feld�uberh�ohungsintervall f�ur eine hohe ESD vorteilhaft ist. Die Dichte darf allerd-
ings einen kritischen Schwellenwert nicht �uberschreiten. Oberhalb eines kritischen Wertes des
Verh�altnis zwischen Emitterh�ohe und Emitterabstand wird die Emission durch elektrostatische
Abschirmung abschw�acht.

Die SAFEM Untersuchungen haben weiter gezeigt, dass oberhalb einer kritischen Strom-
limite (f�ur unsere Proben 300 nA) Abweichungen von der Fowler-Nordheim Charakteristik
und Emissiondegradation eintritt. Dieses Verhalten wird der Resistivit�at des Strompfades zum
Emitter zugeschrieben. Es scheint als ob die Emissionsdegradation durch Joulesches Erw�armen
am Emitter-Substrat verursacht ist.

Aus den Untersuchungen einzelner CNT's mit dem FEM haben wir ein besseres Verst�andnis
f�ur die Ph�anomene an der Emitter-Spitze w�ahrend der Feldemission erworben. Die gemessenen
FEM-Muster sind wahrscheinlich als Abbildung molekularer Orbitale zu interpretieren. Sie
k�onnen Fremdatomen adsorbiert an der gekr�ummten CNT-Haube entsprechen. Es scheint, das
der Phosphorschirm die verantwortliche Quelle solcher Atome oder Molek�ule ist.
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Chapter 1

Introduction

1.1 Electron emission sources in vacuum microelectronic

devices

Several daily used electronic devices are based on electron sources. Some of the
more familiar examples of such devices are cathode ray tubes (CRT) in television
sets, X-ray generators and microwave ampli�ers. Many of the electron sources in

these devices have relied upon thermionic electron emission for several decades.
The operating principle here is based upon heating ( 1000 C) of �laments by
currents whereby electrons gain enough thermal energy to be ejected from the

solid (i.e. the �lament) into vacuum. The free electrons in the vacuum can then
be accelerated by means of electric �elds to produce an image on a phosphor
screen of a CRT or X-rays, microwaves etc. Albeit rather inexpensive and de-

livering high current densities thermionic emitters have a number of signi�cant
drawbacks: The large heat dissipation causes rather large energy consumption
and most important of all, the thermionic electron sources cannot be made very

small and cannot be turned on and o� at high frequencies. The term "small"
here refers to length scales on the order of one micrometer. A device design
based on a large number of parallel operated micron-sized electron sources can
in some cases o�er technological advantages over a single bulky electron source,

e.g. in the screen of a portable computer or a mobile phone. The thermionic
emitter might therefore not o�er a good solution in some devices where size and
energy dissipation of the electron source is crucial.

Fortunately �eld emission (FE) from solids has opened the door to the minia-
turization of electron sources. In �eld emission electrons are ejected from solids
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under the action of intense electric �elds and has been known since 1897 [5].
However it was not until two decades ago that improvements in micro fabri-

cation techniques triggered much progress in the manufacturing of devices with
miniaturized electron sources. These devices are commonly called vacuum micro-
electronic devices (VMED) and make use of a large number of micron-sized �eld

emitting electron sources, also called �eld emitters. The �eld emitting sources
in the VMED are built to nanoscale tolerances. The generation of electrons
by �eld emission is however not the only criteria of functionality in the VMED.

The �eld emitted electrons have also to be transported by means of electric �elds
in vacuum in order to ful�ll some useful task, e.g. generate light on phosphor
screens in television sets by cathodoluminescence. The VMED therefore depend

for their operation on collision-free ballistic motion of electrons in vacuum [1].
The motion is called ballistic since in contrast to conventional solid state mi-
croelectronics, the �eld induced transport of the free electrons in vacuum is not
subjected to scattering or collisions. The major advantage of the ballistic motion

in vacuum resides in the fact that the energy dissipation and the energy spread
is very low and the time of ight is short as compared to the collision dominated
solid state transport in a typical semiconductor such as silicon.

There are three critical aspects to vacuum microelectronics [1]:

Extracting the electrons from the metal or semiconducting material

in which they are stored and emitting them into the vacuum in su�-
cient quantities and with a su�ciently narrow energy spread to enable
a device to operate as designed.

Fabrication of a device structure to the necessary dimensions and
tolerances, including deposition of thin layers of material with the
physical properties necessary for device operation.

Stable device operation in the vacuum enclosure as designed without
generating unwanted discharges and environmental changes.

The high brilliance of �eld emitter devices can be exploited in scienti�c instru-
ments like the scanning electron microscope (SEM), where the resolution and

performance can be enhanced if the thermionic electron source is replaced by a
�eld emission source. Low energy dissipation and short switching time (short
time of ight) make VMED interesting for several other important applications
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like high high power radio frequency ampli�ers, electron guns for klystrons or
traveling wave tubes and data storage (studied by Hewlett Packard) where �eld

emitted electron beams are used to read and to write bits of data into a stor-
ing medium. However the �rst large scale commercial application of micro �eld
emission sources is likely to be for arrays of miniature, cold cathodes, which are

required for thin matrix addressable cathodoluminescent display devices called
�eld emission at panel displays (FED).

It has become evident during the last decade that the fabrication process (see

point two above) of such matrix addressable cold cathodes is highly critical and
cost intense. One has therefore sought to �nd less expensive and less critical
fabrication techniques of the cathodes in e.g. FEDs. Several reports on highly

e�cient electron emission from carbon based compounds so called carbon
have therefore triggered much interest and research e�orts

[6{10]. The main reason to this is that the carbon thin �lms are relatively easy to
produce over large area substrates without high cost or highly critical processes.

The carbon based electron sources are further expected to give a number of other
important advantages over the more traditional FE electron sources, like lower
power consumption and cheaper driving electronic circuitry. The reason for this

is that the operating voltage (20-50 Volts) of the carbon electron sources are
expected to be lower than for other electron sources (80-100 Volts).

Whereas most of the research activities on the electron emission from carbon

compounds during the last decade have been focused on the emission mech-
anism(s) (workfunction versus �eld enhancement), the main emphasis of the
research in this PhD thesis has been put upon a description of the global emis-

sion behavior of carbon thin �lms in terms of their microscopic �eld emission
properties. A better understanding of the overall electron emission from a large
carbon thin �lm surface in terms of the local emission properties at the indi-

vidual, single emission sites, will facilitate the improvement of the cold cathode
performance. Such a description will in addition help a manufacturer to esti-
mate the technological di�culty of the production of carbon thin �lm emitters
as compared to conventional electron emission concepts in the VMED design.
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8 Chapter 1: Introduction

1.2 Electron �eld emission

Electron emission from a single emitter

through

The energy required to extract an electron from the Fermi level E of a neutral
solid to a rest position in the vacuum not too far away from the surface is termed

the work function , and is usually given in electron volts (eV) [11]. The work
function has values 2-5 eV for metals and arises from two e�ects. The �rst, or
inner potential, is the intrinsic partial free energy of "solution" of electrons in
the metal and is the di�erence between the chemical potential (Fermi level) of

the electron in the metal and that at a very large distance from it in a �eld free
vacuum. The second component arises from electrostatic e�ects due to spill-out
of electrons at the surface and decays slowly with distance. This spill-out causes

an electron de�ciency on the metal side of the solid-vacuum interface and gives
rise to a condensor or dipol layer, with the negative end outermost. If the surface
is rough there is a second spill-over in addition with electrons owing into the

concave portions of steps and produces an opposite dipol with the positive end
outward. The surface structure is therefore responsible for the crystallographic
anisotropy in . Similar e�ects can occur for adsorbed molecules on the surface.

In thermionic emission and photoemission electrons are given su�cient energy
to overcome the potential step of at the surface of a solid. In �eld emission

(FE) on the other hand, the step is deformed into a potential barrier so that the
unexcited electrons can leak or tunnel out it. This situation is depicted
in Fig. 1.1.

When a �eld E is applied to the surface, electrons close to the Fermi level
E will see a barrier height and thickness x= /eE (to a �rst approximation).

If this is thin ( 2 nm) enough, the electrons of the conducting material will
have a �nite probability of tunneling. However the electron cloud does not
terminate sharply at the interface so the triangular potential barrier is only a �rst

approximation to the shape of V(x) at the surface. Besides the potential V(x)
near the surface is decreased by an image term 1/(4 ) e /4x which lowers the
e�ective potential barrier. The typical distribution of the �eld emitted electrons

as a function of the normal energy is indicated in Fig. 1.1. The intensity of the
FE electrons is higher close to E as a result of the increased thickness of the
barrier for energies below E .
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1.2. Electron �eld emission 9

Figure 1.1: Tunneling of electrons from the Fermi sea of electrons through the potential barrier
at the surface of a conducting solid into vacuum. The size of the local �eld at the emission site
E as well as the workfunction and �eld enhancement can be determined from the intensity
and shape of the �eld emitted electron energy distribution. Half width at full maximum is about
0.25 eV for the energy distribution shown here (not drawn to scale).

The Fowler-Nordheim equation [3] relates the emitted current density J to

the electric �eld E normal to the surface at zero temperature by

=
1 56 10

( )
exp (

6 83 10
( )) (1.1)

with

=
4

J is the emission current density in [A/cm ]. [eV] the emitter work function

and E [Vcm ] the local �eld at the emission site. The expressions t(y) and
v(y) are the Nordheim elliptic functions, which can be approximated by t (y)
1.1 and v(y) 0.95-y [1].

In order to describe the emission current I of a single metal-like emitter over
a wide range of electric �elds the simpli�ed FN-formula as proposed by Spindt
et al. [1], where the elliptic functions v(y) and t(y) are approximated, can be
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10 Chapter 1: Introduction

used:

=
1 5 10

exp(
10 4

) exp (
6 44 10

) (1.2)

In order to account for experimentally observed emission currents of carbon thin
�lm emitters, A takes values of 10 - 10 cm . Though A has the dimension
of an area and theoretically only takes account of the emitting area in the F-

N theory, in experiment the pre-exponential factor A will also depend on the
bandstructure of the emitter.

From the intensity of the FE electrons and the exponentially decaying slope

of the FE distribution towards low electron energies, Dr. Gr�oning was able to
determine the local �eld E and the workfunction independently for several
carbon based emitters. He found that the local �eld at the emission site E is

on the order of 4000 V/ m for an emission current around 50 nA and that the
workfunction is close to 5.0 eV [4, 12] for several carbon compounds like CVD
nanodiamond, multiwalled CNTs and discharge activated DLC. Furthermore it

seems reasonable to assume that the sp phase in graphite-like compounds is re-
sponsible for the low threshold electron emission from carbon thin �lm emitters.
The graphite-like compounds like multiwalled CNTs possesses a high density

of electron states in the vicinity of the fermi level and can hence be treated as
conductors. Due to the metal-like conductivity and relatively high workfunction
around 5 eV the electron emission of graphite-like compounds can therefore to a
good approximation be treated according to the classical Fowler Nordheim the-

ory with tunneling through a potential barrier like in Fig. 1.1. By putting A=
10 and = 5.0 eV in expression 1.2 we obtain a relation for the emission cur-
rent of a single emitter, which depends only on the local �eld E at the emission

site.
Since the applied �eld E in a typical diode type FE experiment is several

orders of magnitude lower than E , the applied �eld must be ampli�ed by means

of �eld enhancement at the emission site. It is well known that such �eld en-
hancement can be achieved with sharp protruding structures/asperities on the
cathode surface like metal or silicon tips in the (sub-) micrometer range, Fig.

1.4(b). Carbon or more correctly graphite-like carbon compounds like CNTs are
also known to form these sharp �eld enhancing structures (FES), Fig. 1.5. In
order to understand how the applied �eld is ampli�ed let us imagine a small
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1.2. Electron �eld emission

conductive sphere hovering at a distance h above the cathode in a diode type
electrode gap. The sphere is electrically connected to the cathode. The �eld E

at the surface of the free sphere of radius r and potential V is E = V/r according
to electrostatics. At the surface of an actual tip the �eld is reduced from this
value by the presence of the conical shank, but is given to a good approximation

by E = V/ r, where 5 near the tip apex and increases with polar angle [11].
The value of is reduced to a value close to 1 for a very thin structure like a
carbon nanotube. The electric potential V(x=h) at height h above the nega-

tive electrode in an electrode gap of the type depicted in Fig. 1.4(a), is given
by V(h)= E h. The �eld enhancing property of a tip is therefore to a good
approximation given by

=
( )

= = (1.3)

where the factor h/ r is called the or �eld enhancement factor. If we insert E
of equation 1.3 into 1.2, we obtain an expression which is dominantly dependent
on the �eld enhancement . This because the workfunction is relatively stable

around a high value of approximately 5 eV and the emission current is only
weakly dependent on the pre-exponential factor A in the range 10 -10 cm .
We can therefore to a good approximation describe the emission current of a
single emitter in terms of the local electric �eld E or the local �eld enhancement

if we put A= 10 and = 5.0 eV in expression 1.2. From �eld emission
microscopy (FEM) it can be realized that the emission of a single CNT not
occurs homogeneously over the whole active emission area on the CNT cap but

in time varying lobed patterns (see Chapter 3). Such emission variations can be
explained by anisotropic local changes in the workfunction on the emission site
tip apex. However since the variation of the local emission intensity within a

lobed pattern in general is on the order of one order of magnitude, it can be shown
that the e�ects of the workfunction anisotropy are negligible in comparison with
changes in the �eld enhancement (see paragraph 2.4.2). We therefore conclude

that the emission current from a single emitter to a good approximation is given
by expression 1.2, which dominantly depends on the local �eld E and the �eld
enhancement at the emission site.
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1.3 The �eld emission at panel display

The thin �lm electron emitter

emit-

ter ensembles thin �lm electron emitters

The previous description of the electron emission is restricted to a single emission
source. These are rarely encountered in real device technology, except possibly
for the scanning electron microscope. Instead it is often desirable to operate a

large number of electron emitting sources in parallel. With a high density of
miniaturized emission sources large current densities and high resolution vac-
uum microelectronic devices like at panel displays can be realized. We like to

think of these bundled and large number of parallel emitting sources as
or as and would like to treat them in

"units" or "packages". For an e�cient device operation, the units have to ful�ll

several quality criteria or requirements regarding emission homogeneity, density
of emission sources, current density, emission long- and short term stability etc.
within the units as well as between several parallel operated units. In order to
ful�ll these requirements we need a realistic description of the emission from

each of the units. This will help to understand why the emitting site density is
di�erent for di�erent types of thin �lm emitters as shown in Fig. 1.5. With a
realistic description of the thin �lm emission the requirements of quality can be

understood in physical meaningful entities, which can be modi�ed in order to
optimize the emission not only from one emitter but from the entire thin �lm
emitter ensemble.

Without doubt the FED has been the most important technological driving
force to the interest and progress in vacuum microelectronic devices in recent

years. The world wide annual revenues in the at panel display (FPD) market
are expected to increase to more than US$ 80 billion [13] in the next three to
four years [14]. The FPDs are attractive for consumer electronics like portable

computers, cellular phones, car navigation systems and almost every thinkable
electronic device with a communication interface between the user and the de-
vice. The image on the screen of a cathode ray tube (CRT) is produced by an

electron beam which is scanned across the phosphor coated screen. The elec-
tron beam is generated by a thermionic source which together with the beam
deection system and the limited deection angle make the CRT bulky. In con-
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Figure 1.2: Field emitter arrays (FEA) of evaporated metal tips, also called Spindt-tips [16].

trast to the CRT a FED makes use of up to several hundred electron sources
for every pixel. Since every pixel is made up of separate electron sources the

FED design can be made very compact and some like to call the FED a thin
CRT. The electrons in the FED are produced by electron �eld emission. In or-
der to get appreciable FE currents rather high electric �elds up to 5000 V/ m

are needed [11]. Such high �elds can not be realized on at surfaces wherefore
micron-sized tip-like structures are used for �eld ampli�cation (also called �eld
enhancement). The micron-sized tips of traditional FEDs are made up of matrix

addressable evaporated metal or etched silicon tips which are arranged in arrays
of hundreds of tips [15]. An example of such �eld emission arrays (FEA) of
micron-sized tips is shown in Fig. 1.2.

The voltage applied between the tips and the gate is usually less than 100
Volts, which means that "of the shelf" integrated circuits can be used to control
the column-row addressing of individual pixels. Nevertheless it is desirable to

reduce the operating voltage in order to reduce the cost for the drivers. Current
densities in excess of several hundreds Acm can be achieved with a packing
density of 10 tips/cm and gate-cathode voltages of 100V [1]. The system
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of the FEAs and the gate is separated from the phosphor coated transparent
faceplate by a vacuum gap typically some millimeters wide, also depicted in

Fig. 1.3(a). Sometimes some kind of focusing electrode system is additionally
used between the FEA and the faceplate to improve the quality of the image.
The electrons which are �eld emitted from the FEA into the vacuum gap are

accelerated towards the screen due to a high voltage applied to the screen and
the display image results from cathodoluminescence of the phosphor material,
which serves as anode. Depending on the phosphor e�ciency one distinguishes

between low- and high-voltage displays where the former is in the range of 2
kV and the latter 5 kV. To achieve full color images stripes of red, green and
blue (RGB) phosphors are deposited on a conductive transparent layer (typically

Indium Tin Oxide, ITO) covering the whole anode plate. Each phosphor strip
is associated with a speci�c FEA in the cathode and in each pixel the three
primary colors can be simultaneously excited. The intensity of light produced
by the subpixel within the RGB triad is adjusted relative to one another, and

the human eye is then relied upon for integrating the spatially separated RGB
dots into a perceived color image. The number of column drivers is therefore
increased in comparison with a monochrome display for the same number of

pixels.
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1.4. Competing at panel display technologies

The FED is one of several competing alternatives to the by now well established

state of the art active matrix liquid crystal display (AMLCD). Recent devel-
opment in organic light emitting diodes (OLED) [17], light emitting polymers
(LEP) [18], read and rewritable electronic paper [19, 20] and heavily improved

performance of the traditional AMLCD over the last years has made the battle
for the FED on the market tougher. Some of the main FED advantages [21] like
low power consumption ( 57 W/m ), wide viewing angle ( 80 ), wide oper-

ating temperature range (-5 to +85 C), fast pixel response time ( 10 s) and
high brightness ( 600 cd/m for high voltage phosphors) are qualities which
still make the FED very interesting for portable electronics, car navigation sys-
tem subjected to direct sun light, large area electronic billboards etc. The large

number of micro tips per pixel make a FED less vulnerable to pixel defects as
the emitter failure of some tips does not critically a�ect the operation of the dis-
play. The AMLCD in contrast, where each color component is controlled by two

transitors, lacks the FED redundancy and the failure of one or more transitors
will cause visible defects and therefore higher costs since part of the AMLCD
production have to discarded. Of the same reason is the cost of an AMLCD

higher than the proportionality to the size of the screen would suggest. Nev-
ertheless the AMLCD industry has managed to improve production yield and
lower the cost per unit during the last years. The AMLCD pixel switching time

has also been improved to deal with streaming media, real time video etc.

The improved AMLCD performance combined with the ongoing research on
competitive at panel display technologies makes it necessary to more carefully
correlate the product quality, product price and costumer needs. As an example

the new generation of the american armored vehicle Abrams will make use of
high resolution monochrome FEDs delivered by the french based company Pix-
Tech [22]. Obviously a price of US$ 2000 or even 5000 for a display is a small

price to pay compared to a US$ 10 million armored vehicle. The client is in this
case willing to pay the relative large di�erence in price between a FED and an
AMLCD for a relatively small increase in quality and performance. However the

same cannot necessarily be said for a car, or even less for consumer electronics.
To reach the wide market of consumer electronic the FED price per unit must
be drastically reduced compared to today. The process of fabricating arrays of
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1.5 The hope for the at thin �lm electron emitter

microtips requires expensive processes like lithographic patterning, mask align-
ers, evaporators and clean rooms. In this respect one would like to see cheaper

and easier manufacturing techniques of the cathodes in FEDs. The question
of the future success of commercialized FEDs is therefore clearly related to the
application, the desired quality, price and future technological progress of not

only the FEDs but also competing FPD technologies.

At the beginning of the last decade several reports [6, 7] were given, showing

highly e�cient electron emission at low electric �elds on the order of some volts
per micrometer from what was believed to be perfectly at surfaces without
surface protrusions or tips [23]. These cathodes are referred to as at thin �lm
electron emitters and were, or possible still are to some scientists, thought to

provide the solution to several of the technological di�culties associated with the
cathode design in FEDs. The reason for this stems from the fact that a surface
which emits electrons more or less homogeneously at �elds as low as some few

volts per micrometer due to a low workfunction or negative electron a�nity
requires less expensive patterning processes and much simpler device design.
In contrast to the micrometer-sized design of FEA tips, the ideal at electron

emitter could be homogeneously deposited, by e.g. chemical vapor deposition,
over rather large areas of substrates with much lower spatial tolerance and hence
lower cost. Instead of de�ning hundreds of FEA microtips as electron sources

for a pixel of typically 100 m width, the whole FEA sub-element could be
replaced by a electron emitting at thin �lm. The basic di�erence and advantage
over the FEA design is illustrated in Fig. 1.3(b), where however the gate not

has been sketched around the at thin �lm emitter.

Carbon based materials like diamond, diamondlike carbon (DLC) or di�erent

compounds of graphite and diamond containing small amounts of hydrogen or
nitrogen were thought to deliver these at homogeneously electron emitting �lms
[2]. The fact is that appreciable electron emission currents were measured from

these carbon compounds at very low applied �elds E on the order of some few
volts per micrometer in diode type emission set-ups of the type illustrated in
Fig. 1.4(a).
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Figure 1.3: The principal design of a at �eld emission display (FED) in the case of (a) metal
tip arrays [22] and (b) an ideal at thin �lm emitter without surface asperities or tips.

Several explanations have been forwarded to explain the low threshold elec-
tron emission of the presumably at carbon �lms. They are generally based
upon diamond seen as a wide band gap semiconductor with negative electron

a�nity (NEA). NEA means that the conduction band of diamond is energet-
ically higher than the vacuum energy level E [24{27]. The electrons were
thought to tunnel into the conduction band of the diamond due to strong band

bending at the back contact-diamond interface. The strong band bending would
result from �eld penetration into the insulating diamond matrix. The injected
electrons would be transported from the back contact to the diamond surface

due to the internal electric �eld. This transport would take place either ballis-
tically or as hopping from defects or dopants. Due to the NEA the electrons
would be emitted into the vacuum without further barriers or restraints [23].

One would therefore expect exceptionally low workfunctions ( 0.1 eV) of these
materials [28,29].

Since most of these results were based on diode type experiments like in

Fig. 1.4(a), where the cathode surface was assumed at, the calculations from
the so called Fowler-Nordheim formula (see section 1.2) yielded extremely low
workfunctions of tens of meV. However already in the ninties several scientists
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Figure 1.4: The local �eld at the surface of the ideal at thin �lm emitter (a) is thought to be
up to three orders of magnitude lower than for the tip like emitter with �eld enhancement
(b). The surface area of emission is several orders of magnitude higher in the case of (a), which
makes the surface less sensitive to sputter erosion of impinging ions.

were skeptical to such low workfunctions [30, 31]. The electron emission was
spatially imaged using both scanning anode techniques and phosphor screens

and was clearly not homogeneous, which of course not exclude the emission
models above. The once much promising diamondlike carbon never ful�lled the
high expectations, since the density of emission sites for most applied �elds was

low and normally came from just some few isolated spots on a surface of typically
1 cm . In addition there were other intriguing questions to answer about the
electron injection, the �eld penetration and the surface charge accumulation.

Careful investigations of the �eld emission from carbon thin �lm emitters have
shown that the low threshold emission at isolated sites is due asperities or struc-

tures at the surface or maybe inside of the carbon �lms [12,31]. Such asperities
can be very sharp wherefore they can exhibit a �eld enhancing e�ect. The ap-
plied �eld can therefore be ampli�ed several hundred, possibly up to thousand

times. The �eld enhancement e�ect of a conducting tip or asperity is illustrated
in Fig. 1.4(b).

The equipotential lines are concentrated around the tip apex, where the am-
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Figure 1.5: Various examples of electron emitting thin �lms. (a) Diamond like carbon; inset
(15 15 mm ) depicts electron emission on a phosphor screen for an applied �eld 7 V/ m. (b)
Chemical vapor deposited (CVD) nanocrystalline diamond with a large fraction of sp , grown
at 1020 C. (c) CVD nanocrystalline diamond; inset (7 7 mm ) depicts electron emission on a
phosphor screen for an applied �eld 10 V/ m. (d) multiwalled carbon nanotubes and graphite
�bers emit very well. Inset (4 5 mm ) depicts electron emission on a phosphor screen for an
applied �eld 12 V/ m.

pli�cation of the applied �eld E is of the order of the aspect ratio h/r, where h
is the height and r is the radius of curvature of the structure. The �eld ampli-

�cation is mostly called �eld enhancement and is designated the greek letter .
Some examples of di�erent emitting structures on carbon containing thin �lm
electron emitters are shown in the scanning electron micrographs of Fig. 1.5.

These �lms are typically grown from the gasphase (chemical vapor deposition,
CVD) of di�erent carbon containing gases like methane or acetylene on silicon
or quartz substrates under the inuence of low pressure plasmas [2, 32].
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In order to introduce defects and inuence the electronic properties of the
grown �lms, small amounts of gaseous nitrogen or boron can be added during the

growth process. Depending on growth parameters like pressure, temperature and
gas composition �lms with a wide range of di�erent properties like sp /sp ratio,
(graphite/diamond), crystallinity, amounts of defects, conductivity and of course

surface roughness can result. One of the reasons for which the surface roughness
not was seriously taken into account during the early emission experiments on
diamondlike carbon (DLC) �lms, was that DLC normally is considered a very

smooth �lm. Nevertheless some DLC �lms contain asperities that can act as
�eld enhancing structures. Even if these are few they will contribute to the
emission in diode type experiments. However as indicated by the three insets of

spatially resolved emission on the phosphor screens in Fig. 1.5, di�erent types
of �lms and structures appear to be better or worse electron emitters. Whereas
the DLC �lms in general have a low emitting site density (ESD), the carbon
nanotube �lm in (d) can show an ESD up to 10 sites per cm for applied �elds

of 1 to 10 V/ m. Various compositions of CVD nanostructured diamond and
graphite, (b) and (c) have been reported to show equally high ESD.

We thus realize that the emission from carbon based �lms is analogous to the

metal tip emission from a physical point of view. The simple picture of the at
thin �lm electron emitter as it is sketched in Fig. 1.4(a) is therefore wrong and
must be replaced by geometrical �eld enhancement due to tip like structures as

in (b). This is unfortunate from a technological point of view, since the major
incentive to the interest in the carbon based emission was due to the at thin
�lm emitter depicted in Fig. 1.3(b) and 1.4(a). To replace the metal tip FEA

advantageously by the carbon based thin �lm emitter, the following requirements
must be placed upon the cathode and the emitting structures [1]:

The emitting carbon �eld enhancing structures (FES) must be capable
of being fabricated to submicron tolerances to that the emitting area is
precisely de�ned and does not change during its operating lifetime. For

application in a high resolution FED an emitting site density of at least
10 per cm is recommended.

The emission characteristics must be scalable and reproducible over large
area substrates from one emitting source to another.
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Cathode manufacturing should be inexpensive and possible over large area
substrates like quartz at low temperatures ( 500 C), without highly
critical processes and adaptable to a wide variety of applications.

The emission current must be voltage controllable, preferably with drive
voltages lower than 50 V, with integrated circuits from "o� the shelf".

Depending on the application the source must be capable of emitting

su�ciently large current densities. A current of one microampere from one
m area requires a current density of 100 A/cm . One mA/cm can be

regarded as a lower limit for a source to reach wide applications in VMED.

The energy density that must be supplied from the external source must
be manageable.

The energy spread of the �eld emitted electron must be small for applica-

tions where highly mono energetic electron beams are desired, e.g. in high
resolution electron microscopy.

The (long-term) emission must be stable during its device operational time
of life (tens of thousands of hours).

The (short-term) emission uctuations (noise) must be kept small enough
not to limit device performance.

The cathode must be resistant to unwanted occurrences in the vacuum

tube environment, such as ion bombardment, reaction with residual gases,
temperature extremes and arcing.
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Graphite and Diamond

hybridizations

In order to satisfy the three �rst requirements we need a good quantitative
description of the emission, not only from one but from many parallel operated

emission sources of the thin �lm emitter ensemble (chapter 2). The importance
the spatial distribution of the �eld enhancement (x,y) of thin �lm emitters has
for the ESD and the consequences this has for the homogeneity of the emission

has to be clari�ed. These answers will explain the origin of the di�erent �eld
dependent ESDs in the insets of Fig. 1.5.

Carbon compounds are unique in several ways. One distinction relates to the

wide variety of allotropic forms these materials can assume, see Fig. 1.6. Under
ambient conditions and in bulk form, the phase with strong in-plane
trigonal sp bonding is the thermodynamically stable phase [33]. At high tem-

perature and pressure a thermodynamic equilibrium transformation to the
[34] structure with tetrahedral sp bonding takes place [35, 36]. Using

non-equilibrium methods, diamond �lms can also be prepared at low pressures

by chemical vapor deposition methods [37{39]. The structure of the graphite
phase is highly anisotropic with metallic behavior in the basal plane and poor
electrical conductivity perpendicular to the graphene layers. In contrast, dia-

mond is an isotropic, fcc-cubic, wide band-gap semiconductor. In terms of the
mechanical properties, graphite is the sti�est material in nature (highest in-
plane elastic modulus), while diamond is the hardest material. Although both

graphite and diamond are formed from the same element of the periodic table,
they exhibit pronounced di�erences with regard to the structure and electronic
properties.

Atomic carbon has a 1s 2s 2p electronic state con�guration. The reason for the
wide variety of properties resides in the fact that the energies of the 2s and 2p
states are very close in carbon molecules [43]. When forming solids or molecules

carbon can therefore form linear combinations called of the 2s and
2p orbitals if the resulting binding energy of the carbon molecule is lower than
the energy of the orbitals of the free atoms. In graphite strong covalent in-plane
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Figure 1.6: Allotropic stable forms of carbon (a) graphite [40], (b) diamond [41], (c) lonsdaelite
[40], (d) fullerene C [42], (e) single-walled nanotube (SWNT) [42], (f) onion C .

bonds are formed between a carbon atom and its three nearest neighbors from

2s, 2p and 2p atomic orbitals. Since each in-plane hybrid orbital is a linear
combination of s and p atomic orbitals this bonding arrangement is called
sp hybridization. The remaining electron in a pure p orbital is only weakly

localized and provides weak interplanar bonding (van der Waals) between the
graphene sheets and semimetallic conduction behavior parallel to the graphene
layers. If in contrast the four electrons belonging to the 2s, 2p , 2p and 2p

are mixed in four sp hybrid orbitals (linear combinations of s and p orbitals),
the tetrahedral bonded structure of diamond is obtained. With a gap of 5.5
eV between the �lled valence band and the empty conduction band diamond

therefore is an insulator in the absence of dopants. In view of the high charge
carrier mobility diamond can possess semiconducting properties. Acceptor levels
can be introduced by substitutional boron with p-type activation levels of 370

meV and n-type (phosphor) donor levels with 500 meV activation energies [44].
The properties of graphite and diamond are summarized in table 1.1 [45].
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Table 1.1: Properties of graphite (left column in-plane values and right column values perpen-
dicular to the graphene sheets) and diamond [45].

When sp -graphitic- and sp -diamond-like bonds are mixed a highly disordered

network of predominately sp bonded carbon with almost no sp bonds is formed
[46{48]. This form of carbon is often referred to as (a-C).
a-C has no long range order but exhibit short range order (length scale of

10 �) which varies signi�cantly from one preparation method to another. The
ratio of sp to sp bonds and the hydrogen content is therefore most inuential
in characterizing the short range order.

A perfectly sp ordered graphene sheet is a zero-gap semiconductor. The
introduction of disorder and sp defects creates a semiconductor with localized

states near the Fermi level and an e�ective band gap between mobile �lled va-
lence band states and empty conduction states. The greater the disorder and
the greater the concentration of sp bonds, the larger is the band gap.
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Fullerenes and Carbon Nanotubes

tetrahedral a-C hydrogenated tetrahedral a-C
diamondlike carbon (DLC)

fullerene 2

2

60

2

3

The 2D graphene sheet is shown in (a) along with the chiral vector = n +m , which speci�es
the chirality of the nanotube [50]. is de�ned by the integers (n,m), the chiral angle � and the unit vectors

and on the honeycomb lattice. By rolling up the graphene sheet in the direction of for �= 30
an "armchair" SWNT tubule (b) is obtained. The �= 0 direction gives a "zigzag" tubule (c) and a general
direction with 0 � 30 a "chiral" (d) tubule. (n,m) in the �gure corresponds to (b): (5,5), (c): (9,0) and
(d): (10,5).

The and the are often
called as they can be both opaque, smooth and

exhibit a hardness close to diamond. Thin �lms of DLC were regarded as very
promising candidates for cold cathode applications during the middle of the last
decade.

A is best viewed upon as a closed sp -bonded carbon cage. The radius
of the cap curvature is obtained if pentagons are introduced into the hexagonal

sp bonding network of a graphene sheet [45,49]. The best known example of this
family of carbon allotropes (and most stable) is the icosahedral C molecule,
where the almost spherical shape is created by 20 hexagons and 12 pentagons,
see Fig. 1.6(d). The bonding between the carbon atoms is predominately sp as

in graphite, but because of the curvature some sp bonding is also admixed to
the carbon wave functions. If two or more carbon cages with di�erent radii are
enclosed into each other an onion-like fullerene, Fig. 1.6(f), is obtained.
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Figure 1.8: The size dependence of di�erent graphite-based carbon types which can form high
aspect ratio �eld enhancing structures (FES).

One may conceptualize (CNT) as cylinders rolled from a
graphene sheet and capped at both ends by hemispheres of fullerenes [33,50,51],

see Fig. 1.7. The high curvature of the graphene sheets (de�ned as a simple layer
of the graphite structure) increases the total energy of the tubules per carbon
atom, but this is more than compensated by a lowering of the energy because

of the absence of dangling bonds at the edges of the graphene sheets. CNTs
which have been rolled up from a single graphene sheet are called singlewalled
nanotubes (SWNT) and tubes consisting of several or many concentric layers

are called multiwalled nanotubes (MWNT). The diameter of MWNTs ranges
from 10 to 50 nm with lengths up to more than 10 m, whereas the SWNT are
much thinner with typical diameters from 0.7 to 1.8 nm. Though much smaller

in diameter, carbon nanotubes are often grown concurrently to vapor grown
carbon �bers, see Fig. 1.8. The high length to diameter ratio is of decisive
importance to the �eld emission properties.

The chirality of a SWNT, which expresses in which direction the graphene
sheet is rolled up, can be of three basic types: chiral, zigzag and armchair SWNT.

Depending on the chirality the SWNT can be either metallic or semiconduct-
ing. All armchair tubes are metallic, whereas 2/3 of the zigzag tubes are semi-
conducting. Bandstructure calculations show that MWNTs are of semimetallic
nature [52].
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1.6. Carbon allotropes

Synthesis of Carbon Nanotubes

laser ablation

electric arc discharge

catalytic decomposition of hydro-

carbons

Why use carbon as �eld emitter ?

Both fullerenes, MWNTs and SWNTs can be synthesized by of
a graphite target [32]. Especially high yields of SWNTs have been obtained by
this method. Another method by which MWNTs and SWNTs can be produced

is the where a large arc-electric current of about 80 A is ig-
nited between two carbon electrodes (gap 1 mm) in an atmosphere of typically
300 Torr He [32]. If metal catalysts are co-evaporated in the arc-discharge small

yields of SWNT can be obtained. Finally in the
methode, MWNT are catalytically synthesized on Fe, Ni or Co clusters

in the presence of carbon-hydrogen containing gases like benzene, methane or

acetylene. Contrary to the arc-discharge method the MWNTs thereby produced
are not straight. Crucial point in this method lies in controlled production of
MWNT with regard to length, diameter and alignment for application as �eld

emitters. Li et al. have reported a method for producing aligned CNTs grown
on silicates by using Co particles in meso-porous silica [53].

Curved structures with high aspect ratio are not only limited to carbon nan-
otubes but perhaps the most known examples of tubelike structures with di-
ameters in the nanometer range are formed by asbestos minerals e.g. chrysotil,
whose �brous characteristics are determined by the tube structure of tetrahedron

and octahedron layers [54]. However being silicates they are insulators. Layered
compounds seem to be necessary for the formation of nanotube structures and
in general all compounds possessing graphite-analogue layered structures should

be able to form nanotubes or fullerene-type structures. MoS , WS and their
analogues of transition metal chalcogenides are the counterparts to graphite and
C in carbon chemistry. This similarity can be easily understood based on

their crystal structures. The Group 6 chalcogenides are layered materials with
hexagonal symmetry similar to graphite and they possess the typical honeycomb
structure of graphite. Other examples of layered compounds include vanadium

oxide tubes [55] and boron-nitride (BN) nanotubes. Whereas silicates and BN
tubes [57] are documented insulators, MoS , WS [56] are expected to show
a weak ionic conductivity along the tube axis. It is likely that the in-plane
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bonding of a two-atom type honeycomb lattice has a pronounced ionic character
with localized electrons and poor in-plane conductivity. The strong sp in-plane

bonds of graphite with weakly localized p electrons provides an ideal compro-
mise of conductivity, high chemical and mechanical stability which a two-atom
type honeycomb lattice cannot provide.

We therefore summarize the unique properties which has made the graphite
phase the ideal emitter material:

The layered structure of graphite provides perfect building blocks for
high aspect ratio structures like MWNT or graphite whiskers, which are
necessary to create the high �elds required to obtain low threshold electron

emission.

The graphite whiskers have the potential to be grown or deposited in a
parallel process at low cost over large area substrates.

Graphite has high or su�ciently high in-plane conductivity as a conse-
quence of non-localized electrons. Carbon nanotubes have been reported
to be able to carry currents up to 3 mA [58,59].

High mechanical and chemical stability. The strong covalent in-plane
bonding network guarantees a structure which is less sensible to disruption
due to ion bombardment and deformation due to migration of atoms during

high �eld conditions.
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Chapter 2

The carbon thin �lm electron emitter

Description of the emission from an emitter ensemble

2.1 Properties of the carbon thin �lm electron emitter

Whereas a single carbon emitter can be said to be completely characterized in
terms of its workfunction ( ), pre-exponential factor (A), contact resistance (R),
local �eld (E ) and �eld enhancement ( ) according to equation 1.2 and 1.3, the
description of the overall emission behavior from a thin �lm emitter ensemble

requires a statistical approach. The number of degrees of freedom with regard
to geometrical alignment, orientation and inter-emitter distances within the thin
�lm emitter ensemble is much larger than for the single site emitter. It can also

be expected that R, and A exhibit some variation. Electrostatic screening have
to be taken into account for a thin �lm emitter, since the presence of a large
number of emitters may a�ect the local electric �eld E at the emission sites

(electrostatic screening), see section 2.3. The emission properties can therefore
vary considerably from one position to another within the emitter ensemble.

An example of a thin �lm emitter with a large scatter in the spatial emis-
sion current I(x,y) is shown in Fig 2.1(a), where parts of the surface show no

emission at all. The scatter in geometrical �eld enhancement, workfunction, pre-
exponential factor A, contact resistances R and electrostatic screening e�ects are
here responsible for the variation. The scatter in the I(x,y) map is highly unde-

sirable, because the device performance with regard to brightness homogeneity is
largely reduced. In order to understand and improve the emission homogeneity
a quantitative description of the I(x,y) map in terms of , R, and A is needed.
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34 Chapter 2: The carbon thin �lm electron emitter

Figure 2.1: The spatial variation (a) of the emission current I(x,y) under a constant applied
voltage of 320 Volts (tip-cathode distance 7 m) can be explained by the local variation (b)
of the spatial �eld enhancement (x,y). The I(x,y) and the (x,y) maps were determined by
two independent �eld emission scans, were the (x,y) map was deduced from the voltage V(x,y)
map according equation 2.1 under the constant emission current 50 nA.

As will be seen in Chapter 3 a small time dependent local anisotropy of is
expected on each emitter, but this variation plays a minor role for the overall

thin �lm emission, see paragraph 2.4.2. Based on the observations of the �eld
emitted electron energy distributions from several carbon based compounds it
seems safe to assume a constant workfunction , approximately 5 eV for every

emitting site [1].

Since every emitter is made of the same material, preferably the sp phase,
it can be safely assumed that the pre-exponential factor A does not show a
large scatter but can be assigned a constant value in the range 10 -10 cm

for all sites of the emitter ensemble. The contact resistances R between each
emitter and the thin �lm substrate can show a large scatter. For a quantitative
description of the emission current we are however forced to assume a constant

value of R. It should be pointed out that the e�ect of R upon the emitted
current is negligible for low emission currents. By setting A, and R constant,
the emission current from each site of the emitter ensemble is determined by the
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2.1. Properties of the carbon thin �lm electron emitter

local �eld enhancement according to the modi�ed Fowler-Nordheim equation
1.2 and equation 1.3. It thus appears that the emitting properties I(x,y) to a

good approximation can be described in terms of the local �eld enhancement. If
we therefore assign the spatial co-ordinates (x ,y ) to emitter number i with local
�eld enhancement , the spatial �eld enhancement can be written as ( ).

Normally we omit the subscript and simply write (x,y). This means that the
description of the local emission current I(x,y) theoretically can be reduced to the
measurement of h(x,y), r(x,y) and (x,y) according to equation 1.3. Even if one

could assume constant values of r(x,y)= r and (x,y)= , the exact measurement
of large aspect ratio asperities h(x,y) is very di�cult.

Fortunately the spatial distribution of the �eld enhancement (x,y) can be
directly determined by using scanning anode FE measurements where
the emission current is maintained on a constant level. Such a (x,y) map cor-

responding to the same thin �lm emitter area where the I(x,y) emission current
map was recorded, is shown in Fig. 2.1(b). Even if the borders of the two
independently determined emission maps do not exactly coincide, one immedi-
ately realizes the current spatial dependency upon the local �eld enhancement.

Locally large emission currents are correlated to large local �eld enhancement
and vice versa. The characterization of the thin �lm electron emitter must thus
include a determination of the spatial �eld enhancement (x,y) and the single

site emission properties.

Thin �lm electron emitters are however often characterized in terms of a

"threshold" �eld E required to produce a "threshold" current density in a
typical large anode diode type FE experiment. Such characterizations can be
misleading since a cathode with a spatial extension in the mm -range may con-

tain a small number, sometimes only one, of strong emitters with exceptionally
high �eld enhancement and thus can have a low E . These strong emitters
appear very seldom on most thin �lm emitter surfaces and can only with a great

deal of luck be pin-pointed in a 200 200 m window. An example of a such a
strong ( 1500) accidentally spotted emitter is seen in the right upper part of
Fig. 2.1(b). In analogy to the single site emitter one may therefore be lead to

think that a low E is the premium quality of a thin �lm emitter. A low E is
advantageous but is no guarantee that the thin �lm emission is homogeneous as
indicated in Fig. 2.1(a). Other standards to describe a "good" thin �lm emitter
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Figure 2.2: The scanning anode �eld emission microscope (SAFEM) is part of a vacuum �eld
emission apparatus which incorporates a �eld emission microscope (FEM).

are thus needed. In contrast to E , (x,y) o�ers a unique description of the
thin �lm emitting properties under a wide variety of experimental conditions.

Such a description is indispensable in order to optimize the cold cathode device
performance.

In order to investigate the thin �lm emission properties with high lateral reso-
lution a scanning anode �eld emission microscope (SAFEM) was developed, see
Fig. 2.2. The SAFEM is the method of choice for FE investigations in contrast

to non-microscopic techniques like photoelectron spectroscopy which do not take
a variation in the properties of the individual emitters into account.

The SAFEM is based on a micrometer-sized tip which serves as an anode. By

recording the emission as a function of the spatial position of the tip above the
thin �lm emitter, FE maps (or scans) with micrometer resolution can be ob-
tained. Such maps are normally extending from 100 100 m up to 1000 1000
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2.1. Properties of the carbon thin �lm electron emitter

m .
The SAFEM can be operated in one of two possible modes. In the �rst mode

the emission current is recorded for a constant applied voltage. This mode is
called the constant voltage mode (CVM). The I(x,y) map obtained in the CVM
is the analogue to the electron emission on a phosphor screen, albeit with higher

resolution. The term CVM is therefore also used for electron emission with
phosphor screens.

In the second mode of operation the emission current is maintained on a con-

stant level for every tip position along the FE scan and the voltage applied to
the tip must therefore be adjusted according to the individual emitter e�ciency.
Since the spatially recorded emission voltage V(x,y) is determined for a constant

emission current this mode is called the constant current mode (CCM). The
CCM opens interesting possibilities to describe the spatially resolved �eld en-
hancement (x,y). If the potential distribution between the tip and the cathode
is assumed homogeneous, the spatial �eld enhancement can be approximately

determined using equation 1.3 for a constant emission current according to

( ) =
( )

(2.1)

where E [V m ] is the local electric �eld at the emission site for a constant
emission current and d [ m] is the typical tip-cathode distance. Energy resolved

FE measurements from thin emitting �lms have shown, that an emission current
of 50 nA approximately corresponds to an electric �eld E = 4000 V m at the
tip apex of the emitting structure [1]. The (x,y) map in Fig. 2.1(b) was derived

using equation 2.1 with E = 4000 V m .

It is natural to assume that the �eld enhancing landscape (x,y) may vary from

one type of thin �lm emitter sample to another. Di�erent samples can be more
or less rough. In addition it seems logical that if the roughness is determined in
a small window on a sample, there is no immediate reason to expect the same

roughness in an equally sized window chosen elsewhere on the same sample
surface. This underlines the need for a statistical approach in the treatment of
the thin �lm emitter characteristics. We therefore de�ne a distribution f( ) of
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the �eld enhancement

= ( ) ( ) : (2.2)

where dN is the number of emitting sites with �eld enhancement in the small
range to +d per unit area of the sample surface. f( ) can be seen as a
probability distribution since the number of sites dN is proportional to their

probability of existence on a unit area. Clearly, since the -distribution f( ) is
de�ned per unit area [cm ], the probability of encountering an emission site
with a high �eld enhancement value is approximately proportional to the sam-

ple area up to a critical area limit. This means that the measurement of the
electric threshold �eld E at which a threshold current density limit is reached,
depends both on the spatial position as well as the size of the anode, as long

as the anode size not is larger than the critical area limit. In contrast to the
threshold �eld, f( ) is an unequivocal �gure of merit for every thin �lm electron
emitter. f( ) de�nes not only E statistically through the sites of the highest

�eld enhancement but more importantly the emission homogeneity and current
density. The emitting site density (ESD) is calculated from f( ) according to

( ) = ( ) [ ] (2.3)

E is the local �eld at an emission site required to produce a minimum record-
able emission current I . On a phosphor screen I corresponds to the minimum
emission site current, required for the eye to observe the emission spot.

corresponds to the lowest �eld enhancement value which can be detected at an
applied �eld E , with regard to I .

The emission current density is calculated in a similar manner

( ) = ( ) ( ) [ ] (2.4)

I( , E ) is the emission current from the sites in the range to +d when the

applied �eld is E .

We conclude that any standards of characterization of thin �lm electron emitters
must include the -distribution and knowledge of the spatial emitting properties.
f( ) and (x,y) can be said to give a complete description of the collective
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emitting behavior of thin electron emitting �lms. The following sections will
therefore focus on how to measure f( ) and (x,y) using mainly scanning anode

�eld emission microscopy.
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We report on the functional capabilities of a scanning anode �eld emis-
sion microscope (SAFEM) which combined with a phosphor screen is used
to investigate and correlate individual electron emission site characteristics
of low threshold thin �lm electron emitters in the m regime. Spatially
recorded extraction voltage V(x,y) maps under constant emission current
or emission current I(x,y) maps under constant anode voltage reveal spa-
tially divergent emission properties on thin �lm emitters. The V(x,y) maps
are used to derive the �eld enhancement (x,y) maps which gives a bet-
ter description of the thin �lm emission properties as compared to electric
threshold �elds which depends on anode-cathode geometry. Individual
emission site current stability of thin �lm emitters can be investigated
with the SAFEM, and a high resolution �eld emission microscope to in-
vestigate the environmental stability of single carbon nanotubes mounted
on �laments as a function of partial gas pressures and temperature.
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Higher demands for low power portable electronic equipment has been a driving
force during the last 20 years for extensive research e�orts in the �eld of vacuum
microelectronic devices [1]. Such devices make use of miniaturized electron �eld

emission (FE) sources (also called cold cathodes) [2,3]. Contrary to conventional
thermionic cathodes, traditional �eld emission cathodes make use of very high
electric �elds ( 2 3000 m), in order to extract the electrons from a solid into
the vacuum [4]. Due to the high electric �eld, the surface potential step which

con�nes the electrons to the solid, is lowered and becomes a triangular shaped
potential barrier. As the width of the surface potential barrier approaches 2 nm,
electrons will tunnel from the highest occupied states in the solid into vacuum.

This process is also referred to as Fowler-Nordheim (F-N) tunneling. In order
to create �elds su�ciently high, tip-like structures in the m range are used to
enhance the applied �eld, wherefore these are called �eld enhancing structures

(FES). To a �rst approximation the FES amplify the applied �eld by a factor
of the order h/r, where h is the height of the tip and r the radius of curvature
of the tip apex.

The production of such m-sized tips requires expensive lithographic pro-

cesses. The metal tips can su�er from emission degradation due to current run-
away caused by sputter erosion and chemical contamination and hence require a
high vacuum environment for operation [1]. There is thus a strong incentive to

simplify both the design and production of the m sized electron emitters over
large areas in vacuum microelectronics.

During the last decade di�erent forms of chemical vapor deposited (CVD)

diamond, diamond like carbon (DLC), tetrahedral amorphous carbon (ta-C) etc.
emerged as possible cold cathode candidates due to reports of extraordinary low
electric threshold FE properties [5, 6, 8, 9]. It was believed that the reason for
the enhanced FE was connected with the electronic properties rather than the

FES of the �lms [10].

A thin �lm emitter which has not to rely on FES, with spatially homogeneous
emission at applied �elds below 10 V/ m could mean completely sputter insen-

sitive, e�cient and low cost cold cathodes. From a technological point of view
this was very promising due to the fact that the incorporation of such materials
in gated structures like FEAs, could be done easily over large areas at low cost
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using standard CVD techniques. As a consequence several attempts have been
made and are underway to replace conventional metal microtips with a wide

range of di�erent carbon thin �lm cathodes, including carbon nanotube (CNT)
thin �lm emitters [11]. Whereas the electron emission from CNTs clearly is
governed by geometric �eld enhancement, the emission mechanism of DLC and

CVD diamond �lms is still under dispute. An important reason for that resides
in the lack of experimental standards and general descriptions of the emission
from thin �lm emitters under a wide range of experimental conditions. It is well

known from experiments with phosphor screens that the low-threshold carbon
thin-�lm emission in fact not is homogeneous but originate from isolated spots.
This sole fact indicates the need to investigate the FE on a microscopic level, and

consequently several groups have chosen to adopt some kind of scanning tun-
neling (STM) or atomic force microscopy (AFM) in �eld emission mode. STM
and AFM seem in the �rst place well adapted for FE investigations but there
are some fundamental problems. In order to obtain FE, tip-like structures on

the surface are needed to create �eld enhancement. For the principle of �eld
ampli�cation to work the distance between the anode and the FES must not be
smaller than the typical size of the FES. We believe that the emitting regions

on the DLC �lms in fact are not perfectly smooth on a sub- m level, which in
analogy to the CNT �lms would explain why it is hard to distinguish between
contact and emission currents in close range AFM/STM "FE" measurements of

emitting regions on DLC �lms.

In order to measure low threshold emission, we therefore have to ascertain that
the typical electrostatic conditions with high �eld enhancement at the emission
site are ful�lled and that the minimum anode-cathode distance is larger than

the typical size of the FES. In the case of a CNT thin �lm this would mean a
anode-cathode distance of at least several m as given by the topography. As a
consequence we developed a scanning anode �eld emission microscope (SAFEM)

with a typical anode-cathode separation of several m. We thereby can measure
individual emission site current-voltage (I-V) or current-time (I-t) characteristics
and obtain statistical data on the spatially or time dependent FE behavior of thin

�lm emitters. Combined with FE measurements done with a phosphor screen
the SAFEM gives a better characterization of thin �lm emitters as compared to
FE measurements from large cathode areas.
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Rapid sampling of the thin �lm emitter with the phosphor screen.

High resolution SAFEM characterization.

FEM characterization of individual emitters.

Rapid sampling of the thin �lm emitter with the phosphor screen

With regard to the size of the anode and the typical anode-cathode distance
we di�erentiate between microscopically and macroscopically recorded FE data,

where the former is recorded on a m length scale with a m-sized anode and the
latter on a mm-sized (or more) length scale with a mm-sized (or more) anode. We
also call macroscopically recorded FE, integrated FE since the integral behavior

of a large number of emission sites on a thin �lm are measured in parallel. This
paper is a report on the performance and technical characteristics of the SAFEM
and FEM systems illustrated with some selected measurement examples.

In order to work e�ciently and without loss of time the �eld emission charac-
terization can be done in three partly independent stages:

(This gives an early and fast indication of the overall emitting properties.)

(Detailed information about single emitting sites on a thin-�lm emitter can
be obtained at micrometer resolution.)

(Investigations of emitter environmental stability.)

In the �rst stage stage we perform rapid sampling of the thin �lm emitter using

a phosphor screen. This gives fast and �rst qualitative information about the
emitting site density (ESD), which is an important criteria of quality for a thin
�lm emitter. Based on these preliminary investigations it can be judged whether

a sample is worth further investigations or not. We are of natural reasons mainly
interested in �lms with a high density which emit homogeneously at low applied
�elds. The rapid sampling with the phosphor screen is however limited by the
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High resolution SAFEM characterization

FEM characterization of individual emitters

resolution. For an ESD over 10 cm the emission spots on the screen starts
to overlap. Furthermore the current from the strongest sites may rise several

orders above the weakest sites which can lead to emitter disruptions and arcing.
Due to these limitations we normally proceed to the second stage with the more
time consuming SAFEM characterizations (if the thin �lm sample has a high

ESD and a low electric threshold).

The SAFEM enhances the spatial resolution as compared to the phosphor screen.
The ESD can be measured at higher �elds but again emitter disruption is a prob-
lem. This problem can easily be solved using a constant emission current mode

during FE scanning. The voltage is thereby adjusted as a function of tip position
in order to maintain a constant level of the emission current. Such measurements
allows a determination of the spatially resolved �eld enhancement (x,y) and

single site emitter disruption current levels. Furthermore the emission current
of single sites can be correlated to the respectively �eld enhancement factors.
A wide spectrum of single site emission characterizations is open with the an-

alytical capabilities of the SAFEM. The resolution of the SAFEM is however
insu�cient for investigations of certain events taking place at the emitter tip
apex. Higher spatial resolution and magni�cation is therefore provided by �eld

emission microscopy performed on single CNTs.

FEM patterns are used to investigate the spatial density of states at the CNT
emitter tip apex at high almost atomic resolution. Such investigations can be
used to investigate the origin of the emission current instabilities and the e�ects

of adsorbates. The emission current environmental stability can be investigated
as a function of di�erent gases in the vacuum chamber background and of the
emitter temperature.

The three stages of FE investigations can be accomplished in three measurement
set-up's integrated into one a ultra-high vacuum chamber which consists of two
independent measurement stations.
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The �rst measurement station contains a phosphor screen which can be
used either to investigate emission from thin �lm emitters or from single CNTs

pasted to a heating �lament. The latter is the �eld emission microscope (FEM).
Through a view window images of the phosphor screen can be taken at di�erent
magni�cation using a charge coupled device (CCD) camera.

The second measurement station contains the scanning anode �eld emission

microscope SAFEM with which spatially resolved FE characterization of thin
�lm electron emitters is performed. The measurement stations are moved in and
out of the chamber from below via two parallel sliding rails ensuring easy and
fast action of sample changing/manipulation. For thin �lm emitter investigations

with either the phosphor screen or the SAFEM a base pressure in the range of
10 mbar is su�cient and we then use viton sealings for rapid look-in/out of
the samples. When the of single CNTs is investigated in

the FEM, copper sealings must be used to reach a pressure of 10 mbar. The
whole system of fourway crosses, pump, measurement stations and CCD camera
is suspended with rubber bearings to reduce the e�ects of vibrations.

The �rst measurement station hosts two experimental set-up's using cathodo-

luminescent screens to monitor the FE behavior of single or thin �lm electron
emitters (Fig. 2.3). We usually use phosphor coated screens (1), but have also
tried YAG and Indium Tin Oxide (ITO) screens, were the latter is well suited for

samples which require high applied �elds. The emission patterns on the screens
are recorded with a CCD camera and a zoom-lens and the images are transferred
to the PC with a framegrabber card. The sample (2) is mounted onto a table
(3) which is movable in the z direction and connected via a piston (8) through

a feedthrough to a micrometer screw. The distance d between the sample and
the screen can therefore be adjusted with about 10 m resolution without spac-
ers. This is advantageous because artifacts due to spacer leakage currents can

be avoided. The ESD can also be recorded as a function of the applied �eld
E using a constant driving voltage. The voltage dependent sensitivity of the
phosphor screen does therefore not inuence the ESD. However care has to be

taken to ensure a backlash-free motion of the table. We have solved this by using
stainless steel springs (7).

In order to ascertain that the screen and the thin �lm emitter surface are
parallel over a cm-sized area, the screen can be tilted using three screws (5). The
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Figure 2.3: (a) Schematic sketch of the FE equipment for integral measurements using a phosphor
screen with a thin �lm emitter mounted to the sample holder. (b) Sample holder with heating
�lament for �eld emission microscopy. (c) Close-up of the screen and the thin �lm sample holder.
(1) phosphor screen (2) thin �lm emitter (3) table for the sample holder (4) insulating teon
support for the screen (5) adjustment screws to tilt the screen in order to make the screen and
sample parallel (6) high voltage supply (7) stainless steel spring (8) micrometer screw (9) carbon
nanotubes pasted to �lament (10) transformator and current meter (11) high voltage supply (12)
teon support (13) electric connector to the screen.

sample is grounded in the case of a thin �lm emitter and the voltage (typically 2-

3 kV) is applied with a high voltage (6) supply to the screen which is suspended
with a teon insulation (4).

Fig. 2.3(b) shows schematically the set-up for the FEM experiment. When

FEM is performed the screen is grounded and a negative voltage of 2000 V is
applied to the �lament (9) delivered by AGAR Scienti�c Ltd. (type A054).
The source-measure unit Keithley 237 is connected to the screen (13) to record

emission current uctuations. An insulated AC-voltage source (10) enables us to
run currents I up to 3 A through the �lament and observe FEM images of CNTs,
pasted to the �lament with conductive carbon cement, in-situ during heating.
The CNTs are usually heated up to 1200 K. We can additionally perform FEM

in the presence of di�erent partial gas pressures like O , H O, H etc.

The second measurement station contains the scanning anode �eld emission
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Figure 2.4: (a) Schematic sketch of the scanning anode �eld emission microscope. (b) Close-up
of the sample holder and the micro positioner. (1) optic �ber (2) coarse adjustment screw to
approach the sample to the anode (3) x/y micro positioner MS5 (4) Pt/Ir anode tip (5) z pico
motor (6) CCD camera to monitor x/y translation (7) computer control with LabView (8) thin
�lm sample (9) Keithley source measure unit

microscope (SAFEM) and consists essentially of the following parts (Fig. 2.4).
The x-y motion of the sample is realized using two UHV compatible "piezo" (3)

micro positioner (micro slides MS 5 from Omicron). The MS 5 is a linear step
motor driven by piezo elements with step sizes between 40 to 400 nm and with 5
mm maximum travel. The thin �lm emitter is mounted onto a grounded sample

holder (8) attached on top of the MS 5 motors. The position of the sample is
measured by tracking a light source (1) created by an optic �ber (1) which is feed
into the chamber through a home-made feedthrough. The tracking is done by a 8

bit gray-scale CCD camera (6) with sub- m resolution in x and y direction. The
FE current I under constant applied voltage (Constant Voltage Mode - CVM)
or the extraction voltage V under constant emission current (Constant Current

Mode - CCM) can then be recorded as a function of anode tip (4) position
for thin �lm areas up to 5 5 mm with sub- m re-positioning resolution. We
usually work with voltages in the range 60 - 500 Volts in the CVM and typical
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2.2 Microscopic characterization of electron �eld emission

2.2.4 Rapid sampling of the thin �lm emitter with the phosphor
screen

emission currents in the range 10 - 50 nA per emission site in the CCM. The
distance d takes generally a value between 5 to 15 m depending on the size of

the scanned area. The emission is recorded with a Keithley 237 source measure
unit (9) where the level of noise is lower than 1 nA.

The absolute position measurement enables us to re-�nd an arbitrary emitting
site and to correlate several current I(x,y) or voltage V(x,y) maps. The size of
the FE maps is generally between 200 200 m to 800 800 m . We use a

Pt/Ir anode tip (4) from DME (type 1744) which is originally intended for use
in scanning tunneling microscopy (STM) and has a radius of curvature less than
1 m. The typical radius of curvature is however about 1 m after a number of
FE scans, since the tip is gently moved into electrical contact (z step size about

50 nm) with the sample surface to check anode-sample distance d. The anode-
sample distance d is held constant during FE scanning (not STM mode) and
is controlled by a backlash free single axis UHV picomotor (5), model NFUHV

from Surface Interface Inc. The resolution of the FE maps is limited to about
the anode-cathode separation due to the convolution of the sample topography,
sample-anode distance d and anode radius of curvature.

For accurate measurements of the emission current density as a function of the
applied �eld the screen can be replaced by a guard ring anode. The 2 mm

cylindric anode with a guard ring is shown in the inset (c) of Fig. 2.5. The
inset (c) also shows an electrostatic simulation of the equipotential lines created
by the system of the central anode and the surrounding guard ring. The same
voltage V is applied to the outer and inner anode of area A [cm ]. The current

density J= I/A can then be recorded for a homogeneous applied �eld E= V/d,
where d= 50 m is the anode-cathode distance and I is the current of the inner
anode, without disturbing electrostatic e�ects from the edges of the central anode

(inhomogeneous applied �eld).

The resulting J-E curve is shown in (a) and inset (b) clearly shows the typical

Fowler-Nordheim behavior in the low emission current region. This kind of
measurement yields only limited characterization of the FE properties. J-E or
I-V characteristics give no information about the ESD and we therefore need to
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Figure 2.5: (a) Current density J as a function of the applied �eld E for a carbon based thin �lm
emitter. (b) The corresponding Fowler-Nordheim plot. (c) The geometry with a center anode
(for which the current was recorded) and the surrounding guard ring to obtain a homogeneous
applied �eld.

monitor the spatial distribution and the ESD of the electron emission.

In the of the FE characterization the phosphor screen gives fast
and valuable information about the spatial distribution of emission from the thin

�lm emitter. Thereby attention should be paid to the calibration of the screen
sensitivity. The sensitivity of the screen is voltage dependent and may vary be-
tween di�erent types of cathodoluminescent coatings. The cathodoluminescence

depends also on the emitted current density, wherefore the ESD is a function
of the emitted current per site and the driving voltage. As a consequence it
can be advantageous to use di�erent types of screens depending on the electron

emission e�ciency of a particular thin �lm emitter sample. The dependence of
the ESD as a function of the driving voltage is shown in Fig. 2.6 for a constant
applied �eld. Some thin �lm emitters may sometimes require high �elds for elec-
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Figure 2.6: The ESD measured as a function of the voltage applied to the phosphor (a) screen
and to the ITO screen (b) for constant applied �elds. The thin �lm emitter used in (b) requires
a higher �eld (7 V/ m) than the �lm (2.8 V/ m) used in (a) in order to record an ESD.

tron emission and Indium Tin Oxide (ITO) screens can be a better option than
phosphor screens in these cases, since too high electron energies soon degrades

the performance of the phosphor. Hence during ESD experiments attention has
to be paid to use a voltage range well adapted to the screen sensitivity. A driving
voltage higher than 1 kV seems reasonable for our high voltage phosphor screen,

as indicated by the saturation of the ESD in Fig. 2.6(a).

After a careful calibration of the screen, where the operating voltage is deter-
mined, the ESD can be recorded as a function of the applied �eld E for a constant
driving voltage. An example of how the screen can look like during typical FE
conditions is shown in the inset of Fig. 2.25. The screen shows the typical spot-

wise electron emission from a carbon nanotube (CNT) �lm, catalytically grown
in a methane/hydrogen atmosphere. The ESD as a function of the applied �eld
E is shown in the upper right inset of Fig. 2.7.

We have investigated a numerous types of �lms like chemical vapor deposited

(CVD) diamond, dimondlike carbon (DLC) and tetrahedral amorphous carbon
(ta-C) with various contents of defects and dopant levels of hydrogen and nitro-
gen. In all cases so far observed the emission always originated from isolated
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2.2.5.1 Considerations on the sample position

2.2.5 High resolution SAFEM characterization

spots similar to the inset of Fig. 2.7 but in general with a lower density. The emis-
sion sometimes only consisted of some few (1-10) irregular distributed spots for a

cm -sized thin �lm emitter area (typically for DLC or ta-C �lms). Whereas the
emission mechanism of DLC and ta-C still is under dispute, the emission from
CNT �lms clearly is governed by geometric �eld enhancement . The CNTs

obey a statistical variation with regard to positions and �eld enhancement on
the sample surface. The variation in the �eld enhancement is responsible for the
variation in the ESD from thin electron emitting �lms.

If dN= f( ) d is the number of emitting sites in the �eld enhancement range

[ , +d ] per unit area where f( ) is the so called -distribution, we can calcu-
late f( ) from the ESD-E characteristics [12]. We note that f( ) gives a better
description of the emitting properties of a thin �lm than turn-on �elds or I-V

characteristics, since these in general depends on how the measurement is done,
the size of the measured area etc. A detailed discussion about f( ) is beyond
the scope of this paper and the interested reader is referenced to [12].

In order to investigate ESDs higher than 10 emitters/cm and f( ) in the low
�eld enhancement regime (in this case below 400), scanning anode �eld emission

microscopy has to be performed.

During FE scanning the sample is moved in x and y directions. The absolute
position measurement is done by tracking the light source attached to the sample

holder using a CCD camera. The x and y axis are thus de�ned by the CCD
camera pixel array and have to be aligned with the directions of the piezo step
motors. The x/y scanning system has therefore to be calibrated to avoid lateral

run-out or deviation Y perpendicular to the x-direction of translation. Y
is usually less than 1 m per 200 m travel in x direction.

The lens is set to the highest magni�cation in order to have the best possible
resolution per CCD pixel. We pay attention to adjust the diaphragm of the lens

for the recorded light source to have a well de�ned circular shape without fringe-
or "star-like-shape" e�ects. With the framegrabber software we set the intensity
inside the recorded light spot be saturated on the CCD pixel array (maximum=
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Figure 2.7: The -distribution function f( ) is calculated from the the ESD shown in the upper
inset. The ESD was measured as a function of the applied �eld for a CNT thin �lm emitter
shown in the lower inset at 11.4 V/ m.

255/pixel). This is important since the position is calculated as the center of
gravity of the spot according:

= (1a)

= (1b)

The summation is taken over the pixel (x , y ) with the light intensity I ,
where i=1 to n is the index of pixel in a CCD frame of n pixel, which
is cut out around the center of gravity from the main frame or CCD image.

If the intensity is not maximized to 255/pixel inside the recorded light spot,
small intensity variations inside the light spot between di�erent positions (x ,y )
may cause the calculation (1) to be incorrect. Such intensity variations can be
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Figure 2.8: The di�erence between the two superimposed CCD images (a) (corresponding to
start and end of a linescan) where the light source has been translated 15.7 pixel in x direction,
is used to calculate the sample translation. The inset (b) shows an example of a linescan where
the current has been recorded 100 times as a function of position in x direction. The inset shows
the transition from saturated CCD pixel (white) to zero CCD intensity outside the light spot.

induced by dust particles on the CF100 view window or by reexes between the
view window and the lens.

Thereafter the anode is approached to the sample into a suitable distance at
which a FE scan can be performed. An applied voltage of less than 100 V means
in general for the case of a CNT �lm, that the tip-sample distance is less than

5 m. In order to check and avoid possible contact currents during the FE scan
the sample is translated several hundred micrometers in both x and y directions
with a small voltage ( 1 V) applied to the anode.

Before starting FE scanning the x micro positioner has to be run back and
forth 5-10 times in order to avoid strong initial oscillations with regard to the
micro positioner step length.

A FE scan consists of a number N , typically 100, of what we call linescans.
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2.2.5.2 Sample position calculation errors and translation precision

A linescan is N consecutive equidistant translation steps in x direction where
the current (CVM) or the voltage (CCM) is recorded for each step. Such a CVM

linescan is shown in the inset (b) of Fig. 2.8. In general N =N but not always.
We sometimes like to change the emission parameters like the emission current
in CCM, between adjacent scans. This can be useful in order to investigate the

collective emission degradation behavior of thin �lm emitters. The position of
the x/y sample holder is determined for the start (X , Y ) and endpositions (X ,
Y ) of each linescan. Two CCD frames corresponding to (X , Y ) and (X , Y )

for a single linescan are superimposed in the image of Fig. 2.8(a). The start-
and endpositions allows to �nd the position of an arbitrary emitter anywhere
on the sample surface. The emitting sites of several sequential FE maps can

therefore be correlated which allows to compare individual emission currents
with the corresponding �eld enhancement and vice versa.

In order to obtain a spatially resolved FE image of the thin �lm emitter, which
we throughout this text refer to as a FE scan or FE map, several sequentially
and adjacent linescans with well de�ned steps in x and y directions must be

recorded. This is a problem of technical relevance since the precision with which
the sample position (X , Y ) is recorded according to (1) and with which the
sample is transported by the MS5 micro positioner strongly a�ects the resolution

and precision of the FE scan. We therefore like to investigate how accurate the
calculation (1) is and with which precision we can de�ne the length of the steps
in x and y directions and re-positioning of the micro positioner.

Fig. 2.29(b) shows the spatial uctuations dy and dx around the normalized

center of gravity (X = 0.0, Y = 0.0) for 1000 calculations according to (1) for a
34 pixel large light spot. The CCD images were sequentially recorded with the
micro positioner at rest (no intermediate translation). The spatial uctuations

are induced by discretization errors in the intensity of the pixel at the fringe
between subsequent light spots. The fringe of the light spot is about 3-4 pixel
broad and is seen in the magni�ed inset of Fig. 2.8. The pixel intensity is

255 inside of the spot and 0 at 4 pixel distance from the inner fringe. The
intensity per pixel varies between 255 and 0 within the fringe, and variations
in the discretization levels of pixel between two CCD frames (e.g. from 122
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Figure 2.9: (a) Histogram of the deviation dy=(y -ŷ) for 10 recordings (ŷ is the average of
all CCD images), where each recording was obtained from a single CCD image (1) or from an
average of �ve CCD images (2). (b) Inset shows the spatial variation dx/dy of 1000 calculations
of the center of gravity for a light source at rest.

to 123 etc.) cause X and Y to uctuate on a sub- m scale as indicated in

Fig. 2.9(b). We made 10 subsequent recordings of the spatial variation (dx,
dy) around the center of gravity (X = 0.0, Y = 0.0) where each recording was
calculated as an average of �ve images. For comparison 10 additional recordings

with only one image per recorded (dx, dy) data point were obtained. The two
histograms we obtained from the recordings are depicted in Fig. 2.9(a) for dy
(dx looks similar) and �tted with gaussian distributions. Fit 2 coincides with

the 5 10 data points and has been normalized to the �t 1, which coincides
with the 10 data points of the additional comparative recordings. Full width at
half maximum (FWHM) is 0.059 m for �t 2 and 0.102 m for �t 1. When we

calculate X and Y for the start and end points of the linescans we most often
average �ve frames and can thus be con�dent that the position error (dx, dy)
induced by the calculation (1) generally is less than 0.1 m. This value is better



L
e

n
g

th
 o

f 
lin

e
 s

ca
n

 (
x-

d
ir

) 
  

[µ
m

]

 Linescan number

(c)

(b)

(a)

1
2

43

�

�

�

�

2
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Figure 2.10: The linescan length as a function of linescan number for three subsequent 200 200
m FE maps (a)-(c). The length experiences a typical oscillating behavior indicated with

numbers 1-4, where the average linescan length increases for every FE map.

than required for the resolution of most of our FE scans, which is limited by
sample topography, anode radius and anode-sample distance to approximately

5 m.
An accurate sample position calculation is an absolute but not su�cient re-

quirement in order to obtain a FE map. We also need a precise control of the

translation and re-positioning of the x and y micro positioner, since the MS5 mo-
tors experience a kind of oscillating behavior with regard to the linescan length
(Fig. 2.10). After the �rst linescan (which can be twice the length of the second

or third linescan), Fig. 2.10 shows how the linescan length stabilizes towards an
average value after a maximum, indicated 1, is passed. A weak oscillation cannot
be avoided (see numbers 2-4 in Fig. 2.10(a)-(c)). (a)-(c) depict the evolution of

the linescan lengths for 100 consecutive linescans of three subsequent 100 100
pixel FE maps over the same CNT thin �lm emitter area. Between the scans, the
sample has to be repositioned at the starting point, wherefore the initialization
procedure of 5-10 translations in x direction (to �lter the strongest oscillations)

is repeated.

In order to realize the spatially resolved FE image, the typically 100 consecu-
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tive linescans must be recorded over 100 parallel and adjacent thin �lm emitter
linesegments and put together to form a two or three dimensional FE map. This

put stringent requirements on the parallellity and inter-linescan distance on a
m level in order to obtain FE maps with m resolution. It therefore has to be

ascertained that adjacent linescans do not cross, touch or overlap each other and

that the relative inter-linescan distance is maintained constant in the y direction.
In fact a linescan is always recorded under small and continual deviations y from
the micro positioner direction of motion. Such unwanted sub- m sidestep mo-

tions are super-imposed the principal direction of motion and may be caused by
small dust particles, dirt or sub- m scratches on the planar supporting guides
(which de�nes the direction of motion) on which the micro positioner runs. In

addition, we have to make sure that the linescan direction of motion coincides
with the pre-de�ned x-axis. We will otherwise obtain a permanent run-out Y,
where Y is the constant deviation in the y direction (measured at the end of
each linescan) from the x-axis.

If Y is large we measure FE from a thin �lm area with the dimensions
of a rhomb and not a square. However if we try to project a rhomb onto a
quadratic area, we introduce a distortion into the FE map and we thus want

to keep Y as small as possible. The total lateral run-out Y = Y+ y, is
shown as a function of the linescan number for three independent 200 200 m
FE maps (a)-(c) of each 100 consecutive linescans in Fig. 2.11. Whereas (a) and
(b) correspond to two sequentially recorded FE scans from the very same CNT

thin �lm emitter area, (c) is taken from another location of the same CNT �lm,
after �ne tuning of the direction of motion with the x-axis by turning the CCD
pixel array. We therefore note that the integral run-out Y 0.2 m of (c) is

better than for (a) and (b) with Y 0.7 m. However we consider Y 1
m as acceptable for a 200 200 m FE map. Finally we note from (a) and (b)

that the di�erential run-out y is always the same for several repeated linescans

as long as the x micro positioner resides within the same 200 m long region of
the supporting guides. This is evident considering that y is provoked by the
same dirt and scratches along the same 200 m long micro positioner runway

for (a) and (b). The progression of y for (c), which was obtained for a di�erent
200 m long spatial location of the x micro positioner, therefore look di�erent
compared to (a) and (b). Y and y are only marked for (a) and (b) in
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2.2 Microscopic characterization of electron �eld emission 59

Figure 2.11: The lateral run-out Y for three di�erent FE maps (a)-(c), where (a) and (b)
corresponds to (a) and (c) of Fig. 2.10. Y is the permanent lateral run-out due to non-
parallellity between the x-axis and the x micro positioner direction of movement.

Fig. 2.11. The maximal di�erential run-out y is less than 0.2 m for (a)-(c),
which is acceptable compared to the average step size of 2 m. We have however
also to compare y with the inter-linescan distance y to be sure that the

micro positioner step size in y direction is su�cient.

Fig. 2.12 shows the single inter-linescan step size y as a function of the lines-

can number (alternatively the step number in y direction), corresponding to the
100 consecutive linescans. The oscillating and irregular step size behavior may
again be explained by dust or scratches on the micro positioner slide runway. We

see that the average step size y= 1.7 0.1 m is considerably larger than the
di�erential run-out y and that the linescans therefore to a good approximation
run in parallel without touching or overlapping adjacent linescans. Note that

the average step size y= 1.7 0.1 m is less than the average x step size 2
0.02 m. As both step sizes y and x continuously are changed during the
course of one or several FE scans, we conclude that it is di�cult to adjust an
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Figure 2.12: The step size Y in y direction between every linescan as a function of the number
of steps in y direction.

equal and constant step size for both the x- and y-axis between subsequent FE
maps. Hence the FE maps are in general not recorded over an exactly quadratic

thin �lm area, but this does not seem to distort the FE image, as we will see in
the next section.

In order to obtain a spatially resolved emission image we have to convert N
one dimensional linescans into a two dimensional FE map. We therefore have

to consider ways to correct position errors (e.g. due to the oscillations) during
scanning. We use a home-made scanning software written in LabView to control
the motion of the x/y micro positioner and to regulate the scan parameters as

a function of temporal changes in the linescan length.

In order to compensate for the non-constant linescan lengths, each x transla-

tion step is composed of sub-steps, generally 8 to 12. Since the characteristics of
the micro positioner motions are di�erent in the forward (+x) and backward (-x)
direction, the number of total sub-steps is di�erent in the forward and backward
direction.

The FE scanning process follows the owchart of Fig. 2.33. After the start
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Figure 2.13: Flowchart scheme for the FE scanning procedure.

coordinate (t , t ) and baseline x=t are set, the �rst linescan, during which
the current or the voltage spot-wise is measured, is launched. The program

saves the linescan end coordinate (X , Y ) and returns to the baseline. The
x-axis return coordinate X must not deviate too much from the baseline. If
the di�erence between the linescan length and the return length surpasses a

user pre-de�ned tolerance limit, generally set to 3-8 m, the number of return
steps is incremented to compensate for the di�erence in the following linescan.
The anode-baseline distance may be additionally adjusted after return to the

baseline, with re�ned sub- m steps in an iterative sequence.

The y step movement consists in general of 3-6 sub-steps, which must be
adjusted to make the total height of the FE scan in the y direction equal to the

average linescan length. This is a matter of trial and error, since it is di�cult
to foresee the evolution of the x and y step sizes.

The raw data of 10 measurement points of the applied voltage from the

100 consecutive linescans (a) and (c) of Fig. 2.10 are obtained according to the
owchart above and depicted as two voltage V(x,y) FE maps over the same CNT
thin �lm emitter area in Fig. 2.14(a) and (c). Dark spots corresponds to low
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2.2.5.4 SAFEM image analysis and measurement capabilities

extraction voltage and pin-points individual emission sites. Since the linescan
lengths depends on the linescan number in y direction (see Fig. 2.10) only the

average horizontal x length of the FE scan can be calculated for (a) and (c).
The average width of the FE map is 198 m for (a) and 203 m for (c), whereas
the height in y direction is 169 m (a) and 162 m (c). We cannot do much

about the fact that the height in general not is equal to the width of the FE scan
(except for cutting a quadratic window out of the FE map after the scan), but
we may post-treat the linescans in order to equalize the lengths. With a home-

made software written in Igor, a FE map can be normalized to the shortest
linescan length l (generally the �rst linescan) and all linescan measurement
points extending beyond l are discarded. This results in a number of linescans

with less than 100 measurement points where all linescans are of equal length
l . However we want to display 100 100 data points on a FE map and therefore
we interpolate the reduced number of data points of a linescan onto 100 points.

The result of the interpolation of the raw data from (a) and (c) is shown in
Fig. 2.14(b) and (d). The length induced inter-linescan mismatch, which creates

discontinuities between adjacent lines in (a) and (c), is removed thanks to the
interpolation and the images in (b) and (d) are smooth and continuous. The
low voltage ripples at the start of each linescan at the baseline x=0 are due to

the source-measure device, which unfortunately not was given enough time to
increment the voltage from zero to the operating voltage before the linescans
were launched. The time required to �nish the FE scan (typically one hour)

depends on several parameters but mainly on the measurement sensitivity of
the source-measure device.

A closer look on the V(x,y) maps in the preceding paragraph, reveals signi�cant

di�erences in extraction voltage between individual emitting sites of the thin
�lm. Whereas some sites barely are resolved from the background, others are
strong emitters (with extraction voltage below 40 Volt) which are detected at

large lateral distances of 10 m from the anode.

The strong emitters in the V(x,y) map are normally also seen in a current map
I(x,y), whereas the weak sites not are resolved due to the typically very steep �eld
emission current-voltage (I-V) characteristics of the type seen in Fig. 2.5. Of the
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2.2 Microscopic characterization of electron �eld emission

same reason we cannot expect to record the weak sites on a phosphor screen,
which is operated in constant voltage mode. We conclude that the dynamic

measurement range in constant current mode is larger than for the constant
voltage mode, and that we therefore can detect and investigate sites in a V(x,y)
map which are inaccessible in a I(x,y) map or with a phosphor screen [12].

63

Figure 2.14: The raw data of the extraction voltage V(x,y) for 10 nA emission current (d
7 m) of two sequentially recorded FE maps (a) and (c) corresponding to (a) and (c) of Fig.
2.10. (b) and (d) shows the same V(x,y) maps after linescan length error correction. Please
note the two strong emitters in (c), marked by arrows, which have disappeared from the second
V(x,y) scan in (d). The emission from these (arrows) blocked the emission from weaker sites
underneath, seen in (d).
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64 Chapter 2: The thin �lm electron emitter

Figure 2.15: Calculation of the ( ) map from V(x,y) in Fig. 2.14(d). The peak values
are marked by white crosses and correspond to individual emitters, where each emitter has a
di�erent I-V characteristic and thus di�erent threshold �eld.

The large di�erences in voltage (required to produce 10 nA emission current
per site) between the individual emitting sites makes it obvious why traditional
I-V measurements over large emitting areas are unsatisfactory. Such large area

I-V characterizations takes only a very small fraction of all sites, corresponding
to the strongest sites with the highest �eld enhancement, into consideration.
This small number is measured in parallel in contrary to the scanning anode.

Considering these two facts, the quality of integral measured threshold �elds
or I-V characteristics on large area emitting �lms are questionable, since such
quantities fail to acknowledge individual emission site characteristics. In con-

trast to integral techniques the SAFEM opens a spectrum of individual emission
site characterization possibilities. Since a reference coordinate (t , t ) is de�ned
for each FE map, a number of FE maps can be independently recorded and

individual sites can be spatially correlated. This allows multiple testing of sin-
gle site emission characteristics as a function of intermediate increased current
levels, current, voltage or time (single site emission stability). A speci�c site
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2.2 Microscopic characterization of electron �eld emission

can be tracked and found in several di�erent FE maps obtained under di�er-
ent conditions like in constant current mode or in constant voltage mode. Such

comparisons are interesting as one like to compare e.g. emission currents in
function of the corresponding �eld enhancement of a speci�c site. Addition-
ally single site I-V and I-t characteristics may be recorded as the SAFEM can

be programmed to �nd and analyze all FE map peak values. This opens for sta-
tistical analysis, where the FE sites may be categorized according to saturation
and degradation behavior, stability, time of life and spatial �eld enhancement

(x,y). As an example the spatial �eld enhancement (x,y) is calculated from
the V(x,y) map in Fig. 2.14(d) according:

( ) =
( )

(2)

where the �eld at the emission site E = 3800 V m for I= 10 nA ac-
cording to the Fowler-Nordheim law as shown by energy resolved �eld emission
spectroscopy [16] on CNT �lms, and d= 5 m is the tip-sample distance. It

should be pointed out that the applied �eld E= V/d [V/ m] between the anode
and the sample surface is assumed homogeneous in the calculation (2) of the �eld
enhancement. This is not entirely correct �rst because �eld enhancing structures

or CNTs, whose factors we would like to calculate, modify the equipotential
lines and second because the anode radius of curvature induce an inhomogeneous
applied �eld as compared to a parallel plate diode set-up. The applied �eld is
over-estimated at the sample surface as compared to an inhomogeneous applied

�eld by a factor 1.6 according to the simulation in Fig. 2.16(a).
Consequently the calculated �eld enhancement (x,y) is correspondingly

under-rated. The resulting (x,y) map is shown in Fig. 2.15, where the peak

values have been marked by white crosses. By counting the number of emission
sites with �eld enhancement in the range to +d we obtain a histogram,
which normalized to 1 cm corresponds to the -distribution f( ). We derived

f( ) for the very same CNT �lm in Fig. 2.7 in a higher �eld enhancement range
using the phosphor screen. If we plot f( ) from both the screen measurement and
the (x,y)-mapping together, we can �t both measurements with an exponential

characteristic f( ) exp(-k ) according to Fig. 2.17.
The emission properties, like the ESD, of thin emitting �lms are better char-

acterized by f( ) than by a single parameter such as the threshold �eld. Our
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Figure 2.16: Simulation (a) shows the distribution of equipotential lines between the sample
surface and the anode (radius of 1.5 m). The distance sample surface-anode is 4 m. Inset (b)
shows the anode after several FE scans and contact measurements on CNT thin �lm emitters.
The tip is blunted and covered by CNTs and catalytic metal particles which have been removed
from the �lm due to the electrostatic forces.

investigations indicate that the emission properties can be tuned by modifying
the slope and position of f( ), [12]. Even more important, whereas the emission
from CNT �lms clearly is dominated by high �eld enhancement, the emission

mechanism from DLC and other thin emitting �lms is still under dispute. How-
ever the functional dependence of f( ) recorded from CVD diamond �lms is
similar to the exponential f( ) of CNT �lms. This would strongly suggest that

the fundamental mechanism underlying the low threshold electron emission from
a wide range of thin �lm emitters, and not only CNT �lms, is indeed high �eld
enhancement.

The microscopic techniques previously presented are liable on a m scale. The
m resolution is well suited for statistical investigations of the low threshold

emission from thin �lm emitter ensembles with regard to the ESD, collective
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2.2 Microscopic characterization of electron �eld emission 67

Figure 2.17: The -distribution f( ) which is the number of emitting sites per unit area and �eld
enhancement d as a function of the �eld enhancement for a CNT thin �lm emitter. f( ) as
recorded with the screen of Fig. 2.7 (crosses) and with the scanning anode of Fig. 2.15 (bars),
are plotted and �tted with an exponential f( ) characteristic.

emitter degradation behavior etc. However for some investigations of single
site emission phenomena, a higher resolution is required. AFM/STM based FE

microscopy does not reect the same �eld enhancing conditions at the emission
site with regard to the equipotential distribution since the �eld enhancing e�ect
vanish as the anode is too close to the emission site. Therefore as we wish to

investigate e.g. the spatial charge distribution of a single emission site on a
sub- m scale we need to ascertain that the anode-emission site distance is large
compared to the typical size of the �eld enhancing structure. The situation

where e.g. CNTs are mounted onto a tip or a �lament and held at a distance of
several cm under a phosphor screen in a �eld emission microscope (FEM), ful�ll
the requirement of a large anode-cathode distance with a magni�cation factor

up to 10 times. The magni�cation is here given approximately as the ratio of
the emitter-screen distance and the emitter tip radius of curvature [13]. The
spatial emission current distribution of a single CNT tip apex obtained on the
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phosphor screen, reects not only the local density of states but probably also
e�ects of adsorbed molecules or species. Such adsorbed species may inuence

the spatial emission current pattern in at least two ways.

First of all the workfunction may be locally changed due to adsorbed species
with an electron a�nity di�erent from the underlying carbon structure. Sec-
ondly the adhesion of species may on a nm level change the geometry of the

68 Chapter 2: The thin �lm electron emitter

Figure 2.18: The emission current stability (a) of an ensemble of probably six emitting tubes
in the FEM shown in the inset (a) and (c). Note the spontaneous rapid current drop at the
time 2.13 hours and the afterwards continues current recovery. It can be speculated that the
current drop is connected to the spontaneous loss or desorption of adsorbed species. It seems
however that re-adsorption takes place on a time scale of six minutes due to impinging species.
The di�erent FEM patterns (1-3) seems to be created by di�erent adsorption sites on the CNTs
tip apex. The base pressure was about 10 mbar.
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2.2 Microscopic characterization of electron �eld emission

�eld enhancing structure and thereby locally modify the �eld enhancing e�ect.
It should however be pointed out that the workfunction and the �eld enhance-

ment are used to describe electronic and geometric properties of a material of
macroscopic dimensions. One must therefore keep in mind that the description
of the emission process on a molecular or atomic level may be better charac-

terized by solutions to the Schr�odinger equation under high �eld conditions for
di�erent atomic con�gurations at the emission site. The interpretation of the
emission site spatial charge uctuations seen in a FEM from CNTs in terms of

changes of and/or , is therefore not straightforward. It has been proposed by
Dean et. al. [17] that the lobed and time varying FEM patterns of CNTs may be
explained in terms of enhanced resonant tunneling states, created by molecules

or species adsorbed to the CNTs tip apex. We observe these lobed patterns as
well, Fig. 2.38(b) and (c). In such a case one could think of the species as atoms
or molecules which become polarized in the presence of the high electric �eld
around the CNTs. The dipols are therefore attracted to the CNTs and "feels"

the presence of the CNTs from a much larger distance compared to when no �eld
is present. Under these conditions it would be reasonable to assume that the
rate of change in the FEM patterns would correlate with the rate of impinging

dipols. However the nature and origin of the adsorbed species is not clear in this
case. Our investigations indicate that the species originate from the phosphor
screen rather than from the gas phase. If the CNT sample is heated and the

adsorbed species thereby are desorbed, re-adsorption will take place at 300 K on
a time scale of minutes depending on the state of the phosphor screen [15,16].

Re-adsorption manifests itself through establishment of relatively stable FEM
emission patterns and increased current levels. If the screen is well outgassed,

thermally cleaned or electron scrubbed/sputtered for a long time, the time for
re-adsorption after short heating is longer. If the screen is replaced by a at
alumina anode, re-adsorption does not seem to take place very fast or even at all,

indicating that the active species responsible for enhancement of the tunneling
current are contained in the phosphor and hence does not come from the gas
phase (Fig. 2.19). Indeed, we investigated the e�ects of partial gas pressures of

hydrogen, oxygen and water up to 10 mbar but could not record any enhanced
tunneling states due to these gases. In contrary oxygen degrades the emission
from single walled CNTs probably due to reactive ion etching. More work is
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Figure 2.19: Whereas the emission current from CNTs in the FEM tends to increase to initial
high values after heating of the tubes under a phosphor screen, the current remains on a low
value after heating under a at Al anode. The state of the anode seems to make a di�erence
to the current recovery after heating of the tubes. The inset shows the �lament (and CNT)
temperature as a function of the �lament current.

needed to clarify the nature of the FEM patterns from CNTs.

Macroscopic or integrated �eld emission characterization techniques alone, are
inadequate for the description of the FE process from low threshold thin �lm

emitters, since they fail to acknowledge individual emission site characteris-
tics. However combined with scanning anode �eld emission microscopy on a
m scale, relevant information about the spatially divergent FE properties can

be retrieved. Such information could help to classify the emitting sites of a thin
�lm emitter ensemble into several groups of di�erent current- time or current-
voltage behavior. The combined experimental results of the phosphor screen



71

� �

�

�

�

2.2.8 Acknowledgment

2.2 Microscopic characterization of electron �eld emission

and the SAFEM strongly suggests that the low threshold emission from several
thin �lm emitters, mainly carbon-based, is best described in terms of the spatial

�eld enhancement (x,y). In contrast to electric threshold �elds (x,y) does
not depend on the anode-cathode geometry. Field emission microscopy on sin-
gle CNTs indicate that the presence of adsorbates may inuence the electronic

properties at the emission sites and therefore also the emission current. The
geometry in which the FEM current-time behavior is measured, does however
not reect the inuence of a large number of parallel emitting sites of a thin

�lm emitter ensemble. We therefore like to continue the scanning anode �eld
emission microscopy by single site current-time and current-voltage investiga-
tions in order to gain deeper insight of the low threshold emission process. The

construction of a new m sized focalization system of anode-guard ring should
permit to increase the resolution of our system to the sub- m regime, even with
an anode-cathode separation of several m. Such a large anode-cathode distance
seems to be necessary in order to ensure the typical electrostatic conditions at

the emission site on a low threshold thin �lm emitter.

The authors gratefully acknowledge �nancial support from Motorola and the
Swiss National Science Foundation for the construction of the SAFEM. The

realization of this project would not have been possible without the excellent
hard- and software support of mainly Otto Zosso, Christoph Neururer, Elmar
Mooser, Oswald Raetzo, and Francis Buorqui. The paper is dedicated to the

very skillful mechanic Otto Zosso who spend a lot of time in setting up the
equipment and after 40 years in duty of the university soon retires.
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The investigation of the �eld emission (FE) properties of carbon nan-
otube (CNT) �lms by a scanning anode FE apparatus, reveals a strong
dependence on the density and morphology of the CNT deposit. Large
di�erences between the microscopic and macroscopic current- and emission
site densities are observed, and explained in terms of a variation of the �eld
enhancement factor . As a consequence, the emitted current density can
be optimized by tuning the density of CNTs. Films with medium densities
(on the order of 10 emitters/cm , according to electrostatic calculations)
show the highest emitted current densities.
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74 Chapter 2: The thin �lm electron emitter

During the last decade di�erent forms of carbon thin �lms, like diamond, di-
amondlike carbon (DLC), tetrahedral amorphous carbon (ta-C) etc. were found

to show extraordinary FE properties from apparently at surfaces [1{3]. It was
believed that the reason for the enhanced FE was related to the electronic prop-
erties of the �lms [4]. This was very promising from a technological point of view

since the incorporation of such materials in a gated structure, like a at panel
display (FED), could be done easily over large areas at low cost using standard
chemical vapor deposition techniques [5,6]. However there is an increasing num-

ber of indications that the enhanced FE is due to intense local electric �elds
caused by protrusions in the m- and nm range [7, 8].

The production of such protruding �eld enhancing structures (FES) in gated

patterns is a problem of technological relevance [25, 26]. To be competitive
with more conventional cathodes a cheap and simple technique must thus be
developed to reproducibly and selectively deposit carbon FES which, in addition,

meet the prerequisites of uniformity ( 10 emitters/cm ) [6] and current density
( 80 A/cm ) [11].

Recently, a simple nonphotolithographic technique, based on microcontact

printing ( CP) of a catalytic precursor, was introduced to fabricate patterned
carbon nanotube FES [12, 13]. In this letter we report on the �eld emission
properties of patterned FES produced by this technique.

Ethanolic solutions containing 10-60 mM Fe(NO ) 9H O were used as cat-
alytic inks to be printed on the native oxide of silicon wafers. Samples were

then mounted in a tube reactor and CNTs were grown at 720 C in a mixture
of acetylene and N [12, 13]. The resulting pattern, Fig. 2.20, is covered by a
�lm of multiwall CNTs, about 15 nm diameter and 5 m height. The width

of each line is 10 m and the distance between the individual lines is 50 m. An
increase of the concentration of Fe(NO ) 9H O results in an increased density
of CNTs on the �lm, as shown on Fig 2.21(a)-(c).

The samples were investigated by means of a vacuum FE apparatus, which
permits integrated FE using a phosphor screen as well as locally resolved FE
using a X/Y-scanning tip. With integrated FE, emitter- and current-density

on a macroscopic scale ( cm ) is retrievable. To avoid artifacts due to the
sensitivity of the screen, a constant voltage of 3000 V was applied to the
screen-anode parallel to our grounded sample, and the �eld was changed by
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2.3 Scanning �eld emission from patterned carbon NT thin �lms 75

Figure 2.20: Low magni�cation SEM image of a CNT sample printed with an ethanolic solution
of 40 mM Fe(NO ) 9H O. The inset shows a macroscopic emission image of 2 5 2 5 mm on
the phosphor screen at 5 V/ m.

varying the screen-cathode distance. The X/Y scanning was performed over an
area of typically 200 200 m , divided into 100 100 pixels. The Pt-Ir anode

with a tip radius of 2 5 m was biased to 100 V. The separation between
anode and the surface of the emitting �lm was �xed at 3 5 m. Extracted
FE currents were recorded with a Keithley 237 source-measure unit and plotted

as a function of the tip position. The level of the noise was lower than 1 nA
during scanning. Contact currents could be distinguished from the FE current
by a sudden current increase and saturation of the source-measure device. The

base pressure of the FE chamber was better than 10 mbar.
Integrated FE measurements on patterned samples with various densities of

CNTs did not reveal signi�cant di�erences in their emission properties. All

started to emit at low �elds (2 3 V/ m) but the emission was not homogeneous.
As seen in the inset of Fig. 2.20, the emission was dominated by a comparatively
small number ( 100) of very strong emitting sites spread out over the entire
sample surface.

This indicates that emitters with a lower length-to-diameter ratio (i.e. a lower
�eld ampli�cation factor ) are not detected. Indeed, the number of detectable
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76 Chapter 2: The thin �lm electron emitter

emission sites depends on the size of the measured surface. A cm area will
include very few strong ( 1000) emitting sites, whereas a local measurement

in a 100 100 m window may reveal many emission sites with lower -values
( 100-200) when no strong emitters are present in this window. Furthermore,
the resolution of the screen puts a limit to what is detectable on the sample, and

emitters with a spatial separation of less than 100 m are di�cult to distinguish.
These two facts show that traditional I/V measurements with large area anodes
are insu�cient for proper FE characterization.

To overcome these di�culties we performed FE-scans with a Pt-Ir tip and
found indeed that there are in fact large di�erences between di�erent samples.

In Fig. 2.21 we compare three FE-scans on patterned samples with di�erent
densities of CNTs with the corresponding morphology seen in SEM. Fig. 2.21(d)
shows the emission from a high-density CNT sample and is characterized by

a rather inhomogeneous emission pattern. The lines and a few crosslines are
recognizable, but a clear emission pattern is not obtained. A similar result
[Fig. 2.21(f)] applies to the low density CNT sample, but the emission intensity
is lowered by a factor of 10 and the pattern is even less pronounced. For the

pattern with a medium CNT density, a much better emission image [Fig. 2.21(e)]
is obtained: lines, crosslines and dashes can be easily distinguished. Emission
from this sample and on this scale is very homogeneous.

The obtained emission behaviour is a combination of two e�ects. The poor
emisson of high density �lms, as in Fig. 2.21(d), are explainable by an elec-

trostatic screening e�ect provoked by the proximity of neighboring tubes. The
solution of the Poisson equation governs the behavior of the potential penetration
into the CNT deposit. The presence of many tubes per unit area (u.a.) means

that there is more charge per u.a. and the charge reduces the potential drop per-
pendicular into the �lm. Since it is the local electric �eld ( 3000 4000 V/ m)
at the emission site that governs the emission, the distance between the tubes

remains a crucial parameter to optimize the FE. The limit of zero distance
between the tubes would correspond to a at metal surface without �eld pene-
tration. The �lm depicted in Fig. 2.21(a) is close to this limit since the CNTs

are densely packed. In fact, we observe some FE only because there are a few
tubes that are branching out of the pattern. Low density �lms [Fig. 2.21(c)]
also give poor emission but for another reason. As seen in the SEM image, the
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CNTs are short, bent, and not protruding out of the substrate. Only very few of
them have a su�cient -factor for an adequate emission. Thus the morphology
of individual tubes is indeed of crucial importance for the FE properties. We

conclude that a �lm with a medium density of high aspect ratio tubes shows
optimal FE performance. These conditions are best ful�lled for the sample of
Fig. 2.21(b).

77

Figure 2.21: SEM images of patterned CNT �lms showing regions of (a) high, (b) medium and
(c) low density, with the corresponding FE-maps of current density (d)-(f). The �lms were
produced with ethanolic inks of 10 mM (a), 40 mM (b), and 60 mM Fe(NO ) 9H O. The FE-
maps were taken under identical conditions using 100 V in constant voltage mode. The color
scale corresponds to 0-10 A/pixel for images (d), (e); and to 0-1 A/pixel in image (f).
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In order to verify our experimental �ndings we performed electrostatic cal-
culations of the �eld penetration between parallel standing tubes, as shown in

Fig. 2.22(a). We assumed tubes of 1 m length with a tip apex of 2 nm and
decreased the distance between the tubes. The equipotential lines and thus the
�eld enhancement factor are seen to be strongly a�ected as the intertube dis-

tance is decreased. The �eld enhancement factor is displayed as a function of
the distan ce in Fig. 2.22(b), along with the density of emitting sites. Insert-
ing and emitter density into the Fowler-Nordheim equation yields the current

density as a function of the distance and applied macroscopic �eld, shown in
Fig. 2.22(c). In accordance with the experiment we �nd an optimum intertube
distance of 2 m where the emission is strongest. It is worth noting that this

e�ect is dominated by the �eld penetration, which is determined by the relative
height of the CNTs compared to the intertube distance. A variation in the tube
tip apex changes the magnitude of the �eld ampli�cation but does not inuence
signi�cantly the optimum distance.

By comparing the current density versus distance in Fig. 2.22 with the FE-
maps of Fig. 2.21, we conclude that three di�erent emission regimes can be

de�ned. Emission from low density CNT �lms is poor because there are few
emitting sites of unsu�cient -factors, whereas emission from densely packed
CNT �lms is poor because of reductions in the �eld enhancement factor due

to screening e�ects. In the intermediate regime, the distance between CNTs is
su�cient to reach substantial local �elds, and the available emitter density is
still su�cient for adequate emission currents.

In summary, completely di�erent values of current and emitter density are
obtained using a screen technique as compared to a scanning tip technique. The

reason for the discrepancy is found in the composition of few high -emitters
( 1000) and a majority of low -emitters ( 100). When our samples are
measured with a large anode, the emitters with the highest dominate the

emission. Since they represent a very small fraction of all possible emitters,
the emission is not homogeneous and the obtained current densities are low.
When microscopically investigated, the low -emitters are also recorded and

much higher local current densities, 100 A/cm , are observed from individual
pixels as seen in Fig. 2.21(e). Local current densities are thus a factor 10 higher
than during macroscopic FE and it appears that an improved monodispersivity
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Figure 2.22: (a) Simulation of the equipotential lines of the electrostatic �eld for tubes of 1 m
height and 2 nm radius, for distances between tubes of 4, 1, and 0.5 m; along with the corre-
sponding changes of the �eld enhancement factor and emitter density (b), and current density
(c) as a function of the distance.

of the -factors is necessary to obtain homogeneous high currents over a large

anode. We have shown experimentally and theoretically that the density of
the nanotubes plays a crucial role for the FE properties. CNT �lms of low
density yield low currents essentially because the emitter density and the -factor

are low. For high density �lms, screening e�ects reduce the �eld enhancement
and thus the emitted current. For �lms of medium density, there is an ideal
compromise between the emitter density and the intertube distance, which is

su�ciently large to avoid screening e�ects. A better control of density and
morphology (and hence of the factors) of the �lms is thus clearly required
for future applications. Our calculations predict that an intertube distance of

about 2 times the height of the CNTs optimises the emitted current per unit
area. For straight tubes of 1 m height, this would correspond to an ideal density
of 2 5 10 emitters/cm , or equivalently to 625 emitters per 50 50 m pixel.
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Scanning anode �eld emission microscopy (SAFEM) is used to map
the electron emission current I(x,y) under constant anode voltage and the
electron extraction voltage V(x,y) under constant emission current as a
function of tip position on carbon based thin �lm emitters. The spatially
resolved �eld enhancement factor (x,y) is derived from V(x,y) maps. It is
shown that large variations in the emission site density (ESD) and current
density, can be explained in terms of the spatial variation of the �eld
enhancement (x,y). Comparison of (x,y) and I(x,y) show that electron
emission currents are correlated to the presence of high aspect ratio �eld
enhancing structures.

We introduce the concept of the �eld enhancement distribution f( ),
which is derived from (x,y) maps to characterize the �eld emission prop-
erties of thin �lms. In this context f( ) d gives the number of emitters on
a unit surface with �eld enhancement factors in the interval [ , +d ]. It
is shown experimentally for the investigated carbon thin �lm emitters, that
f( ) has an exponential dependence with regard to the �eld enhancement
factor . The �eld enhancement distribution function f( ) can be said to
give a complete characterization of the thin �lm �eld emission properties.
As a consequence, the emitted current density and ESD can be optimized
by tuning f( ) of the emitting thin �lm.

Keywords: Field enhancement distribution, microscopy, carbon, nanotubes
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During the last decade chemical vapor deposition (CVD) diamond, diamond
like carbon (DLC) and nanotube (CNT) [1] thin �lms have met a great deal

of interest due to extraordinary low-�eld electron emission (FE) [2{6]. Carbon-
based thin �lm cold cathodes could prove to be advantageous over classical �eld
emitter arrays (FEA's) [7, 8] due to potentially simpler and cheaper cathode

design. Field electron emission occurs due to quantum mechanical tunneling of
electrons from a solid into vacuum and becomes apparent only at high electric
�elds on the order of 3000 V/ m [9]. Due to the high electric �eld, the surface

potential barrier, which con�nes the electrons within the solid, is lowered and
becomes triangular in shape. As the width of the surface potential barrier at the
Fermi energy approaches 2 nm, electrons will have a non-negligible probability

to tunnel from the highest occupied states of the solid into vacuum. In order to
create the �elds necessary for FE, the �eld enhancing e�ect of tip-like structures
is exploited. In the �rst approximation such �eld enhancing structures (FES),

amplify the applied �eld E by a factor (beta) , which is of the order of the
aspect ratio h/r of the FES. h is here the height of the tip and r the radius of cur-
vature of the tip apex. E represents the global or overall electric �eld, applied

between the anode and the cathode in a typical FE experiment. The ampli�ed
�eld E at the tip apex of the FES is given by E = . As the emission
current from a single FES is limited to a few nA up to A, the success of gated
�eld emission electron sources lies in the integration of a large number of FES

con�ned to small m-sized areas. For several years etched silicon or evaporated
metal micro tips, produced by conventional lithographic patterning techniques,
have been used as FEA's [10{12]. The fabrication of such micro tips however,

requires expensive processes. The tips su�er from emission degradation caused
by sputter erosion or chemical contamination and therefore require a high vac-
uum environment for operation [6,9]. For this reason there is a strong incentive

to simplify both the production and design of the cathode in FEAs and carbon
based thin �lm emitters. A thin planar �lm, emitting at exceptionally low ap-
plied �elds below 20 V m , not spot-wise but homogeneous over the entire �lm

surface would invoke a number of technological advantages in FEAs. Current
generation of micro tip based FED require 70 Volts gate-to-cathode bias for
operation [13]. A reduction of this driving voltage, achievable with low electric
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threshold thin �lm emitters, would lead to lower driver costs and reduced power
consumption. Compared to silicon or metal micro tips a at, homogeneously

emitting thin �lm would be less sensitive to sputter erosion. Since the typical
gate-cathode separation as compared to conventional cathodes can be increased,
the capacitance and therefore the switching time could be reduced. Homoge-

neous electron emission from the entire thin �lm surface would further reduce
the power dissipation and joule per unit area (u.a) heating of the surface, as
compared to micro tips which can become disrupted and blunted [11]. DLC and

CVD diamond thin �lms, exhibiting e.g. the negative electron a�nity [14, 15]
property, were thought to deliver such thin �lm emitters. However it is shown
in a number of works that the emission mechanism of carbon-based thin �lms

seems to be Fowler-Nordheim (FN) tunnelling like, due to �eld enhancement
from m- and nm-structures [16{18]. In addition it has been shown that sp
rich thin �lms are favorable for e�cient FE [19{22], and that the FES therefore
can be graphitic structures on the thin �lm surface [23] or sp conducting chan-

nels inside an isolating sp matrix [18]. Thus from a physical point of view, the
carbon-based thin �lm emission is analogous to the classic tip array emission,
where FES like e.g. carbon nanotubes, sharp whiskers or protrusions are re-

sponsible for amplifying the applied �eld to cause su�ciently large microscopic
�elds to promote FE. However unlike the well ordered micro tip arrays, the FES
of thin electron emitting �lms exhibit a stochastic nature, with regard to the

�eld enhancement factor. The ideal FEA is thought to have a narrow Gaussian
distribution of aspect ratios where the distance between every tip can be con-
trolled with rather accurate precision even in the sub- m range. In contrast to

the micro tip arrays, the thin �lm FES are randomly distributed with a large
variation of �eld enhancing factors . The random spatial distribution and large
spread in values of the FES on thin emitting �lms are problems of technologi-

cal importance, as they strongly inuence the homogeneity of the �eld emission
current. Therefore, in order for a gated FEA to have uniform emission intensity
(e.g. in a �eld emission at panel display (FED)), every sub-pixel must be made
up of a large number of FES. Additionally the variation of the aspect ratios

within and between di�erent sub-pixels must not be too high, due to the steep
current-voltage characteristics of the FN tunnelling. Consequently the FES has
to be deposited in a controlled manner [24{30] con�ned to well de�ned patterns
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in the m range, preferably inexpensive and over large area substrates. Clearly,
since the �eld enhancing properties such as the ESD are crucially determined

by the random distribution of values, we need to characterize the spatial �eld
enhancing properties (x,y) of the thin �lm emitter, in order to optimize the
ESD. To optimize the ESD, the FES spatial distribution has to be microscopi-

cally monitored. To do that we have developed a scanning anode �eld emission
technique.

To start our general discussion on the �eld emission behavior of thin �lm emitters

we �rst have to �nd a realistic description of the emission current I of a single
emitter as a function of the local electric �eld E at the emission site. Field
emission spectroscopy on carbon thin �lm emitters such as CVD diamond, DLC

and nanotube thin �lms has shown that the emission from these carbon based
emitters is due to FN-tunnelling at local electric �elds E on the order of 3000
V m or more and with typical emitter work functions around 5 eV [31].

Based on this �nding we assume that the current-�eld characteristic of a single
emission site obeys the Fowler-Nordheim law [9]:

=
1 56 10

( )
exp (

6 83 10
( )) (1)

with

=
4

I is the emission current in ampere [A]. A in [cm ] denotes the pre-exponential
factor, [eV] the emitter work function and E [Vcm ] the local �eld at the

emission site. The expressions t(y) and v(y) are the Nordheim elliptic functions,
which can be approximated by t (y) 1.1 and v(y) 0.95-y [11].

Though A has the dimension of an area and theoretically only takes account
of the emitting area, in experiment the pre-exponential factor A will also depend
on the bandstructure of the emitter [32].

In order to describe the emission current I of a single emitter over a wide
range of electric �elds, we use the simpli�ed FN-formula as proposed by Spindt et



87

�

� �

�

� � p � �

'

�

6
2

7 1 5

11 9 2

9

I A
:

�
E

:

�

: �

E

�

E
V

d

�

E � E

�

�

�

�

�

site

:

site

site

site

a a

a

site

site a

a

2.4 Characterization of thin �lm electron emitters by scanning anode...

al. [11], where the elliptic functions v(y) and t(y) are approximated, as indicated
above:

=
1 5 10

exp(
10 4

) exp (
6 44 10

) (2)

In order to account for experimentally observed emission currents of carbon
thin �lm emitters, A takes values of 10 - 10 cm . A value of 5.0 eV seems

reasonable for the workfunction of carbon emitters, as indicated by photoelec-
tron and �eld emission spectroscopy [16]. Putting A=10 and =5.0 eV in
expression (2) gives us a relation for the emission current, which depends only

on the local �eld E .
In a typical �eld emission experiment, the emission current is measured as

a function of the bias voltage V between the anode and the cathode, and not
directly with respect to the local �eld E at the emission site. For a given

anode-cathode geometry a kind of global or average �eld can be determined. We
refer to this �eld as applied �eld E hereafter. The applied �eld E is generally
approximated for a planar diode electrode con�guration by

(3)

Where the V is the voltage between the anode and the cathode, and d is
the anode-cathode distance. The local �eld E at the emission site depends

linearly on the applied �eld with the �eld enhancement as the proportionality
factor.

= (4)

It has to be stressed that e�ects like space-charge or current saturation can
lead to deviation from this linearity, but only for very high emission current
densities. As indicated earlier depends on the geometry of the FES and may

take values of several hundred in case of a good emitter. By substituting (4) into
(2) we note that for a constant applied �eld E , the emission current I depends
dominantly on the �eld enhancement factor , since the FN expression (1) and

(2) only depends linearly on the pre-exponential factor A and the workfunction
is approximately constant. A small variation of may occur due to adsorbates as
observed in �eld emission microscopy (FEM) [33{35]. goes however into both
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the quadratic as well as the exponential factor of expression (2). The relative
change of the emission current dI/I as a function of the relative change of the

�eld enhancement d / can be calculated from (2), where is taken to 5.0 eV:

= (2 +
6 15 10

) (5)

We see that the emission current I is strongly depending on . If we take one
single FES with �eld enhancement 150, which is subjected to E = 22 V m as

an example:

= 1% = 21%

Consequently a small variation or increase of has a strong impact on the
current and a "good" emitter is thus characterized by a high value of . How-
ever, a high �eld enhancement factor is not alone the only criteria of a good

thin �lm emitter, as the emission properties (such as the ESD) are determined
by an ensemble or a large number of emitters. Therefore we like to extend the
discussion to the emission behavior of an ensemble of many parallel emitting
structures randomly distributed on a surface. We assume that the emission cur-

rent from all emission sites to a good approximation follows the FN tunnelling
expression (2). Further we assume that all the emitters have the same work
function (justi�ed by the fact that the emitters are made of the same material)

and that the emission area A is the same for all emitters (justi�ed by the as-
sumption that the emitters are of the same dimensions and that the emission
current only depends linearly on A).

Under these assumptions and for a constant applied electric �eld E , the only
remaining parameter determining the emission current is the �eld enhancement
factor at the location of emission on the thin �lm. The spatial distribution of
the emission current I(x,y) and the ESD can be directly related to the spatial

distribution of the �eld enhancement (x,y). (x,y) again is related to the
topographic structure h(x,y) of the thin �lm emitter, and we may readily expect
a scatter or spread in the �eld enhancement depending on the position.

In this picture the �eld emission properties of a thin �lm emitter can be
represented by the function f( ), where the number of emitter dN on a surface
area A with �eld enhancement factors in the interval to +d is given by
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max

site threshold max threshold

site

max

max max max max

max

threshold

tot

dN( )=A f( ) d . As we will see later on, the function f( ) can be derived from
the �eld enhancement map (x,y). We de�ne the f( )-distribution, or for short

the -distribution, as

( ) =
1

[ ] (6)

According to the de�nition, f( ) is proportional to the probability of having

a FES in the range to +d per unit area. Consequently one may view f( )
as a probability distribution. The measurement of the electric �eld (usually
called threshold �eld), where a given threshold �eld emission current sets on,

can be understood as measuring a threshold �eld enhancement . With
E =E , where E is the measured threshold �eld in the
experiment and E is the electric �eld at the emission site which generates

the threshold current. Since f( ) and thus also A f( ) can be appreciated as a
probability function, the probability P( ) to observe the strongest emitter,
i.e. dN( )= 1, in the window [ -d , ] is proportional to A f( )d .

Therefore we can expect to observe with higher probability on a large
surface area A. The threshold �eld will therefore decrease with increasing surface
measured. The characterization of the emission properties of a thin �lm emitter

just by stating the threshold �eld is thus limited, since anode-cathode geometry
(and consequently E ) di�ers from one experiment to another. We need
other means and parameters of characterization.

Since the emitting site density (ESD) critically depends on (x,y) and as

we will see consequently on f( ), thin �lm emitters have to be characterized in
terms of these two quantities and in the following section we will illustrate the
impact of di�erent -distributions on the ESD. We use three computer simulated

distributions with randomly distributed emission sites on a unit surface A=1 to
illustrate the emission properties on a phosphor screen. We assume that the
current from every site follows the FN expression (2) and that the total or

integral emission current for the whole ensemble is kept around a constant value
I close to 0.3 mA.

In the �rst example we assume that all FES have values in a narrow range

around a mean value . One may think of such an ensemble of FES, as randomly
distributed metal tips, with idealized �eld enhancement kept around an average
value . This corresponds to a gaussian -distribution:
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Figure 2.23: Simulation of three -distributions. The Gaussian f( ) with idealized narrow spread
of �eld enhancement values. The exponential f( ) with decreasing density of sites. The cut-
o� f( ) is obtained from the exponential distribution if the highest �eld enhancement FES are
removed.

( ) = 200 exp (
( )

18 02
) ( = 10) (7)

The narrow shape of the gaussian -distribution is shown in Fig. 2.23 and is
thought of as being typical for randomly distributed metal cones with an average
�eld enhancement =150.

It should be pointed out that real metal FES have a much broader distribution
and thus higher variation of E between di�erent tips. Therefore f( ) in
equation (7) corresponds to an idealized -distribution. Typical values of the

simulation are:

Gaussian: =21.25 V m =0.304 mA

The resulting FE image is depicted in Fig. 2.24(a), where the level of the
gray scale is linear between 0 to 0.9 mA/ unit area (u.a) and saturated white

above. The situation depicted on the simulated screen in Fig. 2.24(a) resembles
the ESD as obtained on an ordinary phosphor screen from a "good" thin �lm
emitter.
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In the case of a thin �lm emitter such as a nanotube thin �lm the situation
may be di�erent. Due to the random length and orientation of the tubes, there

is a priori no reason to believe that the �eld enhancement is kept in a narrow
range or that the distribution function f( ) is gaussian. Consequently the

gaussian distribution, typical of idealized metal tip emitters, is not likely to be

a good description of such a kind of thin �lm emitter, since there is in general
no pre-requisite that all aspect ratios of thin emitting �lms should be equal or
even in the same range.

As (x,y) depends on the surface topography h(x,y), an analogy to the surface
roughness can be drawn. Atomic force measurements (AFM) have shown that
surface roughness exhibits a power law dependence on the horizontal length scale

on self-a�ne [36] thin �lms. In this picture the geometric shape of asperities
can be described at all length scales in a fractal regime, normally limited by
a transition length L , which demarcates two regimes of power law behavior
[37, 38]. In such a case f( ) takes the shape of a function steadily decreasing

with increasing and we therefore assume an exponential -distribution (with
assumed constants) in analogy to the power law dependence of asperities on
surfaces such as:

( ) = 5 10 exp ( 0 1 ) (8)

The exponential f( ) is shown in Fig. 2.23. Equivalently to the gaussian dis-
tribution, the emission behavior is simulated on a phosphor screen, Fig. 2.24(b).

Typical values of the simulation are:

Exponential: =20.10 V m =0.294 mA

Note that although the applied �eld and the total emission current is about

the same for the gaussian and the exponential -distribution, the emission cur-
rent is delivered only by a relatively small number of emission sites in the latter
case.

Using the concept of the -distribution, the ESD as a function of the applied
�eld E can be written as:

( ) = ( ) [ ] (9)
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E is the local �eld at an emission site required to produce a minimum
recordable emission current I . On a phosphor screen I corresponds to the

minimum emission site current, required for the eye to observe the emission spot.
corresponds to the lowest �eld enhancement value which can be detected

at E , with regard to I . Since the applied �eld E is constant this mode

92 Chapter 2: The thin �lm electron emitter

Figure 2.24: Simulations of the FE currents on a phosphor screen from randomly distributed
FES with �eld enhancement according to (a) the gaussian f( ) equation (7) (E = 21.25 V m ),
(b) the exponential f( ) equation (8) (E = 20.10 V m ) and (c) the cut-o� f( ) equation (10)
(E = 24.75 V m ). The total current amounts to 0.3 mA in (a)-(c) and white corresponds
to 0.9 mA/u.a. or more.
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2.4 Characterization of thin �lm electron emitters by scanning anode...

of operation is called the constant voltage mode (CVM). In the simulations a
site becomes visible for I 1 nA corresponding to E 3000 V m . The

maximum E is restricted by the total current limit condition 0.3 mA and since
E only varies slightly between the two simulations, is approximately the
same for the gaussian ( 141) and the exponential ( 149) distribution.

We obtain an ESD of 1500 sites/u.a (u.a = unit area) for the gaussian f( ) and
165 sites/u.a for the exponential f( ) according to expression (9).

The physical interpretation of the di�erence between the ESD of the gaussian
and exponential f( ) is explained as follows. The exponential f( ) contains a
small number of high �eld enhancement sites. These sites are not present in the

gaussian f( ). The current-voltage characteristic of equation (2) is very steep
and therefore the current from the high sites is several orders of magnitude
higher than from FES with lower �eld enhancement in the gaussian f( ). Since

the total current is limited to 0.3 mA and the major part of the total current
is delivered by the high FES (which have a low density), the ESD of the
exponential distribution is low. Hence the current load is very high for the high
�eld enhancement FES and negligible for the low FES. The gaussian f( ) in

contrast, contains sites con�ned in a narrow range. The small variation of the
gaussian �eld enhancement leads to comparable turn-on �elds and magnitude of
emission currents from site to site. Since the density of sites in the gaussian range

is high and all sites deliver currents of approximately same order of magnitude,
the ESD is higher than for the exponential f( ). The current level per site is
therefore lower in the case of the gaussian f( ).

We will show later that the emission characteristics of typical thin �lm emit-
ters in fact are due to an exponential -distribution. This leads to the para-

doxical conclusion that the ESD for a real electron emitting �lm is limited by a
small number of high �eld enhancement emitters. By a small number we refer to
a density of FES 10 cm , namely those sites spotted on a phosphor screen.

In order to make the homogeneity of FEAs su�cient for application in e.g. at
panel displays, we want primarily to increase the ESD up to at least 10 -10
emitting sites per cm [13]. A higher density of tubes (assumed at least 1 m

long) is not recommended since electrostatic screening e�ects become dominant
for densities above 10 cm [27]. One approach to achieve higher ESD would
be to eliminate or burn the high sites, e.g. through high currents. Once elim-
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inated, they do not obstruct the emission from sites with lower and higher
density. The distribution one may obtain through the high emitter elimi-

nation, is actually a modi�ed exponential -distribution, which we refer to as
"cut-o�". An example of such a cut-o� distribution is shown in Fig. 2.23 and is
given as:

( ) = 5 10 exp ( 0 1 )
1

1 + exp ( 132)
(10)

Emitters in the range [140,200] have been eliminated, or "burned" by
high current levels. Since the strongest sites are removed, the applied �eld must

be increased as compared to the exponential distribution for the total current
to remain approximately 0.3 mA:

Cut-o�: =24.75 V m =0.292 mA

Since E is increased, = 121, is shifted towards lower �eld

enhancement and thus a higher density regime of FES. The result is a simu-
lated current map I(x,y) with higher ESD ( 1850 sites/a.u.) and homogeneity
(Fig. 2.24(c)) than the original exponential distribution.

If we return to the initial question whether a "good" emitter only is charac-
terized by the �eld enhancement, we see that the response depends to a great

extent in which way the emission source is intended to be used. If only one
single emitter is needed, e.g. in a scanning electron microscope where a high
brilliance electron source is desirable, it is clear that a high �eld enhancement

will reduce the driving voltage. If many parallel electron sources are required,
like in a FEA, the homogeneity of the emission will be equally important. The
trade-o� between the driving voltage and the homogeneity is determined by the

application.

As shown in the simulations, the knowledge of the -distribution f( ) gives

an almost complete characterization of the FE behavior of thin �lm emitters.
Therefore the experimental characterization of such �lms should include the
determination of f( ). f( ) can be obtained from the �eld enhancement map

(x,y), where every point x,y on a thin �lm can be assigned a �eld enhancement
value. In theory (x,y) can be calculated from the topography of a surface h(x,y),
e.g. by solving the Poission equation at the surface. However in a general case of
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2.4 Characterization of thin �lm electron emitters by scanning anode...

a thin emitting �lm, we do not know the solution to the Poission equation and
have to resort to other methods of deriving (x,y). Through relation (2), (x,y)

is directly related to I(x,y). The measurement of I(x,y) could theoretically be
used to calculate (x,y).

Scanning anode FE measurements, with a constant voltage applied to the
anode, can be used to obtain a spatially resolved FE current image I(x,y) with

m resolution. The sequentially obtained current is recorded with a source
measure unit, which has dynamic measurement range from a few pico-ampere
up to milli-ampere. Consequently, by recording the FE current, point-by-point,
one is in principle able to re-calculate the value of every point from equation

(2). However since the anode is located very close to the surface, the variation
in the surface roughness and the local �eld enhancement causes the applied �eld
to uctuate several times from one site to another. Such a change of the electric

�eld causes the emission current to uctuate several orders of magnitude into
a regime of resistor limited emission and emitter degradation. Since a re-
calculation based on expression (2) does not include resistor limited emission,

we cannot use I(x,y) to calculate (x,y).

In order to derive (x,y) and avoid current saturation e�ects, not to say emit-
ter destruction, the scanned electron emission has to be performed in another
mode of operation, which we call the constant current mode (CCM). In CCM the
voltage V applied to the anode is changed as a function of anode position over the

thin �lm surface, in order to maintain the same emission current for every point.
If the current is reasonably low, like 50 nA, we will obtain a spatially resolved
FE image of the extraction voltage V(x,y), without current saturation e�ects

or emitter destruction. This is both experimentally and conceptually beauti-
ful since V(x,y) is actually an inverted image of the �eld enhancing landscape
(x,y). This can be realized if we use the approximation (4) of the applied �eld

E =V/d, where d is the anode-cathode distance and get E = V/d for the �eld
at the emission site. As energy resolved FE measurements from thin emitting
�lms have shown, an emission current of 50 nA approximately corresponds to an

electric �eld E = 4000 V m at the tip apex of the emitting structure [16].
Therefore, since the current I to a good approximation dominantly depends on
according to expression (2), the �eld enhancing landscape (x,y) is calculated:
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( ) =
( )

(11)

where both d and E are constants. If the (x,y) map contains N( ) number

of peak values (where is the corresponding �eld enhancement factor) and A
is the scanned surface area, f( ) can be calculated according to de�nition (6).
Note that several assumptions are involved in the calculation of expression (11).

First, the applied �eld has been approximated for a planar diode con�guration.
In reality the �eld lines are concentrated at the anode as compared to a planar
con�guration, since the anode radius of curvature R d. This leads to a slight

overestimation of the applied �eld up to a factor 1.5, and the �eld enhancement
is accordingly underrated. Second, the anode-cathode distance d is not constant,
but varies with the surface roughness. The surface roughness peak-to-peak is

estimated to 4 m on a length scale of 20 m. If the average d= 7 m , we can
expect d to vary between 5 and 9 m, i.e in the interval [ d, d]. Therefore if
the real distance is d*=d*(x,y) corresponding to a real * at position (x,y), the

calculated [ *, *]. It is however reasonable to believe that roughly 50 %
of the FES are recorded at a distance d [ , d] and the other half in [d, d].
Consequently if a su�ciently large number of FES, e.g 6 or more, are recorded in

[ *, *], it can be argued that the average �eld enhancement of these sites
is well approximated by expression (12). This is an important remark, since on
a statistical basis, uctuations in do not a�ect the shape of the distribution
function f( ). Finally we note that in our fundamental assumption of expression

(2), the workfunction is assumed to be 5 eV similar to graphite. This is true
in the case of a nanotube �lm as long as the typical diameter of the CNTs
does not become comparable with the typical tunneling length 2 nm, which is

the case for single walled nanotubes (SWNT). Field emission microscopy reveals
also that the emission current from a single site is divided into time varying lobed
patterns [33{35]. Such spatial current variations can be explained in terms of

adsorbates which changes either the �eld enhancement or the workfunction
localized at the position of the adsorbate. As a consequence the electric �eld
E required for a constant emission current I per site, may vary slightly from

one site to another. It can be evaluated for a constant current I= 50 nA that
if the workfunction is changed by 10 % due to adsorbates, i.e. from 5.0 to 4.5
eV, the calculated �eld enhancement varies by 14-15 %. Hence the true �eld
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2.4 Characterization of thin �lm electron emitters by scanning anode...

enhancement * [0.85 , 1.15 ] if we assume a workfunction variation of
10 %. Again, if a su�ciently large number of sites are recorded in the interval

[0.85 , 1.15 ], we may expect the average �eld E 4000 V m and the
calculated average �eld enhancement = *. A variation of 10 % of does thus
not a�ect the shape of the distribution f( ).

Scanning anode FE in CCM is attractive because it is non-destructive with
a high spatial resolution compared to the phosphor screen. Nevertheless the

phosphor screen can be used to obtain complementary information about the
-distribution in a higher range of �eld enhancement. Since f( ) is connected

to the ESD through expression (9) we have the possibility to calculate f( ) by
taking the derivative of the ESD on a phosphor screen. According to expression

(4) we can write E = where E =E 3700 V m is the threshold
�eld needed to produce an emission current of 10 nA, where 10 nA is the current
which is required for an emission site to be recorded, i.e. to be visible, and to

contribute to the ESD on the phosphor screen. Therefore we take the derivative
of the ESD=ESD(E ( )) and of expression (9) to obtain

( ) = (12)

Depending on the e�ciency of the phosphor and the operating voltage, the
current needed to produce a visible spot on the screen may vary slightly between
di�erent phosphor screens. E 3700 V m is only marginally a�ected due

to the very steep current-voltage characteristics of expression (2) and di�erent
phosphor types do not change the characteristics of expression (12).

The high ESD range ( 10 cm ) is di�cult to explore with the phosphor

screen due to annoying micro discharges caused by the high emission sites.
Since the probability of a small number of very strong, i.e. very high �eld
enhancement FES, is higher on a large than a small sample area, the applied

�eld E can normally not be increased above 10 V m . As a consequence the
phosphor screen is limited to the low electric �eld range, where only a minority of
the sites in the high �eld enhancement regime can be investigated. Additionally

an ESD higher than 10 cm is di�cult to resolve on the screen due to
overlapping emission spots. In order to investigate the FE behavior of the in-
active majority of FES, the emission must be performed in CCM. Furthermore,
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2.4.3 Test samples and experimental set-up

to overcome the problems of limited resolution, scanning anode FE is a better
option than FE with a screen in CVM. Nevertheless FE with the phosphor

screen is a valuable tool, �rst because it provides additional information about
f( ) which allows us to double check the results from the scanning anode FE
measurements in CCM, and second because it is easy from an experimental point

of view.

In the remaining part of this paper we will concentrate on measurements
of (x,y) and calculations of f( ). We will show that spatial variations in the
current I(x,y) are directly linked to the spatial �eld enhancement (x,y). Finally

we will give experimental evidence, that the ESD is linked to the shape of the
f( )-distribution, and that the electric threshold E in traditional diode-type
FE experiments, indeed is by itself a poor parameter as a quality mark of the

emitting properties of thin �lm emitters.

Two carbon thin �lms (sample A and sample B) were deposited by hot �lament
assisted chemical vapor deposition (HFCVD) onto a metal- coated ceramic sub-

strate. A hydrogen/methane gaseous mixture was introduced into a reactor
chamber and activated by hot �laments. Process parameters such as �lament
and substrate temperature, gas ow rate and gas composition were carefully

monitored during the growth process to obtain �lms with good electron emis-
sion properties. Scanning electron micrographs of the samples are shown in
Fig. 2.25.

The overall surface topography on a length scale of tens of m is given by the

ceramic substrate and is therefore not very di�erent between the samples, with a
typical roughness 5 m peak to peak. The �eld enhancement is however most
probably created by di�erent types of �eld enhancing structures on the samples.

On sample A we observe a small number of particles covered by coralline like car-
bon structures, which exhibit sharp whiskers in the sub- m range, Fig. 2.25(c).
The coralline structures are not observed on sample B, where carbon nanotubes

are present instead. The carbon nanotubes (CNT) can be several m long with
an average diameter of 20 nm. The coralline particles are sparely common on
sample A, as compared to the CNT density on sample B.

The samples were investigated by means of a vacuum FE apparatus operating
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Figure 2.25: SEM of (a) sample A and (b) sample B shows a rough topography due to the
ceramic substrate. The white bar in (a) and (b) is 5 m, in (c) and (d) 1 m. Sample A (c)
and sample B (d) exhibit structural di�erences on a sub- m scale including di�erent carbon
allotropes. Sample A has isolated carbon nanocoralline like particles with sharp whiskers, which
does not seem to be present on sample B. Sample B is instead covered by carbon nanotubes
(CNTs) with an average inter-tube distance of 30-50 m.

at a typical base pressure of 10 mbar. Macroscopic or integral emission behav-

ior was investigated using a phosphor screen diode type set-up (see Fig. 2.26).
Integral FE can be understood as parallel electron emission from a large number
of FES on the thin �lm surface, while applying a constant voltage of 3000 Volts

to a phosphor screen. The ESD and the current was recorded as a function of the
applied �eld from a cm -sized thin �lm emitter, kept at ground potential. The
applied �eld is de�ned as the voltage V divided by the sample-screen separation
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2.4.4 Scanning anode �eld emission on thin �lm emitters

d. By keeping the voltage constant and changing the sample-screen separation
d, artifacts due to the voltage dependent e�ciency of the phosphor screen and

due to spacer leakage currents were avoided.

FE on a microscopic level was performed with a scanning anode �eld emission

apparatus, Fig. 2.26(a). The sample was mounted on a computer controlled
piezo driven x/y-translation stage and a tip Pt-Ir anode (tip radius of 5 m)
was approached to the sample in steps of 100 nm, and thereafter held at a

constant height d. The tip height d is chosen larger than the surface roughness
of the sample under investigation, typically 10 m. The tip-sample distance
can be changed without hysteresis. The FE current I(x,y) or the extraction
voltage V(x,y) is recorded as a function of tip position with a Keithley 237

source-measure unit. We call the these two measurement modes of �eld emission
Constant Voltage Mode (CVM) and Constant Current Mode (CCM). In CVM
the applied voltage is kept constant (typically 100-300 Volts) and the measured

FE current is recorded as I(x,y). In CCM the extraction voltage V(x,y) applied
to the tip is adjusted between 0 - 1100 Volts depending on the tip position in
order to maintain the FE current on a constant level, e.g. 50 nA. Sample areas of

200 200 m up to 800 800 m were scanned with 5 m resolution depending
on the tip-sample separation. Tip re-positioning can be achieved with sub- m
resolution on a surface up to 5 5 mm . The level of the current noise was lower

than 1 nA during scanning and contact currents could be distinguished from the
FE current by a sudden current increase and saturation of the source-measure
device. The measured samples in this paper does not show such contact currents.

As discussed in the the earlier section it is the probability distribution of emitting

sites on a thin �lm, called the -distribution, which determines the emitting site
density, electric threshold �eld and current per unit area. Therefore we �rst like
to investigate the emission properties of sample B in order to derive f( ) and to

compare the emission in CVM and CCM using scanning anode FE.

An area of 800 800 m on sample B was scanned at a constant anode-

sample distance d 16 m, with an applied voltage of 320 Volts (E 20
V ). Figure 2.27(a) and (b) shows the resulting I(x,y) map obtained under
these conditions, where the intensity is displayed in (a) logarithmic and (b) linear
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Figure 2.26: FE apparatus: a) Scanning Anode Field Emission Microscope b) Integratal �eld
emission with a phosphor screen. 1) Reference light source for sample positioning. 2) x/y/z-
movable scanning FE Pt-Ir tip (radius 5 m). 3) x/y/z piezo step motors. 4) Charge coupled
device (CCD) camera for motion monitoring. 5) Source-measure device (1100 Volts/10 mA). 6)
Carbon thin �lm emitter. 7) Computer-controlled sample motion, current (A) and voltage (V)
monitoring. 8) High Voltage Supply 3000 Volts. 9) Phosphor screen with variable separation d.
10) spot-wise electron emission. 11) Electron stimulated uorescence of the phosphor screen
emission site density (ESD).

scale. It is interesting to note that the di�erences in detail between (a) and (b)
are due to the choice of intensity scale. The current shows a large scatter between

some nA/pixel, in the level of the noise, up to tens of A. That is, the current
ranges over about four orders of magnitude. four orders of magnitude current
can easily be resolved on a logarithmic intensity scale, but not on a linear scale

as on a phosphor screen. We calculate an emitting site density of 60 10 cm
for E 20 V .

The advantage of the SAFEM is thus that we are not only able to determine
the ESD with higher resolution and at higher �elds, but moreover the dynamic
range of the detected emission current is larger as compared to a phosphor screen.

Keep in mind that an applied �eld of 20 V during scanning in CVM, is
likely to destroy several high sites due to elevated current levels. Consequently
the I(x,y) map is not trusted for calculation of (x,y). Instead we derive (x,y)

in the CCM without emitter destruction and correlate the individual peaks in
the I(x,y) and (x,y) maps. Such a comparison enables us to estimate at which
current levels the current saturation in fact occurs. We will see that current
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Figure 2.27: The spatially resolved emission current I(x,y) on sample B for (a) logarithmic and
(b) linear intensity scale. (a) Weak emitters are observed due the dynamic logarithmic range,
but since the ESD normally is calculated using a linear intensity scale, the log-image is not
representable for a phosphor screen. (b) The intensity scale is cut above 0.1 A, and emitters
in the range 0.1 - 10 A appears white saturated. The ESD 60 10 is calculated for E 20
V/ m.

saturation e�ects start already around 300 nA per site and become noticeable
for applied �elds 5 V .

Therefore we compare the (x,y) map of the same emission area in Fig. 2.28(b)
with the I(x,y) map of Fig. 2.27. The (x,y) map was derived from the voltage

map V(x,y) for a constant emission current of 50 nA, before the the current map
I(x,y) was measured. The gray scale is linear in Fig. 2.28 and we note that V(x,y)
is more circumstantial than I(x,y) on a linear scale. This is understandable if we

consider that the current change dI inicted by a change d in CVM is drastic,
due to the steep I/V Fowler-Nordheim characteristics (see eq. (5)). However the
voltage change dV in order to maintain a constant of about 4000 V/ m

for a change d is comparatively low. Thus and the
intensity of the I(x,y) map ranges over four orders in magnitude, whereas the
(x,y) map over less than one order. As a consequence on a linear scale the
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Figure 2.28: (a) The spatially resolved Voltage map V(x,y) and (b) the corresponding �eld
enhancement (x,y) map from the same scanned area as the I(x,y) map of Fig.2.27 on sample B.
Correlation of peak positions in Fig. 2.27(a) and 2.28(b) shows that high local emission currents
are connected to high local �eld enhancement . The V(x,y) image was obtained for a constant
FE current of 50 nA and a tip-sample separation d= 16 m.

(x,y) image is indeed more circumstantial than the CVM map and very weak
emitters, not detected in CVM, are recorded.

Nevertheless we clearly see that the images in Fig. 2.27(a) and 2.28(b) coin-
cides quite well and that individual peaks in the current image can be assigned
to the corresponding �eld enhancement counterpart. Remember that the two

images are independently obtained. To complete the physical interpretation of
I(x,y) and the (x,y) map, we recall that (x,y) is related to the topography
h(x,y) in the high �eld enhancement range of the thin �lm, and we thus have:

( ) ( ) ( )

To evaluate the emission saturation we insert the measured �eld enhance-

ment, obtained from the peaks in the (x,y) map, into expression (2) for E = 20
V . The resulting FN current (diamonds) is displayed as a function of the
�eld enhancement in Fig. 2.29. We see that the highest �eld enhancement
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Figure 2.29: The measured (from the I(x,y) and (x,y) maps) and calculated FE current for a
constant applied �eld 20 V m as a function of the �eld enhancement . Comparison shows
a deviation from the expected FN tunneling behavior due to current saturation e�ects starting
around 300 nA. The saturation can be explained using the concept of a ballast resistor in serie
with the FES (solid line).

586, would give rise to FE currents in excess of 10 mA for E = 20 V accord-
ing to (2). One may argue that 10 mA would create physically unrealistic high

current densities at the emission site, and in fact the measured peak FE currents
in the I(x,y) map, correlated with the corresponding peak values (crosses in
Fig. 2.29), are much lower. We see how the measured (crosses) current deviates

from the calculated Fowler-Nordheim current (diamonds) above 200, and
that the deviation starts in the range 100 to 300 nA. As a consequence the high
emission current up to 13 A, is a weaker function of the �eld enhancement than

the corresponding Fowler-Nordheim curve above 200.

The saturation can be explained in a resistor (R) limited emission model,
where part of the applied voltage is lost over a resistor R in series with the
emitter. The calculated R-limited emission current I can with good agreement
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2.4 Characterization of thin �lm electron emitters by scanning anode...

be �tted to the recorded R-limited current I. The variation of the recorded FE
current from the calculated R-limited current (up to 120 % as indicated by the

error limits), is probabably mainly due to variations in the contact resistances
between the emitting FES and the substrate. We also keep in mind that the R-
limited emission model does not account for �eld penetration into the emitting

FES.

The CCM resolves the problem of current saturation and emitter destruction

with both experimental and conceptual ease, as the emission current can be �xed
at values where current saturation does not occur. It now remains to exploit
the (x,y) map to �nd out exactly what the f( )-distribution actually looks like.

Our starting point must be de�nition (6), which tells us that we have to �nd
the number of emitting FES dN in a small interval d . This information is
contained in the (x,y) map and may be obtained as a histogram. We process

the (x,y) map with home-made software which allows us to �nd and to localize
the maximums (or peak values) of the �eld enhancement corresponding to single
emitters. The peak values may be counted as N number of maximums and
assigned the corresponding �eld enhancement value . Additionally a histogram

N as a function of is obtained, where N is the number of peaks in the
interval , which equally is the bin width of the histogram. The amplitude
of the histogram is however depending on the choice of bin width , and to

get the normalized distribution dN/d , N is divided by . The normalized
distribution dN/d equals the scanned area A times f( ) and the measured
dN/d , is displayed for three scanned areas A , A and A as bars in Fig. 2.30

(Histogram H1, H2 and H3). A equals 64 10 cm and is the area of the scan
which is shown in Fig. 2.28. The scanned FE maps of A = 16 10 cm ( 400
400 m ) and A = 4 10 cm ( 200 200 m ) are not shown here, but are

essentially very much alike Fig. 2.28. The number of FES is decreasing according
to (6) if the surface A is decreasing, and this is observed in Fig. 2.30.

We are investigating the functional dependence of f( ) and the �rst observa-
tion we do, concerns the shape of dN/d f( ), which at a �rst glance appears
to have the shape of an asymmetric peak located at value of 200. The appar-

ent asymmetric behavior, most clearly evident from the histogram H1 ( 800
800 m ), is however due to a measurement artifact. The true f( ) is a steadily,
monotone decreasing exponential function, which (multiplied with the proper
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area A ) can be �tted to the negative slope of each of the three measured his-

tograms. In order to obtain reliable data we concentrate on the histogram H1
obtained from the FE map on 800 800 m , since the number of peaks N
and thus the statistical reliability is higher as compared to the other scans. We

�t A ( ) to the negative slope of the histogram H1 and obtain:

( ) = 4 6 10 ( 0 0115 ) (13)

The exponential dependence of f( ) is one of the main results in this paper,
and it will be con�rmed using the CVM technique in the next section.
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Figure 2.30: The number of peak values in three (x,y) maps of surface area A = 64 10 cm ,
A = 16 10 cm and A = 4 10 cm has been counted as a function of the �eld enhancement
and give three histograms H (white bars), H (dark grey bars) and H (light grey bars). The
negative slope of H can be �tted with A f( ), where i=1-3. FES with �eld enhancement
below 100 are not recorded due to emission from adjacent sites with higher �eld
enhancement. The low �eld enhancement cut-o� of H is simulated using the function P ( ),
where f ( )=f( ) P ( ) is the "as measured" -distribution.
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2.4 Characterization of thin �lm electron emitters by scanning anode...

The histograms H2 and H3 are also �tted with A ( ) and A ( ). The
exponential dependence is con�rmed, although as the area A is decreased, the

quality of the statistics is reduced. The probability of �nding dN FES in the
interval d is increased if the scanned area A is enlarged and therefore we cannot
expect the �t of H3 (where several bins are empty) to be as good as to H1. In

this picture we realize that if we choose the scanned window su�ciently small,
the �eld enhancement in the window is a strong function of where this window
is measured and that f( ) indeed can be interpreted as a probability function.

There seem to be no emitter with values below a cut-o� �eld enhancement
around 100. There is however no reason to believe that only high aspect ratio

protrusions are present on the emitter surface. On the contrary, we may expect
more low than high aspect ratio structures. The reason for the cut-o� is that the
weak emitters are concealed by the strong ones. As can be seen in Fig. 2.28(a)

emission from the strong (high ) emitters occupy a larger emission spot surface
than low sites, i.e. strong sites are "seen" at a larger distance from the anode
and thereby cover weak sites. In Fig. 2.31 the scale of �eld enhancement of the
map is chosen to maximum 200 and 150. The surface being covered by emission

from FES with 200 is more than 50 % of the totally scanned area. We also
see that the surface being covered by emission from FES with 150 is more
than 90 % of the total scanned area. If the maximum of the �eld enhancement

scale is set to 100, the scanned area is completely covered by emission, meaning
no more available space for further emission spots from FES with 100.
Consequently the �eld enhancement cut-o� is approximately 100 and sites with

= 100 are not recorded in the -distribution. Aside from the �eld
enhancement the spot size depends on the tip sample separation and the radius
of curvature of the anode. Theoretically, if the tip could approach the sample

more (without crashing) and if the radius of the tip is reduced, the cut-o� limit
may be reduced to lower values.

We can quantitatively estimate the limit of resolution at which neighbor emis-
sion spots overlap by multiplying A ( ) with a probability factor P ( ). P ( )
converges towards 1 for high �eld enhancement since the probability of recording

a high value is high, and towards 0 for low 100 since low �eld enhancement
sites are "hidden" by other FES with higher �eld enhancement. We write the
probability function as:
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Figure 2.31: (a) and (b) shows the same (x,y) map of sample B as in Fig. 2.28(b) but in
di�erent scales. White corresponds to emission spots from sites with �eld enhancement higher
than (a) 200 and (b) 150. The (x,y) map is almost completely covered by emission spots (white)
if the scale of the maximum �eld enhancement is set to 100.

( ) = 1 ( ) (14)

A is the average area (spot size) at height d above the sample which is

covered by emission from a single site. P ( ) is shown in Fig. 2.30 and inserting
P ( = 100)= 0, we obtain A = 7.9 10 cm . The radius of A is equally
a measure of the resolution or cut-o� radius 16 m in the map. This

value is consistent with the average tip-sample separation, tip radius and surface
roughness. We can now make a �t to the experimentally obtained histogram H1
according to:

( ) = ( ) = ( ) ( ) (15)

Where f ( ) is the graph �tted to the experimental asymmetric gaussian-
like -distribution. The agreement between histogram H1 and A ( ) is
reasonably good.



Emitter
Burn-out

Applied Field E A  (V/µm)

E
S

D
 (

cm
-2

)

1
2

a

�

1

1

1

�

�

�

a

a

a

a

a

�

� �

�

�

> �

�

�

�

2.4.5 The CVM and the -distribution
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Figure 2.32: The emitting site density (ESD) as a function of the applied �eld E . The ESD
does not increase exponentially above 5 V/ m since the sites are partly destroyed due to high
current levels above 300 nA. Point 1 and 2 corresponds to the super-imposed images in Fig. 2.33

The map and f( ) are obtained in the constant current mode without inicting
damage to the sample because the emission current is �xed at a constant level
where no saturation occurs. In order to verify the results obtained for the -

distribution (13), we investigate the ESD with the phosphor screen in constant
voltage mode. As a bonus f( ) can be investigated in a higher �eld enhancement
range.

The ESD as a function of the applied �eld E for sample B is shown in
Fig. 2.32. The ESD increases exponentially for low E , but remains almost

constant for E 10 V m . The attening of the curve is not consistent with
equation (13) without a proper explanation. We observed how some emission
spots on the screen disappeared as the �eld E was increased. At the same time

new spots turned on, but with less intensity. The newcomers are FES with lower
values than the initial emitting sites on the screen. The ESD remains therefore

on a constant level for high �elds E above 10 V m .

If we subtract the FE image of the screen at 10 V m from the image at
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Figure 2.33: The image of the phosphor screen at point 1 (10 V/ m) has been subtracted from
point 2 (17 V/ m) in Fig. 2.32, and white spots corresponds to emission sites, not present at
point 1 but at point 2. Dark spots corresponds to sites which have disappeared due to emitter
burn-out at higher �elds. Therefore the ESD remains approximately constant for E 10 V/ m.

17 V m (point 1 and 2 in Fig. 2.32), we obtain the super-imposed image of
Fig. 2.33. White spots are new emitting sites that were not present at the lower

�eld of point 1 but have arisen at point 2 due to the increased �eld. Dark spots
are emission from FES that were present at point 1, but disappeared due to
elevated current levels and emitter disruption as the �eld was increased. Since

the highest aspect ratio FES deliver the highest currents in CVM, these are �rst
destroyed or "burned". We appreciate that emitter burning starts for currents
of 300 nA per site and upwards and that this e�ect is seen as a not exponential

increase of the ESD for applied �elds above 5 V m in Fig. 2.32.

Obviously we should not consider measurement points above 5 V m when
we calculate f( ) according to (11), since the measurement itself has modi�ed
the shape of f( ). f( ) is plotted as diamond dots in Fig. 2.34. The values start

to deviate from the exponential slope at = 740 due to emitter burning. The
calculation of f( ) in the range [740, 1100] is done in the low applied �eld
range, and does thus not su�er from measurement artifacts.
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2.4.6 Comparison sample A and B
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The -distribution (histogram H1 normalized for one cm ) measured in CCM
with the SAFEM is shown as bars in Fig. 2.34. The �tted graph f( ) of equa-

tion (13) coincides with both histogram H1 (bars) and f( ) (diamonds).
The agreement between the two independent experimental techniques is con-
vincing, not only because the functional dependence of f( ) has been veri�ed

over nearly �ve orders of magnitude, but also because the exponential distribu-
tion seems to make good sense as emitter probability function. This observation
is consistent with the surface roughness dependence in typical AFM measure-

ments where a similar behavior with regard to the distribution of asperities can
be shown. The resemblance in functional behavior of f( ) and the distribution
of surface asperities is a strong circumstantial evidence that the reports on low

threshold emission from carbon, convincingly can be explained in terms of �eld
enhancement from an ensemble of protrusions and surface structures.

The deposition and growth methods of thin �lm emitters inuence the FE be-
havior since more or less rough surfaces are produced as a function of the de-

position parameters. Some emitter ensembles have a higher density of FES in
the high �eld enhancement range than others and therefore di�erent f( ). Such
thin �lms may start to emit electrons at similar applied threshold �elds (E

some few V m ) but have di�erent ESD due to di�erent f( ). Di�erences
in the FE behavior become more apparent the smaller the sample surface is. A
small surface contains in general no exceptionally strong emission sites, because

these are rarely encountered on most samples. However strong sites do occa-
sionally appear, and lead to exceptionally low E . Therefore diode-type FE
measurements are incomplete.

In order to show that these considerations are consistent with experimental
observations, we will compare two samples (sample A and B) with di�erent -
distributions. We have chosen the measured area small ( 200 200 m ) to

illustrate how the presence of one or a small number of high �eld enhancement
FES may crucially inuence the current density. The (x,y) maps in Fig. 2.35
were obtained under identical CCM conditions with a sample-tip separation

7 m and 50 nA emission current.

The number of FES with 20 was 74 for sample A and 102 for sample B.
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Figure 2.34: Simulation of three -distributions. The Gaussian f( ) with idealized narrow spread
of �eld enhancement values. The exponential f( ) with decreasing density of sites. The cut-
o� f( ) is obtained from the exponential distribution if the highest �eld enhancement FES are
removed.

From the (x,y) maps we see that the average �eld enhancement per FES on
sample A is lower than for sample B. We also see that the scatter in the �eld
enhancement is higher on sample A, where we were lucky (or unlucky) enough,

to record a strong FES with 1564. It does thus seem that the topography
h(x,y) is rougher on sample A than on sample B, with the presence of a small
number of high 500 FES on sample A. In fact, the measured electric threshold

�eld is actually lower on sample A than on sample B indicating very high local
�eld enhancement. If we take a look at the -distributions from A and B in
Fig. 2.36, we clearly see that the FE maps of these two particular regions look

quite di�erent in terms of the �eld enhancement. The 102 sites found on sample
B are located in a rather narrow range of �eld enhancement (45 286). The
FES on sample A are scattered over a larger range (25 1564) where two
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Figure 2.35: The �eld enhancing landscape (x,y) is shown for two equally sized areas of sample
A and B. The scatter in the �eld enhancement is less prounounced and the number of sites is
higher on sample B. The scanned window on sample A contains a single strong 1564 which
gives a very low electric threshold �eld and creates inhomogeneous current density along the
surface.

FES are located around 550 and one very strong site at 1564. These few
high �eld enhancement sites may indeed create very high local currents (emitter

disruption not counted for) at low applied �elds. However the large scatter of
�eld enhancement on sample A is devastating for the ESD. This is veri�ed as
we map the FE over the two regions in Fig. 2.35 a second time in CVM. We

maintain the tip-sample separation and record the current for the constant bias
320 Volt. The resulting current maps I(x,y) are depicted on a logarithmic scale in
Fig. 2.37. On sample A 13 sites are recorded compared to 152 sites on sample B.

The ESD is thus indeed higher on sample B (ESD 41 10 cm and ESD
290 10 cm ).

However due to the high applied �eld 40 V m we locally destroy the
samples on these areas and the values of the ESD are thus given for comparison
and not as reproducible values. Furthermore the majority of the sites on sample
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Figure 2.36: -distributions from the (x,y) maps of sample A and B in Fig. 2.35. The �eld
enhancement of the sites on sample A is scattered over a larger range than sample B. Sample
B has a higher average �eld enhancement concentrated in a narrow range. Due to the small
spread of on sample B, the sites have comparable turn-on �elds.

A deliver less than 1 A with the exception of one FES with current 14 A
and one strong 51 A site in the right rear part of Fig. 2.37(a). This site
corresponds spatially to 1564.

On sample B the spread in height of the individual FE current peaks is less
pronounced and the average inter-FES distance is lower. The maximum mea-

sured individual current on B is 13 A and the average current is about 4
A/site, which is more than for A. The current density (calculated as the sum

of the current peak values divided by the respective �lm area) is estimated to

200 mA/cm for sample A and 10 A/cm for sample B. These high current den-
sity values are not possible to attain for a cathode (of macroscopic dimensions)
in useful operation due to the exponential characteristics of f( ) and emitter
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disruption. Clearly the small variation in the �eld enhancement of sample
B is favorable for both a high ESD and current density. The small variation

in is the result of a steep slope in f( ). Although the ESD on sample A is
low, the current density is not as low as might be expected due to the single
strong 51 A emitter. If this is excluded (which from a statistical point of

115

Figure 2.37: The current maps I(x,y) of (a) sample A and (b) sample B correspond to the regions
in Fig. 2.35, with 40 V m . Comparison of the I(x,y) and (x,y) maps shows �rstly that
current peaks are located at positions with high local �eld enhancement. Secondly, that a small
scatter in is favorable for a high ESD. The strong emitter on sample A creates a low threshold
�eld but the ESD is low.
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Figure 2.38: The macroscopically measured ESD of the entire surface of sample A and B for E
4.5 V m on a phosphor screen con�rms the large di�erence in the microscopically recorded
ESD. The white bar corresponds to 5 mm.

view is acceptable due to the small probability) the current density is reduced
by a factor of �ve to 40 mA/cm . If the current density is varying as much

as �ve times or possibly more dependant on the spatial position, a cold cathode
device cannot be expected to have a homogeneous current distribution along the
emitter surface. A m-sized area with a single strong site (i.e. high ), has a

lower E �eld and a higher current density than other comparable areas. As
a �nal example of how a large scatter in the �eld enhancement is unfavorable
for the ESD, we compare the ESD on the phosphor screen for samples A and B,

Fig. 2.38. The applied �eld is constant at 4.5 V m . Since the sites on sample
B have comparable �eld enhancement factors, they turn on simultaneously and
the ESD of sample B is higher than on sample A.

We believe that the reported low threshold electron emission from a wide range of
thin �lm emitters may be accurately described by Fowler-Nordheim tunnelling.

The Fowler-Nordheim tunnelling requires high electric �elds generated by an
ensemble of �eld enhancing structures (FES) like protrusions, whiskers or nan-
otubes on the thin �lm surface. The ampli�cation factor of the applied �eld
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is called the -factor and the emission from thin �lms can be characterized in
terms of the spatial �eld enhancement map (x,y). The variation in for dif-

ferent FES leads to a -distribution f( ), which can be seen as a probability
function of �eld enhancing structures. The -distribution can be said to give an
almost complete characterization the FE properties, in contrast to the threshold

�eld of thin �lm emitters.

f( ) has been shown to be exponential for the samples presented in this paper.
From other experiments, we believe that the exponential distribution is typical

for most electron emitting thin �lms. The exponential distribution has a high
density of �eld enhancing structures in the low �eld enhancement range and a
low density with high �eld enhancement.

In order to obtain a �eld emission array with uniform emission intensity and
high ESD, stringent requirements must be placed on the permitted spatial vari-

ation of emitting sites and the variation of . Homogeneous emission from an
ensemble of FES, de�ned as dI/I 50 %, requires that the relative variation
of the �eld enhancement must be small d / 4 %. Therefore it is desirable
to optimize the density of sites close to the highest �eld enhancement of the

ensemble to the limit of electrostatic screening e�ects. This criteria can be sat-
is�ed in two ways. First if the exponential slope of the pristine or as-produced
f( ) is made su�ciently steep during deposition of FES. Or second, if the FES

in the high �eld enhancement regime are removed through high currents and
emitter disruption. By removing the high FES a cut-o� may be introduced
in the exponential slope and the shape of f( ) is modi�ed. Since a small spatial

variation of is di�cult to achieve over a large area substrate, the cathode has
to be combined with a serial resistive layer. In which case higher applied �elds
are required in order to get �eld emission.

The future task in order to engineer a carbon based thin �lm emitter device
is comprised by �nding a method, by which a de�ned number of FES with
well de�ned aspect ratio's can be deposited on small m-sized areas over large

substrates in a controlled way.

The authors are grateful to L.H. Thuesen, R. Fink and Z. Yaniv of FEPET

Inc., Austin, USA for supplying the two CVD carbon thin �lm emitter samples.
This project was funded by the Swiss National Science Foundation and Top-
Nano 21.
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Scanning anode �eld emission measurements are used to obtain spa-
tially resolved electron emission images of carbon nanotube thin �lm emit-
ters, which can be used to derive the spatial �eld enhancement map (x,y).
The emitting sites, which are randomly distributed on the surface, obey a
statistical probability distribution, which has been calculated.
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Chemical vapor deposition (CVD) diamond, diamondlike carbon (DLC) and
nanotube (CNT) thin �lms have met a great deal of interest during the last

decade due to extraordinary low-�eld electron emission (FE) [1{4]. Carbon-
based thin �lm cold cathodes could replace classical tip emitter arrays [5, 6] in
�eld emission arrays (FEAs) due to potentially simpler and cheaper cathode de-

sign [7]. Electron emission from tip emitters is based on the Fowler-Nordheim
tunneling and needs high electric �elds of the order of 3000 V/ m, to extract
electrons from the solid into vacuum. Due to the high electric �eld, the surface

potential barrier, which con�nes the electrons within the solid, is lowered and
becomes triangular in shape. As the width of the surface potential barrier ap-
proaches 2 nm, electrons will have a non-negligible probability to tunnel from

the highest occupied states of the solid into vacuum. Usually the high �elds
are created using tip-like structures, which cause �eld enhancement at the tip
apex. In a �rst approximation these �eld enhancing structures (FES), amplify

the applied �eld E by a factor which is of the order of the aspect ratio h/r,
where h is the height of the tip and r the radius of curvature of the tip apex. Ea
can be de�ned as a global or overall electric �eld, applied between an anode and

cathode in a typical FE experiment. The ampli�ed �eld E at the tip apex of
the FES is calculated as E = E . Due to geometrical restrictions imposed
by the gated structure of FEAs, the FES are con�ned to m-sized dimensions,
where h m and r nm create factors up to 100-200. Etched silicon

or evaporated metal micro tips, created by conventional lithographic patterning
techniques, have been used in FEAs for a long time [6, 8]. The production of
such metal micro tips however, requires expensive processes. They su�er from

emission degradation caused by sputter erosion and chemical contamination and
therefore require a high vacuum environment for operation [6, 9]. There is thus
a strong incentive to simplify both the production and design of the cathode in

FEAs and carbon based thin �lm emitters turned out to be very interesting in
this respect. Thin planar �lm emitters, emitting at low electric �elds below 2
V m homogenous over the whole emitter surface would lead to a number of

technological advantages in e.g. FEAs. Current generation of micro tip based
FEAs require 70 Volts gate-to-cathode bias for operation [10]. A reduction of
this driving voltage, achievable with low threshold thin �lm emitters, leads to
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lower driver costs and reduced power consumption. Compared to �eld enhanc-
ing metal tips in the m range, which are subjected to ion sputter during FE, a

at homogeneously emitting thin �lm would o�er technological advantage [11].
Homogeneous electron emission from the entire thin �lm surface, would reduce
the power dissipation and joule heating per unit area of the surface, as com-

pared to micro tips which can become disrupted and blunted. DLC and CVD
diamond thin �lms were thought to deliver such thin �lm emitters. However it is
shown in a number of works that the emission mechanism of carbon-based thin

�lms seems to be Fowler-Nordheim (FN) tunneling, due to �eld enhancement
from m- and nm-structures [12{14]. Thus from a physical point of view, the
carbon-based thin �lm emission is analogous to the classic metal tip array emis-

sion, where FES like e.g. carbon nanotubes, sharp whiskers or protrusions are
responsible for amplifying the applied �eld to cause su�ciently large microscopic
�elds to promote FE. However unlike the well ordered metal tip FEAs, the FES
of thin electron emitting �lms exhibit a stochastic nature, with regard to the

distribution of �eld enhancement. Whereas the metal microtips are idealized
with a narrow Gaussian distribution of aspect ratios, and the distance between
every tip can be controlled with rather high precision in even the sub- m range,

the thin �lm emitters are randomly distributed with so far uncontrollable �eld
enhancing factors. The random spatial distribution and large spread in values
of thin emitting �lms is a problem of technological importance. In order for the

FEAs to emit electrons homogeneously over larger area substrates, the variation
of the �eld enhancement within and between individual pixels must not be too
large for the same applied �eld. Consequently the FES has to be deposited in a

controlled manner [15{18] in the gated structure of the FEA. In this case it is
of great importance that the number of the emitting sites/pixel as well as the
inter-FES distance and the distribution of values can be controlled and kept

in a narrow range. Clearly, since the random distribution of values is directly
linked to current and emitting site density (ESD), we need to characterize the
spatial �eld enhancing properties (x,y) of the thin �lm emitter, in order to
optimize the ESD. To optimize the ESD, the FES spatial distribution has to be

microscopically monitored and to do that we have developed a scanning anode
�eld emission technique.
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At the basis of our consideration of an ensemble of emitters on a planar surface,
stands the description of the current-�eld characteristics of a single emitter.

Field emission spectroscopy [19] on various carbon thin �lm emitters such as
CVD diamond, DLC and nanotube thin �lms has shown that the emission of
these �lms is classical FN-tunneling at �elds of the order of 3000 V m or more

and with typical emitter work functions around 5 eV.

In order to describe the emission current of a single emitter over a wide range
of �elds, we use the simpli�ed FN-formula as proposed by Spindt et al. [6], where
the elliptic functions v(y) and t(y) are approximated:

=
1 5 10

exp(
10 4

) exp (
6 44 10

) (1)

I is the emission current in Ampere, A is the emitting area in cm , E is
the applied electric �eld in Vcm and is the �eld enhancement factor of the
emitter. It has to be pointed out that although A has the dimension of area,
it also accounts for the DOS and the band structure of the emitter. In order

to get realistic values of the emission current, consistent with energy resolved
measurements [12, 19], A=10 -10 cm and the workfunction = 4.5-5.0 eV.
For the following considerations we will assume that all the emitters have the

same work function (justi�ed by the fact that the emitter are made of the same
material) and that A is the same for all emitters (justi�ed by the assumption that
the emitter are of the same dimensions and that emission current only depends

linearly on A).

This means that for a constant applied electric �eld E , the only remaining
parameter determining the emission current from expression (1), is the �eld
enhancement factor . Under these assumptions the �eld enhancement map

(x,y) gives a complete description of the spatial emission current I(x,y). (x,y)
again is related to the topographic structure h(x,y) of the thin �lm emitter.

Since the �eld enhancement is the dominant factor in expression (1), and
critically controls the emission current I(x,y), we can in principle describe the

ESD and current density if the spatial �eld enhancement (x,y) is known.

In this picture the �eld emission properties of a thin �lm emitter can be
represented by the function f( ), where the number of emitter dN on a given
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Figure 2.39: A gaussian emitter distribution f( ), representing randomly distributed metal tip
FES with an average �eld enhancement of 150 (FWHM=10).

surface area A with a �eld enhancement factor in the interval to +d is given
by dN( )=A f( ) d . As we will see, the function f( ) can be derived from the

�eld enhancement map (x,y). We de�ne the f( )-distribution, or for short the
-distribution:

( ) =
1

[ ] (2)

To illustrate the inuence of the f( )-distribution on the emitting site density

(ESD) we take the emission characteristics of a metal tip FEA, where the aspect
ratios are approximately the same, as an example. The �eld enhancement is
thus ideally kept around an average value and has a gaussian -distribution:

( ) = 200 exp (
( )

18 02
) ( = 10) (3)

The narrow shape of the gaussian -distribution is shown in Fig. 2.39 and is
thought of as being typical for randomly distributed metal tips with an average
�eld enhancement = 150.

With the aid of expression (1) we may simulate the emission on a phosphor
screen, if the emitting sites of expression (3) are randomly distributed over an
arbitrary surface area A=1. Typical values of the simulation are given:
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Figure 2.40: Simulation of the current image I(x,y) of randomly distributed metal tip FES
subjected to E = 21.25 V m . The emitting sites are given �eld enhancement according to
a gaussian -distribution f( ) and the emitted current/site is calculated according to the FN
expression (1). White corresponds to currents of 9 mA/cm .

=21.25 V m =0.304 mA "A"=10 cm (eq.1) = 5.0 eV

The resulting FE image is depicted in Fig. 2.40, where the level of the gray

scale is linear between 0 to 9 mA/cm . White corresponds to 9 mA/cm and
above. The situation depicted on the simulated screen in Fig. 2.40 resembles
the ESD as obtained on an ordinary phosphor screen from a "good" thin �lm
emitter.

In contrast to an array of well ordered metal tips with similar aspect ratios,

a thin �lm emitter such as a nanotube thin �lm, has a high density of emitters
with low and a low density of FES with high . Due to the random length and
orientation of the tubes (see Fig. 2.42), there is no a priori reason to believe that

the aspect ratios of the CNTs are kept in a narrow gaussian range and therefore
cannot the distribution function f( ) be assumed to be gaussian anymore. In
such a case f( ) takes the shape of a function steadily decreasing with increasing
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. The measurement of the electric �eld (usually called threshold �eld), where a
given threshold �eld emission current sets on, can be understood as measuring a

threshold �eld enhancement max. With E = E , where E
is the measured applied threshold �eld in the experiment and E is the electric
�eld at the emission site which generates the threshold current. From (2) we

see that will depend on the area on which the threshold �eld is measured,
as the probability to �nd an emitter with a given �eld enhancement factor will
increase with increasing surface. In other words, the measured threshold �eld will

decrease with increasing surface measured. The characterization of the emission
properties of a thin �lm emitter just by stating the threshold �eld is therefore
questionable.

Certainly the function f( ) is a far better characterization of a thin �lm
emitter than the threshold �eld (which is determined by the highest aspect ratio

of the thin �lm emitter ensemble). The ESD can be calculated from f( )

according to:

( ) = ( ) [ ] (4)

The number of emitting sites (ESD) per unit area (cm ) is given as the
integral of f( ) from to , as a constant �eld E is homogeneously

applied to the thin �lm surface. E is the lowest threshold �eld at the tip
apex of the emission site, required for the site to be recorded. Since the ESD is
recorded for a constant applied �eld, we call this mode of operation the Constant

Voltage Mode (CVM), which is the basis of most applications, including FE with
a phosphor screen. A current of 10 nA is su�cient for a site to be detected on
a phosphor screen. E is approximately 3700 V/ m at the site for an emission

current of 10 nA.

Since our prime interest is to increase the ESD to �t the requirement of
at least 10 emitting sites per cm [10], the integral expression (4) has to be

increased, but not over 10 emitters/cm in order to avoid screening e�ects [17].
In order to optimize (4) we have to be able not only to simulate but moreover to
determine f( ) according to (2) for a carbon nanotube (CNT) thin �lm emitter.

We thus ask what does f( ) of a CNT thin �lm emitter look like? And how
can f( ) be modi�ed in order to maximize the ESD according to expression
(4)? To answer these questions, there exist several approaches, which can be
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adopted to measure or calculate the -distribution. We present the experimental
measurement principles to obtain f( ) in the next section.

According to the de�nition of the ESD (4), f( ) and the ESD are directly linked.
Consequently, since the ESD=ESD(E ( )) where E = E is the local �eld at
an emitting site in order to spot that site on a phosphor screen, the -distribution

is calculated from the ESD [20] according to:

( ) = (5)

where the derivative is taken for expression (4) and ESD(E ( )). We may

readily assume that for a FES to contribute to the ESD (i.e. be visible on the
screen), the FE current should be = 10 nA or more. Based on the current-voltage
characteristics of expression (1), which in turn is based on energy resolved FE

measurements, we may approximate the local emission site �eld E 3700
V m corresponding to I = 10 nA. It can be shown [20] that f( ) can be
computed according to expression (5). However the screen su�ers from the

drawback of not being able to resolve ESD higher than 10 cm due to
the divergence of the electron beam. Since we need to monitor and investigate
emission site densities in excess of 10 cm , the poor resolution of the phosphor
screen is a problem. Additionally the use of a large area anode causes the local

�eld and the corresponding currents to be extremely divergent from low to
high sites. Whereas some sites do not even appear on the screen, others may
be destroyed due to excessive current levels caused by large local �elds. However

there are other ways of to obtain the ESD with higher resolution.

Scanning anode FE may be used to obtain a spatially resolved FE current
image I(x,y) with m resolution in CVM. If a movable m-sized anode is

scanned at 5-10 m sample-anode distance, the spatial resolution is signi�cantly
improved, compared to the screen. The current, which is sequentially obtained
using the scanning anode, is recorded with a source measure unit, which has

dynamics measurement range from a few pico-ampere up to milli-ampere. Con-
sequently, by recording the FE current, point-by-point, one is in principle able
to re-calculate the value of every point from equation (1). The only prob-
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lem with this approach is within the CVM mode of operation, where a constant
voltage is applied to the scanning anode. A small change of or anode-site

separation (and thus the local �eld E = E at the site) may cause the cur-
rent to uctuate over several orders of magnitude according to (1), and therefore
will the strongest emitting sites su�er from both resistive current saturation and

destruction due to joule heating. The consequence will be that the calculation of
according to (1) will be incorrect, since the Fowler-Nordheim expression does

not account for current saturation e�ects.

Since we want to avoid current saturation e�ects, not to say emitter destruc-

tion due to joule heating, the scanned electron emission has to be performed
in another mode of operation, called the constant current mode (CCM). In the
CCM the emission current is constant for every point, and the voltage V applied

to the anode is changed in order to maintain the same current as a function of
the anode position above the thin �lm surface. If the current is reasonable low,
such as 50 nA, we will obtain a spatially resolved FE image of the extraction

voltage V(x,y), without current saturation e�ects or emitter destruction. This
is both experimentally and conceptually beautiful since V(x,y) is actually an
inverted image of the �eld enhancing landscape . This can be realized if we ap-

proximate the applied �eld E = V/d, where d is the anode-cathode separation,
to get E = V/d for the �eld at the emission site. Since 50 nA approximately
corresponds to a constant E = 4000 V m according to (1), which is based
on energy resolved FE, and V(x,y) is known, we may readily obtain the �eld

enhancing landscape (x,y) according to:

( ) =
( )

(6)

where both d and E are constants. Since we neglect the radius of curvature

and assume a homogeneous applied �eld (the �eld lines are actually concentrated
close to the anode as compared to the cathode and the real applied �eld at the
cathode is therefore lower than the calculated E = V/d), the value of in
expression (6) is slightly under-estimated.

If the (x,y) image contains N( ) number of peak values (where is the
corresponding �eld enhancement factor) and A is the scanned surface area, we
can obtain f( ) according to (2).
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Figure 2.41: The Scanning Anode Field Emission Microscope. 1) Light source (reference) 2)
Anode 3) Z Pico-motor 4) Camera for control of the translation of the sample 5) Keithley
Source Measure unit 6) Thin �lm emitter 7) Computer control

The samples were investigated by means of a vacuum FE apparatus operating
at a typical base pressure of 10 mbar. Microscopic FE measurements were
performed with a scanning anode �eld emission apparatus (Fig. 2.41).

The sample was mounted on a computer-controlled piezo driven x/y-
translation stage and a tip Pt-Ir anode (tip radius of 2-5 m) was approached
to the sample in steps of 100 nm. Changing the tip-sample separation can be

done without hysteresis. The FE current I or the voltage V, can be recorded as
a function of tip position as the sample is scanned in x- and y- directions. The
tip was held at a constant height, typically 7-15 m, which is larger than the

surface roughness, and the electron current was recorded with a Keithley 237
source-measure unit. The �eld emission was recorded in two ways: A) Constant
Voltage Mode (CVM) and B) Constant Current Mode (CCM). In CVM the

applied voltage was kept constant (typically 100-300 Volts) and the measured
FE current was recorded as I(x,y). In CCM the FE current was kept constant,
e.g. 50 nA, and the extraction voltage V(x,y) applied to the tip was adjusted

between 0-1100 Volts depending on the tip position. Sample areas of 200 200
m up to 800 800 m were scanned with 5-10 m resolution depending on

the tip-sample separation. Tip re-positioning can be achieved with sub- m reso-
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Figure 2.42: Densely packed forest of carbon nanotubes (CNTs) produced by catalytic decom-
position of methane using sputtered Ni as catalyst. Diameter of the CNTs 20 nm.

lution on a sample surface up to 5 5 mm . The obtained FE-map in either CVM
or CCM however, is a convolution of tip-sample distance, surface topography

and tip radius. The level of the noise was lower than 1 nA during scanning and
contact currents could be distinguished from the FE current by a sudden current
increase and saturation of the source-measure device.

In order to illustrate the considerations made previously, we will show how the
functional dependence of f( ) can be obtained for a carbon nanotube (CNT) thin

�lm emitter. These �lms were produced by pyrolysis using a acetylene/nitrogen
gas mixture at temperatures around 900 C.

Figure 2.42 shows the SEM image of such a nanotube thin �lm where Nickel
was sputtered on the silicon substrate and used as a catalyst. Scanning FE was
performed in CCM at a tip-sample distance d 5 m with constant emission

current I= 50 nA, and the resulting map (raw data) of the extraction voltage
V(x,y) as a function of tip position, is shown in Fig. 2.43(a). The voltage is
changing between 30 to 426 Volts depending on tip position, but the gray scale is
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Figure 2.43: (a) The voltage required to obtain a constant current of 50 nA from a CNT thin �lm
has been plotted as a function of anode position V(x,y). (b) The image in (a) is transformed into
the �eld enhancement map (x,y) according to expression (6). The positions of peak values
(N=157) in (x,y) have been marked with white crosses. The black bar corresponds to 50 m.

chosen between 30 to 350 Volts. Dark regions or spots correspond to low electric
threshold or e�cient emission due to �eld enhancement by carbon nanotubes.

In order to obtain the �eld enhancement map (x,y), we invert the V(x,y)
map according to expression (6), where we take E to be 4000 V/ m at the tip
apex of the CNTs corresponding to 50 nA emission current. The resulting (x,y),

which is an image depicting the local �eld enhancing properties of the CNTs, is
shown in Fig. 2.43(b). Since we have neglected that the �eld is not homogeneous,
the �eld enhancement values are probably slightly underestimated. Furthermore,

E is a�ected by di�erences in electronic cap states, adsorbed molecules and
utterly by di�erences in the work function of di�erent tubes. Thus, we cannot
exclude that Esite is slightly varying around 4000 V/ m in order to obtain an

emission current of 50 nA per site. Such a variation is of course not accounted
for in the calculation (6), but is thought to play a minor role as opposed to the
�eld enhancement e�ect.

The gray scale is linear for values ranging from 40 to 200, where white
corresponds to emitting sites with 200. values up to 650 are detected
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Figure 2.44: dN is proportional to the -distribution f( ), where N is the number of peaks in
the (x,y) image. f( ) is exponential which is explained by the surface roughness created by the
carbon nanotubes.

on the �lm area A= 4 10 cm , and the total number of emitting sites N is
157. The white markers in Fig. 2.43(b) indicate the positions of peak values.

Figure 2.44 displays the histogram of the 157 peak values, with a bin width of
d = 12.5. A higher or lower value of E will not a�ect the shape of f( ), but
merely shift the histogram.

We see that dN, is a rapidly decreasing function from maximum around
130 down to only 4 emitting sites above = 350. The probability of recording
FES with values 350 is small on A= 4 10 cm , since dN obeys a statistical

probability distribution as indicated by the �tted line in Fig. 2.44. Nevertheless
we recorded 4 FES above = 350, with a large scatter in . Repeated scanning
at di�erent positions on the sample surface show this unpredictable occasional

presence of one or a few high FES. However in order to obtain reliable sta-
tistical data, each bin in Fig. 2.44 should contain at least 10 points. With the
�tted line in Fig. 2.44:

dN=A 15 10 exp(-0.024 ) d
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we obtain the -distribution as:

f( )= 1.2 10 exp(-0.024 ) [Emitters/cm ]

according to expression (2), where A= 4 10 cm . According to f( ) we can
expect 10 emitters/cm with a between 200 and 201.

In order to get a histogram with better statistics, compared to Fig. 2.44, we

do not only take the peak values into account, but all 10000 points of the �eld
enhancement map (x,y) as shown in Fig. 2.45. The slope of f( ) can then be
determined with better accuracy than in Fig. 2.45. For the �t to the data of Fig.

2.45, only data points larger than 10 are taken into consideration. Consequently
points above = 300 are not used, since they are considered statistically unreli-
able. However the distribution in Fig. 2.45 is not the true -distribution, since

all points of the (x,y) image have been used (instead of only the peak-values).
Thus we only use Fig. 2.45 to obtain the slope of f( ). We observe a low
cut-o� around = 130 in Fig. 2.45. The cut-o� is due to measurement resolu-
tion limitations. Low ( 100) FES are not "seen" by the scanning anode since

stronger, i.e. higher ( 130) FES both screen and amplify the applied �eld
more than 100. During scanning this e�ect becomes obvious from the size of
each emission spot in the (x,y) map. High �eld enhancement emitters create

larger emission spots and thus cover smaller emission spots from low emitters.
The low cut-o� can therefore be simulated using the emission spot area [20].
The exponential dependence of f( ) is understandable from a statistical point

of view. The probability of high ( 300) FES is low or at least considerable
lower, than the probability of low ( 200) FES per unit area (cm ). This can
be correlated with the surface roughness (in this case CNTs), which is found

to be exponentially dependent on the length scale in atomic force microscope
measurements. Consequently, the number of low aspect ratio protrusions is ex-
ponentially higher than the number of high aspect ratio protrusions for a given

surface area A.

We have also measured exponentially dependent f( ) on chemical vapor de-
posited diamond surfaces [20], using both scanning CCM and a phosphor screen
in CVM (see equation (5)). It does thus seem that the exponentially dependent

-distribution is a common feature of electron emitting thin �lm surfaces.

We see that the exponential -distribution predicts only few �eld enhancing
structures ( 4 FES for 350) in the high range on the surface A= 4 10 cm .
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Figure 2.45: dN is proportional to the -distribution f( ), where N is the total number of points
in the (x,y) image. f( ) is exponential with a slope proportional to -0.024.

We earlier assumed a narrow gaussian distribution for metal tip FEAs. Since
the density of emitting sites is higher in the narrow gaussian range than in the
high �eld enhancement range of the exponential f( ), the ESD calculated with a

screen (4), should be higher for metal tip FEAs. This observation is con�rmed
by the high and homogeneous ESD, simulated in Fig. 2.45. Due to homogeneity
in aspect ratios, the turn-on �eld is only weakly varying from one idealized

metal tip to another. Consequently the ESD is high and homogeneous in the
simulation. The typical exponential f( ) thin �lm emitter however, possesses
few FES with high aspect ratio and low turn-on electric �eld as compared to

the majority of the low emitting sites on the �lm. This does not necessarily
imply that the ESD of thin �lm emitters cannot be increased above the ESD of
metal tip FEA. There exists ways to circumvent the low density of exponential

f( ) characteristics of thin �lms. On possibility is to "burn" high aspect ratio
emitters with elevated current levels, leading to an increased slope of f( ). In
order to do so, the applied electric �eld is slowly increased and the current levels
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of the highest sites will increase more than for low sites and consequently
the high sites will be disrupted. This will induce a cut-o� for high values in

the f( ) characteristics and as a consequence the integral value (4) of the ESD
will increase. The second option concerns the use of ohmic ballast resistors in
series with the emitters. Resistors change the characteristics of the FN equation

(1), as the current levels of the high sites will be more damped than the low
sites. The ESD will thus appear homogeneous, although higher electric �elds

are required to promote electron emission.

Consequently we see that the emitting properties can be very well described
in terms of (x,y) and f( ). The ESD is closely linked to f( ) according to (4)
and we see that if the shape and/or the slope of f( ) is modi�ed, the ESD can

be tuned to the desired application. However in doing so, one should keep in
mind that there is a trade-o� between the desired ESD and the turn-on �eld.
If f( ) is modi�ed with "burning" or ballast resistors are used, the turn-on �eld
will inevitably increase.

The authors gratefully acknowledge funding for this work by the Swiss National
Science Foundation NFP36, Top-Nano21 and Motorola Labs, Tempe, Arizona.
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The current-induced emission degradation of a carbon nanotube (CNT)
thin-�lm electron emitter is studied under constant emission current for
di�erent current levels, using a scanning anode �eld emission microscope.
A permanent emission degradation is observed for emission currents higher
than 300 nA per CNT and is associated with resistive heating at the CNT-
substrate interface for the sample under investigation. A second �eld-
induced emission degradation mechanism, associated with the removal of
CNTs from the substrate, is also reported.
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Due to the development of �eld emission electron sources based on carbon
nanotubes (CNT), e.g. for at panel display (FPD) applications, much e�ort

has been devoted lately to �nd inexpensive and e�cient ways for controlled
deposition of CNTs on large area substrates [1{6]. With the advances in the
�eld of controlled growth, more technological aspects of the �eld emission such

as life time, emission degradation [7{10] and the short- and long-term emission
stability [11, 12] become more and more relevant. In a CNT based �eld emit-
ter technology, emitter life time and degradation will be key parameters to be

controlled. However up to now only very few investigations in this direction
have been undertaken. The reason for this might reside in the fact that emitter
life time and emitter degradation are not general properties of CNT emitters,

but will depend on the technological con�guration and environment in which
the emitter is operated. Experiments performed with single multi-walled CNT
(MWNT) mounted on metallic tips have shown that emission currents of the
order of 0.1 mA repeatedly can be obtained from a single CNT without short

term degradation [10]. However this value may be not relevant in the case of a
CNT �lm emitter since other e�ects may dominate the emitter degradation due
to the di�erences in cathode geometry. In most devices the CNTs are not oper-

ated as single "stand-alone" units but as a group or ensemble with electrostatic
screening e�ects [6] and statistical variations of defects, adhesion and contact re-
sistances. Therefore the sources of emitter degradation can be multiple such as

high contact resistances, ignition of arcs, tubes ying of the substrate etc. The
extrapolation of the current limitation behavior from a single straight, possibly
defect free and ballistically conducting CNT to an ensemble of CNTs is therefore

not straight forward. To elucidate the degradation behavior and the single site
current limit of an ensemble of thin �lm CNT emitters under conditions close
to the operating environment in e.g. FPDs, we performed scanning anode �eld

emission microscopy with constant emission current per site [13].

We investigated MWNT catalytically grown on silicon wafer by thermal CVD.
The silicon substrate was sputter coated by nickel and introduced into the reac-

tor where multi-walled CNTs where catalytically grown in a acetylene/nitrogen
atmosphere at 700 C for 30 minutes. The substrate was homogeneously covered
by a thick CNT deposit (Fig. 2.46(a)).
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Figure 2.46: (a) Scanning electron micrograph of catalytically deposited CNTs. Inset shows the
emission on a ZnO anode (emission area 4 5 mm ) for E = 12 V m . (b) V(x,y) map
(scan 1) for a constant emission current of 10 nA. White arrows indicate suddenly decreased
emission typical for the �rst scan.

The electron emission properties of the CNT thin �lms were investigated using
a phosphor screen (typically operated at 3000 V) and a home-made scanning
anode FE microscope (SAFEM) operated at a base pressure of 10 mbar. In
the SAFEM a Pt-Ir tip of radius 1 m is used as anode for high resolution

thin �lm emitter investigations and can be scanned over a surface area of up to
5 5 mm with sub- m accuracy. The �eld emission is measured with a Keithley
237 source measure unit with voltage range of 0-1100 V and a current detection

limit of 1 pA.

Fig. 2.46(a) shows a scanning electron micrograph (SEM) of the CNT thin �lm

under investigation. Due to the random orientation and length of the nanotubes,
the �eld enhancement values between the individual tubes show a large scatter.
This because some tubes stick up above the average CNT �lm deposit and

therefore exhibit a large as compared to the electrostatically shielded tubes
that are entangled deep in the CNT �lm deposit. Therefore it is natural to
assume that there is a spatial variation of the �eld enhancement (x,y). The
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SAFEM can be used to map the emission voltage V(x,y) at a �xed emission
current level as a function of the tip position. The �eld enhancement (x,y)

map may then be derived from the V(x,y) map [13] according to:

( ) =
( )

(1)

where E denotes the local electric �eld present at each emission site, nec-

essary to obtain the constant emission current (in our case 10 nA) at which
the V(x,y) scan was performed. From �eld emission spectroscopy of multi-
walled CNTs we know that for an emission current of 10 nA, E is about

3800 V m [14]. d 5 m is the tip-sample distance.
From the �eld enhancement (x,y) map the number N of peak values corre-

sponding to single emitting CNTs can be determined as a function of the �eld

enhancement. In this picture the -distribution f( ) is de�ned by dN=f( )d ,
where dN is the number of CNTs with �eld enhancement [ , +d ] per unit
area. In this paper however, we use the convention that dN represents all mea-

sured points/pixels (and not peak values) with �eld enhancement [ , +d ]
per unit area in the (x,y) map. Therefore strong emitters are slightly over
weighted in f( ) but the statistical quality is considerably enhanced.

From SAFEM investigations on various kinds of carbon �eld emitters in-
cluding CNT thin �lms [13], it has become clear that f( ) has the form of an
exponentially decreasing function with increasing �eld enhancement (i.e. f( )

exp(-k )). This means that the number of emission sites rapidly decreases

with increasing value of the �eld enhancement .
For the sample under investigation there are about 10 emitters cm at an

applied �eld of 12 V/ m which deliver emission currents exceeding 10 nA (inset

of Fig.2.23(a)). Compared to the high nanotube density of about 10 cm
present on the CNT �lm deposit, the number of active emitters is therefore
very small, just about 1 ppm. Hence a current driven degradation mechanism

will act only on very few "active" CNT emitters in a constant applied �eld.
But one has to consider that the degradation of such an active tube also can
a�ect numerous non active tubes in its vicinity wherefore a complex degradation

pattern may result. Hence the individual emission site disruption current level
is di�cult to evaluate in a typical current-voltage (I-V) or current-time (I-t)
emission measurement, where a large number of emitters are simultaneously
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Figure 2.47: (a) The (x,y) map derived from V(x,y) of the �rst scan before high current stress
and (b) the (x,y) map derived from the third V(x,y) map after high current stress, calculated
according equation (1) for I= 10 nA. The emission current of sub-region 1 to 5 was raised to 0.1,
0.5, 1.0, 5.0 and 10.0 A respectively during the second scan (not shown). Size of the (x,y)
maps is 200 200 m .

measured in parallel.

Therefore we have adopted the following measurement scheme to investigate
the single site degradation current level. The FE properties are �rst character-

ized by scanning a sample area of 200 200 m in the constant current mode
(CCM) with an emission current of 10 nA. At this current level no current in-
duced degradation can be observed. The same area is then subdivided in �ve
equal regions of 40 200 m . Each of these regions is then scanned with a

constant current of 0.1, 0.5, 1.0, 5.0 to 10 A respectively. After this step the
total area is again scanned in CCM with 10 nA and compared with the initial
situation before the scans at high emission current levels were performed.

Fig. 2.46(b) displays the �rst V(x,y) map where high �eld enhancement emis-
sion sites are pin-pointed by low extraction voltage (dark spots). Irregularities

in the intensity between two adjacent linescans, where an emitter "disappears"
or the emission spot size is reduced (white arrows), are typical for the �rst FE
scan. Such discontinuities seldom appear for subsequent FE scans (at equal cur-
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Figure 2.48: The -distributions of sub-region 1 to 5 in Fig. 2 before (h1-h5) and after (0.1-
10 A) the high current scanning. The shift of f( ) in each sub-region towards lower �eld
enhancement correspond to an irreversible emission degradation. It can be shown that the
negative slope of f( ) is exponentially dependent on and that the low cut-o� is due to a
measurement resolution artifact [13].

rent levels), which have smooth and continual variation in the intensity between
adjacent lines (round emission spots) and continues minimum values.

The (x,y) maps before (derived from V(x,y) of Fig. 2.46(b)) and after the
high emission current scanning are displayed in Fig. 2.47, where the �ve hori-
zontally arranged sub-regions are indicated by numbers 1-5. For each area 1-5

the �eld enhancement distribution can be derived as histograms from the corre-
sponding (x,y) map. In Fig. 2.48, f( ) from area 1-5 is plotted before (denoted
by h1-h5) and after (denoted by 0.1-10 A) high current levels. The intrin-

sic uctuations of h are caused by variations in the number and intensity of
emitting sites between each area.

In Fig. 2.47(b) the emission degradation becomes apparent from the reduction

of the �eld enhancement from region 1 to 5 and as a shift of f( ) in Fig. 2.48.
Re�ned scans up to 500 nA on other sample areas have shown that up to 300
nA/site routinely and repeatedly can be obtained without reduction of . The
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Figure 2.49: Field emission currents in excess of 10 A per CNT can even cause the temperature
at the CNT-silicon interface to reach the melting point 1420 C of silicon.

initial degradation below 100 nA is a �eld- and not current-driven e�ect, asso-
ciated with detachment of whole or parts of CNTs during the �rst scan and is

most clearly seen as irregularities in the intensity of the �rst V(x,y) map.
On a microscopic level at least four possible explanations to the degraded

emission can be given: structural damage to the CNT cap, the shaft or body,

the substrate-tube interface or adsorbates at the CNT tip apex. We observe two
distinct types of emission degradation behavior. The �rst occurs even at very
low emission currents and seems to be driven rather by the electric �eld than the

emission current. The second is current driven and occurs at emission currents
above 300 nA per emitter.

The �eld dependent degradation is typically seen in the �rst scan (white
arrows Fig. 2.46(a)) and can be attributed to �eld induced removal of CNTs
or nm-sized amorphous carbon allotropes from the CNT tip apex as shown by

transmission electron microscope (TEM) images of single free standing CNTs
[15]. SEM images of the anode reveal that loosely adhered CNT are removed
from the substrate due to the electrostatic forces, with instantly terminated FE
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as a consequence. We note that the �eld induced degradation also is consistent
with the adsorbate induced current saturation mechanism reported by Dean et

al. [16], where adsorbates enhance the emission in the low current range up to
300 nA. It is possible that some adsorbates are removed due to the high �eld
conditions at the tip apex during the �rst scan on the pristine CNT �lm, and

the emission may therefore decrease abruptly at a site between two adjacent
linescans.

The current dependent degradation mechanism is active for currents higher
than 0.3 A per emission site and can be attributed to the interaction and energy
dissipation during the solid state transport of a high current density through the

CNT, at the CNT-substrate contact or at the CNT apex. I-V measurements on
two point contacted CNTs have shown that straight and probably defect free
CNTs, repeatable can conduct currents up to 3 mA ballistically without heat

dissipation [17, 18]. Zettl et al. [19] pealed o� outer layers and sharpened arc-
grown MWNT by contacting the CNT ends in-situ inside a TEM. The current-
induced CNT sharpening took probably place at defect sites (pentagons etc) for
200 mA current. Since the current dependent emission degradation of our CNT

�lms occurred at much lower current levels, we do not believe resistive heating at
defect sites in the CNT shaft to be the main cause of emission failure. Scanning
electron microscopy (Fig. 2.49) of the emission area on the CNT �lm after high

current ( 10 A/CNT) FE, indicates that the CNT-substrate interface plays
an important role for the energy dissipation. A poor electric contact between
the substrate and the CNTs therefore provides the main obstacle in the electron

transport from the substrate to the vacuum and can cause heat high enough to
even melt the silicon substrate. Bonard et al. managed to repeatable draw a
maximum emission current of 0.1 mA from a single MWNT mounted on the tip

of an etched gold wire [10]. The discrepancy with our results may be explained
by the di�erence in cathode geometry, since the single tube was well contacted
and probably had a lower contact resistance.

On the investigated sample current dependent emission degradation could
be observed from 300 nA per emitter. From this value the maximum current

density of a thin planar emitting �lm can be estimated. For an arrangement of
one emitting CNT with a tube length of 1 m per 2 2 m , current densities up
to 8 A/cm without screening e�ects [6] could theoretically be realized. Higher



1492.6 Collective emission degradation behavior

densities could be achieved with shorter tubes and higher CNT density, although
at the cost of higher applied �elds. By improved adhesion and electric contact

between the emitting structures and the substrate even higher current densities
should be possible.

The authors gratefully acknowledge �nancial support from the Swiss National

Science Foundation.
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2.7. Optimization of the thin �lm electron emitter

As we have showed the f( ) of carbon/nanotube thin �lm emitters exhibit a
kind of exponential dependence upon the �eld enhancement . It therefore

seems plausible to believe that the exponential character of f( ) is a general
property of an electron emitting thin �lm where the geometry of a single emitter
is not controlled:

( ) = ( ) [ ] (2.5)

The shape of f( ) is determined by the constants k and k and the ESD and the

current density (J) will therefore depend on k and k according to equations
2.3 and 2.4. In the following we like to investigate the inuence of the shape of
f( ) on the ESD and J.

In general, the high requirements of homogeneous emission on a at panel

display require an ESD on the order of 10 emitter per cm for applieds �elds on
the order of 10 V/ m or less. Accordingly the emitted current density of a cold
cathode must be spatially homogeneous on a micrometer scale. Measurements

on CNT and CVD diamond thin �lms with the phosphor screen and the SAFEM
have shown however that the spatial homogeneity and the ESD currently does
not su�ce for high resolution FED applications, see sections 2.4 and 2.5. The

highest ESDs recorded for applied �elds below 10 V/ m do normally not exceed
10 -10 sites per cm . The average thin �lm current density is therefore on the
order of 1 to 100 mA/cm if the average single emitter is assumed to withstand

a mean current of about 300 nA without disruption, see section 2.6. Such low
densities are insu�cient for most device applications.

We therefore like to investigate how the ESD and the current density evolve
and depend on the values of k and k of equation 2.5. For this current I(x,y)

maps of randomly scattered emitters are simulated, which obey f( ) with di�er-
ent values of k and k . Both experimentally obtained -distributions as well as
hypothetical -distributions which have been "invented" for comparison purpose

have been used to generate the randomly scattered emitter ensembles. For all
simulations an applied �eld of 6.2 V/ m is used and the single site current is
assumed to follow a resistor-limited Fowler-Nordheim (F-N) behavior. The as-
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Figure 2.50: The two solid lines (1) and (2) in (a) depict f( ) as determined from two di�erent
thin �lm emitters. The three dashed lines (3)-(5) are hypothetical -distributions in order to
investigate the e�ects of increased slopes in f( ). The cut-o� in f( ) for �eld enhancement
is explained by electrostatic screening e�ects for emitter densities of the order of 10 cm .
The inset (b) shows the Fowler-Nordheim (F-N) and resistor (R) limited emission current as a
function of the local �eld E at the emission site, which has been used in the simulations.

sumed R-limited emission current per site is shown in the inset of Fig. 2.50(b).

As a �rst example two experimentally determined -distributions with di�erent
f( ) slopes (1 is a CVD diamond and 2 is a CNT sample) are compared. Fig.

2.50(a) shows f( ) for both samples (solid lines), where the measurement points
have been added for comparison. The resulting current maps of 1583 (Sample
1) respectively 2834 (Sample 2) generated emitting sites are shown in Fig. 2.51.

The reason for the higher ESD of the carbon nanotube �lm (2) resides in the
larger number of sites in the high �eld enhancement regime. We point out that
the simulated current maps are similar to the emission patterns on phosphor
screens during similar conditions and applied �elds.

In order to generate emitter ensembles with higher ESD and therefore di�erent
variation in the �eld enhancement three hypothetical f( ) distributions (3)-(5)
have been pre-de�ned, i.e. they have not been experimentally veri�ed. Fig.
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Figure 2.51: Simulation (a) of the current of 1583 emitters according to the - distribution (1)
for an applied �eld of 6.2 V/ m. Simulation (b) of the current of 2834 emitters according to the
- distribution (2) for an applied �eld of 6.2 V/ m. The total current is 0.39 mA in (a) and 1.1

mA in (b).

2.50(a) shows the variation of the �eld enhancement of the three f( ). Due to
the increased slopes of the hypothetical distributions (3)-(5) the number of sites

per unit area increases very rapidly as we integrate from high to low �eld en-
hancement. Contrary to the experimentally obtained f( ), the density therefore
rapidly increases going from high to low �eld enhancement up to a critical den-

sity, where electrostatic screening reduces the e�ective �eld enhancement. From
our early investigations the critical screening density has been calculated to be
in the range of 10 to 10 emitters per cm , section 2.3, if the �eld enhancing

structures FES are about one micrometer long. We speculate that this �eld
enhancement reduction has the form of a rapid drop in f( ) below the critical
�eld enhancement screening limit as indicated in Fig. 2.50(a). If the critical

screening density is assumed to occur (and we neglect the dependence of the size
of the �eld enhancing structures upon and assume monodisperisive FES) for
about 4.5 10 cm , then we �nd for the three hypothetical distributions (3)-(5),

= 350, = 507 and = 660.

A surface area on the order of 1 cm seems adequate for investigations and
simulations of emitting site densities on the order of 10 cm or lower. However
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Figure 2.52: Simulations (a)-(c) of the emission current of 4500 emitters according to -
distributions (3)-(5) for a thin �lm emitter area typical of a pixel in a display. The applied
�eld is 6.2 V/ m and the total current is (a) 7.6 A, (b) 0.15 mA and (c) 3.2 mA.

in the case of a FED where an ESD on the order of 10 cm is required and
where each subpixel is de�ned on a length scale of typically 100 100 m , 1 cm

surface area is too large for investigations of the current spatial distribution.
The individual sites cannot be recognized or resolved with 10 emitters on 1
cm . Instead due to the high density of about 4.5 10 cm the simulation of

the emission current of about 4500 randomly distributed emitters is done in a
100 100 m window. These 4500 emitters are generated from the respectively
distribution (3) to (5) and the simulations of the I(x,y) maps under the applied

�eld E 6.2 V/ m are shown in Fig. 2.52.

We note that the increased slope of distribution (3) has provoked an increased
ESD to about 2 10 cm . The ESD in the case of distribution (4) is further
improved to about 2 10 cm due to the increased density of emitters in the �eld

enhancement range 507. The majority of the sites are active emitters in the
simulation of Fig. 2.52(b), albeit we note that the variation in intensity between
the weak and the strong sites is explained by their relative di�erence in �eld

enhancement. In order to equalize the intensity per emission site and to make
the weaker sites visible, it appears in analogy to the I(x,y) simulations in Fig.
2.52(a) and (b) that an increased mono-dispersivity of the �eld enhancement
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values is favorable. Such an increased mono-dispersivity is realized by the -
distribution (5) and the resulting current map from simulation (5) clearly depicts

an improved homogeneity in the I(x,y) map. The increased mono-dispersivity in
the case of (c) provokes an equalization of the "turn-on" �eld for the 4500 sites,
which e�ectuate a better homogeneity on the screen.

The here presented simulations therefore show that a -distribution with a nar-
row shape and with a high density of emitting FES in a small �eld enhancement

range is the best option in order to achieve a high and homogeneous ESD. The
more narrow this distribution is, the more homogeneous the ESD. However as
the density of FES approaches the limit where the inter-FES distance becomes

comparable with the size of the FES, electrostatic screening will e�ectively re-
duce the �eld enhancement. This reduction is expressed as a drastic cut in the
characteristics of f( ) in the low �eld enhancement regime.

Hence a narrow shaped -distribution of mono-dispersive �eld enhancing
structures is needed in order to obtain an e�cient thin �lm emitter with a
high ESD. In the next section the possibilities to realize such a distribution with

carbon/graphite based thin �lm emitters is discussed.

According to the previous section the emitting structures should be deposited in
such a way that the �eld enhancement factors are as mono-dispersive as possi-
ble. The cost and the complexity to do so depends on the degree of orientation,

alignment and precision at which the FES (like CNTs) are deposited.
growth of single FES with well de�ned aspect ratios and high density requires a
high degree of control and is therefore expensive. A growth process

of several or many FES arranged in patches requires less control and is there-
fore less expensive. We here propose two possible cathode designs, see Fig. 2.53,
with di�erent degrees of orientation and alignment in order optimize the cathode

performance with regard to the cost. The FES must be deposited in the gated
structures on a level of one- or tens of micrometers depending on the wanted
emission site density.

In the �rst approach (a) the structures are deposited in a pre-de�ned gate
aperture of typically 10 10 m area. The exact size of the area is a matter
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Figure 2.53: The non-selective deposition (a) of �eld enhancing structures (FES) relies on the
self-organized alignment between the FES in each gate aperture, whereas the alignment of the
FES in the selective deposition (b) is de�ned by the con�nement of the single FES to the gate
aperture.

of engineering and depends on the desired ESD of the device. The structures,

like CNTs or other FES like graphite �bers, are deposited in such a way that
shorting the surrounding gate electrodes is avoided. One possibility to do that
is to deposit the FES con�ned to only the central parts of the gate apertures, as

indicated in the �gure (a). Contrary to the metal tip FEA, where only one tip
is deposited per gate aperture, several FES can be parallel processed during a
single deposition step. We like to call this approach since
there are no intrinsic constraints like the walls of the aperture, upon which we

can relay on for the number and/or alignment of the FES during the deposition
process. The method of deposition must therefore itself ensure a certain self-
organization of the structures, in order for these to ful�ll requirements of density,

�eld enhancement and orientation. The higher the degree of self-organization,
the better the quality of the deposit will be. It seems reasonable to think that
not all, but primarily those FES close to the borders of the deposit (which

are close to the gate) will emit in the �rst place, presumably only one, two or
three emitting FES. For an array of closely packed 10 10 m gate aperture
areas, the ESD will be of the order 10 cm in the best case provided that the

�eld enhancement values are largely mono-dispersive. The e�ects of emission
inhomogeneities could be controlled to some degree using resistive layers. The
tubes or structures which are present adjacent to the emitting structures in each
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selective deposition

one exactly

State of the art and future directions

gate but that are in-active (i.e. provides a negligible emission current) partly due
to lower �eld enhancement or screening e�ects, constitutes an valuable "reserve"

of FES. This reserve provides emitter redundancy in the case of disruption of
one or more active emitters, which makes the gated structure less sensible to
emitter failure.

The second approach (b), using includes a step up both in
cost and complexity since instead of relying on self organized alignment and

growth between a group of parallel deposited structures on a relatively large
length scale ( 10 m), the individual emitting structures must be manipu-
lated or deposited in a single structure manner. In this approach single emitters

are deposited in gate apertures on a m (or possibly even sub- m) scale provided
single FES growth or deposition methods can sustain the stringent requirements
of orientation and aspect ratio of the structures. It therefore has to be ascer-

tained that only FES is placed in the right position preferably with
sub- m resolution and that absolute control of the aspect ratio is maintained.
Control of the aspect ratio is important not only because the ESD should be

high but also because short circuit contacts with the gates have to be avoided.
Since such a deposition is assumed to take place on a micrometer scale, not
unlike the case of the metal tip array, emitting site densities on the order of

10 cm should theoretically be possible. However since the cost of produc-
ing a pre-de�ned micrometer sized gated structure is approximately inversely
proportional to length scale or size of the pattern, the selective approach can
be expected to be more expensive than the non-selective approach, as far as

standard lithographic patterning techniques are concerned.

Since their discovery 1991 by Iijima [1] carbon nanotubes have been recognized

as promising candidates for electronic and speci�cally electron emission applica-
tions. After ten years of extensive research e�orts many of the physical properties
have been carefully investigated and documented, but still today the exact mech-

anism(s) under which carbon nanotubes are formed is not clear. It seems plau-
sible to believe that the tubes formed under the high temperature conditions of
an arc discharge are created under the inuence of other driving forces and other
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non-equilibrium conditions than tubes grown by the catalytic decomposition of
hydrocarbon gases. Even if a number of theories on the growth mechanism(s)

of CNTs exists today nobody has been able to experimentally verify and exploit
these to fully control the growth regarding density, lengths, diameters, number
of shells, etc. of the tubes. Reports of catalytically grown CNTs, similar to the

curved, curly and spaghetti like tubes in Fig. 2.54(a) are given on a regular basis
in the literature today [2].

The random length and non-aligned orientation of the curved CNTs is a partly
unsolved problem. Catalytically grown spaghetti like CNT thin �lms of this type

do therefore in general not exhibit emitting site densities above 10 cm for
applied �elds in the range 5 to 10 V/ m. One interesting approach to improve
both the density and the alignment (and hence the ESD) of the CNTs is done in

a prototype diode structure by Samsung, where puri�ed SWNT are dispersed in
isopropyl alcohol and mixed with an organic binder and metal particles [4]. The
CNT-epoxy mixture is squeezed onto a metal patterned sodalime glass through

a metal mesh of size 20 m. Subsequent cathode surface rubbing is used to
liberate parts of the tubes which are protruding above the surface of the paste
of dispersed CNTs in Fig. 2.54(b). This approach is interesting since it does

not include any complex stages (and thus is inexpensive) and the density of
the tubes can be adjusted by the ratio tubes/organic binder. The disadvantage
from a technical point of view is that the alignment, although considerably
improved compared to the spaghetti type CNT deposit, only can be manipulated

to a limited extent. The method by Ren et al. [5] of growing well-aligned and
self-oriented multiwalled CNTs on nickel-coated glass in a plasma-enhanced hot
�lament CVD process marks an important progress towards large area CNT

alignment (see Fig. 2.54(c)). However the relatively large variation in height and
aspect ratio of the tubes does not favor mono-dispersive �eld enhancement. The
e�orts made by Li et al. [6] to catalytically grow CNTs con�ned to nanochannels

(mean diameter 47 nm) in the self-organized pores of anodic alumina �lms,
has largely improved the mono-dispersivity of the aspect ratios (see Fig. 2.54(d)
and inset below). The hexagonally well ordered array of CNTs with lengths of

6 m has a very high density of approximately 10 cm . It seems therefore
that both the method of Ren and Li needs improved controle and adjustment of
the density, in order to avoid too high CNT densities which leads to electrostatic
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screening e�ects and reduced e�ective �eld enhancement .

This section has so far focused much on the cathode design and not on other

technical or economical aspects of VMED design and development. There is no
guarantee that the carbon emitter will prevail since the original technological
incentive to produce a carbon based FED was due to the vision of cold cathodes

161

Figure 2.54: Illustrations of di�erent degrees of organization and alignment of the �eld enhancing
structures (a)-(d). The catalytically grown CNTs [3] in (a) exhibit typically a random, non-
aligned orientation with respect to the substrate. The arc discharge produced SWNT [4] of (b)
have been mechanically post- deposited. The catalytically grown CNTs in (c) are self-oriented
but lack a precise controle of density and aspect ratio [5]. The CNTs/graphite rods in (d) have
improved mono-dispersivity and alignment but still lacks a variable density of structures [6].



 Technological effort
 & complexity

ESD ( cm-2)101 103 105 107

Controle of
density

Controle of
alignment

Controle of
aspect ratio

(H
ig

h 
co

st
)

(L
ow

 c
os

t)

LMD HMD

LFD HFD

Large area CVD (hypothetical)
flat thin C-film deposition

Spindt-tip type metal
field emitter

Randomly oriented
CNT thin films

Auto-controled, oriented,
ordered thin films

Non-selective highly
oriented CNT thin films

Selective, oriented,
ordered CNT/FES thin films
            (anodic oxidization)

Non-selective poorly
oriented CNT thin films

162 Chapter 2: The thin �lm electron emitter

Figure 2.55: The technological complexity and cost can be said to be a monotonic increasing
function (here assumed linear) of the wanted device performance. The device performance is here
measured as the emitting site density (ESD) of the thin �lm emitter. LMD= Low Resolution
Mono-crome Display, HMD= High Resolution Mono-crome Display, LFD= Low Resolution Full
color Display and HFD= High Resolution Full color Display.

without tips.

In order to commercialize a FED the criteria listed in paragraph 1.5 must
be ful�lled. The scalability of the deposition and the number of critical steps

in the manufacturing of the cathode largely a�ects the production cost. The
complexity and price of the cold cathode has therefore to be weighted with the
expected performance and device quality, e.g. measured as in the form of the

ESD, see Fig. 2.55. As a comparison with existing and non-existing fabrication
technologies the "ideal" CVD at thin �lm [7] emitter has been inserted in Fig.
2.55.

Whereas �lms of the types in Fig. 2.54(a) and (b) are relatively easy and thus
not to expensive to manufacture today, they do not match the high requirements

of quality (here measured as high ESD). The �lms which Samsung produced
may be characterized as non-selective poorly oriented CNT thin �lms and may
therefore �t in the lower left part of the diagram in Fig. 2.55. Despite the clever
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and easy way of manufacturing of these �lms, the lack of precise controle of
alignment and �eld enhancement, make the CNT epoxy technique insu�cient

for device applications where high resolution is wanted. However the quality
may be su�ce for a low resolution mono-crome display (LMD) or for electronic
billboard applications. Since the price is considered lower than for a Spindt-tip

array of similar quality, the CNT epoxy mixture is very competitive for large
scale production of an device where less performance is expected. The trade-o�
between quality and cost is here the driving force of commercialization. Films of

same quality as the Spindt emitter must be called auto-controlled, fully oriented
and ordered thin �lm emitters. Such �lms are expected to have an ESD in the
range 10 to 10 cm and are found in the upper right part of the diagram in Fig.

2.55. Films with an inter-mediate degree of alignment and orientation between
the Samsung �lms and the Spindt-type emitters are situated on a straight line
in Fig. 2.55. The slope of this line and the intersection of the auto-controlled
thin �lm emitter with the Spindt-tip type emitter in Fig. 2.55, determines the

competitiveness of the carbon �lms with regard to the ESD. We speculate that
the slope is such that the degree of complexity of the auto-controlled thin �lm
emitter is slightly lower than for the Spindt-type emitter. It seems however

probable that the complexity will be of the same order as for the Spindt emitter.
The future progress in the �eld of controlled growth or deposition of carbon

FES like carbon nanotubes will determine the slope in Fig. 2.55. It thereby

seems that a major breakthrough in the understanding of the complex non-
equilibrium processes leading to the formation of carbon nanotubes in a ca-
thodic arc or during catalytic decomposition of carbon containing gases, is very

important. The full control of density, aspect ratio and alignment can only be
reproduced on a large scale if full understanding of the growth parameters has
been achieved. The time to that breakthrough is controversial and therefore it is

very di�cult to foresee the time of introduction of a high resolution carbon based
�eld emission display on the market. Meanwhile other devices like electronic bill-
boards or hybrid �eld emission displays/CRTs [8] with lower requirements on
the emitting site density, may be developed and commercialized.
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3.1 Field Emission Microscopy on CNT emitters

Chapter 3

Electron emission environmental

stability

The term is used to describe the interaction of electron
emitters with the gaseous environment in which they are operated. Such inter-
actions typically lead to emission current uctuations on a time scale of seconds
to minutes. If the current uctuations are large the may negatively a�ect the

device performance. In addition the device long-term stability is dependent on
the emitter interactions with its environment, wherefore investigations on envi-
ronmental stability are important. Such investigations have been done in the

past on etched metal tips using �eld emission microscopy (FEM).

The Field Emission Microscope (FEM) invented by Dr. M�uller [1] in 1937 has for
a long time been the state of the art to investigate adsorption and di�usion phe-

nomena at surfaces with almost atomic resolution. At the time etched tungsten
tips of high aspect ratio were used as cathodes. Observations of the �eld emitted
electrons from the emitter apex region on phosphor screens at high spatial mag-

ni�cation ( 10 times) yielded better insight into di�usion, ad- and de-sorption
rates and workfunction dependence upon crystallographic planes and coverage of
adsorbates [2]. In particular alkali and alkaline earth adsorption has been stud-

ied in this way [3]. The FEM gave qualitative evidence of surface segregation in
form of bright rings about various crytallographic planes long before the advent
of Auger spectroscopy. As a matter of fact the FEM was one of only very few
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Figure 3.1: The lobed FEM pattern of a multiwalled CNTs at 300 K in (a) has been observed for
adsorbates on metal tip emitters. Some examples of a large variety of such patterns commonly
observed from both single walled and multi walled CNT are shown in (b).

existing techniques for such investigations until the discovery of the scanning
tunneling microscope (STM) in the mid eighties. Much of the analytical work

in this �eld has since then been taken over by the STM due to its versatility
under a wide range of experimental conditions. The discovery of the carbon
nanotubes and their use as �eld emitters has however lead to the revival of the

experimental technique of the FEM. Mostly because of the nanotube geometry
with high aspect ratio which is well suited for investigations in a FEM and thus
for investigations of the charge distribution and its time dependence on carbon

nanotube caps.
The principle of such measurements is indicated in Fig. 3.1(a), where di�erent

CNT electronic cap states are reproduced on a phosphor screen.

It is recognized that the FEM pattern on the screen reects the electronic struc-
ture, the anisotropy of the workfunction, local variation of the microscopic �eld

and transmission probability of a single CNT cap. This means that atomically
sized areas on the CNT cap, where the workfunction is low or the local �eld
is higher than on surrounding regions, are reproduced with a higher intensity
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on the phosphor screen. Analytical investigation of such patterns would ideally
yield better insight into the CNT cap electronic structure. Unfortunately, the

state and the structure of the individual CNT is cap very often not known during
the typical experimental conditions in a FEM. Contrary to the etched metal tips
it is di�cult to align the CNTs towards the screen. The termination of the in-

dividual tubes, e.g. if they are capped or not or if they have metallic inclusions,
is often di�cult to predict. The probably most important factor of experimen-
tal uncertainty comes from residual gas particles, molecules or atoms that are

present at very low concentrations in the vacuum chamber background, see sec-
tion 3.2. During the high �eld conditions around the emitter tip such species
can be polarized at large distances from the emitter compared to the Langmuir

mean free path. They are therefore accelerated in the high �eld and strike the
emitter tip at very high energies and impact rates as compared to �eld-free gas
kinetics. Due to the large distance at which the polarization can take place,
the impact rates can be several orders higher than for ordinary �eld-free Lang-

muir gas kinetics at comparable temperatures and ambient gas pressures [4]. At
present it is not exactly clear which e�ect this bombardment has and in which
way the FEM pattern are changed due to adsorption of species onto the emitter

tip.

With FEM investigations it has become clear that the spatial charge distribu-
tion on the CNT tip apex is time dependent. Some typical examples of time

dependent FEM patterns from the same MWNT emitter are depicted in Fig.
3.1(b), but a rich variety of these can be found. The time dependence and the
anisotropy over the CNT cap of the �eld emitted electrons can be understood

in terms of switching between di�erent states with relatively small energy di�er-
ence in levels which are close to the Fermi energy. These states can be seen upon
as "electron clouds" above the sp bonded carbon atoms which can change their
shape as a function of the state energy. Ideally, for a "clean" CNT cap without

adsorbed molecules, the FEM pattern represents an image or a �nger-print of
these electron clouds or states.

In order to illustrate how the states are formed and may look like one can
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Figure 3.2: The p orbitals (a) of benzene C H can form six hybrid orbitals of delocalized
electrons (b), whereof 3 are in a binding stabilized state (i.e. below zero energy) and 3 are in a
anti-binding state [5].

take the -states of a benzene molecule (C H ) as an example, see Fig. 3.2. The
hexagonal sp bonded network of carbon atoms (C) form a ringstructure with

120 angles in benzene [5]. Of the three sp hybrid orbitals per C atom one
forms a binding orbital with the 1s orbital of an hydrogen (H) atom and the
two others form binding orbitals with the corresponding sp orbitals of the

C atoms on each side, Fig. 3.2(a). The remaining 2p electron forms maces
protruding perpendicular above the plane of the six C atoms. The totally six
2p electrons can form six types of electron clouds ( -states) where 3 are binding

and 3 are anti-binding -orbitals (i.e. above zero energy), see Fig. 3.2(b). The
six electrons belong to the entire C H molecule and not to individual C atoms
wherefore they are said to be delocalized.
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In analogy to the C H molecule the -states of a "clean" CNT cap can be
thought of as linear combinations of p orbitals which are protruding out per-

pendicular to the carbon lattice on the tube apex. The limited variety in shape,
style and energy of such -states can only partly explain the large number of
FEM patterns from CNT emitters at 300 Kelvin. It therefore seems plausible to

think that the energy levels of the clean CNT caps are modi�ed through adsorbed
species coming from the gas phase during �eld emission. It seems probable that
some of the species stick (chemisorption) to the CNT emitter. Sometimes the

sticking is very �rm and may result in a resonant tunneling state which can
lead to increased tunneling probability and anisotropy in the FE current on the
CNT cap [6]. It also seems as if the adsorbed molecules are "shu�ed" around

the tip apex due to the bombardment on a time scale of seconds to minutes.
Our investigations indicate that the rate of change of the FEM pattern is only a
weak function of the ambient gas pressure in the FEM vacuum system. Instead
the state of the phosphor screen seems to play a more important role for the

FEM pattern rate of change at 300 K. This would in turn indicate that alien
gas species and molecules, liberated through electron scrubbing of the phos-
phor screen, in fact are responsible for the enhanced resonant tunneling states

and changes in the FEM pattern. One possibility to investigate the CNT elec-
tronic cap states without superimposed electronic states coming from adsorbed
molecules is by short term in-situ heating. Such a procedure cause the adsorbed

species to receive thermal energy high enough for them to desorb from the sur-
face, leaving the bare CNT cap free. Unfortunately re-adsorption takes place on
a time scale of minutes depending on how well the screen was electron scrubbed

before heating the CNTs.

The experiments in this chapter have been designed to elucidate the origin of
the alien gas species and their possible e�ect(s) upon the FEM patterns from

the CNT emitters. It has to be stressed that the term
here is used to describe the above related phenomena at the CNT cap during
�eld emission at a time scale of seconds to minutes, whereas the term

normally is used to describe the degradation of the emission current

(e.g. due to disruption or burn-out) at longer periods of time of hours or weeks.
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Investigations of the current-time (I-t) characteristics of �eld emission
(FE) from single-walled carbon nanotubes (SWNT), does not show any sig-
ni�cant dependence on ambient partial pressures to 10 mbar of hydrogen
or water. It is however shown that oxygen causes substantial reduction of
the FE current and this is believed to be related to reactive etching/ oxida-
tion of the nanotubes. By heating the tubes up to 1100 Kelvin an increased
instability in the FE current as well as on the �eld emission microscopy
(FEM) screen can be observed. These instabilities become less and less pro-
nounced after repeated annealing steps. FEM during short-time heating
reveals dim �ve-fold as well as six-fold feinstructures. These feinstructure
FEM patterns are not stable and have a short lifetime. Resonant tun-
nelling states as well as FE from nanotube cap states might explain these
observations.
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3.2.1 Introduction

3.2.2 Pressure and Temperature Dependence on FE (SWNT)

World wide e�orts to produce stable carbon nanotube (CNT) �eld emission

sources are underway since the middle of the last decade [1-4] and at the
IWEPNM 2000 in Kirchberg, Samsung presented a 9-inch full colour �eld emis-
sion display (FED) based on CNT emitters. CNTs have proven to be more

robust than comparable unballasted metal �eld emitters [5], however the in-
herent short-term emission instability has not yet been understood. From �eld
emission microscope (FEM) investigations it is recognised that emission does not

occur homogeneously all over the CNT cap, but in a time-variable ( sec) lobed
pattern, which reects the electronic structure, local variation of the microscopic
�eld and transmission probability. Explanations to these spatial pattern uc-

tuations, include FE from non-metallic cap states correlated to the presence of
pentagonal defects [6], FE from open/closed tubes with dough-nut pattern [7]
and FE through resonant tunnelling states caused by adsorbed gas species [8].

For reasons of long term stability and safe operation of e.g. FEDs, a fundamen-
tal understanding of the underlying short-term emission instability mechanism
is required.

Experiments were carried out in a FEM with di�erent phosphor-coated planar

anodes at a typical base pressure of 5 10 mbar.

Commercial SWNTs were pasted to a tungsten heating �lament with con-
ductive carbon cement. FE currents were recorded on the grounded anode as a
function of temperature and partial gas pressures of high purify oxygen, hydro-

gen and water. Typical potentials of 2000 Volts were applied over a variable 2-cm
anode-cathode separation and the �lament temperature was determined with a
pyrometer. FEM patterns were real time recorded using a charge coupled device

camera. As observed from I-t measurements, initial heating increases the noise
(sub-sec uctuations) of the FE current (Fig. 3.3(a), point 1). Analogous to the
increased current noise level, the FEM pattern rate of change is increased and

the typical one-, two- and four-lobed symmetrical and asymmetrical patterns,
uctuate at a time scale of sub-seconds. Other, more exotic �ve/six-fold FEM
patterns may occasionally be visible during heating, showing a dim structure,
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Figure 3.3: (a) FE current vs. time during heating to 900 Kelvin between point 1-2 and 3-4
causes increased noise level. Before point 1, between 2-3 and after point 4 the level of noise
is decreased; i.e. at T= 300 Kelvin. This behaviour is typical during �rst period heating.
This sample was not annealed before. P 1.6 10 mbar, 2600 Volts, 22 mm gap. (b) Current
dependence during one week (one point/ minute) - stable FE at 1.5 mA, 4 emitters, FEM
pattern unchanged at 1900 Volts, 20 mm, T= 300 Kelvin and P 5 10 mbar. Current decay
at four occasions; second event resolved in (c) Possible spontaneous desorption ( 1 sec) and
current recovery during 15-16 minutes. Same current scale in (a)-(c). Di�erent samples a and b.

Fig. 3.4(c), but do not seem to be long time stable. When the initial heating is
turned o�, point 2 and 4 in Fig. 3.3(a), the level of noise is drastically reduced

to the initial level, and a few minutes after heating the FEM pattern remain
quite stable, Fig. 3.4(e).

With repeated annealing steps, the increase of the noise level upon heating,
becomes less and less pronounced. Repeated heating over 1000 Kelvin causes
in general the overall current level to decrease, sometimes up to a factor of 10,

and this current reduction is irreversible, depending mainly on the state of the
screen (see below). We further investigated the long-term stability (one week)
of four emitters using a thermally outgassed phosphor screen, Fig. 3.3(b) and

(c). In contrast to unballasted metal �eld emitters no current runaway (asso-
ciated with protrusion growth) is observed and the current level is maintained
at approximately 1.5 A with the exception of spontaneous current reduction

about on order of magnitude at four occasions (see Fig. 3.3(b)). It can be
speculated that the rapid current decay is associated with the spontaneous des-
orption of chemisorbed molecules or atoms, and that the current recovery is due



7�

�

�

5

5

�

�

�

174 Chapter 3: Electron emission environmental stability

Figure 3.4: FEM time-resolved sequence of single SWNT cap at 2000 volts, d= 21 mm, P 2
mbar. Average diameter of spot 1cm. (a) t=0: Long-term stable pattern at T= 300 Kelvin;
possibly representing the surface electronic structure of an adsorbed two-atom con�guration
on the NT cap. (b) t= 39s: Short-term �lament heating (3 sec) to T=1600 Kelvin. The
stable atomic con�guration in a, is disturbed and possibly a two-atom molecule is formed as the
molecule is desorbed from the NT cap surface. (c) t= 42s: Removing the lobed pattern reveals
an intensity-weaker �ve-fold �ne structure underneath. This form lasts only for some seconds at
T= 300 Kelvin (Intensity magn. 3). (d) t= 74s: Spatial charge uctuations. The pattern in c
is occasionally spotted. (e) after t=140s is the pattern stable again. T= 300 Kelvin.

to readsorption from the gas phase. However we are not able to assign a certain
relation between the current recovery time and the ambient gas pressure up to

10 mbar. Current recovery times of normally 8-20 minutes are observed inde-
pendent of the ambient gas pressure. Preliminary investigations show stronger
dependence on both current level and type of screen material used in experiment.

This would indicate that the source of molecules/ions possibly being readsorbed
after heating, is the screen. This dependence can be explained in terms of ion
bombardment of the NT cap, where the ions are liberated from the screen due

to the impinging electrons. When we used metal plate anodes or well thermally
outgassed thin phosphor coatings, that had been electron scrubbed for a long
time, we could not restore initial higher current levels after heating to 900, 1000

or 1100 Kelvin. We further investigated the FE instability during high partial
pressures (up to 10 mbar) of hydrogen, water and oxygen, all of them to be
expected in our chamber (or FED) background.

The samples were thermally annealed at 900-1500 Kelvin, before any gases
were introduced into the ultrahigh vacuum system through a leak vent. Thermal
annealing causes a reduction of both current level (up to a factor of 10) as well as

of current noise. Hydrogen or water exposure for periods of hours did not degrade
or improve the emission, Fig. 3.5(b) and (c). Nor could we secure a relation
between the partial pressure and the level of noise in these cases. That is if
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Figure 3.5: FE current vs. time as a function of high partial gas pressure, 10 mbar, of oxygen,
hydrogen and water at T= 300 Kelvin. Current scale 10 to 4 10 Ampere. (a) Oxygen
causes an irreversible damage by reactive ion etching. FE current is reduced by a factor 10. (b)
Hydrogen does not seem to a�ect the FE current stability on a time scale of hours. (c) Point 1,2
and 3: heating of �lament to 900, 1000 and 1100 Kelvin for 120 sec current reduction. H O
at 10 mbar (4) and 10 mbar (5) during 1 hour does not restore initial current of 2mA.

impinging gas molecules or ions are responsible for chemisorbed states, we should
be able to see a dependence on the ambient background pressure. Moreover we
were never able to restore the initial current of 2.2 A after heating to 900, 1000

and 1100 Kelvin, in Fig. 3.5(c), by introducing water vapour. Repeated trials
on several sample with shorter and longer ( hour) exposures of 10 , 10 and
10 mbar left us without success. Operation of nanotubes in 10 mbar of O

causes however a 10-fold irreversible degradation over a time of 1.5 hours. We
propose that this decrease be due to a reactive ion etching e�ect [9], where C-O
bonds are formed at the open NT cap.

Traditional one-, two- and four lobed patterns are commonly reported from

NTs in the literature [8], and we observe them as well. We will however here not
show any of these patterns but patterns of rather rare nature. They are obtained
during short periods of �lament heating and show �ve-fold �ne structure, Fig.

3.4(c), with lower intensity than before heating. In an adsorbate-tunnelling-
state model they could be interpreted as an adsorbate-free NT cap, where the
chemisorbed state is removed when given enough heat. We speculate that the
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remaining �ne structure of the �ve-fold spatial charge distribution, is a result of
pentagons introduced into a hexagonal C-bonding network of the NT cap. Such a

�ve-fold �ne structure has been theoretically calculated [10] from the NT cap. In
conclusion we have shown that the ambient gas phase pressure of both hydrogen
and H O has a negligible e�ect on the long-term stability of the FE currents

from SWNTs. Increased partial pressure of oxygen causes a degradation of the
FE, and this e�ect is ascribed to reactive ion etching in the vicinity of the open
NT cap. The temperature dependence indicates that adsorbates are present on

the as-introduced pristine NT cap and that these states can be removed during
heating. Re-adsorption does not seem to come from the ambient gas phase
but rather from the screen if not well thermally outgassed. The spatial charge

uctuations of the pristine NT cap reect the ion bombardment coming from the
screen, which probably displace adsorbed species around the NT cap. This work
was supported by NFP36 "Nanoscience" and TOP Nano 21 (ETH BoardKTI).
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The �eld emission (FE) properties of carbon �lms can be understood in
terms of local �eld enhancement (x,y), which can be determined with x,y-
scanning FE. (x,y) the spatial distribution of emitting sites, which can
be counted as f( ) exp(-k ). f( ) is connected with the presence of sharp
protruding objects, whiskers or nanotubes on the surface. Investigations
of the current-time (I-t) characteristics of �eld emission from single-walled
carbon nanotubes (SWNT) do not show any signi�cant dependence on
ambient partial pressures of hydrogen or water up to 10 mbar. Oxygen
however causes a substantial reduction of the FE current. Field emission
microscopy (FEM) during short-time nanotube annealing ( 1000 Kelvin)
reveals dim �ve-fold as well as six-fold feinstructures, which are believed to
be nanotube cap states. The nanotube cap states have a short life-time due
to impinging atoms/ions, that are adsorbed due to the high local electric
�eld at the cap ( 3000 V/ m), and create resonant tunnelling states. The
anode material is believed to be the main source of adsorbed species and
not the ambient gas phase.
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3.3.1 Introduction

3.3.2 Scanning FE in constant current mode and the f( )-

distribution

World wide e�orts to produce stable carbon based �eld emission sources are un-

derway since the middle of the last decade [1], and recently Samsung presented a
9-inch full colour �eld emission display (FED) based on carbon nanotube emit-
ters (CNT). The macroscopic low-�eld ( 1 V/ m) emission from carbon thin

�lms like diamond-like carbon, tetrahedral carbon and nanocrystalline diamond
is attributed to the presence of micro- and nano-scopic whiskers and �eld enhanc-
ing structures (FES). The FES amplify the applied electric �eld up to thousand

times at the emission site according to E = , where is called
the �eld enhancement factor. The macroscopic emission site density (ESD) and
current density (Acm ), can be controlled by tuning the structural properties

( ) and inter-FES distance [2]. The controlled deposition of carbon FES like
CNTs, in a gated structure is therefore a problem of uttermost technological im-
portance. From �eld emission microscope (FEM) investigations it is recognised

that emission does not occur homogeneously over the entire CNT cap but in a
time-variable ( s) lobed pattern, which reects the electronic structure, local
variation of the microscopic electric �eld and transmission probability [3,4]. In
order to commercialise a carbon-based cathode it is necessary to master the pro-

duction of FES in a controlled way, but also to understand the spatial current
uctuations at the emission site, since safe operation and long term stability of
a FED is connected to the short-term emission instability.

Microscopic (x,y) scanning FE was performed over 200 200 m using a Pt-Ir
tip of radius 1 m, at a typical anode-cathode distance of 5 m.

One can either record FE currents I(x,y) for a �xed voltage or the required

voltage V(x,y) for a �xed current, e.g. I = 50 nA/pixel (Const Current Mode).
V(x,y) is plotted as a function of tip position. It can be shown from electron
energy distributions (EED) [5], that the local �eld at the emission site E is

4000 V/ m (CNTs) for I = 50 nA. Since E = ( ), where
V is the applied bias and d is the tip-cathode separation, we can estimate the
local (x,y) according to:
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Figure 3.6: (a) The (x,y) map of a patterned CNT sample according to equation (1). The peaks
are correlated to the presence of nanotubes. (b) The peaks have been counted as a function of
the -factor (grey bars) in the FE-map (a) and �tted with the e�ective -distribution �( ).
The e�ective -distribution is calculated from the true distribution f( ) according to �( )=
A ( ) f( ), where A ( ) is the available emitting area corresponding to the probability of
detecting FES with . The low- cut-o� at 30-50 is due to the screening e�ect of
proximity CNTs.

( ) =
( )

(1)

The (x,y) map depicts the �eld enhancement landscape and is correlated to
the surface roughness and the presence of FES. (x,y) of a patterned CNT sample

is shown in Fig. 3.6(a). values below 50 are "screened" due to neighbouring
FES with larger value. The probability of detecting FES is thus a monotonic
increasing function of according to:

( ) 1 ( ) 1 (2)

The integral can be understood as the area occupied by emitters with �eld
enhancement . The e�ective -distribution �( ) = ( ) ( ), as calcu-

lated from the true -distribution f( ), can be �tted to the experimental values
in Fig. 3.6(b). It can be shown that f( ) can be �tted to experimental values
over 5 orders of magnitudes using scanning and integral FE techniques according
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Figure 3.7: (a) Spontaneous desorption of atoms/molecules from the CNT cap causes a signi�cant
current reduction. The initial current level is restored as impinging molecules, from the phosphor-
screen, are re-adsorbed ( 10-20 min). (b) Short thermal annealing ( 1 min) cleans the CNT cap
from adsorbed species. However the thermally cleaned Al-anode does not emit atoms/molecules
due to the electron scrubbing and re-adsorption does not take place.

to:

( ) = exp (3)

The functional dependence of f( ) is equivalent to the surface roughness
exp(-k ). This is an indirect proof of the correlation between the low-�eld

electron emission and the surface protrusion e�ect. k is a measure of the ESD
in constant voltage mode and k is connected with the structural order/disorder
of the carbon FES. By changing k , k , the FE properties of any surface can

thus be tuned. Engineering technological relevant FE cathodes is thus the story
of how to change/manipulate the fundamental equation (3).

The environmental stability was studied using a FEM with di�erent phosphor-
coated planar anodes ( 5 10 mbar). Commercially available single walled

CNTs were pasted to a tungsten heating �lament.

FE currents were recorded on the grounded anode as a function of temperature
and partial gas pressures of high purity oxygen, hydrogen and water. Typical
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Figure 3.8: FEM time-resolved sequence of CNT; spot-size 1cm. (a) t=0: Long-term stable
pattern at T= 300 Kelvin. Possibly the surface electronic structure of an adsorbed two-atom
con�guration on the NT cap. (b) t=39s: Short-term �lament heating (3 sec) at T=1600 Kelvin.
The stable atomic con�guration is disturbed and a two-atom molecule is formed and desorbed.
(c) t=42s: Resonant tunnelling state removed. Five-fold �ne structure of the clean CNT cap?
Not stable at T= 300 Kelvin (Intensity magn. 3). (d) t=74s: Spatial charge uctuations due
to sputtering. (e) After t=140s the resonant tunnelling state is re-established and stable (T=300
Kelvin).

potentials of 2000 Volts were applied over the variable 2 cm anode-cathode sep-

aration. Thermal annealing of the CNTs to 1000 Kelvin causes a reduction of
both current levels (up to a factor of 10) as well as of current noise. This is be-
lieved to be connected with desorption of atoms from the CNT caps, where the
atoms created resonant tunnelling states and enhanced tunnelling probability.

Outgassing phosphor-screens are believed to be the main source of adsorbing
molecules/atoms (if not carefully thermally cleaned), and re-adsorption takes
place on a time-scale of minutes. If however, a carefully cleaned Al anode is

used, re-adsorption does not take place, Fig. 3.7. We could not �nd a rela-
tion between the ambient background pressure and re-adsorption from the gas
phase. Hydrogen or H O exposure for periods of hours (up to 10 mbar) did not

degrade or improve the emission. Operation of nanotubes in 10 mbar of O
causes however a 10-fold irreversible degradation. The adsorbed species and the
resonant tunnelling states can be removed by short-term annealing. The clean

CNT cap reveals a �ve- and six-fold �ne-structure on the FEM, Fig. 3.8(c).
This work was supported by NFP36 "Nanoscience" and TOP Nano 21 (ETH
BoardKTI).
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Conclusions and outlook

Signi�cant progress in the understanding of the electron emission has been
achieved since the �rst reports on the low threshold electron �eld emission from

carbon thin �lms in the beginning of the last decade. It seems certain that
the low threshold electron emission from most thin �lm electron emitters can
be explained in terms of �eld enhancement from surface protrusions. Con-

trary to a single emitter, the emission properties of a thin �lm emitter requires
a statistical treatment, since the �eld enhancing structures exhibit a distribu-
tion with regard to the �eld enhancement. Therefore we introduced the �eld

enhancement distribution f( ) and measured it from the emitter density with a
phosphor screen and from �eld enhancement (x,y) maps as determined from
scanning anode �eld emission microscopy (SAFEM). In contrast to "threshold"

�elds, f( ) and (x,y) can be used to describe the emission properties of most
thin �lm emitters under a wide variety of experimental conditions. f( ) has in
general an exponential characteristic wherefore the �eld enhancing structures of

thin �lm emitters exhibit a low density in the high regime and a high density
in the low regime. It was shown that the �eld emitted current is reduced
due to electrostatic screening when the inter-emitter distance becomes compa-
rable with the typical size of the emitters. For emitters of one micron length

this indicates a maximum theoretical density on the order of 10 to 10 emitters
per cm . For f( ) distributions with a steep exponential slope one can there-
fore expect that the screening will induce a cut-o� in the f( ) characteristics

for low �eld enhancement. Theoretically f( ) should therefore take the form of
an asymmetrically shaped distribution. The state of the art emitter densities
are however too low to experimentally verify the predicted asymmetric shape

of f( ), where the e�ective �eld enhancement is con�ned to a narrow -range.
The narrower this range is, the more the structures will be mono-dispersive. It
was shown that improved mono-dispersivity will induce an equalization in the

electric "turn-on" �eld and hence a more homogeneous emitting site density for
the emitters of the emitter ensemble. It can thus be stated that an e�cient thin
�lm emitter should consist of �eld enhancing structures with mono-dispersive
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environmental stability

�eld enhancement factors. The homogeneity of the emission can be further im-
proved by the use of resistive layers. The substrate-emitter resistivity induces

deviations from the Fowler-Nordheim behavior and plays an important role for
the emitter degradation under high current stress.

Investigations of the of single carbon nanotubes (CNT)

in a �eld emission microscope (FEM) have indicated resonant tunneling states
on the CNT tip apex. It appears that gas species (atoms or molecules) coming
from the phosphor screen are responsible for these states. However more work

is needed to clarify the origin of the FEM patterns from CNTs.

The hopes for easy fabrication and good emission properties of thin �lm electron
emitters without surface protrusions was a strong incentive for the research in

this �eld. It turns out, however, that stringent, mainly geometrical requirements
have to be put upon the carbon cold cathodes. The hereby increased technolog-
ical complexity will be the next challenge in the vacuum microelectronic design.
This challenge depends for sure on the future progress in the �eld of controlled

growth of �eld enhancing structures such as nanotubes. This challenge is fur-
ther complicated by the fact that the carbon nanotube emitters will not only
have to compete in performance but also in production cost against standard

technologies.
In order to engineer new such cold cathodes it will be essential to examine the

emission properties as a function of the manufacturing parameters. The SAFEM

o�ers the perfect tool for such investigations.

The here presented measurements with the SAFEM can be improved in several
ways:

The lateral resolution can be enhanced by the use of a micron-sized outer

guard ring around the anode. This can serve as a focal lens for the potential
distribution between the anode and the cathode if a higher potential is
applied to the outer than the inner anode. The current is thereby only

measured on the inner anode.

The SAFEM can be used for automatisized characterization of single emis-
sion sites on a thin �lm emitter in a large number. Statistical evaluation
of a large number of sites with regard to single site emission stability and
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current-voltage characteristics can be advantageous to in order categorize
di�erent types of emitters. From these it should be possible to deduce the

�eld enhancement and compare with the as determined from the V(x,y)
maps.

The measurements with the FEM can be extended in several ways as well:

Theoretical FEM patterns can be simulated and compared to the exper-
imental results. Such comparisons may be used to elucidate the nature
of the FEM patterns and the resonant tunneling states in the case of

the adsorbed species. In order to �nd the relationship between the FEM
patterns and their energetic levels, FEM can be combined with �eld
emission spectroscopy.

Complementary �eld ion measurements on carbon nanotubes can serve as
a tool for the characterization of the cap geometry and can be used as

input for theoretical models for the simulation of FEM patterns.
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