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Abstract

Nanostructures with high aspect ratio, e.g. carbon nanotubes (CNT) and metallic
nanowires (NW), have opened attractive possibilities for development of high performance
cold field emission (FE) cathodes for vacuum electronics. CNT on porous alumina were
synthesized using ferrocene as a single source precursor in a chemical vapor deposition
(CVD) process. In order to influence the number density of CNT emitters and their anchoring,
the pore diameter of the alumina templates was varied between 20 and 200 nm. The field
emission performance of such CNT cathodes of some ten mm? size was integrally measured
in a spacer-free diode configuration with luminescent screen, and the current distribution has
been derived by means of developed image analysis software, which utilizes a calibration of
the light intensity as function of the current. A strong increase of the integral dc current
density has been found for pore diameters below 60 nm. The current distribution and
conversion results in maximum local values of 108 mA/cm” at 7 V/um (dc). In pulsed mode,
peak values of up to 0.2 A/ecm” at 11.5 V/um averaged over several mm” size have been
achieved with much improved luminescence and homogeneity of the emission which is, as
demonstrated, suitable for light source applications.

The high current carrying capability of the CNT emitters on porous alumina was
confirmed by local measurements with a field emission scanning microscope (FESM), which
provided Fowler-Nordheim-like (FN) currents of up to 19 pA from single emitters. FESM
voltage scans show high emitter number densities of up to 60000/cm” at E < 20 V/um. It was
found that both field enhancement factors (B) and emitter number densities are strongly
dependent on the CVD growth conditions. Moreover, sparse emitters with comparably low
average 3 ~ 300 are preferable for high current densities, rather than those which are densely
grown with  ~ 1100. Single CNT emitters on porous alumina have shown fluctuations, long-
term instabilities, and strong (~ 50%) current drift over some hours. Resolved in a ms time
scale the emission current reveal a switching between several electronic states, which is
caused by the adsorbates. Cathode processing at different pressures and currents results in
much improved current stability of + 10% as measured over 18 hours.

First experiments on copper NW with different geometrical properties,
electrochemically grown in the etched ion-tracked pores of polymers, resulted in an emission
site density of up to 1.4 X 10° cm™ at 6 V/um. Only 6% of the free-standing and vertically
aligned NW were strong emitters. Nearly all NW showed unstable FN behavior with a mean 3

value of ~ 250, which corresponds to a cylindrical emitters with sharp edges.
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Introduction

The first evidence of cold electron field emission (FE) from metal surfaces at high
electric fields was obtained at the beginning of the last century [1]. At first, in 1928 R.H.
Fowler and L.W. Nordheim (FN) [2] succeeded in its correct interpretation. They describe FE
as a quantum-mechanical tunnelling effect through a potential barrier at the metal — vacuum
boundary under the influence of an applied electric field. As calculated from the FN theory
electric fields of 2000 — 4000 V/um are required for FE from flat clean metal surfaces.
Experimentally FE occurred at much lower fields in the several V/um range [3.4,5]. This
enhanced field emission appeared locally in a certain spots of the metal surface, where
particles, defects or scratches were identified by means of the microscopic measurements
[6,7,8]. The classic FN theory was accordingly modified with the concept of local field
enhancement () [9]. Its applicability was proved in a number of experiments on metallic tips
[10,11]. The FE is seen as alternative to thermionic electron emission, with advantages such
as higher efficiency (cold) and brightness, faster turn-on times and compactness.

The discovery of the carbon nanotubes (CNT) in the year of 1991 [12] opened a new
epoch in the development of FE materials and caused the entry of many scientists into this
field. They were stimulated at first by the remarkable 1D effects predicted for their electronic
properties [13,14] and the subsequent unique applications [15,16,17]. The major
breakthrough, occurred in 1996 when Smalley et al. [18] synthesized bundles of aligned
single-wall CNT with a small diameter distribution, thereby making it possible to carry out
many sensitive experiments relevant to 1D quantum physics [19,20]. The versatile multi-wall
CNT (MWNT) were investigated as reinforcements in high performance composites [21] and
robust cold field emitter arrays [22]. They have been recognized as a very promising FE
structures due to their relatively simple production, chemical inertness and low operation
fields [23]. This initial success has triggered a worldwide effort to grow nanotubes with a
specified geometry and distribution over flat substrates. The great progress in this direction
was achieved by employing of Chemical Vapour Deposition (CVD) [24,25,26]. The simple
and cheap growth methods, such as one-stage metal-organic CVD with template (e.g. porous
alumina) controlled MWNT growth, could be commercially preferred [27]. In the past several
years there has been a rapidly growing interest in investigating other novel nanomaterials for
cold cathodes [28]. These include wide and narrow band-gap semiconductor and metallic
nanowires, which have best values close that reported for CNT [29].

The utilization of the advantages of CNT [30] for the FE applications is currently an
intensively developing field. Such cold cathodes should be implemented in light [31] and x-
ray sources [32], which are already developed as commercial prototypes [33,34], field
emission displays (FED) [35,36], multiple electron beam lithography [37], etc. Depending on
the application different requirements are demanded from the cathode materials. While
cathodes for x-ray tubes should provide high, stable currents up to ~ 1 A from cm? areas, the
FEDs require high densities of the emitters (n ~ 106/cm2), low operation fields (< 10 V/um)



2 Introduction

and uniform emission from up to 10° cm” areas over at least 10.000 hours at high vacuum
(HV) conditions (p ~ 10°® mbar). Therefore, an integral measurement system with the
luminescent screen (IMLS) was built at the University of Wuppertal for the tests of the above
mentioned parameters for up to 30 x 30 mm? size samples [38]. In this apparatus the integral
emission current, overview of the relative strength of emitters, their uniformity and stability
can be measured. For the investigation of the local FE parameters of cathode materials the
field emission scanning microscope (FESM) has been built within a conventional surface
analysis system (Escalab II) [7]. This device provides high (~ pm) spacial resolution for the
investigation of the FE properties and their direct correlation to the surface morphology and
chemical composition of emitters. The investigation of the samples both in IMLS and FESM
allows comprehensive study of the cold cathode materials.

The main goal of this work is the investigation of the usefulness of CNT and metallic
nanowires as cold cathodes, and their optimization for various applications. For this purpose,
the existing IMLS has been extended and improved. A power supply with PID regulated
voltage output has been employed for the hardware extension, which allows safe conditioning
of the cathodes at a constant current. In order to decrease the typical heat loads of some
W/cm? on the luminescent screen, thus reducing the discharge risk, a pulsed power regime has
been enabled for the same power supply. This makes higher peak current densities achievable,
than for dc operation. The image AnalySIS™ software automatizes the data processing and
helps in investigation of short- and long-term fluctuations of emitters, which are undesirable
in the devices. It is quite challenging to obtain information about the current distribution from
the IMLS images by attribution of light clusters to the localized emitters. The developing of
an algorithm for the conversion of the IMLS images into current maps, which utilizes a
calibration of the light intensity as function of the current has enabled a fast analysis of the
emitter strength. By means of these techniques for optimised MWNT on porous alumina,
record high current densities, excellent stability and homogeneity were achieved. This
material has been employed as a FE cathode in a light source demonstrator. The work was
carried out in close cooperation with the Technical University of Darmstadt, where the

investigated materials were fabricated.



1. Electron field emission from conductive nanostructures

The Fowler-Nordheim (FN) theory describes electron field emission (FE) from an
ideal metallic surface. For real conditions the FN theory should be modified by the local field
enhancement factor, which is applied for the investigation of the emission from novel
nanostructures. For densely packed emitters, a mutual shielding effect strongly decrease the
emission current from the sample surface. Gas atoms adsorbed on the samples lead to the
current fluctuations, which are not considered by the FN theory. The current carrying
capability and stability of nanostructure emitters are further influenced by the electron

transport properties, which might be ballistic in case of nanotubes.

1.1 Fowler-Nordheim emission from metallic surfaces

FE was first discovered by R. W. Wood in 1897 [1]. The theoretical study was started
by W. Schottky (1923), who tried to describe the FE by means of electrons thermally excited
over a potential barrier at a surface, the width of which is reduced by an applied electric field
[39]. Required fields of 10* V/um at room temperature for the emission initiation were up to

50 times higher than experimentally obtained values. The expected dependencies of the

emission current on the electric field (I ~ \/E ) and on temperature were, however, not
observed experimentally [40,41,42]. R. A. Millikan and C.C. Lauritsen [43] found that the
emission current depends exponentially on the applied potential, and in 1928 R. H. Fowler
and L. W. Nordheim developed a first correct theory of field emission based on quantum
mechanical tunneling of electrons through a surface barrier [2]. There the electrons in the
metal are described by the Sommerfeld free electron model with Fermi-Dirac statistics [44] at
temperature T = 0 K. The metal surface is taken to be planar, thus the surface electric field is
uniform. The potential barrier and schematic model of the FN emission are presented in Fig.

1.1.

Metal Vacuwum
Vacuum level

W, I AdD
o L o

v, 0

=
Fig. 1.1. Schematic illustration of the potential barrier at the metal-vacuum boundary and of the wave function

of the tunneling electron with binding energy W, below the fermi level W in the conduction band. A® is the

reduction of the work function ® due to image charge correction [38].
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The current density through the barrier is calculated by

o

j=e j n(W)D(W,E)dW (1.1)

0
where n is the incident flux of electrons with energy W, D is the tunneling probability for the

electric field E and e is the electron charge. The barrier is described by a function, which takes

into account the image forces, resulting in the rounding of the triangle barrier;

e’ e’E
V(z)=- —eBz, with AD(E) = ., =13.79-10%JE (1.2)
TE,

l6ng,z
where z is the coordinate perpendicular to the metal surface and g is the dielectric constant of

the vacuum. Then the classic FN formula is

3
AE? Bd2u(y)
2 Y i ——
Pt (y) E

JE) = (1.3)
with j(E) in A/cm?, E in MV/m, work function ® in eV, constants A = 154, B = 6830 and t(y)
and v(y) are the Nordheim functions, which depends on the relative reduction of the barrier
through the image charge
_AD _ (e’Eldneg,)"”
) )
They are tabulated and can be found in [45]. Often used estimations are tz(y) =1.1 and

(1.4)

V(y) = 0.95—y2, which are without image charge correction both are set equal to 1. The FN
current density behavior of materials with work functions in a range of 4 — 5 eV and the

influence of the image charge effects at high fields are presented in Fig. 1.2.

& 107 T T T T y T T T

e o=4¢eV -84 -

8

Q ——®=4.4¢eV (Cu)

<€ s ® = 4.6 eV (Graphite)

— 107 @ =4.9 eV (Carbon nanotubes) 3 -10 -
é‘ ——®=5eV

2]

S 10°- <« 124 ]
: !

- -14 1 B

C ~—

O 10'; =

= ®=4¢eV

> 164 FN for &= 4 eV without image charge

o \ ——®=44eV

S 103 g ®=46ev ]
B ——®=49eV

2 ®=5eV

g 10° T T T T -20 T T T T

L 3 4 5 6 7 8 0,0000 0,0001 0,0002 0,0003 0,0004 0,0005

_ 3
Electric field [10° MV/m] 1/E [m/MV]

Fig. 1.2. FN curves j(E) calculated for the work functions of important FE materials in a range of 4 — 5 eV (left)
and calculation of ln(J/Ez) on 1/E dependence with (solid lines) and without (dashed line) image charge

correction at high fields (right).

The exponential decrease of the tunneling probability with increased binding energy of
electrons and small probability of occupied states above the fermi level at temperatures below

500°C reveal the sharp energy distribution of tunneling electrons. Though the FN theory was



confirmed by a number of experiments, in general, it is very simplified. The Fermi-gas model
of free electrons, assumed atomic scale surface smoothness and the one particle
approximation, an inconsistency in combining of classic particles flow with quantum-
mechanical tunneling and 1D problem with a potential profile, which accounts only to image
forces are the major problems of the FN theory. In 1950s was predicted the deviation from FN
behavior at high fields and high current densities [46]. Ehrlich and Plummer in 1978 finally
shows the non-correspondence of the experimental current densities from microscopic tips to
that of predicted by FN-theory [47]. Later investigations reveal the presence of high- and low-

energy tails in the emitted electron spectrum [48].

1.2 Local field enhancement by nanostructures

The theory presented above is suitable for the description of clean and flat metal
surfaces. In experiments with real metal cathodes, however, the emission current appeared
already at fields < 100 V/um [3, 4]. Schottky suggested the local field enhancement caused by
surface roughnesses as an explanation [39]. Then it was established, that this enhanced field
emission appeared in certain spots on the metal surface and reveal FN behavior i.e. In(I/E?) is
proportional to 1/E. Therefore, the macroscopic field E in the FN equation (1.3) should be
modified with geometrically enhanced by a factor 3 microscopic value B-E. The modified FN
equation is

3

ASB’E? BO2

I(E) = exp| — BE

(1.5)

where S is the fit parameter, which might be interpreted as effective emitting surface through
which the emission current I flows. The  and S can be found by means of the slope of FN
plot, K = d(In(I/E?))/d(1/E), and ordinate crossing C (or its linear fit)

3/2
B= B® L S=— () .
K AR exp(C)

(1.6)

The slope is a function of both B and &, two inseparable parameters in classical field
emission. The model of the field enhancement was analytically and numerically applied to

different emitter geometries. It has been shown, that if the [ factors are computed as a

2r

b p=l4o (1.7)

r

Fig. 1.3. Field enhancement factor B of the conducting cylinder with half-sphere on the top.
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function of h/r, the ratio of their height h to a tip radius of curvature r, they can all be
characterized to a good approximation by the unifying expression (Fig. 1.3) [50], provided h/r
>5.

This simple model is often used for estimations of the field enhancement on structures
with a defined geometry and high aspect ratio. According to the above equations, the emission
current is strongly dependent on the following three factors: the work function of the emitting
surface, the radius of curvature of the emitter apex, and the effective emission area.
Microscopic tips of different geometries have been used in investigations of electron FE since
the 1950s [10,11]. However, the real breakthrough occured after the discovery of nanoscale
objects, such as carbon nanotubes and metallic nanowires, which reveal remarkable field
emission properties. Due to the wide field of potential applications they are currently of great
interest [12,28,51,52,53].

1.2.1 Carbon nanotubes (CNT)

Carbon nanotubes were discovered in 1991 by lijima [12]. They represent one of the
examples of novel nanostructures which have a simple chemical composition, but reveal the
great diversity of structure-property relations among all nanomaterials. The CNT has
cylindrical configuration and consists of one (single-wall nanotube (SWNT)) [18] or several
(multi-wall nanotube (MWNT)) [24] atom-thick graphite layers (also called graphene) and in
general has length up to few um and diameter up to 20 nm (Fig. 1.4) [54]. It is possible,

* - ‘l' i'l
- -. )
-I'I':" l'
'.'. i 'I"}i

o - Tl
-ll Wi o A g e

g R

= R R
I Lo
* .l-.i .'J
L/

Fig. 1.4. Models of SWNT(left) and MWNT(right) with corresponding TEM images, which resolve graphene
layers of nanotubes. Carbon-carbon distance is 1.421A. For a MWNT the different walls are obvious, they are
separated by 3.4 A.

however, to grow ultra-long CNT with lengths of up to 4 mm [55] or thicknesses up to 100
nm [56]. The structure of the CNT can be described by the chiral vector C;, which connects
two crystallographically equivalent sites on the 2D graphene sheets (Fig. 1.5(left)) [13].

C, =na, +ma, (1.8)



The construction of single walled nanotube (SWNT) depends on (n, m) which describes the
chiral vector Cy. In Fig. 1.5 the 0 - chiral angle between C;, and *“zig-zag” direction (6 = 0) is
shown. By the orientation of the carbon hexagons to the axis of the nanotube, in other words,
the method of rolling of graphite to a tube, they can be either a zig-zag (6 = 0), armchair (0 =
30°), or helical type (0 < 8 < 30°) (Fig. 1.5 (right)) [52].

2 (b) ~ -y (C) .

Fig. 1.5. Definition of the chiral vector C, (OA) by unit vectors a; and a, and the chiral angle 6 (left) [52]. Three

different nanotube structures are shown as examples for (a) an armchair type (6 = 300), (b) a zig-zag type (6 = 0),

and (c) a “chiral” type (0 < 0 <30°) nanotube.

Due to a symmetry and unique electronic structure of graphene, the structure of a
nanotube strongly affects its electrical properties. For a given (n, m) nanotube, if 2n + m = 3q
(where n, m and q are integers), then the nanotube is metallic; otherwise it is a semiconductor
(Fig. 1.6). The metallic nanotubes became models for single electron charging, weak
localization, ballistic transport and quantum interference. The semiconducting nanotubes are

used to be a part of nanoelectronics as transistors, logic and memory devices [57-60].

E‘Ixﬁ“mr/ : -
0.0 {ﬁ'{eo,- 30} f‘? 5,01 7(7. 01 (8,07 @016 0,01

[
( t“’fgﬁﬁm :*13*'“-541

]’12 27 ra 2 [.:-1 2j7is, /1:13 2717218, 2] {9 )

. - m A
U i arrnchalr {“"'? {HJ {53 ](6.3) I:T’-!i|tﬁ'ﬂ
. Ll o
E 4] {8437 (7. 417 (B.4)

{557 51 |ﬁ' i

T 8T, s;
0 : metal ®: semiconductor

Fig. 1.6. Possible vectors specified by the pairs of integers (n, m) for general carbon nanotubes including zig-zag,
armchair and chiral nanotubes [52].
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It has been established that nanotube ends are often closed with half-sphere fullerenes (e.g.
Ceo) [54]. Under normal conditions carbon tube ends close rapidly [52], which allows for an
estimation of the field enhancement on nanotubes using a conducting cylinder model. Due to
their high aspect ratio [61] the emission current appeared already at fields of some V/um [13].
The linear FN behavior has been observed for both SWNT and MWNT [62,63]. The work
function for MWNT is typically 4.9 £ 0.1 eV [64], which is slightly higher than that of
graphite (4.6 eV). However, the significantly reduced work function of 3.7 eV was observed
for SWNT [65].

Despite of the simplicity of formula (1.7) it correctly reflects the field enhancement on
CNT. In case of protrusions on the nanotube end or its opening, the behavior is more complex

(Fig. 1.4.). Some protrusions on the CNT end leads to an increased field enhancement [66],

which further decreases the onset field. Calculations of the field enhancement factors
_\\

...‘ '0.0 . 0"

S4b ¢ ) -O ‘

P K 4

(a) (b) (c) (d)
Fig. 1.7. Edge structures of the CNT (a) H attached (stabilized), (b) flat cut, (c) closed and (d) slant cut CNT.

LS,
\

=y

for hydrogen attached, flat, closed and slant cut SWNT (Fig. 1.4.) reveal the highest field
enhancement for (d) the slant cut configuration [67]. The extrapolations for the realistic 2 pm
long tube leads to the field enhancement factors of 1700, 1900, 2100, and 3300 for (a)-(d)
geometries in Fig. 1.7, respectively. Thus, for opened CNT the field enhancement should be

calculated using different relations as in formula (1.7) (Fig. 1.8).

it o |B P =g (1.9)

Fig. 1.8. Field enhancement for the open MWNT (schematic cross section) with the slant cut tip configuration.

Dashed lines show the graphene layers.

The thickness of the tube walls should be taken as r’ , instead of the radius of the MWNT. The

spacing between the graphene layers is essentially the same as the interplanar spacing in



graphite (~ 3.4 A), resulting for the e.g. twenty wall
CNT (& ~ 20 nm) the ' ~ 6.8 nm. The internal
spacing in the MWNT can be significantly higher
than r (Fig. 1.9)[68]. Thus, the field enhancement
for the opened MWNT is about a factor of 1.5
higher than for closed. An electron holography
measurement of the electric field distribution along
a field-emitting multiwall CNT [69] reveals that the

FE current concentrates precisely at the tip and not

: at the tube defects such as sidewall imperfections.
Fig. 1.9. HRTEM image of the MWNT [68].

The nanotube walls consist of 20 graphene

The measurement is consistent with the scenario
Jagers. that there is no potential drop along the micrometer-

long tube. Zheng et al. [70] made simulations of
emission from 1 pum long SWNT on tungsten calculating about 8000 atoms in the tip. The
electric field was well shielded for the bulk of the CNT, while penetrating the tip. The single
layer of carbon atoms shield the field for up to 10 V/um. The field which penetrates the tip
lowers the potential barrier and results in the deep potential well in the tip region where a
large amount of excess electrons reside. The lowering of barrier height leads to a significant
increase of emitting current, which might reveal a non-classic nature of the CNT FE
mechanism. Thus, the low threshold field for electron emission from the nanotubes can be the

result of both large field enhancement factor and a reduction of the work function.

1.2.2 Metallic nanowires

Metallic nanowires are another potential candidate for field emission applications [71,
72]. Typical examples of nanowires include metals such as Mo, W, Cu, Bi, Au, and their
oxides MoO,, WO, etc. which have high melting points, relatively low work function, high
electrical conductivity and robustness [71-75]. In addition, it is not trivial to produce metallic
CNT in a controlled way; therefore, the nanowires are considered to be important cold
cathode materials. They are straight, with diameters in the range from 30 to 330 nm and
lengths of up to 20 um. Since the conductive wires can enhance the external electric field due
to their geometry by several orders of magnitude as well as CNT, 3 modified FN theory can
be also applied to the metallic nanowires [73]. However the FE properties of nanowires were
investigated much less systematically in comparison to CNT. The measurements are
concentrated mainly on the I-V characteristics, threshold fields and current densities.

The h/r ratio does not show the field enhancement correctly, because in the majority of
cases the profiles of nanowires show non-spherical ends (Fig. 1.10). The field enhancement of
nanowires seems to be higher than in formula in Fig. 1.3 at least in factor 3, due to field
enhancement on the fine edge radius of the wires (Fig. 1.10) [73], similar to what is seen for

slant cut nanotubes.
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h
Do ~ T (1.10)

Fig. 1.10. Field enhancement factor 3 of a conducting nanowire with fine etched edges (schematic draw left)

and the SEM image of 100 nm thick slant cut Cu nanowire.

1.3 Mutual shielding effect

Groening [65], Nillson [76] and Bonard [77] found that closely packed emitter arrays
are not suitable configuration for the FE, due to mutual shielding (also screening) effect.
Electrostatic calculations of the field penetration between parallel standing tubes for different
intertube distances are shown in Fig. 1.11. The equipotential lines and thus the field
enhancement factor B are seen to be strongly affected as the inter-tube distance is decreased.
The optimum distance between neighbor 1 pm tubes in accordance with the experiment was 2
pm, where the emission was the strongest. It is worth nothing, that this effect is dominated by
the field penetration, which is determined by the relative height of the CNT compared to the
intertube distance. A variation in the tube tip apex changes the magnitude of the field

amplification, but does not significantly influence the optimum distance.
—_——— T ——

Fig. 1.11. Simulation of the equipotential lines of the electrostatic field for carbon nanotube emitters (adapted
from [36]).

The measurements show that the emission from densely packed CNT films is poor
because of reduction of the field enhancement factor due to the screening effect [78] when the
distance between CNT is sufficient to reach substantial local fields. The available emitter
number density, however, is sufficient for adequate emission currents. Depending on the
approach and requirements emission is always affected by the height of emitters and distance
between them. The experiments proved, that for the power applications field enhancement the
distance between neighbor emitters should be similar to their height (Fig. 1.12) [77, 79].
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Fig. 1.12. Experimentally measured dependence of the field enhancement on the CNT height (solid line), where

the inter-tube distance is 104 nm [79]. The dashed line shows the expected result without screening.

1.4 Adsorbate effects

Field emission is very sensitive to changes of the surface barrier due to the influence
of external atoms or molecules, which can be adsorbed onto the surface. Under real conditions
even at ultra high vacuum (UHV) pressures (10'9—10'10 mbar) after about one hour the atomic
monolayer should be taken into account [80]. At room temperature the ad- or desorption of
the atoms produce instabilities and reversible switching between electronic states [81,82]. At
first, such effects were explained by means of the changing of the work function through the
adsorbates [83, 84], which, however show some inconsistencies. The FN analysis is consist in
the determination of the parameters Bry and Spy at a given work function, which principally
can not be considered as real geometric parameters. For the tungsten with given work
function ®y = 4.5 eV, Py and Sgy for the real work function @ show the following

dependencies [85]:

3/2 3
() ()
BFN = Bgeo ((DTOJ ’ S FN = Sgeo eXp(AXp(aj s (1 . 10)

0
where Bgeo and S, are the parameters of the clean W emitter and AC is the change of the FN
axis crossing. Thus, the adsorption phenomena can greatly change the FN parameters.

Investigations of adsorbates on metal surfaces were first made by Duke and Alferieff
in 1967 [86], and then revised by Gadzuk [87], who investigated the influence of virtual
impurity to the total energy distribution of electrons (TED) in FEM. Resonance effects should
be observable as a structure in the TED of field-emitted electrons, reflecting the perturbed
energy levels of the adsorbed atom. The authors characterize the resonance tunneling by an

enhancement factor
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dj/dW

R(W) = — ,
dj, /AW

(1.11)

where djo/dW is the TED of emitted electrons, dj/dW is the TED in the presence of an atom.
The maximum of the enhancement factor for emission through the impurity can be very large,
falling within the range 1< R(W) < 10* [86].

The accepted theory is as follows: when an atom (molecule or cluster) is adsorbed
onto a metal surface the field emission barrier (Fig. 1.1) is augmented by a potential well with
a diameter about of adsorbed atom as displayed in Fig. 1.13. The electronic state of this atom
is characterized by a discrete level, which is broadened into a band and referred to as a local
density of states. If the energy of the tunneling electron lies within an energy level of the
atom, the electron can tunnel through the atom, get across the spatial domain of the atom
without decrease of the probability amplitude, and then tunnel through the narrower barrier as

schematically shown in Fig. 1.13.

T Metal Vacuum

¢ (

<

Fig. 1.13. Schematic model of resonance tunneling presented by Gadzuk [86], which describes the wave
function of the tunneling electron from band below W; under the influence of the adsorbate atom potential at the

distance d. y is the localized virtual impurity function.

The increase or decrease of the tunneling probability through adsorbates can be found
by the solution of the Schrodinger equation [88]. An increase of the FN emission is expected,
when the adsorbate states lay in the region near Fermi energy. If the adsorbates have no
constrained states or it is not in the conducting band of the metal the emission current will be
decreased [85].

Every surface under the normal atmospheric conditions is covered with adsorbates. In
FE e.g. from CNT the adsorbed atoms can lead to the high current instabilities or saturation of
the emission current [89], due to field and current-induced decrease in the tunneling
enhancement of the adsorbate states. External atoms (molecules) can be easily desorbed by

heating in high vacuum conditions, which, however, does not suppress the building up of the



13

adsorbate layers afterwards even at UHV, resulting in a reversible current—voltage
characteristics [89].

Adsorbing molecules have important consequences for the physical properties of
nanostructures. They might effectively lower the ionization potential (IP) and facilitate the
extraction of electrons. Such an experimental work was done at Motorola [90], where changes
in field-emission behavior of CNT in the presence of various gases were studied, i.e., O,, Ha,
and water vapor. While H, did not affect the field-emission behavior appreciably, adsorbed
water was found to significantly enhance the emission current. A high sensitivity of CNT to
O, adsorption was found, which allows one to use them as small chemical sensors with high
sensitivity at room temperature [91]. At high voltages, O, increase the onset field of the FE
and decrease the emission current permanently. This effect is related more to the etching of
the emitters. Modern material science concentrates primarily on the investigation of the
sensitivity of CNT [51] and metal oxide nanowires [92] to certain gases for detection of toxic,
pollution and combustion vapors.

A calculation made by Stan et al. allows one to predict the adsorption of arbitrary
gases within CNT or nanotube bundles [93]. Logically, small atoms and molecules (He, Ne,
H,) can be adsorbed within both interstitial channels and the tubes while large atoms and

molecules (Kr, Xe, CHy4, CF4) almost exclusively adsorbed within the tubes.

1.5 Electron transport properties and stability limitations

The study of the electrical transport properties of nanostructures is important for their
characterization, especially applying to electronic devices, and the investigation of unusual
transport phenomena in one-dimensional quantum effects. Important factors that determine
the transport properties of nanostructures are their diameter, material composition, surface
conditions, crystal quality, and crystallographic orientation along the tube/wire axis.
Electronic transport phenomena in low-dimensional systems can be roughly divided into two
categories: ballistic and diffusive transport. Ballistic transport phenomena occur when
electrons travel across the nanostructure without any scattering, then the nanotubes/wires have
lengths smaller than the carrier mean free path. In this case, the conduction is mainly
determined by the contacts between the nanowire and the external circuit, and the
conductance is quantized into an integral number of universal units Gy = 2¢*/h [94]. For
nanotubes/wires with lengths much larger than the carrier mean free path, the electrons (or
holes) undergo numerous scattering events when they travel along the tube/wire. In this case,
the transport is in the diffusive regime, and the conduction is dominated by carrier scattering
within the nanostructures due to phonons, boundary scattering, structural defects and
impurities.

For the ideal metallic SWNT conductance is 2Gy, due to two bands crossing the Fermi
level, which corresponds to a resistance of 6.5 k). The 2Gy may not be applicable for each

shell of the MWNT, moreover the interactions between nanotube walls can reduce the
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conductance [95]. The main problem is to contact all walls of a MWNT and not only the
outermost. The technique combining electrode formation and MWNT growth allows to form
a perfect electrical contact [96]. At a room temperature such pure MWNT have resistance of
some tens of ohm, and current carrying capability up to 7 mA at a bias voltage 0.25 V, which
corresponds to a current density of 10® A/em” and a dissipated power of 1.82 mW (Fig. 1.14).
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Fig. 1.14. (a) I-V characteristic curves of an as-grown single MWNT at room temperature and (b) its conduction

trace.

According to a simple heat transfer analysis, the temperature in the MWNT would be at least
several ten thousands K at such high current density if the thermal conductivity is assumed as
25 W/mK [97]. Such enormous power handling capability can be explained only by
quasiballistic conductive phenomena. The measured conductance is a factor of 3 higher for
each wall of MWNT, than maximum expected by SWNT (for 74 walls MWNT the
conductance was found 460Gy) [96]. Large current capabilities explained by the large
diameters of nanotubes and participation of inner walls. This multichannel conductance
increases with temperature growth. The impurities and high fields lead to high energy
consumption and destroy the ballistic transport, which results in current saturation [98].

Ballistic properties appeared also for ultra-short (< 0.5 nm) wires, whose length is
comparable to the Fermi wavelength (so called “quantum wires”) [99]. For long metallic
nanowires this effect has not been detected. For single-crystalline copper nanowires at room
temperature the resistivity is 10 times higher than for the bulk material [100]. This can be due
to contact resistance, scattering of electrons within the nanowire, which is also natural for
nanotubes, or oxidation. Since the metallic nanowires have a high surface to volume ratio,
they are vulnerable to oxidation especially when carrying high currents. The resistance
increases by 6 orders of magnitude for copper nanowires by exposure to aerial oxygen. A
similar effect was observed for molybdenum [101].

There are several effects in vacuum technique which reduce the stability and lifetime
of the emission or leads to the destruction of emitters. Vacuum breakdown is a catastrophic
phenomenon, where the insulating properties of the vacuum gap are spontaneously lost as the
result of an electrical discharge between the electrodes. It can be observed at fields < 10 V/um

and results complete change of the emission properties of the electrodes, sometimes building
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new structures on their surfaces [102]. The breakdown has several causes. In 1960s it had
been recognized that spot on the anode can be heated up by the bombardment of the electrons.
After reaching critical value of the e-beam the anode material evaporates, causing what is
known as “anode-initiated” breakdown between electrodes. In the case of cathode spot
thermal instability, the breakdown called “cathode initiated” [103]. More recent analysis
reveal that in interelectrode gap generate plasma and in analysis should be included effects
related to ion bombardment, ion desorption and surface diffusion of contaminants [103].

The major technical challenge is to achieve high emission current density (up to
ampere per cm?) from nanostructures. CNT operating at such a current level are often unstable
and may experience a vacuum breakdown, which is often catastrophic and can lead to the
malfunction of devices. So far, there is not a clear understanding of the physical mechanism
responsible for initiating such a breakdown. Bonard et al. [104] attributed the evaporation of a
MWNT to a resistive heating at the contact to substrate. The failure occurred at applied fields
and currents below 4 V/nm and < 10 pA. It was found that MWNT are heated up to 2000 K
during FE for currents 2 uA [105] and the emitting CNT will involve a self-heating process
[106-108]. This may result in subliming and melting of emitting structures and ultimately
causes a cathode-initiated vacuum breakdown process. Pressure effects such as bombardment
of emitters by ions of gas at high pressures ~ 10™ mbar can reduce the quality of emitters, thus
causing reduction of the emission current. Breakdown can occur at these pressures also by
ionization of desorbed atoms from the emitter surface. SWNT ends of nanotubes can be field

evaporated in a highly controllable manner during field emission without catastrophic arcing

[106]. Experiments have demonstrated a substantial thermal contribution to the field-

».
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Fig. 1.15. Permanent deformation of the CNT after field emission [56]. The CNT is shown (a) before field
emission, (b) after field emission. This SEM image was taken after the electric field was removed. The nanotube

stayed in the straight shape. The inset to the right-hand side of each image is an enlarged look at the nanotube.
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evaporation process resulting from current-induced heating of the nanotube end. Their tip
temperature during field evaporation is approximately 1600 K, resulting in a current limit for
an individual SWNT. CNT protruding from a substrate can be flexed, bent, and reoriented by
an electric field (Fig. 1.15) [109]. For moderate electric fields, the flexing and re-orienting is
reversible, but under high-field conditions sufficient to extract large field emission currents,

the nanotube remains irreversibly deformed even after the electric field is removed.

Fig. 1.16. Pull out of the CNT. The SEM micrographs of
a CNT at (a) 0-, (b) 2-, (c) 4-V applied voltage before
and (d) after destruction of the tube [104].

High electrostatic forces can pull out CNT, if they are not well fixed to the surface
(Fig. 1.16) [104]. Nanotubes that field emitted at a high current for long times were shortened
(Fig. 1.17(left)), indicating a lifetime-limiting mechanism for vacuum microelectronic devices
[109]. Wang et al. [110] suggested the instability in emission current can be caused by
structural damage during emission (Fig. 1.17(right)).
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Fig. 1.17. (Left) shortening of the CNT after field emission [56]. The CNT length was decreased by 10% over 30
min. (Right) the “splitting” process in structural damage of CNT. Series of TEM images (a) - (d) show the
damage of CNT during FE, (e) CNT which is experiencing a splitting of its outer layers [110].

They observed splitting of the nanotubes segment-by-segment, due to electrostatic forces
acting on the tip. The second process in [110] involves the burning of nanotubes layer-by-

layer (thus sharpening) due to local temperature created by the emission current.
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2. Fabrication of nanostructures on planar cathodes

The unique field enhancement properties of nanostructures makes them very attractive
for cold cathode applications. However, their controlled fabrication requires a clear
understanding of growth models. For the mass fabrication of CNT the catalytic chemical
vapour deposition (CCVD) process is preferable. Theoretical modelling of CNT formation
shows its dependence on the properties of the catalyst precursors and the growth temperature.
For applications the simple structuring of wafers is required. This chapter focuses on the
metal-organic CVD (MOCVD) method for CNT growth on porous alumina resulting in a
MWNT spread over the surface. Additionally, the compact CNT grown with microwave CVD
(MWCVD) on Si with preformed catalyst patches were investigated. Since the production of
CNT with given dimensions is hard, the polymer etching method for the fabrication of

metallic nanowires will be also presented.

2.1 Bottom-up growth of CNT

There are two general ways available for the production of nanomaterials. The first
way is to start with a bulk material and then break it into smaller pieces using mechanical,
chemical or other form of energy (top-down strategy). An opposite approach is to synthesize
the material from atomic or molecular species via chemical reactions, allowing for the
precursor particles to grow in size (bottom-up strategy). Among various methods of CNT
growth, such as arc discharge [111], laser ablation [18] and solar heating [112], the CCVD
currently plays the key role [113]. Its main advantage is the reproducibility of grown CNT.
Moreover, it allows to effectively produce CNT (especially MWNT) in large scales and with
different morphologies [114,115]. CCVD consists in activating a catalysed chemical reaction
between the substrate surface and a gaseous precursor, which can be achieved either by
heating (Thermal CVD) [25], ionisation (Plasma Enhanced CVD) [26] or irradiation
(Microwave CVD) [63]. As a carbon source hydrocarbon gases (methane, propylene etc.) are
often used, and as a catalysts, typically, transition-metals (iron, cobalt, nickel, chromium, or
alloys). At high temperatures, carbon has finite solubility in these metals, thus resulting in the
formation of carbon-metal solutions. Both catalyst and carbon source can be combined in one
compound e.g. metallocene precursor for MOCVD [68]. The general CNT growth mechanism
can be described by the vapor-liquid-solid model (VLS) [116] and involves the dissociation of
hydrocarbon molecules or carbon rich gases catalyzed by the transition metal clusters
(typically 1-100 nm in diameter) and dissolution and saturation of carbon atoms in the metal
particle (Fig. 2.1). When the metal-carbide clusters are supersaturated in carbon, carbon

islands precipitate on the cluster surface and nucleate CNT. Two general nanotube growth



18 2. Fabrication of nanostructures on planar cathodes
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Fig. 2.1 Two general growth modes of nanotubes in CCVD. Left diagram: base growth mode and HRTEM
image of the SWNT grown from discrete ~2 nm Fe,O; nanoparticle (scale bars: 10 nm) [51]. Right diagram: tip
growth mode and SEM image of CNT with catalytic (Ni) particles on the tip [117].

modes are presented in Fig. 2.1. With large catalyst particles (or in the absence of any
substrate) the CNT generally follows a “tip growth” scheme, i. e. the catalyst will move
forward while the rejected carbon form the nanotube behind, whether there is a substrate or
not. In this case, chances are high that one end is open [99]. Alternatively, when catalyst
particles deposited onto a substrate are small enough (nanoparticles) to be refrained to move
by the interaction forces from the substrate, the growth mechanism will follow a “base
growth” scheme, i. e. the carbon nanotube grows away from the surface leaving the catalyst
nanoparticle attached to the substrate. The precipitation of carbon leads to the formation of the
tubular sp2 structure. Tubule formation is favored over other forms of carbon such as graphitic
sheets with open edges. This is due to the fact that a tube contains no dangling bonds and

therefore is in a low energy form [118].

2.1.1 Growth models

Under vacuum conditions the size of the catalyst clusters and the growth temperature
are the parameters which determine the diameter and quality of nanotubes. During the thermal
process the metal catalysts form clusters on the surface, providing future seeds for CNT
growth. These metal clusters have two main functions in the VLS model. They act as a
catalyst to form reactive carbon species from the gas phase and as a solvent for these species
[119, 120]. Thus, the partial melting of catalyst nanosize particles is very important for CNT
growth. Although the VLS model provides a simple explanation of the essence of the CNT
growth, it does not include atomistic details, such as the mechanism of graphitic cap

nucleation on the cluster surface, how the open end of the nanotube is maintained during the
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growth, how the defects, that may occur in the CNT structure are healed, and what determines
the diameter and chirality of the CNT.

Molecular dynamic studies have provided deeper understanding of catalyzed CNT
growth. At temperatures significantly below the melting point surface atoms can already
move from their lattice positions resulting in cluster asymmetry and surface melting [121]. All
developed models for the description of metal nanoparticles predict that their melting point
depends inversely on their diameter, thus a linear decrease with N3 [122], where N is the
number of metal atoms in a cluster. This has been validated experimentally [123-125]. The
reduction of the melting point of 5 (10) nm clusters is ~ 10 (5) %, as compared to bulk
material. Moreover the introduction of carbon into the metal clusters lowers their melting
points further by 9 (4) % for the 5 (10) nm clusters [122]. This suggest that up to 1200 K
(typical for CCVD) iron-carbide clusters should not be completely molten and CNT growth
occurs when the surface layer becomes supersaturated in carbon.

Simulations made by F. Ding et al. [126] by means of the potential energy surface
model show that SWNT growth on iron particles originate in several steps (Fig. 2.2):

e (Carbon atoms dissolve in the catalyst particle until supersaturation, and then
precipitate on the cluster surface. Small carbon strings and polygons nucleate on
the particle surface,

e The strings and polygons grow into small carbon islands, typically one of the
islands lifts off the surface to form a carbon cap while the other, smaller islands
remain on the surface,

e The smaller islands dissolve back into the cluster and the cap increases in the
diameter and length to form SWNT.
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Fig. 2.2. Simulation of the nucleation and growth process of SWNT on the surface of an Fe-C cluster at 1000 K.
The Fe atoms are shown as big spheres and carbon atoms as green compound. The red atoms build up a carbon
island, grey atoms joined inside the nanotube due to defects. The top graph shows the carbon quantity in the

cluster during growth [126].
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CNT nucleation sites grow on the surface only when the cluster is supersaturated in carbon
(Fig. 2.2). As soon as they are formed, large islands reduce the C concentration. After the
formation of the cap the carbon in the cluster remains constant at the saturation level. This
means only one SWNT can grow from a cluster, since the formation of new islands is not
possible. Moreover no temperature gradient is required for CNT growth. Edges of growing
SWNT attract further carbon, which results in the nanotube growth. One should notice that
CNT formation and growth is incredibly fast i.e. it can reach a speed of 11 um/s. The growth
mechanism does not depend on the cluster size. The CNT size, on the other hand, does.
Experimental works proves that the diameters of both SWNT and MWNT are equal to
the metal cluster sizes. It has been shown that the smallest diameter of catalytically grown

SWNT is ~ 0.6 nm [127], which corresponds to a cluster size of ~ 20 atoms. The relationship

between the SWNT and cluster diameter is shown in Fig. 2.3 (right). Except for Fe;o and Fe;s,
the diameters of the cluster and SWNT are similar [126].

Fig. 2.3. (Top) simulated influence of the Fe cluster size

on SWNT growth (a-f respectively). Big spheres are the
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As shown in Fig. 2.3 (top) the CNT grown from 10 and 15 atom clusters have many defects,
while those from clusters larger than 20 atoms, have a tubular structure and few edge bonds.
The non-ideal structure of the simulated CNT in comparison to experimental ones can be
explained by the following:

e The longer experimental times allow CNT annealing during growth,

e The lower carbon source gas pressure leads to slower C precipitation, thus healing

of defects,

e Healing of defects itself was not correctly included to the simulation.

However, this does not affect the growth mechanism and dependence of SWNT structure on

the cluster sizes, which are described correctly.
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Klinke et al. [128] have developed a thermodynamic model of MWNT growth, which
allows one to predict their growth rate on basis of a finite element method. The calculations of
the heat distribution and carbon concentration in the catalyst show highly temperature
dependent MWNT growth due to an increase of the diffusion coefficient with temperature.
The lower limit for the MWNT formation is 500°C, when carbon starts to diffuse into the bulk
iron. Well-defined MWNT growth occurred at 500 — 850°C. At higher temperatures carbon
atoms adsorb on the CNT walls and reduce or stop the CNT growth rate. Oversupply of
carbon or increase of pressure can also stop the process, due to the formation of iron carbide,
which has a very low diffusion coefficient. The reduction of pressure or etching in H, can
extend the CNT growth. The model also reflects the finding, that the growth rate (Vgrowth),
diameter (dcnt), density and crystallinity of CNT can be controlled with the growth
temperature [129]. According to experimental data the growth time of CNT 1S tgrowth < lonT
(Iength) and the Vgown o 1/dent, which can be adjusted for larger dent by a higher
temperature (Fig. 2.4) [128].
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Fig. 2.4. Calculated growth rate as a function of deposition temperature (500-700°C) and nanotube diameter (5-

35 in 5 nm increments) [128].

2.1.2 Random CNT on porous alumina by MOCVD

Among the various methods of CNT growth MOCVD deserves the most attention. Its
main advantages are simplicity and low expense. In this work, robust MWNT emitters for
devices have been directly grown on porous alumina by one-step catalytic CVD from
metallocene precursors, which results in well-anchored CNT randomly distributed over the
sample surface [68]. The samples were obtained from the group of Prof. Dr. J.-J. Schneider at
the Technical University of Darmstadt. The three zone CVD furnace in the MOCVD reactor
for the CNT growth with gas supplies is illustrated in Fig. 2.5, and is described in the thesis
work of Dr. J. Engstler [68].
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Fig. 2.5. Schematic illustration of the (a) CVD-furnace used for the synthesis of CNT on alumina membranes

and (b) simulation of the temperature profile within the reaction tube during CNT synthesis.

Mesoporous Al,O3 (alumina) was used as a template for CNT growth. Its porous
structure increases the mechanical stability of the nanotubes by fixing them on the pore walls.
The templates for the present work were obtained from Whatman (Anodisc® 25) [130] or
made by anodic oxidation of aluminum at constant voltage [68], resulting in
electrochemically etched porous alumina membranes (EPAM). They consist of hexagonal
cells with the cylindrical pore in the center, normal to the template surface. The pore diameter
and thickness of the membrane was constant for commercial Anodisc® membranes (200 nm
diameter and 60 um thickness). For the self-developed EPAM process these parameters
varied in the range of 16 - 200 nm (pore diameter), 60 — 200 um (thickness). The main
disadvantage of these material is its brittleness. At the slightest mechanical stress the
membranes easily broke into several pieces, which made it impossible to cut the samples with
specified configurations.

In order to achieve sparse CNT growth with less screening effect the membrane
surface was partially closed with additional Al,O3 as suggested by results of B. Giinther [38]
(Fig. 2.6(middle)). In this way prepared membranes were introduced into the CVD reactor
where the final CNT growth occurred (Fig. 2.6(bottom)). The one step process of CNT
growth requires a special precursor which contains both catalyst and carbon source. As
precursors metallocenes (ferrocene, nickelocene, cobaltocene, chromocene and Fe-Co-S

complex) were used, which combine the above mentioned advantage. In the first zone
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Fig. 2.6. Schematic model of the CNT growth and SEM images of the porous alumina which corresponds to
each step of CNT growth. On the stage (a) the native membrane is shown, (b) represents the membrane surface

covered with alumina particles, (c) shows the membrane after the MOCVD process with grown nanotube layer.

of the CVD furnace the metalorganic precursor sublimates at about 300 — 350°C and in flow
of the inert gas (Ar) transferred to the template in zone 3. There the growth of CNT occurred
at about 750 — 850°C. The mass flow conditions of precursor and carrier gases and the
temperature distributions in geometrically varied CVD reactors were systematically simulated
by the commercial CFD code FLUENT, solving the transport equations with temperature
dependent transport coefficients from Prof. Dr. O. Deutschmann at the University of
Karlsruhe. Uniform temperature distributions were established at the substrates, but
stagnation flow was not achievable. Moreover, asymmetric flow was obtained in the case of
the usual gas outlets which was confirmed by the CNT distribution found on samples (Fig.
2.5). One should note, that the porous alumina shrink due to heating in the CVD reactor, thus
the substrates were always non-flat. In general they have a wavy surface with up to a few mm
height difference, which in combination with extreme brittleness creates difficulties for their
investigation.

The resulting membranes were visually black after the CVD process. Investigation of
the samples show that the surface is covered with a layer of MWNT and alumina particles.
The SEM images of the Anodisc® (Fig. 2.7 (left)) reveal, that CNT originate from the pores
and have a visual length of much less then um. Probably some of them grow perpendicular to

the membrane and have a greater length. However, no such long nanotubes were found in the
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layer. The CNT grown on the EPAM have up to some um length and grow apart the surface

often fixed to the alumina clusters (Fig. 2.7 (right)).
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Fig. 2.7. SEM images of the porous alumina surface after the MOCVD process with the equal resolution. Left
image shows the Anodisc® surface (pore diameter 200 nm), carbon nanotubes are about 100 nm long. In the

right image EPAM surface is presented (pore diameter ~ 55 nm) with ~ 2 pm long CNT growing on the surface.

Energy dispersive x-ray spectroscopy (EDX), with iron as the scanned element, was
made for ferrocene grown nanotube samples. For both Anodisc® and EPAM no correlation
between the catalyst and grown nanotubes, in both fast and slow scans, was observed (Fig.
2.8). However, obviously iron form the ring structures of ~ 200 nm size on the Anodisc®

surface which represents the catalyst particles in the pore walls (Fig. 2.8 (left)).
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Fig. 2.8. SEM images of Anodisc® (left) and EPAM (right) surface with imposed corresponding EDX maps.
White points mark the Fe particles.

2.1.3 CNT patches on Si by MWCVD

Another approach of cold cathode manufacturing is the selective growth of CNT by
means of lithographic patterning of catalyst on substrates. For this purpose, especially for the
growth of aligned CNT, a modification of the method of gas-phase deposition of carbon

films—activation by a pulsed microwave discharge (MWCVD) has been developed [131,
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132]. In the regime of pulsed plasma excitation, during the time intervals between the pulses,
the radicals and ions recombine with a characteristic time on the order of a few milliseconds.
The difference between the recombination rates for different plasma components responsible
for the growth or etching of different carbon phases allows one to shift the deposition process
toward the production of films with the desired characteristics.

The CNT samples for the FE measurements were obtained from the group of Dr. N. V.
Suetin at Moscow State University (Russia). The Si (100) substrates were covered first with a
100 nm Ti barrier diffusion layer by means of magnetron sputtering and then with 10 nm
thick Ni catalyst patches 3.3 um in diameter. They form squares with the dimensions of 500 x
500 umz. A 6-kW microwave power, generated at a frequency of 2.45 GHz, was supplied
through matching elements and a waveguide to the CVD reactor. The discharge was ignited in
the center of the vacuum chamber in the antinode of the microwave electric field. The
chamber design ensured that the microwave energy was focused in the region above the
substrate holder so that the discharge plasma was in the immediate vicinity of the substrate
[133].

As result the surface with the catalyst was covered with a some pum thick nanotube
layer (Fig. 2.9). Non-aligned CNT of a few um length and less than 100 nm in diameter could

be identified on the surface.
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Fig. 2.9. SEM images of the 500 x 500 um” squares covered with the CNT layer (left). The scratched area shows
the form of the Ni patches (top left). The resulting CNT on the sample surface can be seen in the enlarged SEM
image (right).

2.2 Metallic nanowires in polymer ion-track templates

For the fabrication of metallic nanowires various methods have been developed: CVD,
physical vapour deposition (PVD), direct heating and electrochemical deposition [71,73,134,
,135]. In this work polymeric ion track membranes were used for nanowire fabrication with
diameters between 30 - 500 nm and aspect ratios of up to 500 [73]. Copper was chosen as a
material for deposition due to well-known properties and high conductivity [136]. The
formation of Cu nanowires was made in the group of Dr. H. FueB at the Technical University

of Darmstadt. The full procedure consists of several steps (Fig. 2.10) [137].
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Fig. 2.10. Scheme of the Cu nanowires cathode fabrication: (a) irradiation of the polymer foil by swift heavy
ions, (b) chemical etching of ion tracks, (c) deposition of the metallic layer, (d) filling of the pores with Cu, (e)

dissolution of the membrane and SEM images of (f) the irradiated foil and (g) resulting nanowires.

Polycarbonate foils (MAKROFOL, Bayer Leverkusen; thickness: 30 um) were irradiated at
the UNILAC facility of the “Gesellschaft fiir Schwerionenforschung” with highly charged
ions (23 8U) with energies of some tens MeV/nucleon (Fig. 2.10(a, f)) with fluences 10° - 10°
jons/cm’ resulting in randomly distributed ion tracks of some nm in diameter over the
membrane. The by ions damaged material was removed by the chemical etching (Fig.
2.10(b)). To enhance etching along the irradiation tracks instead of an undesired etching of
the bulk material each side of the foils was exposed to UV light prior etching. Preferred
etching along the irradiation tracks results in cylindrical-shaped pores which depends linearly
on the etching time. Electrochemical deposition was accomplished in a two-compartment cell,
in which each side of the template could be etched and deposited without removing the foil.
After that a thin Au film was sputtered to one side of the template to provide an electric
conductive cathode layer and establish mechanical stabilisation (Fig. 2.10(c)). The electrolyte
was filled into the compartment two to three hours before deposition and held at 50°C, thus
diffusing into the pores and reaching an energetic equilibrium. The further filling of produced
pores were performed at 50°C. The height of the grown wires (Fig. 2.10(d)) can also be

determined by Faraday’s law
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_4M ¢
Fzpr d*A f
A 18 the effective area of deposition (Aegr = 0.5 cm?) and f is the fluence of the irradiation, d

2.1

is the diameter of the nanowires, M is the molar mass of the deposited element (Mc, = 63.55
g-mol'l), F is the Faraday constant (F = 96485 C/mol), z is the valence of the deposited
element (zc, = 2), p is the density of the deposited element (pc, = 8.92 g/cm3), g the
transferred charge and d the diameter of the deposition area (d = 0.8 cm). Internal control of
the height of the grown wires stops the deposition, when a certain predetermined height
reached. The last step (Fig. 2.10(e)) is the releasing of the
grown nanowires to a self-standing vertically aligned
array. The polycarbonate template was dissolved in polar
organic solvents, resulting in free standing Cu nanowires
on the mechanically stable cathode layer (Fig. 2.10(g))
with aspect height determined by formula (2.1). Thus, d
and f have to be determined prior to the deposition. Both

single and poly crystalline properties were observed for

the resulting nanowires, depending on their size. For the
Fig. 2.11. TEM image of the single thinnest 30 nm x-ray diffraction (XRD) measurements
crystal Cu nanowire with a thickness of shows that most of the observed structures were single
~ 40 nm. crystals (Fig. 2.11).

One of the advantages of nanowires over CNT is that they may be grown into different
morphological structures, which can be useful for low-field emission. This may be seen in

Fig. 2.12, where Cu nanowires of different shape are shown. In particular, the tower shaped

Fig. 2.12. SEM images of the aligned (left), bundles (center) and tower like conglomerates (right) of Cu

nanowires.
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3. Experimental techniques for field emission and surface analysis

The integral measurement system with luminescent screen (IMLS) was built at the
University of Wuppertal for the investigation of FE parameters of centimeter scale cold
cathodes [38]. For an improvement of the emission current stability and an increase of the
current carrying capability, which are required for optimization of these cathodes, the IMLS
was extended with a power supply with proportional-integral-derivative (PID) regulation and
pulsed operation modus. The uniformity of the emitter distribution was obtained and
investigated with the software package AnalySIS®, which facilitates online data acquisition
and processing. On the basis of the IMLS images, an algorithm for their conversion into
current maps was developed. In order to pursue spatially resolved FE measurements, a field
emission scanning microscope (FESM) was used, which had been constructed and extended
in the context of several thesis works [7, 8, 85]. In the present work it was mainly used for
local investigations of the emitter stability. The correlation between FE results and surface

morphology was made by means of SEM and profilometer investigations.

3.1 Integral measurement system with luminescent screen (IMLS)

3.1.1 Layout of the system

The IMLS (Fig. 3.1) provides the integral current/voltage curves of cold FE cathodes,
as well as information about the number density, uniformity and stability of the emitters up to
high field levels [10]. By means of a fore- and turbomolecular pump (Hastings PM043), a
base pressure of about 107 mbar is usually reached in the 15 cm diameter chamber after some
hours. The IMLS avoids a central spacer, allowing an in-situ variation of the electrode
spacing, and provides best pressure control at the sample, thus reducing the discharge
problem, which is caused by gas desorption. The whole assembly allows for direct access and
sample installation into the chamber. Ten isolated electrodes inside the chamber serve for the
connection of additional extraction electrodes and/or a heating station with built-in
temperature sensors. The stepper motor (Newport UI31PP) is mounted on a rotatable
feedthrough and enables a controlled in-situ variation of the electrode spacing of up to 25
mm. It allows the movement of the sample holder in steps of 0.1 um. The minimum distance
is given either by the unflatness of the sample or by the parallax error, which can be reduced
during the assembly to about 10 pm over the maximum cathode size of 30 mm square by
means of a tilting system. The luminescent screen [139], which consists of a glass plate with a
special phosphor (doped ZnS) layer, can be removed for the electrode parallelism control. For
the usual electrode spacing of between 100 and 400 um and high voltages of up to 5 kV,
electric fields up to 50 V/um can be obtained with a maximum error of + 10%. Images of the
emitter distribution are made through the window and a lens, required for the compensation of

the small focusing distance, by means of a coupled-charge device (CCD) camera, resulting in
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a maximum lateral resolution of 20 um. A needle valve allows to vary the vacuum pressure
and gas species. For the fast pressure decrease after the long-time opening of the chamber the
heating wires and the thermoregulation system (Horst GmbH) is installed, which allows to
heat up the chamber up to about 100°C (limited by the rubber seals).

CCD camera
Addtional lers G
sarmgle T titable
Umninesoent screen

teflon- spacer
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I

Z- stepper motor

QMS  needie valve
(gas inlet)

Fig. 3.1. Schematic of the integral measurement system with luminescent screen (IMLS) and a the top view into

the vacuum chamber of the IMLS, showing the luminescent screen.

Electronically the IMLS is a diode configuration where positive voltage is usually
applied to the luminescent screen and the emission current is measured between the sample
holder and ground potential (Fig. 3.2). The reversed implementation of the negative voltage to
the sample and measurement of the current of different polarity between the luminescent

screen and ground is also possible.
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Fig. 3.2. Block diagram of the electric circuits of the IMLS with supply connections (full), analog (dashed) and
digital control lines (dotted).



30 3. Experimental techniques for field emission and surface analysis

Two power supplies can be chosen: a) a manually or analog controlled source for up to 12.5
kV and 25 mA dc output, or b), a remote controlled source for up to 5 kV and 50 mA, which
have positive dc or pulsed output with 2 ms full height rise time and can be triggered by a
pulse generator or through a digital IEEE — 488 (GPIB) interface. The current is measured a)
either by a solid-state electrometer (Keithley 610C) which provides pA/mA resolution within
s/ms, or b) a Keithley 6485E for up to a rate of 1 kHz. The distance between the electrodes
can be adjusted with 0.1 um precision by the stepper motor and the motion controller
(Microcontrole TL78), which is also digitally addressable. The emitter distribution, as imaged
by the cathodoluminescent screen and CCD camera (Nikon Coolpix 950) can be either taken
as single shot with high resolution (1600 x 1200 pixel), or online observed and recorded by a
videorecorder and framegrabber (Matrox meteor II) with medium resolution (768 x 576 pixel
composite video). Real-time data processing and saving with a frequency of 10 Hz is possible
by means of the AnalySIS® software package. All signals are displayed as real-time curves
(e.g. I(t), I(U) etc.) on a PC and stored for further data analysis either through an analog-to-
digital converter (ADC) for the Keithley 610C, or through GPIB for the Keithley 6485/E. A
quadrupole mass spectrometer (QMG 112) serves for additional control of luminescent layer
evaporation with a sensitivity limit of 5 x 10" mbar (e. g. for S and C).

3.1.2 Processing of samples and electrode spacing calibration

The IMLS is very attractive for the initial conditioning of cm’ size samples. The
processing at constant voltage (Fig. 3.3 (left)) usually results in the decrease of the emission
current. However, sometimes a self-activation of the emission current was observed during
conditioning, due to onset of the emitters (see Chapter 4), which often resulted in discharge
problems. Therefore the power supply (FUG HCN 250M-5000) with positive output of 5 kV,
50 mA was installed into the system, enabling voltage PID regulation by the emission current
as measured with the solid-state electrometers Keithley 610C or Keithley 6485 [5].
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Fig. 3.3. U(t) and I(t) processing curves of a CNT sample for the non- (left) and PID regulated (right) current.
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Comparison of the potentiometer set point to the analog Keithley output results in a regulation
of the output voltage towards constant current with ms response time. The initial dc
processing of the cathodes at constant PID regulated currents (Fig. 3.3 (right)) increases the
homogeneity of the emission and activates the emitters more safely than in non-regulated
mode. Through the destruction/degradation of the strongest emitters, the total emitter number
density is usually increased at slightly higher field levels.

The typical nonplanarity of the samples (see Chapter 2) hinders a precise definition of
the electrode spacing during the installation phase. By means of U(z) plots (at PID regulated
current) the effective distance between electrodes for both concave and convex curved
substrates can be calibrated with maximal error of 10 um (Fig. 3.4), resulting in a

determination of the average electric field typically within + 5%.
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Fig. 3.4. Field calibration by means of U(z) plot at constant current of 1 pA, resulting in E = 5V/um (slope) and

electrode spacing 330 um (X-axis crossing).

3.1.3 Pulsed operation

DC operation of carbon nanotubes at high voltages, however, has often shown
discharges especially in the event of strong current switches (see Chapter 4). In order to
reduce current fluctuations and prevent discharges, an externally controllable power supply
(FUG HCN 250M-5000) (Fig. 3.2) was used. One of the main parameters in pulsed operation
is the duty cycle, which is equal to the ratio of pulse length (7}u.) to pulse period (Tperioa)

(sometimes written in percents) and increases the peak emission current

T eriod 7
IPeak = Tp I, G.D

pulse

where [ is the average emission current. The power load on the luminescent screen is reduced

in pulsed regime accordingly

P=1IU (3.2)
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thus making it possible to achieve higher fields and current densities.

The pulse parameters are controlled by an external signal generator (HP 8013A) and
enable the increase of the output voltage from 0 to 5 kV within 2 ms (Fig. 3.5), which is
limited by the delay of the emission current with respect to pulse generator signal. Therefore,

|
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Voliage pulse
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Fig. 3.5. Scheme of the current with respect to the generator pulse and the oscilloscope image of the emission

current (upper curve 1uA/div.) for square input voltage pulses (2V/div.) at Ims/div time scale.

the resulting minimum pulse length is about 500 us. The power supply can also be triggered
through the IEEE-488 interface. The average emission current in pulsed operation is
measured with a solid-state electrometer Keithley 610C, which provides s/ms resolution in the
pA/mA range. The actual current can be measured with a Keithley 6485/E at rates of up to
1000 Hz in the mA range. Alternatively, pulsed output voltage and emission current can be

estimated by the oscilloscope.

3.1.4 Imaging of the emitter distribution and software analysis

Every emitter creates on the luminescent screen a light spot, which is bigger than the
emitters itself due to divergence of the electron beam and the spreading of light in the
phosphor layer. The light spots are imaged by the CCD camera and then recorded by the
videorecorder. Its output produce the composite video signal (0.5 megapixel), which can be
processed by the framegrabber of the PC. High resolution 2 megapixel (24 bit, RGB) images
(Fig. 3.6) can be transferred to the computer from the camera; however, can not be processed
online. Data acquisition and processing have been performed by the AnalySIS® [141]
software. This package provides the automatic image acquisition, measurements and saving
as well as online analysis and data reduction for applications in microscopy. The main
advantages of the program are:

¢ simultaneous presentation of multiple images, including live image,
¢ video option (10 Hz),
e Jarge number of measurement functions for the multiphase analysis and intensity,

measurements, as well as 3D-presentation with image scaling,
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e artifact-free particle detection/analysis/classification,
e fully automatic measurements and analysis incl. data reduction for chain-
measurements,
e automatic data archiving and documentation.
These options are used in the IMLS for:
¢ Automatic size calibration and processing of the images,
¢ Enmitter classification and fast calculation/analysis for a large series of images,

¢ Fluctuation analysis and long-term stability investigations,

¢ Long-term online cathode functionality control.

Fig. 3.6. Example of the IMLS luminescent screen image (left) (horizontal size 5 mm) and example of the image
analysis with identification of emitters with size above 20 pixels, resulting in 16 clusters and their classification

by area.

Measurement of the I-V curves reveal information about the average current fluctuations.
There are two main effects seen in the IMLS images: repeated switching of light spots in a
second range and a permanent activation/deactivation of emitters. Fluctuations can be
processed by means of the comparison of the several images taken with short ~ 0.1 s time
interval. For the long-term stability, the scheme of the analysis is shown in (Fig. 3.7(left)):

e obtain the image series over a defined period of time,

e average of the image series with intensity scaling,

e compare of two or more averaged images to distinguish the stable, activated, and

deactivated emitters in the resulting image (Fig. 3.7(right)).
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Fig. 3.7. Scheme (left) and an example (right) of the image analysis of the CNT sample resulting in 71% stable
(violet), 14% activated (red), and 15% deactivated emitters (blue).
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3.1.5 Conversion of the IMLS images into current maps

The IMLS images provide qualitative information about the number and distribution
of emitters. The current distribution over the sample surface is usually measured in scanning
probe configurations [52,78], which requires, however, a lot of time. Therefore, a method of
conversion of the IMLS images to current maps was developed, which expands the
possibilities of the integral system for fast investigation of current distributions over the
emitting surface. Moreover, it gives additional opportunities for emitter counting and
classification.

Each emitter creates a light cluster on the luminescent screen, which is recorded by the
CCD camera as accumulation of illuminated pixels. The IMLS image consist of black
background and light clusters, containing some bright pixels in their centers, which
corresponds either to central areas directly hit by the electrons and some halo around, i.e.
additional pixels due to spreading of light in the luminescent screen. In such a way the

number of pixels in m-ths cluster is

n"=nl+np, i=1.4Ax,, j=1.Ay,  , m=1.K (3.3)
where nc;; is the number of central pixels (Cj), ny; the number of pixels in the related halo
(Hj), K is the number of clusters, i and j are the coordinates of the pixels belonging the cluster

with dimensions Axy, Aym. There are 3 possibilities for nc¢; positioning with respect to the
CCD matrix (Fig. 3.8).

Mgy = 1 Ney = 2 Mgy = 4

Fig. 3.8. Three possibilities for positioning of the brightest pixels n; (green) with respect to one emitter below

the luminescent screen (red).

In contrast, ny; might vary strongly as a function of the emitter strength and becomes difficult
to be defined in case of high emitter densities. The total number of the illuminated pixels of
the screen is

N :inm , (3.4)

m=1

In the stored IMLS images (24-bit, RGB) each spot has 3 independent brightnesses,
which corresponds to red, green, and blue color components. For an extraction of the
brightness from the RGB-image, it should be converted by means of the YUV model, which
defines a color space in terms of one Y - luminance (the brightness), and two U,V -
chrominance (color) components. The weighted values of R, G, and B are added together to

produce a single Y signal, representing the overall light intensity in that pixel
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Y =0.299R + 0.587G + 0.114B. (3.5)

In the Y-image each pixel has the intensity O (black) < Y; < 255 (white). The resulting
brightness of individual m-th cluster is

AB
B"=>Y", (3.6)

i, j=1
where Y;;/" - reflects the intensity of the pixel with coordinates i, j as a part of the m-th cluster
representing the emitter. The sum of brightnesses of all clusters yields the total brightness of

the whole image

K
B= Z B" (3.7)
m=1
is equal to a sum of all pixel intensities
a,b
B=>YY, (3.8)

i,j=1
and can be used‘]for calculation of the total brightness without cluster identification, e.g. for
image calibration by means of AnalySIS®, where a and b are given by the sample
dimensions. The light from the luminescent screen is registered by all pixels of the CCD
matrix, having Y; > 0. The black color, which we see on the IMLS images contains pixels
with Y;; between 0 and 20. They were truncated as background noise and not used in the
calculations.

For cluster identification and further brightness calculation an algorithm was
developed. For each pixel (i,j) of the image with intensity Y;; above 20 it searches in the
nearest neighborhood (8 spots) pixels with intensity higher than the previous one, until the
maximum of the intensity will be found, which define the cluster center nc;;. All pixels By,
which define the n; or in the other words comes by means of the algorithm to the same Cj,
are marked as belonging to one cluster with the central pixel Cj;. The sum of their Y;; is the
cluster brightness (formula (3.6)).

In most cases, however, cluster centers consist of a number of points n¢; > 1. All
neighbor n¢;; (1, ) = £ 1) with equal intensities are fused together with corresponding B;; in one
resulting cluster. The geometrical center of all fused Cj; gives the new center of the cluster.
The brightness of each cluster and the total brightness of the image are calculated with
formula (3.6) and (3.7), respectively. For the correct algorithm calculation in rare cases of Cj;
with equal intensities, separated with odd number of pixels splitting operation is foreseen. In
this case the Y;; of the middle pixel, which has the minimum in that region, can be correctly
divided between neighbor clusters.

To correlate the cluster brightness information with the emitter current, the voltage
and the power dependence of the luminescent screen image was calibrated. Each IMLS image
was converted with the YUV-model. The brightness of the images was calculated by means
of AnalySIS® software (see 3.1.4) and formula (3.8). The cathodoluminescence is an optical

and electrical phenomenon whereby a beam of electrons is generated by an electron gun (e.g.
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cathode ray tube) and then impacts on a luminescent material such as a phosphor, causing the
material to emit visible light. Cathodoluminescence occurs because the impingement of a high
energy electron beam onto a semiconductor will result in the promotion of electrons from the
valence into the conduction band, leaving behind a hole. When an electron and a hole
recombine, it is possible for a photon to be emitted. The energy (color) of the photon, and the
probability that a photon and not a phonon will be emitted, depends on the material, its purity,
and its defect state.

Screens that were used for the measurements have different threshold levels of
luminescence (Fig. 3.9 (a, b)); therefore, they were calibrated separately. This calibration
procedure is demonstrated for a sensitive screen in the Fig. 3.9(b), where the electrons should
be accelerated with at least 0.3 kV to produce light. The observed dependence of B on the
voltage U show the coincidence of the curves at the same field levels (Fig. 3.9(b)), thus show
the current dominance. Moreover, in Fig. 3.9(c) Bec f(Ez) and reveals a threshold of the

luminescence at E ~ 1.1 V/um.
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The B(I) curve (Fig. 3.10(a)) shows saturation at B > 10° as seen by the occurrence of
pixels with a brightness of 255. Pixels which are directly hit by electrons could not exceed

this brightness limitations even at high currents therefore the energy deposited in that spot
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Fig. 3.10. Integral brightness B of the IMLS images as a function of the emission current I (a) and power P (b)
at different electrode spacings (250, 300 and 350 um) in dc mode. Corresponding IMLS images (resolution 768x
576 pixel) were taken at U = 600 V, I = 2 pA (bottom left) and U = 800 V, I = 15 pA (bottom right). The

resulting number of emitters are 6 and 13, respectively.

converted into light with decreased effectiveness. One can also notice that the brightness
below 10’ (Fig. 3.10(b)) is nearly a straight line and can be described by a linear function,
which is also valid for the current. The exemplary difference of brightness and number of
emitters between the images at taken at different voltages and currents is shown in Fig. 3.10
(bottom).

Calibration of brightness in pulsed operation was made in the same voltage interval as
in dc operation for pulse length Tyuse = 0.5 ms and duty cycle 1:12 (Fig. 3.11). It reveals
nearly the same dependencies for the voltage and electric field. However, brightness in pulsed

operation was two times less than in dc mode under the same conditions.
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Fig. 3.11. Integral brightness B of the IMLS image as a function of voltage U(a) and dependence of B"* on E in
pulsed mode for T = 0.5 ms and duty cycle 1:12 (b) at different electrode spacings of 250, 300 and 350 pm.

On the other hand, no saturation occurred in pulsed operation up to a peak current Ipeax
= 30 pA (Fig. 3.12(a)), and the power up to 1.5 mW (Fig. 3.12(b)), which was calculated in
this case as in formula (3.2). This means the pulsed operation increase the non-saturated
interval of brightness by a factor of 4 (duty cycle 1:12), which allows to use linear functions
in current and power calculations. Moreover, this afterglow effect is well known for the

luminescent layers and favors the operation of CNT based light sources in pulsed mode.
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Fig. 3.12. Integral brightness B of the IMLS image as a function of I erage(a) and Pyyerage(b) at different electrode
spacings.

The B(z) dependence is hyperbola like and can be described by a function of B o f(1/z) (Fig.
3.13) both in dc and pulsed modes. The brightness increases fast with the electrode spacing
reduction. The brightness of the image reduced in pulse mode in comparison to dc by factor
1.5 for 3.3 ms and by 2.7 for 1.2 ms pulses. Pulse length variation (Fig. 3.14) at constant pulse

period corresponds to duty cycle change from 1:12 to dc and reveal the saturation limit for the
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Fig. 3.13. Integral brightness B of the IMLS image as a function of electrode spacing in dc and in pulsed mode

for different Ty at a constant pulse period of 6 ms and constant voltage U = 570 V.

voltage of 800 V for Tpuse ~ 1.5 ms at constant pulse period of 6 ms and electrode spacing of

350 um. The slight saturation occurred above B ~ 10 also by 690 V. In the lower region the

dependence is nearly linear.
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Fig. 3.14. Integral brightness B of the IMLS image as a
function of Ty at different voltages at constant z =

Fig. 3.15. Integral brightness B of the IMLS image as a
function of pulse period at different voltages at constant

350 um and pulse period of 6 ms. Az = 300 pm and Tpulse =0.5 ms.

At the constant voltage and Ty the brightness decreases with an increase of pulse period
(Fig. 3.15). An exponential fit shows that the brightness of the screen decreased by a factor of
4 from dc to pulses with 1:40 duty cycle for U = 680 V, due to a reduction of power. Since we
can register continuous stream of images even for pulse periods up to 20 ms, phosphorescence
seems to play a specific role in afterglow processes.

The program code for the conversion of the images was written using Visual C++ 6.0
and Microsoft Foundation Classes [142].
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0pA 1.6 pA

Fig. 3.16. Conversion of the IMLS image in Fig. 3.10 (left) into a current map (right). Number of emitters on the
IMLS image is 26. Number of identified clusters 22. The total current is 15 pA.

A manual calculation of emitters in the same IMLS image as in Fig. 3.10 (cut to resolution
253 x 295 pixel) (Fig. 3.16(left)) reveals 26 light spots. The corresponding I-map (Fig.
3.16(right)) reveals 22 clusters with currents from 1.6 pA to 0.1 pA. Strong halos limit the
precision of cluster identification. For this purpose the manual operation of the fusion of
clusters in program is foreseen.

In conclusion, this method can be used for counting and classification of emitters, and
calculation of current distribution. In dc mode (saturated brightness) non-linear dependencies
provide the precise brightness calculation. In pulse mode, on the other hand, simpler linear
functions of brightness can be used. The presented method was applied for the IMLS images
both in dc and pulsed modes (see Chapter 4) for the investigations of current distribution over
the surface and calculation of the maximum achievable current densities from investigated
CNT samples.

3.2. Field emission scanning microscope (FESM)

The FESM is an advanced microscope for the localization of field emitters on flat
cathodes of up to 30 mm’ by zooming FE scans down to nanoscale resolution and measuring
the FE properties of single emitters (Fig. 4). It is located in the focus of an UHV surface
analysis system (ESCALAB) with a base pressure of 10" mbar. In-situ SEM and AES
[7,8,85] can be used to identify the emitters with about 1 um resolution which is limited by
the finite electron gun distance of about 3 cm. Moreover the ion gun permits in-situ
processing of emitters [85]. The samples are installed via a linear transport system into the

xyz-scanning stage of the FESM or a rotatable holder for up to seven reserve samples through
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a preparation chamber with a base pressure of 107 mbar, which contains a resistive heating
stage up to 1200°C (Kammrath& Weiss). By means of a separate turbomolecular pump and
two gate valves, the preparation chamber also serves as a load lock with about 1 hour cycling

time for sample exchange. The whole system is isolated against vibrations and ground

motion.
high voltage AE
0-35kv (ION <l
GUN :
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chamber

op d
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1
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Fig. 3.17. Schematic of the field emission scanning microscope (FESM) (left) and a view into the UHV analysis
chamber of the FESM (right). The sample (center) is assembled in the focus of the SEM, AES, and ion gun (top)
on the 3D piezo translator which can be tilted on sliding XYZ stages (bottom). High voltage is supplied to

selectable needle anodes (left), one of which can be exchanged by the manipulator (right).

In order to change the resolution of the FE scans and local measurements, up to eight
anodes can be chosen which are fixed on the rotatable anode holder (Fig. 3.17 (right)). The
anodes are self-made from tungsten wires either conical with 50-1000 um diameter or needle-
like with 50 nm-50 um tip diameter. Since the finest anodes are occasionally destroyed (e.g.
by discharges) a special tip holder has been constructed which can be exchanged, as with
samples. The sample under investigation is fixed by a screw into the xyz-stage which consists
of a piezotranslator block and sliding tables inside UHV. The spacing between the anode and
the sample can be monitored with um precision by means of a long distance optical
microscope (Questar) with CCD camera and the SEM. Special care is required to guarantee a
constant distance between anode and scanned area. For this purpose a tilting system has been
integrated within the xyz-stage which enables a tilt accuracy of + 1 um over 1 cm? and is thus
sufficient even for piezo scans. Nevertheless electric field homogeneity remains difficult to
achieve especially in the case of rough or curved surfaces.

Calculations with MAFIA show that by the plane tip electrode configurations the
electric field should be modified with correction factor ¢, resulting decreased electric field E
= U/ad. The correction factor depends on the electrode spacing and the anode tip radius [85].
The real electric field can be decreased by up to factor 4 and will be taken into account for all
presented results.

The electronic scheme of the FESM is shown in Fig. 3.18. Positive voltages of up to

35 kV can be applied to the insulated anode holder, and the emission current is measured



42 3. Experimental techniques for field emission and surface analysis

HV-Supply

a) TCC2 Pl _________
2,5 KV, 100 b !

1
by FUG HCH 35-35000 |

ISRV, I md D i
1
o) FUG HCH 25004-5000]  fessmsssmnannm 1
5kV, 50 mb 2 1
+‘v':
_____ a) Keithley 610C [ = = = PC
b} Keithley 6485 goamaan
c) Signal amalyser | with ADC
‘ nalaies HF 356704
XY, Z-Stage _E

Ivlotion controller

. 1
iezotranslators | 0000 o | [Aotwncontraller o I

Frgetislaion Microcontrole TL7 Do
= |

Stepper rotors ; . 1

Ivlotion controller

Mewpart UE3LFF Mewpont MI4006 B 1
|

1

|

|

_E

Piezo motion controller | _ _ _ _ _ _ _ _ _ _ _ J
PL-O20124

Fig. 3.18. Block diagram of the electric circuits of the FESM with supply connections (full), analog (dashed)

and digital control lines (dotted). Please note the analog PID loop for fast voltage regulation.

between the cathode and ground potential. Three power supplies can be chosen: a) a dc 2.5
kV source for currents of up to 10 mA, b) a dc 35 kV source for currents of up to 1 mA, and
¢) the remote controlled dc or pulsed source which provides up to 5 kV and 50 mA mentioned
already for the IMLS. The current can be measured with a) the same electrometer as for the
IMLS in case of dc operation, or b) with a Keithley 6485/E up to a rate of 1 kHz, or ¢) with a
signal analyser (HP 35670A) for transient effects and noise investigations. The maximum
bandwidth is limited by the capacitance of the FESM which is mainly given by the length of
the coaxial cable to about kHz, so current slopes faster than a ms cannot be detected correctly.
This delay also contributes to the maximum speed of the direct voltage regulation loop which
is driven by the analog Keithley output and the integrated PID regulators of the power
supplies. Depending on the voltage level and PID settings, most emitters can be protected
from destruction by high currents as long as the scanning speed is not too high.

The range and resolution of the xyz-stage depends on the choice of stepper motors
(full range, step width 63.5 nm) or piezotranslators (40 um, 40 nm/V) and the stability of the
motion controllers. By means of a personal computer with a 12 bit four channel ADC, the
FESM can be operated in three scanning modes. Voltage scans U(x,y) are preferred for non-
destructive initial testing of samples. For a given maximum voltage and electrode distance the
location and strength of emitters are detected by the voltage drop which results from the PID
regulation loop which is used to keep a chosen onset current (e.g. 1 nA). Current scans I(x,y)
for a constant voltage and given electrode distance provide maps comparable to IMLS images
but are more dangerous with respect to microdischarges if the current limit is set above a pA.

Most sophisticated are relative distance scans Az (x,y), where the z-piezo is regulated to keep
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the emission current constant for a given voltage [8]. Obviously such scans require very
smooth surfaces with a roughness less than 10% of the average electrode distance. Keeping a
minimum distance of 500 nm because of safety reasons and using the finest needles of 40 nm
diameter an ultimate scanning resolution of 100 nm was achieved. This would allow to easily
detect 10° emitters/cmz, a density which would be sufficient for most cold cathode

applications.

3.3 Surface analysis

a) SEM

The in-situ SEM of the FESM is mainly used for the control of the installation, tilting
and roughness of the surface and for large ( > 1 um) particle identification. For nanoscale
resolution of emitters, however, the external measurements are required. Most of such
measurements were made by means of the HRSEM Philips XL-30 with W cathode [143]. The
acceleration voltage of the electron beam of 0.2 kV — 30 kV and a 1 - 2 nm beam diameter
results in ~ 1 nm resolution. This microscope is additionally equipped with the EDX system
for the determination the energy spectrum of x-ray radiation for Z > 11 with lateral resolution
of < 10 nm. The BSE (back scattered electrons) detector visualizes material contrasts while
using the different densities of the elements, and presents corresponding intensity levels in the
images. A pre-characterization of some samples direct after the MOCVD process was made at
the University of Darmstadt also with the same modified HRSEM Philips XL-30 FEG.

b) Profilometer

A MicroProf® profilometer (Fig. 3.19) from FRT GmbH [144] serves for the measurement of
the sample curvatures, which greatly influences the FE. Using
the CHR 150 optical sensor, the sample is illuminated by a
focused white light. Internal, passive optics, using chromatic
aberration splits the white light into different colors
(corresponding to different wavelengths). A miniaturized
spectrometer detects the color of the light reflected by the
sample and determines the position of the focus point, and by
means of an internal calibration table, the vertical position
measured on the sample surface. The profilometer provides a

resolution in the z direction of 3 nm, and in the lateral

direction of ~ 2 um. The maximum range of the measurements

in z direction is ~ 300 pm. The tests are fast due to lack of

Fig. 3.19. Profilometer with 2
optical sensors and AFM. The
granite plate provides stability for equipped with thin film sensor and an atomic-force
the investigations at the nm scale.

movement in z direction, and non-destructive. It is also

microscope (AFM), which were not employed in this work.
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4. Results of field emission from nanostructures

The following chapter is dedicated to the investigation and optimization of the FE
properties of nanostructures. The comparative tests of CNT on Si and porous alumina reveal
the difference in the properties of compact and distributed emitters, thus the influence of the
shielding effect. The influence of the precursor type, amount and membrane morphology on
the FE will be shown by the SEM and IMLS images. The corresponding FE measurements
are focusing on emitter number density, stability and homogeneity towards high current
densities. The local FESM studies of CNT on Anodisc® reveal the onset and operation fields,
field enhancement and current limits of single emitters. For CNT on EPAM, as a major result
of this work, it was found that the current densities are strongly influenced by the pore
diameter. The current fluctuations of single emitters and stability of CNT cathodes has been
improved by means of current conditioning, measured as a function of pressure and visualised
by AnalySIS® software. The maximum current densities were achieved in pulsed operation
of the IMLS. First results on novel copper nanowires will be given, too. Finally, the status of

FE from the tested nanostructure cathodes will be compared to other published results.

4.1 CNT on Si

In order to investigate the influence of the densely packed emitters to the FE the CNT
sample on Si was fabricated by means of MWCVD as described in the Chapter 2.1.3. The
SEM images in Fig. 4.1 show that the CNT build a compact layer on the substrate surface
with diameters of 20 - 75 nm and lengths up to 5 pm (as seen at the edges). The longest CNT
have diameters of about 50 - 75 nm. Such a structure is common for CNT growth by
MWCVD, where the thickest CNT are the longest [78]. Both opened and closed nanotubes
were observed on the surface. Thus, the resulting field enhancement factors B of single
emitters should be widely spread. Following the conducting cylinder model considering that
opened CNT have about factor 1.5 higher  values than closed, the maximum field

enhancement values up to about 300 should be expected at least at the edges.

AccV  SpotMagn Det WD F————— 100nm
100KV 2.0 204174x TLD 4.9

Fig. 4.1. SEM images of the MWCVD grown CNT layer on the Si surface (left), single CNT with opened
(center) and closed (right) tips.
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The IMLS tests reveal only few dominating emitters at the edges of the square patches
(0.5 x 0.5 mm?) up to electric field of 6 V/um. Converted IMLS images showed for the total
current of 300 nA the maximum I of 50 nA/emitter. The U-maps obtained in FESM showed
inhomogeneous emitter distribution on the surface as shown in Fig. 4.2 up to electric fields of
15 and 17.5 V/um, respectively. Only weak emitters were found in the central part of the
square patch, while the strongest were observed at the edges. The emitter number density
50V

2210 V

Fig. 4.2. U-maps (scan area 0.75 x 0.75 mm?) of a MWCVD grown CNT sample made with 30 um W anode at
60 um electrode spacing for current limit of 1 nA at E < 15 V/um (left) and E < 17.5 V/um (right). The resulting

emitter number densities are 5600/cm” and 9600/cm” respectively.

was about 5600 (9600)/cm” at E = 15 (17.5) V/um, respectively. The local measurements of
the 12 random CNT emitters were made in the FESM with & = 30 pum W anode at 30 pm
electrode spacing. Two exemplary FN curves of CNT emitters measured up to I = 50 nA are
shown in Fig. 4.3. While the emitter 1 show slight degradation (the field enhancement
decreased from 140 to 126), the emitter 2 reveal more evident activation (B increased from

131 to 160). Obviously, in this current range the emitters do not show strong current

fluctuations.
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Fig. 4.3. I(U) curves of 2 random emitters of the MWCVD grown CNT sample in FN illustration.
The emitters showed the B values between 140 and 360 (as calculated for @ = 4.9 eV)

and onset fields of the emission for 1 nA current in the range between 12.9 and 20 V/um (Fig.
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4.4). The emitters can be splitted into two groups. First include the emitters with low field
enhancement from the central area of the patch of B = 140 — 170 and E,, = 12 — 16 V/um.
Another group are the emitters at the edges of the patch, which have = 230 — 370 and E,, =

13 — 21 V/um. Since no significant difference in the structure of CNT was observed at the
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200 Fig. 4.4. Field enhancement factors 3 of random single

150_- " . _ MWCVD grown CNT emitters as a function of onset
field E,, for a current of 1 nA.

100
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Eon [V/um]
edges and in the central part, such a distinction of nearly factor 2 in field enhancement is due
to mutual shielding of the emitters. The distance between CNT at the patch edges is about of
their length, thus they reveal higher B (Fig. 4.1(left)). The emitters show the deviation of field
enhancement from the inverse dependence on the onset field. Calculation of the effective
emitting area S for the first group of emitters with low field enhancement show the mean
values ~ 6 x 10" cm?. Consequently, the 30 um W anode extracted in the central part of the
patches the emission current of 1 nA from several shielded CNT. This explain low onset
fields Eon = 12 - 16 V/um of weak emitters with corresponding B < 170. For another group S
values were up to one order of magnitude lower, which represents the single closed MWNT.
Despite of some strong emitters at the edges, the central area of the patches show only a few

shielded emitters. Thus, densely packed CNT are useless for FE applications.

4.2 CNT on porous alumina

In order to control the density of CNT, the porous alumina was used as a template for
their growth as described in Chapter 2.1.2. Therefore, the fabrication parameters of CNT have
to be optimised for the FE, thus to achieve best homogeneity, stability and high current
densities. In Tab. 4.1 an overview of the investigated samples as fabricated with varying
parameters is shown. In order to test the reproducibility of the results the series of the CNT

samples on porous alumina with equal parameters were fabricated.



47

Sample name Precursor type Precursor Pored Sample Growth
amount [mg] [nm] thickness T°Cin
[um] | MOCVD

JE19 Nickelocene 70 200 60 791
JE20 Chromocene 70 200 60 810
JE40 Cobaltocene 100 200 60 644
JE42-12" Fe-Co-S 70 200 60 800
JE78-1,2,3;N1 Ferrocene 70 200 60 800
JE105,109 Ferrocene 100 200 60 834
JE110™ Ferrocene 100 200 60 834
JE98 Ferrocene 70 200 / n.m. 60 800
JE102 Ferrocene 50 40/ 60 80 815
JE103 Ferrocene 70 100 /42 200 835
JE112° Ferrocene 70 52/36 50 839
JE116-1,2 Ferrocene 100 52/16 80 810
JE120 Ferrocene 70 52 /65 90 830
JE122,123 Ferrocene 70 65/28 100 835
JE124,125 Ferrocene 70 105/ 62 190 835

Tab. 4.1. Overview of the fabrication parameters for all tested CNT samples on porous alumina. For each sample
the type and amount of the precursor, which was used in the MOCVD process, the average nominal/real
(measured with SEM) pore diameters and thickness of the porous alumina are shown. Rosa marks the rows,
which describe the CNT samples on Anodisc® prepared without ferrocene, yellow — with ferrocene. Blue marks
the CNT samples on EPAM. (*) For the fabrication of the JE42-2, JE112 and JE116 no additional alumina

particles were used. (**) The JE110 surface was covered with large amount of alumina particles.

For the fabrication of CNT on porous alumina, five metalorganic precursors were used —
nickelocene, chromocene, cobaltocene, Fe-Co-S complex and ferrocene. The amount of the
precursor vary in a range of 50 - 100 mg, which influence the quantity of CNT on the porous
alumina surface. The amount of alumina particles, which were used for pore closing was for
most of the samples ~ 100 mg (except (*) and (¥*)). The temperature of the CNT growth by
MOCVD process was about 800°C (except Cobaltocene), resulting in constant diameter of
MWNT ~ 20 nm [122]. The template pore diameters vary between 16 and 200 nm, the
thickness between 50 and 200 pm. The SEM investigations of the EPAM show strong
deviation of the real pore diameters from the expected (nominal) values, predicted by the
known from the literature etching voltage (Tab. 4.1) [68].

While the influence of the precursor type and amount on the FE, and the
reproducibility of the results were measured by CNT samples on Anodisc®, the investigation
of the influence of the membrane morphology to the FE was mainly concentrated on the CNT
samples grown on EPAM. For both types of the porous alumina the local measurements were

provided to distinguish the FE parameters and stability of single CNT emitters.
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4.2.1 Variation of the precursor type and amount

At first, the influence of the catalyst type and amount was investigated for CNT
samples on Anodisc®, commercial porous alumina with the pores of 200 nm in diameter (see
Chapter 2.1.2). For the measurements, the membranes were broken into pieces of 7 - 25 mm?>
size. The flexibility of the 60 um thick template allows slight bending, thus glue the samples
flat to the holders. The overview of the FE results obtained in the IMLS in dc mode is
presented in Tab. 4.2. The maximum electric fields En.x were limited by the discharges,
which occured due to evaporation of the phosphor layer of the luminescent screen [146]. The
employment of the QMS allows in some cases to predict such an effects and shift the critical
field of the discharge to the higher level by means of e.g. slow conditioning of the samples.
Since maximum achieved fields are different, the emitter number and current densities were

compared at the intermediate field level of E = 3 V/um, which was reached by all samples.

Sample Metallocene | Sample | E,,(InA) N/em® at | J [pA/0m2] N Jmax Eax

Name precursor area [V/um] E=3V/um at [pA/cmz] [V/um]
(mm®) E=3V/um

JE19 Nickelocene 9.5 1 500 16 4000 82 5
JE20 Chromocene 8 2.2 380 19 1000 2500 6.3
JE40 Cobaltocene 10 3.8 0 0 200 12 4.3

JE42-1 Fe-Co-S- 7 2.6 370 31 1000 560 5.6

Complex
JE78-2 Ferrocene 15 0.6 3500 700 5000 1100 3.5

Tab. 4.2. Integral FE properties obtained in dc mode for the CNT samples fabricated on Anodisc® with different
precursors. For each sample the area, the onset field for the current of 1 nA, emitter number and current densitiy
at E = 3V/um, achieved emitter number (N,,,,) and current density (j.,) at maximum reached field level (E,.x)

are shown.

It is well known, that some metals as Fe [147], Ni [148], Cr [149], Co [150] greatly
increase the growth rate of CNT. Nevertheless, there are some preferences of the CNT growth
with definite catalysts and templates conditioned by e.g. adhesion, temperature resistance of
the substrate etc. The first measurements of B. Giinther by the investigation of the CNT
samples on porous alumina prepared with pyrolisis of propene and ferrocene [38] showed,
that the CNT grown with catalyst reveal good uniformity of FE and sufficient emission
currents. However, only a few tests with such a membranes were provided. In order to define
the preferred catalyst the comparative FE measurements of the CNT samples on Anodisc®
grown with five different precursors: nickelocene (JE19), chromocene (JE20), cobaltocene
(JE40), Fe-Co-S complex (JE42-1) and ferrocene (JE78-2) were provided in the IMLS. The
examples of the emission homogeneity from these samples are presented in Fig. 4.5. The
fabrication of the CNT samples with different precursors, investigation of their morphology
and partially the corresponding FE measurements, which have been made in Wuppertal, were
described by J. Engstler in his thesis work [68].
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Fig. 4.5. IMLS images of the emission from the CNT samples prepared with (a) nickelocene (JE19), (b)
chromocene (JE20), (c) cobaltocene (JE40), (d) Fe-Co-S complex (JE42-1) and (e) ferrocene (JE78-3) at
corresponding E,,, listed in the Tab. 4.2.

For the nickelocene grown CNT samples moderate number of emitters ~ 4000/cm® was
obtained at E = 5 V/um. The cluster like emission leads to the relatively poor homogeneity.
The emission, however, was observed over the whole sample surface (Fig. 4.5(a)).
Alternatively, the CNT samples grown with chromocene reveal strong emission at the edges
and a few emitters in the central part at E = 6.3 V/um (Fig. 4.5(b)). Cobaltocene sample
reveal the lowest emitter number density (Fig. 4.5(c)) and homogeneity. Only few emitters
were observed at the edges at E = 4.3 V/um. Fe-Co-S complex based samples showed cluster-
like inhomogene emission. About 20 strong light spots, probably the emission from large
bundles of CNT, were seen in the IMLS images. Their entry, however, can not be resolved on
the luminescent screen due to high brightness (Fig. 4.5(d)). Finally the ferrocene based CNT
samples reveal the best homogeneity of the emission over the most of the sample surface and
highest number of emitters of ~ 7000/cm? (Fig. 4.5(e)) at an electric field of 3.5 V/um. The
homogeneity of the emission was, however, disturbed by the non-flatness of the substrate,
while the top left area of the sample reveal low ~ 2000/cm” and the bottom right — highest
number of emitters.

The total emission current, measured in the IMLS, is produced by the emitters
distributed over the sample surface. Their strength and current carrying capability, however,
are different. The maximum obtained current density by the nickelocene sample (JE19) was j
=82 pA/cm2 at 5 V/um. Alternatively, despite of the poor homogeneity and emitter number
density the chromocene sample (JE20) reproducibly shows the emission current up to 200 pA,
resulting in the j = 2.5 mA/cm® at the electric field E = 6.3 V/um. In general, the non-

ferrocene samples are characterised by onset fields > 1 V/um for the current of 1 nA and
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current densities 16 — 31 pA/cm2 at E = 3 V/um. In contrast, for the ferrocene sample JE78-2
about 20 times higher current density of 700 uA/cm2 was achieved at the same field level.
Since the good homogeneity of the emission from the CNT on porous alumina and highest
current density were obtained even without the additional structuring of the substrates,
ferrocene was chosen as a potentially best catalyst for the cold cathode manufacturing.

The variation of the precursor amount in the MOCVD process influence the quantity

of CNT grown on the porous alumina.

Sample Sample | Eo,(InA) | N/em®at | J[uA/em™]at | Npa/em® | jma [MA/cm?] | By [V/um]
Name area [V/um] E=3V/um | E=3V/um
(mm?)
JE78-2 15 0.6 3500 700 5000 1100 3.5
JE78-3 24.7 0.5 7000 1300 7000 1200 3
JE105 10 0.5 2500 400 6000 1400 3.7
JE109 8 0.86 2400 250 7000 1700 4.3

Tab. 4.3. Integral FE properties of the CNT samples on Anodisc® grown with 70 mg ferrocene (green) and 100
mg (rose). For each sample the area, the onset field for the current of 1 nA, emitter number and current densities
of the sample at 3V/um, achieved emitter number (N,,,,) and current densities (j.x) at maximum reached field

levels (E,..) are shown.

The investigation of this dependence was provided for two ferrocene grown CNT sample
series on Anodisc® JE78 (samples JE78-2, 78-3) and JE105 (samples JE105, 109), prepared
with 70 and 100 mg ferrocene, respectively (Tab. 4.3).

The SEM image of the sample JE78-3 (Fig. 4.6) show that the surface is covered with
the layer consists of the CNT and alumina particles. The CNT grown from the pores are 35 -
500 nm long. The number of CNT observed in the central part of the membrane can differ
from the value observed in edge region. The process modelling shows, that the heating in the
MOCVD process starts at the edge of the
membrane and continue to the center. The
temperature stabilises only after 100 s
(Chapter 2.1.2), while the CNT growth rate
can achieve some tens of pum/s. The IMLS
tests show, that the samples taken from the
central and the edge regions of the membrane
reveal slightly different FE properties. The

ik 5 e o e ) ¥ 1 .
AccV SpotMagn — Det WD Exp 1 pm EDX scans show, however, that in the central
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part Fe quantity does not change at least in

Fig. 4.6. SEM images of the sample of JE78 serie, the 0.2 mm scale (Fig. 4.7). The influence of

which shows the short CNT grown from the pores and

) . the catalyst distribution, which is hard to
alumina particles.
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Fig. 477. SEM image of the
surface of sample JE78-3 with
corresponding EDX scan, which
represents the iron on the surface
and inside the pores (yellow
spots), where the catalyst build

the ring structures.

take into account, can be minimized e.g. by means of the testing of the samples taken from the
central part of the membranes. The difference of the CNT number density between JE78 and
JE105 sample series was not observed in the SEM images due to solid layer of CNT on both
templates. It can be, however, detected in the IMLS tests. The emitter number densities for
the samples of the serie JE78 were 3500/cm” and 7000/cm? at the field level of E = 3 V/um.
For the JE105 and JE109, the emitter number densities of 2500/cm® and 2400/cm2,
respectively, which are, however, up to by factor 3 lower than for JE78 serie, were observed
at the same field level (Fig. 4.8). The higher quantity of nanotubes for JE105 and JE109

increase the influence of the shielding effect, thus increase the extraction field of emitters.

Fig. 4.8. IMLS images of the Anodisc® samples (a) JE78-2 (size 18.2 mm?) and (b) JE109 (size 8 mm®) taken at
E =3 V/um. The emitter number densities are 3500/cm” and 2370/cm’, respectively.

At the maximum field levels of up to 4.3 V/um the emitter number densities are nearly
the same. Moreover, one can expect the higher emitter number density for JE105 and JE109
at higher fields due to increased number of CNT on the surface. The long CNT, which are
responsible for the onset of the integral emission for I = 1 nA at ~ 0.5 V/um present on both
samples typically at the edges, where the macroscopic field enhancement is the highest. Thus,

the onset fields for 1 nA current of these samples are nearly equal.
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Fig. 4.9. I(U) curve of the sample JE78-3 in linear illustration (left) and corresponding IMLS images (right)
taken at (a) I = 70 pA (U =650 V), (b) I = 150 pA (U =870 V) and (c) I = 260 pA (U = 1100V). Electrode
spacing Az = 400 pm.

The reproducible I-V curves of the sample JE78-3 are shown in Fig. 4.9 up to
emission current of I = 300 pA. Such a plots are usually obtainable after several hours of the
sample conditioning. The virgin samples typically show the current fluctuations up to 50%,
due to processing effects (see Chapter 4.2.8). The sample JE78-2 shows by factor 2 reduced
number of emitters and correspondingly lower FE current at E = 3 V/um. This effect is caused
by using of the piece from the edge region of the template. The I-V curves of the sample
JE109 are shown in Fig. 4.10.
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Fig. 4.10. I(U) curve of the sample JE109 in linear illustration (left) and corresponding IMLS images (right)
taken at () [=3 pnA (U =997 V), (b) =8 pA (U=1235V) and (c) I = 135 pA (U = 1725V). Electrode spacing
Az =400 pm.
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The reproducibly achieved emission current was I = 135 pA at E = 4.3 V/um. The Fig. 4.11
shows the comparison of the j(E) dependence for the samples JE78-2,3 and JE105,109. The
current densities of 0.4 and 0.25 mA/cm” were achieved for the samples JE105 and JE109 at
field level 3 V/um, which are up to factor 5 lower than for the samples JE78-2 and JE78-3.
For the nanostructure cathodes it is always a compromise between the number of emitters,
thus total current, and onset field. Low amount of CNT on the surface leads to the high field
enhancement of emitters, thus low onset/operation fields. Alternatively, the excess of CNT
results in high current densities, but also the shielding effect, which increase the extraction
voltage of emitters. Thus, the amount of ferrocene allows to vary the output parameters of the

CNT samples in order to achieve high currents or low operation fields.

2,0 —o—- JE78-3 (70 'mg ferrocene) '
—n—JE78-2 (70 mg)
—a—JE105 (100 mg)

. — 2 JE109 (100 mg)

Fig. 4.11. Comparison of the achieved current densities for the CNT samples fabricated with 70 and 100 mg

ferrocene at the electric fields up to 4.3 V/um.

4.2.2 Influence of the alumina particles

The alumina particles on the porous template surface play two important roles: they
close the pores reducing the growth of the nanotubes and serve as an anchor for them,
increasing the mechanical stability of emitters. In comparison to the samples on Anodisc®
(JE42-2, JE110), the morphology of EPAM (JE112 and JE116) is different on its opposite
sides. One side have the fully opened pores (f-side), another — partially (p-side). Only part of
the pores is opened on the p-side and their diameters are less than on the f-side. Moreover, it
can not be predicted by membrane producers (Tab. 4.4). It was established in previous works,
that the amount of ~ 100 mg of alumina particles reduce the shielding effect [38,68]. The
influence of the lack or excess of alumina particles on the surface to the FE was not
investigated.
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The CNT on Anodisc® JE42-2 were fabricated at the same conditions as JE42-1, but
without alumina particles. Two pieces of the sample were investigated and reproducibly low
emission current as obtained. Only a few emitters were observed in the IMLS on the sample
surface up to E = 6.7 V/um, which for the CNT is a rather high value.

Sample name Sample Config. Pore diameter Eon Nmax/cm2 Jmax Eax
area [mm’] | of pores [nm] (InA) [pA/cm2] [V/um]
Nom. [ Real

JE42-2 8 | 200 3.8 50 <1 6.7
JE110 12 | 200 3 100 4 8.8

JE112 10 p,l 52 | 33-40 | n.m. 10 <1 5
JE116 11 p.I 52 12-20 | 0.9 250 180 2.8
12 £,0 - 44-62 | 2.1 270 33 4.6

Tab. 4.4. Influence of the alumina particles on the integral FE properties of the CNT samples on porous alumina.
The 3" column shows that the sample have fully (f) or partially (p) (only for EPAM) opened pores and served as
gas-inlet (I) or —outlet (O) in the MOCVD process. The nominal (estimated by the etching voltage) and the real
(measured with the SEM) pore diameters are presented in the 4™ column. The last three columns from the left
shows the achieved emitter number (N,,,,) and current densities (j.) at maximum reached field level (E.x)

respectively.

The SEM image (Fig. 4.12) show that the sample surface is covered with the large
number of short shielded CNT with cluster-like graphite structures, which are not suitable for
enhanced FE. On the other hand, the excess of
the alumina on the surface suppress the field
emission too. The CNT sample on Anodisc®
JE110 was produced with three times higher
amount of alumina particles (350 mg) than for
the sample JE78-3. The emission current
density of 4 pA/cm?® was reached at E = 8.8
V/um. In the case of the increased layer of
alumina particles the FESM contact

gt measurements reveal the decrease of the

x10000 —— :
#3139 ZFE — BRAZ
1024 x 1024 10921 .TIF

conductivity and isolation of some parts of the
Fig. 4.12. SEM image of the sample JE42-2. The

surface is covered with the solid layer of short CNT. membrane. The contact between the emitting

surface and the cathode through the
conducting carbon which fill up the template pores for most of the sample surface is
disturbed.

The sample JE112 was fabricated with the opened pores on the p-side. However, no
additional deposition of alumina particles was made. The pores were so treated, that they
build isles and their diameters (Fig. 4.13) are nearly equal to the pores on the f-side (Tab. 4.4).
Than the p-side was used as inlet side for the CNT growth. The idea was to grow non-

shielded CNT by means of spread pores and reach good homogeneity of the emission without
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additional alumina particles, thus simplify the process. During the MOCVD process carbon
build the cluster-like structures on the sample surface with few CNT (Fig. 4.13). The current
density of < 1 pA/cm2 was achieved at E =5 V/um. The role of alumina particles seems to be
more important for the CNT growth, than simply mechanical stabilisation and structuring.
Probably, the porous structure together with alumina particles also simplify the seeding of the

CNT. However, no experimental modelling which can prove this idea, was found in the
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Fig. 4.13. SEM image of the surface of JE112 with fully (left) and partially (right) opened pores. Cluster like
carbon structures are seen on the surface (left). The opened pores build isles on the surface, while the rest is
closed (right).

literature. The sample JE116 was produced similar to JE112, when the p-side with alumina
particles was turned on to the gas flow during the MOCVD. The pores on the p-side were not
fully opened and their diameters were 3 times smaller than on the f-side. The CNT build the
solid layer, which is not suitable for the FE (Fig. 4.14). The size of the pores < 20 nm prohibit
the growth of the CNT from them in the 800°C temperature range. In this case, if the p-side is
turned to the gas flow the large amount of carbon detain on the surface, thus build the layer of
CNT and amorphous carbon. No growth of CNT squared by pores was observed on the
sample surface. As expected from the morphology of CNT seen in the SEM images, only few
emitters were observed over the sample surface up to 3 V/um. The maximum total current
was [ ~ 10 pA from the 13 mm® sample. The investigation of another pieces of the membrane
reveals strong emission from the few emitters at the edges. As expected, the large number of
CNT, which grow fast on the p-side without additional alumina particles results in poor

homogeneity and low emission current.

S e 3 i

Fig. 4.14. SEM image of the JE116 surface and corresponding IMLS image at 3V/um with few edge emitters.
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4.2.3 Influence of the sample curvature

In the MOCVD reactor the porous alumina substrates are heated up to 800°C. The
mechanical stress which occurred due to shrinkage of the alumina at this temperature leads to
the bending of the templates. Sometimes, they brake after the CVD process despite of the
slow (some hours) cooling. Thus, porous alumina is always non-flat (see Chapter 2.1.2) and
reveal randomly concave or convex geometry. In order to reduce the influence of the sample
curvature to the FE the samples are usually broken into several 10 - 30 mm?> pieces. However,
even these small parts of the original template reveal the height difference up to AZy.x = 120
pm over the several mm length. This problem is usually occur for the EPAM, which have the
thickness 100 - 200 pum. It is not so brittle as 60 um thick Anodisc®, but does not allow
bending. The curvature of the samples with thickness > 100 um can not be changed during
installation in the apparatus and should be taken into account for calculations of the electric
field. During the installation the distance from the sample holder to the luminescent screen is
measured with the micrometer. This value include electrode spacing, sample thickness and
glue button with known thickness of 250 pm. In case of relatively flexible Anodisc® samples
the precision of electrode spacing definition is about 10 um and includes only the micrometer
error. This allows simple calculation of the applied electric field E = U/d, where d is electrode
spacing measured with micrometer. In case of non-flat samples U(z) measurements should be
provided for the effective electric field estimation (see Chapter 3.1.2) which have the form E.4
= U/Az, where Az is the effective electrode spacing estimated from the U(z) plot (Fig. 4.15).

| Anode |
Eefr E
Vs v SOV, WU PR~ . Fig. 4.15. Scheme for calculation of the
' === — 1 23R olectric field in case of the flat (E) and
Kathode convex curved (E.) sample with the height

difference AZ .

The precise calculation of the electric field is possible, however, only for known morphology
of the investigated surface. The measurements of the sample curvature were made with the
FRT Profilometer (see Chapter 3.3.2). The membrane curvatures were calculated in 3D
illustration by means of the software Mark III [144] for different sample configurations. The
examples of the curvature measurements are presented in Fig. 4.16 and 4.17.

The 190 pm thick sample JE123 reveal the convex geometry, thus enhanced emission
at the edges (Fig. 4.16). The maximum height difference between the edges and the central
part was AZp,x = 100 um over 4.7 mm length. Such a difference disturbs not only IMLS

measurements, but the FESM scans too, though in a lesser degree.
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Fig. 4.16. Profile of the 22.4 mm” concave curved CNT sample on the EPAM JE123 (left) in 3D illustration and
(right) corresponding IMLS image, which was taken in dc mode at I = 30 pA and U = 600 V(E.; =3 V/um).

By the usual electrode spacings of 300 - 400 um the applied electric field at the edges in this
case is 25-30 % higher, than in the central part simply due to the geometry. The sample
curvature at the voltage U = 600 V results in the electric field difference at the edges and in
the central part of AE = 1.6 V/um and increases by the maximum reached voltage of U =
1090 V to AE = 2.9 V/um. This enormous values, if taken into account explain the high
brightness of the edge regions of the sample in Fig. 4.16 (right). The emitter number density
in the central part of the sample at U = 600 V was ~ 1000/cm? and increases to the edges up to
~ 5000/cm”. Typically at high electric fields extremely high brightness is observed in the
IMLS images, resulting in visual fusion of emitters at the edges. In such cases the emitter
number density can not be precisely calculated.

Opposite side of the same sample reveal concave geometry with AZ,,x = 115 pm over
5.5 mm length respectively, resulting in at U = 1000 V electric field difference of AE = 2.3
V/um (Fig. 4.17). One should notice, that it is not possible to remove the samples without
damaging from the glue. Thus, the different samples are the different pieces of the original

template.

Fig. 4.17. Profile of the of 24 mm’ convex curved CNT sample on the EPAM JE123 (left) in 3D illustration and
(right) corresponding IMLS image, taken in dc mode at I =40 uA and U = 750 V (Eg= 3.8 V/um ).
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The distribution of emitters over the surface (Fig. 4.17(right)) is the reverse to that have seen
for the sample in Fig. 4.16(right). The highest number of emitters is seen in the central part of
the sample and decreases to the edges due to reduced electric field.

If the distance between CNT is much less than their height the shielding effect occurs.
Despite of the comparatively low AZy.x = 22 pm (Fig. 4.18(left)) by the sample JE122 the
emission is shown mostly at the edges up to Ecgr= 5.3 V/um (Fig. 4.18(right)).

Fig. 4.18. Profile of the of 27.7 mm” convex curved CNT sample from the EPAM membrane JE122 (left) in 3D
illustration and (right) corresponding IMLS image, taken in dc mode at I = 20 pA and U = 1270V.

The long CNT at the edges are not shielded, which can be seen in the SEM. Moreover, the
geometrical field enhancement there is higher that of single CNT due to additional
enhancement at the edges. The emission from the central part is suppressed, resulting low
overall emission current. The investigation of the emission from the central part of such a
samples in the IMLS can be provided after the destruction of the strong edge emitters either
by means of current conditioning or manually.

The integral FN curves of the CNT samples on porous alumina show non-linear
dependencies (Fig. 4.19), which can be also influenced by the sample curvature. For the initial
curve the integral field enhancement (calculated for ® = 4.9 eV) show two consecutive
changes (see slope) from about 1900 to 1000. For the decrease and second increase curves the
reproducible B = 1100, 2100, 1200 and 800 were observed. This values corresponds at
maximum to closed MWNT with 20 nm diameter and 21 um length. Similar enormous values
were obtained by Bonard et al [32]. In the plane diode configurations the emission current is
mainly influenced by rare very long nanotubes with aspect ratio at least 8 times higher than on
the CNT generally seen in the SEM images. The activation (adsorbate effects, alignment in
electric field, etching of emitter tips etc.) of emitters results in increase of the field
enhancement. The partial degradation and destruction of emitters were also observed in the

IMLS images, which results in reduction of the integral B (see Chapter 1.6).
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Fig. 4.19. I(U) curve of the sample JE109 in linear and in FN illustration (current increase — black, decrease-red,
second increase - blue).

The onset of the emission from the emitters on porous alumina is usually observed at E,, ~
0.5 — 0.8 V/um. The responsible emitters should have the field enhancement more than
thousand. Such long CNT with most probably opened ends are usually can be found at the
edges of the samples. This explain high initial B for the first ascending curve. At higher fields
the onset of weak emitters with lower [ leads to the reduction of the integral field
enhancement. Further increase of the field enhancement can be triggered by the onset of
strong emitters in e.g. in the center of the concave curved surface etc. These effects are
common for the conditioning and explain the changes of the integral field enhancement at
different field levels and the non-reproducibility for the initial ascending and descending
curves. Usually, after the conditioning the CNT samples show reproducible I-V curves as
shown for decrease and second increase curves in Fig. 4.19. Both enormous field
enhancement factors and non-linearity of FN plots are enabled by the curved surface of the
samples e.g. additional field enhancement at the edges and non-uniform distribution of the
electric field over the sample surface.

The non-linearity of the FN curves was attributed in literature e.g. by Chen et al. to the
effects of space charge, resulting from collision and ionisation of residual gas molecules by
the emitted electrons [151,152]. The positive ions created are likely to approach the emitting
surface and to exert additional electric fields. In order to directly prove the above explanation,
two experiments were carried out: the effect of bake-out of the vacuum system and the
heating of anode and the effect of varying gas pressures. Baking the system and heating the
anode in vacuum improved the linearity of the F-N plot, which prove the nature of FN non-
linearity due to conditioning effects. On the other hand, increasing helium pressure made the
non-linearity more obvious. Nevertheless, since too many processes are involved, the results

from these experiments cannot be considered as direct evidence to support the above view.
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4.2.4 FESM studies of CNT on Anodisc®

In order to understand the processes which occurred with single emitters, to
investigate their FE parameters and their influence to the total emission current the FESM
studies of CNT samples on Anodisc® were provided. The sample JE78-3 was installed into
the UHV chamber and scanned with the W anode of & = 20 um at an electrode spacing of 20
pum. The in-situ SEM image of the scanned area (the brightest area in the IMLS images) is

presented in Fig. 4.20.
300 V S8V

J s i i ‘
LN 31 .
Fig. 4.20. In-situ SEM image of the  Fig. 4.21. U-map (scan area 1 x 0.5 mm?®) of the sample JE78-3
JE78-3 sample surface with 20 pm  made by 20 um W anode at 20 um electrode spacing for the current
W anode above. Marked square is of I=10nA atE < 8.8 V/um.
the scanned area of 1 x 1 mm®,

The sample surface look flat, no scratches or external particles were observed in the scanned
region. The corresponding U-map of the marked area of the sample (Fig. 4.20) show the
maximum number of emitters at defined field level and is presented in Fig. 4.21. From the
scanned area of 1 x 0.5 mm? the emitter density of 60000/cm” was calculated for the emission
current of 10 nA at E < 8.8 V/um. This emitter number density leads on average to only 1
emitter per square area of 41 x 41 pmz, despite of much higher overall number of CNT ~
10%/mm? (Fig. 4.6). Thus, the precise identification of emitters in the SEM images by such
unstructured samples is not possible. Following the FN theory, the field enhancement of
emitters B should be about 490. By the thickness of the emitting CNT ~ 20 nm, using
conducting cylinder model their length should be in order of 4.9 um. Such a long CNT were
not found on the SEM images probably due to two main reasons: (i) the sub 100-nm SEM
imaging does not allow the identification of pm long CNT, (ii) the layer of mixed CNT and
alumina particles prevent their identification. Moreover, such an emitters should be
perpendicular to the sample surface to reveal high B, which is also complicate their
identification. For the opened CNT the estimated length reduced to more reasonable value of
about 3.3 um, which were, however, not detected in the SEM images too.

The corresponding I-maps of the sample JE78-3 reveal the strongest emitters from that

area and additionally show the variations of the onset fields of emitters. The emitter number
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densities were 7500, 45000 and 55000/cm” at 3.5, 5.9 and 7.7 V/um respectively, which also
corresponds to the IMLS results (Fig. 4.22).

Fig. 4.22. I-maps of the 1 x 1 mm” scanned area of the sample JE78-3 made with @ = 20 um W anode at 20 um
electrode spacing for the current up to 100 nA at the voltages (a) U =120V (b) U=200V (c) U=260 V.

During the I-scans the emitters are often conditioned due to influence of the higher
currents in comparison to U-scans. Such an effects are common for cold cathode materials
[38,109] and can be used for improvement of the emission stability and/or homogeneity (see
Chapter 4.2.8).

In order to measure the FE parameters of single emitters, local measurements for CNT
on Anodisc® JE78-3 were made. In summary 30 random emitters were investigated. The Fig.
4.23. show the overview of the exemplary I-V curves of the investigated emitters in FN
illustration. The graphs shows the changes of the emission current during ascending and
descending voltage cycles. The emitters were tested up to In.x = 8.6 uA. Most of them,
however, show strong instabilities at I < 1 pA and were not measured for higher currents.
Most of the emitters (93%) reveal instabilities, which lead to the activation or
degradation/destruction effects, which also corresponds to the IMLS investigations where
flickering of emitters and their permanent activation/degradation were observed. The emitters
#1-5 in Fig. 4.23 show the improvement of the emission by currents of 0.6 - 1.6 pA, however
the form of the activation is different. While emitters #1 and #2 after the first increase reveal
reproducibly improved curves, emitters #3-5 reveal strong fluctuations in the same current
region, when the jumps between current levels were observed. The improvement corresponds
to the increase of the emission current which is caused rather by changing of the geometry
and/or effective emission area S. While the first effect can be explained by alignment of the
CNT in electric field, the other is caused by adsorbate effects. In most of the instability cases
~ 60%, however, the degradation or destruction of emitters occured (Fig. 4.23 (emitters #6-
10)), which represents their partial damage. In a few cases the destruction of the emitters was
observed in the first current increase already at I ~ 100 nA. One should notice, that after the

activation or degradation most of the emitters are located on the stable level and thus show the
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Results of field emission from nanostructures

reproducible I-V curves with changed . In order to reach higher stability of the emission the

CNT on porous alumina should be conditioned at high currents. Only few (7%) emitters like

#11 or #12 showed reproducibly stable emission.
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Fig. 4.23. I(U) curves of 12 random emitters of the sample JE78-3 in FN illustration (first current increase —

black squares, decrease - red triangles (A) and second increase — blue triangles (V)). All emitters were

investigated with ~ 20 um W anode at the distance of 6 um up to maximum current I ;.

Emitter #12 can survive the current of 8.6 uA, while the emitter #11 shows degradation in the

second current increase at 1.2 pA. Investigations of the surface by means of in-situ SEM

reveal no changes of the surface morphology in the um range, which is common for e.g. the

vacuum breakdowns. However, due to non structured surface, the evidence of the structural
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damage of the emitters can not be directly proved for this material. One should notice, that the
percentage statistic based on the investigation of 30 emitters have, unfortunately, high error.
More realistic values can be obtained by the investigation of the processing effects of emitters
in the IMLS images by means of AnalySIS® software (see Chapter 4.2.8).

From the slope of the FN curves the field enhancement factors for the work function ®©
= 4.9 eV were calculated. The Fig. 4.24. shows the initial (first increase) and final (second
increase) P values as a function of the extraction field for the current of 1 nA in linear and
inversely. The onset field vary from 8 to 32.5 V/um, thus both strong and weak emitters are
presented in the graphs. The P values are between 15 and 870 and reveal the inverse
dependence on the onset field (Fig. 4.24(left)).
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Fig. 4.24. Field enhancement factors § calculated for the ascending voltage of the single emitters of the sample
JE78-3 as a function of extraction field for the current of 1 nA in linear (left) and inversely (right). The E,, was

calculated for the 20 um W anode and the electrode spacing of 6 pm.

More than 50% of emitters reveal B values below 200, moreover, 30% below 50, which
correspond to the large number of the short (or shielded) CNT on Anodisc®. The illustration
of B as a function of 1/E (InA) (Fig. 4.24(right)) reflect a scattering of emission strength by S-
effects. The initial (final) B shows the deviation up to factor 3 (2) from the linear fit curves,
which are in this case coincide for initial and final voltage cycles. For the ideal closed MWNT
of @ =20 nm the effective S should be in the order of the tip area ~ mx10™"% cm?. Calculation
of the S factors for emitters on the linear fit curve show the values in the range of 1+3x10™"?
cm?. For the strongest emitter with 3 = 870 the effective emission area was S = 6x107* cmz,
which reflect the CNT with opened tip. Due to unstructured surface the identification of these
emitters in the ex-situ SEM is not possible. For the emitters with B ~ 50 and onset field E =
14-15 V/um the calculated effective emission area was in order of 10™'® cm?, which shows
that & = 20 um W anode extract the current from several emitters. The same effect was
observed for densely packed MWCVD grown CNT.
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Fig. 4.25. Histogram and fitted Gaussian distributions (red line: initial, blue line: final) of B values obtained for

30 emission sites from FN curves. The mean values of B are about 200.

The corresponding histogram in Fig. 4.25 shows the changes of field enhancement
during initial and final voltage cycles. The Gaussian fit for final field enhancement is
narrower, which corresponds to the degradation of the strongest emitters (B > 400) and
activation of the weakest ( < 50). This results in improved homogeneity of the emission by
the samples conditioned at high currents. Both fits for initial and final voltage cycles show the
mean values of B ~ 200. Comparison of the obtained field enhancement factors from the local
measurements and the emitter distribution from the U-scan shows that only 2 from 30 found
emitters are able to produce 1 nA current at E < 10 V/um. Thus, the number of emitters can
be up to two orders of magnitude lower than the number of CNT on the surface (Fig. 4.6).

The comparison of the field enhancements of the emitters on Anodisc® with the dense
MWCVD grown CNT (Fig. 4.4) shows similar values of E,, between 12 - 21 V/um. The
emitters on Anodisc® samples can be divided by strength into four different groups:

(a) Emitters with B < 50 and onset field 15 < Ey, < 20 V/um. These are the short

shielded CNT which grow from the pores and have comparable lengths of ~
200 nm.

(b) Emitters with 50 < § < 200 and onset field 10 < E,, < 25 V/um. Such a field

enhancements corresponds to the densely packed (shielded) CNT.

(©) Emitters with 200 < B < 500 and onset field 10 < Ey, < 15 V/um. Such a field

enhancement corresponds to up to some pum long free standing CNT.

(d) Emitters with B > 500 and onset field Ey < 10 V/um. Such rare, most

probably opened CNT, are the main electron emitters on the porous alumina
based FE cathodes. In particular they are registered by the luminescent screen

of the IMLS as a strongest emitters.
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Decreasing of the pore diameters of the porous alumina and their partial opening possibly
reduce the density of emitters of the (a) and (b) groups, which results in the increase of the

mean field enhancement factor and decrease the onset field.

4.2.5 Influence of the pore diameter on the current density

As it was already mentioned in Chapter 4.2.2 for the EPAM the surface morphology is
different on their opposite sides. One side have the fully opened pores (f-side) and another —
partially (p-side) often with smaller spread pores. The main advantage of these substrates is
the possibility of variation of their thickness and pore diameter. In all experiments the side
with fully opened pores was exposed towards the gas flow. For the measurements the
templates were broken into pieces 8 - 35 mm? and their both sides were tested in the IMLS.
The EPAM are also generally thicker than Anodisc®, thus not so flexible. Most of the
samples showed convex or concave geometries which can not be changed during the
preparation, thus the sample curvature has been taken into account for the calculation of the
electric field. For all samples the identical deposition of alumina particles was provided. The
real pore diameter is not equal to the theoretically predicted. The deviations up to 50 % were
observed due to not full control of the etching process during the membrane fabrication. The
main FE properties of the investigated CNT samples on EPAM are presented in the Tab. 4.5.

Similar to the Anodisc® samples the main limitation factor at high fields is the discharge

Sample Sample | Config. Pore diameter | E,,[V/um] N/em” at j [pA/cmz] Npar/cm’ Jmax E naxeft
name area of pores [nm] (InA) E=3V/um at [pA/cmz] [V/um]
[mmz] Nom. Real E=3V/um
JE98 10 f,I 200 n.m. 1.4 n.m. 300 5000 |2900 5.5
JE102 8 f,I 40 55-65 0.7 700 210 6000 |800 4
JE103 31 f,I 100 | 33-50 2.2 n.m. 17 10000 |32000 7.2
11 p,O - n.m. 1.1 n.m. 110 750 1200 3.6
JE120 13 f,I 52 60-70 1.8 200 110 1500 |750 4.1
7.5 p,O - 38-55 1.5 215 310 420 |360 3.1
JE122 14.7 f,I 65 22-35 1.3 390 62 2000 |4000 4
27.7 p,O - n.m. 0.8 250 10 500 |70 5.3
JE123 22.4 f,I 65 22-35 0.6 400 313 >7000 | 12000 5.5
24 p,O - 19-25 0.7 180 250 >7000 | 83000 7
JE124 | 34.6 £l 105 |57-65| 09 410 165 600 |300 3.6
125 | poO - 2339 07 150 72% 200 | 120 4

Tab. 4.5. Integral FE properties of the CNT samples on EPAM. The 3™ column shows that the sample have fully
(f) or partially (p) opened pores and was the side gas-inlet (I) or —outlet (O) in the MOCVD. The nominal
(estimated by the etching voltage) and the real (measured with the SEM) pore diameters are presented in the 4"
column (n.m. means not measured). For each sample the initial emitter number (N) and dc current densities (j) at
E = 3V/um are compared to the final values at the maximum achieved field (E.x.r) after processing. (*) For the

sample JE124 only strong edge emission was observed.
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occurrence. However, CNT samples on EPAM reveal higher current carrying capability, thus
allow to achieve higher current densities.

The sample JE98, is the reproduction of the JE78-3 Anodisc® serie, but on basis of
the EPAM with the same pore diameter and thickness. The sample showed comparable
homogeneity of the emission, but lower emitter number density of about 5000/cm” at 5.5
V/um. The onset of the emission for I = 1 nA was at E = 1.4 V/um, which is higher than for
Anodisc® too. For the next samples the pore diameters were drastically decreased. The idea is
that the large 200 nm pores are mainly responsible for the growth of the large number of short
nanotubes building up the shielded layer, which is not suitable for the enhanced FE. By the
EPAM samples which have the smaller than 200 nm pores up to several um long CNT were
seen apart the sample surface mainly attached to the alumina clusters (Fig. 4.26). The
influence of the mutual shielding of emitters, which is one of the main parameters reducing
the FE current, is smaller for the configurations, where the CNT on the surface are spread.
The mean distance between CNT bundles for JE103(f) is about 5 um resulting in 4 x 10*
potential emitters per mm? (Fig. 4.26), which is two orders of magnitude lower than for
Anodisc®. However, this sample showed in the IMLS more than 10000 emitters/cm? in the
brightest region of the emitting area at E = 7.2 V/um, which is record resolved in the IMLS

emitter number density for porous alumina samples (Fig. 4.27).
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Fig. 4.26. SEM image of the f-side of JE103. The pore on  Fig. 4.27. IMLS image of the emission from the sample
the have & = 33-50 nm. The CNT are attached to the JE103(F,I) at E = 7.2 V/um. The maximum emitter

alumina clusters and have up to 2 pm length. number density is ~ 10000/cm” in the brightest region.

Opposite side of the sample with partially opened pores, however, showed much lower
emitter number density due to strong edge emission at the corresponding concave geometry
with AZy.x = 175 pum. At such a values of height difference the IMLS can resolve only the
edge emission.

In comparison to Anodisc® the sample JE98 reveal the lower current density of 0.5
mA/cm” at E = 3 V/um. However, the maximum current density of 2.9 mA/cm” at E = 5.5

V/um was higher, than obtained for the commercial membranes. The sample JE103 reveals
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even higher current carrying capability. The current density of 32 mA/cm® was reproducibly
achieved from the 28 mm? sample at E = 7.2 V/um (Fig. 4.28(left)).
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Fig. 4.28. Integrally measured I(U) curve of the sample JEI03 in linear (top left) and FN (bottom left)
illustrations (increase — black squares, decrease — red circles) with corresponding IMLS images taken at (a) I = 3
mA (U=280V), (b)I=7mA (U=860 V) and (c) I = 10mA (U =900 V). The electrode spacing Az = 125 um.

Due to convex geometry of the sample the electric field is lower at the edges, thus reduced
number of emitters was observed there (Fig. 4.28(right)). The corresponding FN plot shows
reproducible linearity by current increase and decrease, which show good current stability of
the CNT on EPAM. High current densities were obtained also from the sample JE123. The
side with average pore diameter of ~ 28 nm (JE123(f, I) in Tab. 4.5) reveal the integral
current density up to 12 mA/cm?® at By = 5.5 V/um (Fig. 4.29). The emission was non-
uniform due to the convex curvature of the sample. Converted IMLS images show, that the

brightest emission area of 1 mm® (Fig. 4.29(top right)) provides up to 8% of the total current.
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Fig. 4.29. I(U) curve of the sample JE123(f, I) and corresponding IMLS image taken at maximum voltage of U =
1090 V and I = 2.7 mA (Az = 200 um).
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At such a values the sensitive luminescent screen damages quickly, thus the emission current
together with the emission homogeneity (imaging) can be measured only over several
seconds. At E = 3 V/um the sample JE123 (f,I) showed slightly higher current density than
the opposite side. However, at E = 5.5 V/um the sample JE123(p,O) provide 37 mA/cm? and
at E¢r = 7 V/um the highest current density of about 83 mA/cm? (Fig. 4.30), which was
achieved for the CNT samples on porous alumina in dc mode. Thus, the maximum current
carrying capability of the p-side of the sample was factor 7 higher than for the f-side.
Comparing the IMLS results of the best CNT samples on EPAM, the highest current density

was achieved for the sample with the smallest pore diameter.

A

5(I)O 1 OIOO 1500
U[v]

Fig. 4.30. I(U) curve of the sample JE123(p,O) and the corresponding IMLS image taken at maximum voltage of
U=1400 V and I =20 mA (Az =200 um).

The CNT grow from the pores which are in the vicinity of the alumina clusters.
Obviously, from a ~ 20 nm pore only one CNT with the same diameter can grow. The pore
diameters on the porous alumina are not precisely constant and show the deviation from the
average value up to 7 nm. In order to investigate the influence of the pore diameter on the FE
the current densities from CNT on all EPAM and one Anodisc® JE109 were compared at E =
4 V/um, since not all samples reached higher fields (Fig. 4.31). In order to decrease the
current fluctuations and the influence of the strong emitters, the samples were conditioned
over several hours to reach good current stability. Strong correlation of the current densities
and pore diameters was observed (Fig. 4.31). The resulting maximum current density was
extracted from the samples with the average pore diameter of ~ 22 nm (JE122,123). The
achievable current density decreases with the pore diameter and at about 60 nm reaches its
minimum. Further increase of the pore diameter up to 200 nm does not significantly influence
the current density. At this field level the samples showed the current density of about 0.5
mA/cm’® (JE98 and JE109).
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Fig. 4.31. Influence of the pore diameter on the current density from CNT samples on EPAM (black squares) and

one Anodisc® (red ring). The results were compared for E =4 V/um.

Estimation of the current carrying capabilities for other Anodisc® samples showed, that their
current densities are higher than for JE109 at E = 4 V/um. Nevertheless, the virgin Anodisc®
samples show after several hours up to by 60% decreased current values. One can expect that
current densities for conditioned Anodisc® samples are far below 1 mA/cm?. For the samples
with pore & < 20 nm the obtained current density should be poor similar to JE116 (p,I) due to
the shielding effect (see Chapter 4.2.2). Thus, the optimum pore diameters for the extraction
of high current densities are in a range of 20 - 40 nm.

Thus, the beneficial for FE pore configuration of the EPAM JE123(p,0) is shown in
Fig. 4.32, where the partial opening of the pores leads to the decreased density of the CNT on

the surface, thus reduction of the shielding effect.
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Fig. 4.32. SEM images of the sample JE123 (p,0O) with & ~ 22 nm spread pores before (left) and after (right) the

MOCVD process. The mean distance between the pores is about 250 nm.
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It is well known that the bundles of nanotubes show higher stability and current carrying
capability than the single CNT [153]. The interweaving network of the CNT, found on the
sample surface, additionally increase the stability of the emitters, which consist of several

nanotubes (see Chapter 4.2.9).

4.2.6 FESM studies of CNT on EPAM

In order to clarify the role in FE of full or partial opening of the pores and the

influence of the exposure towards gas inlet flow in the MOCVD process the FESM studies
were provided on the EPAM JE123 and JE103 respectively. At first, the side of the JE103,
which was covered with alumina particles was used as inlet side for the gas flow in the
MOCVD process (Tab. 4.5). Both inlet (I) and outlet (O) sides of the JE103 were scanned in

227V ov

Fig. 4.33. SEM image of the JE103(I) Fig. 4.34. U-map (scan area 1 x 1 mm?) of the sample JE103(I) made
sample surface covered with some with 12 pm W anode at 14 pum electrode spacing for the current of 1 nA.
alumina particles with & = 12 um The resulting emitter number density is ~ 24000/cm” at E < 12 V/um.

W anode above.

FESM with & = 12 um W anode. The in-situ SEM image show that the JE103(I) sample
surface is covered with the large alumina particles (Fig. 4.33). The calculated emitter number
density from the U-maps of the area 1 x 1 mm? of JE103 (I) for the current I = 1 nA was
24000/cm” at E < 12 V/um (Fig. 4.34). This value is higher than is obtained from the IMLS
images due to higher electric field. In comparison, the O-part (Fig. 4.35) reveal higher number
of emitters ~ 39000/cm” than I-part (Fig. 4.36) at about the same electric field of 11.5 V/um.
Due to the concavity the scan was made only for 300 x 300 pmz area.

Since there is a significant difference in FE properties between the I- and O-sides of
the EPAM, the local measurements on the JE103 were made separately for both sides. In
summary, 40 emitters were investigated on the I- and O-sides of the JE103, by means of the
W anode of the & = 10 um at electrode spacings of 6 - 10 um. The voltage in each of these

measurements was increased until the strong instabilities were observed.
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Fig. 4.35. SEM image of the Fig. 4.36. U-map (scan area 0.3 x 0.3 mm®) of the sample JE103 (O)
JE103(0O) sample surface with the 12 made by 20 um W anode at 10 um electrode spacing at the 1 nA current.
pm W anode above. The resulting emitter number density is ~ 39000/cm” at E < 11.5 V/um.
About 85% of the random CNT emitters on JE103 I-side showed instabilities,
including 50% which are degraded and 35% destroyed during current increases. No activation
of the emitters was observed. Emitters #1-4 in Fig. 4.37 show the degradation of the emission
at I = 5 pA and further reproducible currents up to Iy.x = 6.8 pA. Part of the emitters was
degraded (e.g. emitter 4) at the currents < 1 pA. However, in all cases, as it was already
mentioned for Anodisc® samples, the reproducibly stable curves were obtained after the

initial processing. About 15% of emitters reveal the stability in the current range of 1 pA.
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Fig. 4.37. I(U) curves of 6 random emitters of the sample JE103(I) in FN illustration. The first current increase —
black squares, decrease - red triangles (A) and second increase — blue triangles (V) . All emitters were

investigated with & = 10 um W anode at the distance of 6 um up to maximum current I,,;.
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Fig. 4.38. I(U) curves of 6 random emitters of the sample JE103(O) in FN illustration. The first current increase
— black squares, decrease - red triangles (A) and second increase — blue triangles (V). All emitters were

investigated with & = 10 um W anode at the distance of 6 um.

Similarly about 80% of the 20 investigated random emitters on the O-side of the
sample JE103 showed instabilities. However, not only destruction of emitters (50%) or their
degradation (10%) at the current range < 1 uA were observed (e.g. emitters #1 and #2 in Fig.
4.38). About 20% of emitters reveal activation (emitters #3 and #4) at different maximum
currents 0.2 — 4.5 pA. The stability was observed at the emission currents of 1 uA for about
20% of emitters. The maximum emission current per emitter was 12 puA, which, however,

lead to its destruction (e.g. emitter #6).
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Fig. 4.39. Field enhancement factors B calculated for the initial(black) and final(red) voltage increases of the
single CNT emitters on JE103(I) as a function of extraction field for the current of 1 nA in linear (left) and

inverse dependence (right).
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The B of the emitters of the sample JE103(I), calculated for @ = 4.9 eV, lay below 500 with
the onset fields Eo,< 10 V/um (Fig. 4.39). The B distribution show the peak value of 450 at
lower, than for the strongest CNT emitters on the Anodisc®, onset field of Eq,= 6 V/um. The
difference between the initial and conditioned (final) B, show the influence of the processing
effects on the field enhancement, thus the evolution of the emitters. The B shows strong
deviation from the inverse dependence on the onset field due to clear S-effects (see Chapter
4.2.4), which explain e.g. low onset field for the emitters with low field enhancement.

As for the emitters on the O-side the strongest emitters were observed at the E,, < 10
V/um. The B values show the hyperbola like dependence on the onset field, however, absolute

values lay between 250 and 2850 (Fig. 4.40), which are at maximum higher than on the f-side.
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Fig. 4.40. Field enhancement factors [ calculated for the initial (black) and final (red) voltage increases of the
single CNT emitters on JE103 (O) as a function of extraction field for the current of 1 nA in linear (left) and

inverse dependence (right).

Despite of the two strong CNT emitters with opened tips, the emitters are in general show
lesser strong deviation from the fit curves as for I-side. Moreover, the most of the field
enhancement factors are in the range between 400 and 1000. Thus, the emission current was
extracted with & = 12 um anode from sparse grown long CNT emitters. The CNT emitters on
EPAM are on average longer than on the Anodisc®, which is also expected from the
morphology of the CNT on their surfaces (s. SEM images in Fig. 4.5, 4.26). The absence of
the short emitters grown from the pores, typical for Anodisc® (with B ~ 50), which is proved
also by the SEM images, is advantageous for the FE.

The histogram (Fig. 4.41) for the first and second V increases in the I-V curves shows,
that the most of emitters on the I-side of the JE103 have the field enhancement factors in a
range 150 - 200. The maximum of the B at the second increase voltage cycles for JE103(I) is
shifted to the lower value due to conditioning effects. The large number of destroyed emitters
after the first current increase, however, prevents the calculation of final  for the most of
emitters. The histogram in Fig. 4.41(right) shows, that B of the CNT emitters on JE103 (O)
are in the range between 400 and 650, which is factor 2-3 higher than on the I-side. As usual
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the Gaussian fit for final field enhancement factors is narrower than for initial values due to

conditioning effects.
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Fig. 4.41. Calculated histograms of the In(f) and fitted Gaussian distributions for initial (red) and final (blue)
voltages increases show the changing of the f§ for the JE103(I) (left) and JE103(O) (right). The final mean values
of B were 200 and 600 respectively.

The CNT on the inlet grow faster than on outlet side of the porous alumina and build
in this way more dense emitter layer. Despite of the low onset field of emitters on both sides
of JE103, the O-side show higher number of emitters and much higher field enhancement,
thus more suitable for the FE.

The investigation of the role of partial(p) and full(f) opening of the pores of the EPAM
on FE was provided for the sample JE123. The f-side have fully opened pores with & = 22-35
nm, which is less than for JE103. The opposite side have the partially opened pores of & =
19-25 nm with mean distance of about 250 nm between them (Fig. 4.32). The U scan of the
JE123(p) (Tab. 4.5) surface reveal the emitter number density of 56000/cm” (Fig. 4.42(left)) at
E < 18.9 V/um, which was estimated from the area of 255 x 275 pmz. Convex geometry,
unfortunately, prevents the scans of the larger area. The f-side reveal lower number of
emitters ~ 48000/cm” at E < 6.2 V/um (Fig. 4.42(right)). The black colour, which represents
the highest onset field of the emission in Fig. 4.42(left) shows, that emitters grow there more
sparse, than on the f-side. Moreover strong variation of the emitter strength also seen in the
same image. The estimation of the emitter number density for p-side at E ~ 6 V/um results in
the value ~ 12000/cm2, which is factor 4 lower than for the f-side at the same field level.

The SEM images (Fig. 4.32) show that the sample surface is covered with long
interweaved nanotubes with length required to provide 1 nA current. Calculation of the
density of non-shielded nanotubes leads to a value of 4 x 10°/cm®. The amount of the CNT on
the surface is about factor 7 higher than number of emitters calculated from the U — maps.
Thus, the amount of CNT, which participate in the emission is ~ 15% and is much higher than
on the Anodisc®.
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Fig. 4.42. U-maps (scan area 275 x 255 pmz) of the sample (left) JE123(f) and (right) JE123(p) made with 10
pum W anode at ~ 30(40) um electrode spacing at the 1 nA current for E < 6.2 V/um (E < 19.5 V/um),
respectively. The resulting emitter densities are ~ 48000/cm” (left) and ~ 56000/cm’ (right).

For the JE123 sample 24 emitters were measured on the f- and p-sides of the
membrane with the W anode of the & = 10 um and at 6 - 12 um electrode spacings. For the
sample JE123 (f) about 25% of emitters reveal the stability at currents up to 15.4 uA. From
the rest more than 60% of emitters were activated and only about 15% degraded. The emitters

of this sample reveal on average higher current carrying capability. Moreover, no destruction
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Fig. 4.43. Field enhancement factors B extracted from the initial (black) and final (red) voltage increases of the
single CNT emitters on JE123(f) as a function of extraction field for the current of 1 nA (left) in linear and

(right) inverse dependence.

of emitters was observed. For the sample JE123(p) more than 30% reveal the stability of the
emission at maximum up to 11.2 pA, about 50% the activation and 20% degradation. The
maximum obtained current from the single emitter was 18,7 uA at E = 37,6 V/um. This value

is mostly at the limit of the single MWNT current carrying capability [154].
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The emitters on the JE123(f) (Fig. 4.43) show the field enhancement factors up to
2200 at the fields < 8 V/um. Strong S-effects can be explained by the densely grown long
emitters. In contrast, the emitters on the p-side (Fig. 4.44) show the field enhancement factors
between 100 and 600 at onset fields 11-19 V/um, which is 2 times higher than on the f-side.
The B values show the hyperbola like dependence on the onset field (Fig. 4.44). The emitters
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Fig. 4.44. Field enhancement factors B extracted from the initial (black) and final (red) voltage increases of the
single CNT emitters on JE123(p) as a function of extraction field for the current of 1 nA (left) in linear and

(right) inverse dependence.

seems to grow more sparsely and show lesser, as compared to the f-side, deviation of the B
from the linear fir curve in Fig. 4.44(right). Indeed, the SEM images in Fig. 4.45 prove, that
the surface on the f-side is covered with dense grown long CNT, which build the
inhomogeneous layer. Alternatively, the surface of the p-side is covered with sparse grown
CNT with up to 8 um length.
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Fig. 4.45. SEM images of the f- (left) and p-sides (right) of the sample JE123.

The histogram in Fig. 4.46 shows, that final mean [ are about 1100 for the sample
JE123 (f) and about 320 for JE123 (p) respectively. Most of the emitters of JE123(f) have the
B between 600 and 1600, which is much higher than maximum values on the p-side. In both

cases the fits are shifted to the higher values due to activation of emitters.
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Fig. 4.46. Histograms of the In(f) values and fitted gaussian distributions for initial (red) and final (blue)
voltages increases show the changing of the  for the JE123(f) (left) and JE123(p) (right). The final mean values
of B were 1100 and 320 respectively.

The clear illustration of such a processing effects can be provided by the comparison of the
emitter distribution on two measured U maps of CNT on EPAM JE102 (Fig. 4.47). The maps
were obtained before and after the I-scans up to 100 nA in the same area. Obviously a local
emitter current of 100 nA decreases the number density but increases the strength of the
remaining emitters. The potential number of CNT emitters at high electric fields was
determined by voltage scans was decreased from 62000/cm” to 45000/cm? at 23 V/, pm.

900V 200V

Fig. 4.47. FESM voltage maps between 200 V (bright) and 900 V (dark spots) corr. to fields between 5 and 23
V/um required for 10 nA local (@ 5 um) current of the same 1 mm?” area of a CNT sample on EPAM (JE102)
during the (a) first and (b) second scan. While the resulting emitter number density has been reduced from

62000/cm’ to 45000/cm2, most emitters have become stronger.

Two effects were observed in the FESM studies of the EPAM samples. The CNT on
the I-side grow faster, thus build a shielded layer of emitters. The CNT on the O-side grow
more sparsely, thus reveal higher field enhancement and larger emitter number densities in the

U-maps for a given field. Reduction of the pore diameter with partial opening of the pores
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results in even more sparse growth of CNT, while on the f-side the CNT number density
increases. Moreover, fast grown CNT on the f-side reveal highest field enhancement factors,
thus lowest onset fields and a portion of CNT as field emitters of about ~ 15%, which is
enormous value compared to Anodisc®. Thus, the field enhancement factors and the number

density of CNT emitters depend more on the CVD growth conditions, than on pore diameter.

4.2.7 Current stability of single CNT emitters

The IMLS tests can not give the information about the stability of the single emitters,
because the integral emission current is influenced by all of them. Thus, the fluctuations of
local emission sites are compensated and not visible in the integral I-V curves. In order to
measure the long-term stability of the single emitters the tests in FESM were made with 20

pm W anode at a distance of 10 um (Fig. 4.48). The current drift with the period of about 8

I[HA]
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8
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Fig. 4.48. Long-term stability test of the single emission site on the sample JE78-3.

hours was observed at constant E = 32.7 V/um for the emitter on Anodisc®. The emitter
reveal the activation by factor 4 over 8 hours and than degradation to the previous level. The
strong fluctuations in minute scale were observed in parallel. The long-term test of the emitter
on the EPAM sample JE102 at E = 35.7 V/um reveal the current drift with the period of about
2.5 hours and a fluctuation of a current in an hour scale (Fig. 4.49). The current fluctuations
were ~ 50%, which is lower than for Anodisc®. Such instabilities seems to be natural for
CNT emitters on porous alumina. Obviously, such an effect does not depends on the scale,

while were observed both for nA and pA currents.
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Fig. 4.49. Long-term stability test of the single emission site on the sample JE102.

The exponential form of the FN law shows that a small change of the  and/or ® can
significantly alter the emission current [85,155]. The shirt-term measurements were made
with the signal analyser which allow to measure the current fluctuations with ms speed. Fast
(< ms) reversible switching between current levels was detected (Fig 4.50), which reflect
emission from different electronic states. The current is seen to fluctuate between at least 2
main levels. Moreover, it spends a variable length of time in each state from ms to some s.
The histogram in Fig.4.50(right) was created from the entire sequence of the emission current

pulses of about 1000 s and show at least 4 main peaks which represents the main electronic
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Fig. 4.50. Switching of the emitter between several electronic states (top left), the timely resolved bistable

switching over 2 states (bottom left) and corresponding histogram of the multistable current (right) at U =245 V.
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states (Fig. 4.50). The current drift, however, provide their widening. Another emitters reveal
the switching between up to 7 electronic states, which produce sharp peak in histogram (Fig.
4.51).

Such instabilities can be successfully described by a flip flop process [156] whereby
an adsorbate switches between two different states corresponding to different effective work
functions. Moreover, the emitter in general rarely consists of only one CNT. Each nanotube
influence the switching and possibly add several electronic states to the resulting histogram.
In order to determine the physical processes leading to the switching the adsorbate species

should be identified probably by the imaging atom probe approach [157].
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Fig. 4.51. Multistable switching of the emitter between several electronic states (left) and corresponding

histogram of the current (right) at U = 158 V resulting at least 7 electronic states.

4.2.8 Current conditioning and pressure dependence of CNT cathodes

The local instabilities are averaged in the integrally measured emission current, but
can be observed in the IMLS images. Usually after the first tests of the emission strength and
uniformity of the CNT cathodes in the IMLS and some initial conditioning of enhanced edge
emission [158], reproducible images with plenty of emitters distributed over the whole sample
surface were obtained. During the first increase of the voltage, processing of some emitters
has often been observed which leads to small permanent current jumps in the integrally
measured [-V curve. Beside the repeated on and off switching of light spots within about
seconds, a permanent activation or deactivation of emitters has also been seen in the IMLS
videos. The current processing effects on that sample have been revealed by means of
software image analysis as shown in Fig. 4.52, where short-term fluctuations have been

suppressed by image averaging over 5 s. After a processing time of 10 min, 54(15)% of the
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emitters have remained stable, while 29(19)% have been activated and 17(65)% deactivated
for EPAM (Anodisc®) samples respectively. The IMLS images revealed more permanent
changes of the emitter distribution. Often emitters are strongly activated (Fig. 4.52(left)),
which suppress the emission from the rest of the sample surface.

Fig. 4.52. Analysis of current processing effects on the samples JE78-2 and JE103. Compared are 5 s time-
averaged IMLS images before and after a 10 min time interval, resulting in stable (yellow), activated (green) and

deactivated emitters (red).

In some cases the strong activated emitters cause the discharges (Fig. 4.53). Usual
discharge destroy both the sample and the luminescent screen in that area. Afterwards the
increased emission from the discharge border is often observed (Fig. 4.53(left)), while the

discharge area of some mm in diameter reveal mostly no emission.

Fig. 4.53. IMLS image of the emission 100 ms after the discharge and the analysis of the discharge, resulting in
partial destruction of CNT emitters. The comparison of the image taken 0.1 s before the discharge (orange) and

the averaged image (20 over 2 s) (violet) shows the precursor of the discharge (marked emitter).
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The analysis shows, that marked emitter in Fig. 4.53(right) is situated in the center of the
destroyed area and was activated 0.1 s before the discharge occurs. The main reason of the
discharges is the evaporation of the luminescent layer of the screen [146] e.g. due to high
local emission currents.

The emitters on Anodisc® are less stable at high currents. After 2 hours of current
processing at 250 pA the total number of emitters at a given field increased about a factor of

three (Fig. 4.54), which was provided by image analysis. The emitters on EPAM are more
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Fig. 4.54. Number of emitters versus electric field for CNT on Anodisc® (size 18 mm?) (left) and EPAM (size
20 mm’®) (right) samples before and after 2 hours average current processing (~ 250pA) (made by image

analysis).

stable (Fig. 4.54(right)), however, also reveal activation up to 30%, which is natural for the
CNT. Such an effects were shown in the local measurements and correlate with the data
obtained from the image analysis. Permanent alignment and desorption of gases are most
often discussed as origin of CNT emitter activation, while shortening and disruption of CNT
and adsorption of gases might cause deactivation. In order to distinguish these effects, the
CNT sample on EPAM before and after a 30 min exposure to a pressure of 2x10~ mbar was

tested. The change of the emitter numbers as function of the applied field resulting from
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IMLS image analysis is given in Fig. 4.55. Obviously, there is some reduction of about 25%,
which suggests a significant influence of the adsorbates on the integral FE strength of CNT
emitters.

The stability improvement of the CNT cathodes on EPAM as compared to Anodisc®
has been confirmed by long-term current processing in the pressure range between 10 and

5-10™ mbar (Fig. 4.56). The measurements were made with Cu anode, due to high sensitivity

200 T T T

150<L‘

o
o

4
t[h]

Fig. 4.56. Long-term current stabilities of a 18 mm”* CNT sample on Anodisc® (I, = 90 pA) at various
pressures/fields: 2-10°mbar/5.1V/um (upper); 5-10°mbar/5.8V/um (middle); 5-10*mbar/7V/um (lower curve)
and of a 28 mm” CNT sample on EPAM (I = 150 pA) at pressures/fields: 2-10°mbar/4.6V/um (upper); 5-10°
mbar/5.3V/um (middle); 5-10*mbar/6.5V/um (lower curve) respectively.

of the luminescent screen. For CNT on Anodisc® the initial current of 90 + 10 pA (50
nA/emitter) degraded continuously over 8 hours to values between 66% for 10 mbar, 14%
for 5 x 10”° mbar and 1% for 5 x 10 mbar (Fig. 4.56(left)). For the EPAM sample JE103 the
initial current was Iy = 150 pA. The calculated current per emitter was ~ 50 nA and was the

same as for Anodisc® sample. On the EPAM the emission current remain at 90% level of the
initial for 2x10 mbar, 30% for 5 x 10” mbar and 13% for 5 x 10™ mbar (Fig. 4.56 (right)).
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Fig. 4.57. Comparison of the FE current of the same Fig. 4.58. Comparison of the FE current of the same
CNT cathode as in Fig. 4.9 (JE78-3) at 10°mbar initial CNT cathode as in Fig. 4.28 (JE103) at 10°mbar and
current I ~ 70 pA before (red curve) and after initial current of I ~ 100 pA 4.6V/um before (red
processing (green curve) (during which the current was curve) and after processing (green curve), during which
raised to 460 pA at 9.2V/um). the current was raised to 700 uA at 6.5 V/pm.
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Accordingly, much better long-term stability was achieved for the EPAM samples after
current processing up to 700 pA for some hours. The overall emission current for CNT on the
Anodisc® decreased by 60% over 17 hours (Fig. 4.57(red curve)). Consequently the voltage
was increased to obtain the same initial current (green curve). As result of the processing, in
Fig. 4.57 a good improved current stability for Anodisc sample was obtained. The stability
was improved and the degradation rate decreases. However, despite of the processing the
emission current decreased by 40% (Fig. 4.57(green curve)), which is not suitable for the
applications. For the EPAM excellent current stability of 100 + 10 pA is demonstrated (Fig.
4.58). After the initial activation and degradation to a level of 100 pA the current remain
stable over 18 hours. Thus, the conditioning of the samples at higher current greatly increase

the emission current stability.

4.2.9 Maximum current densities in dc and pulsed modes

The distribution of the emission current over the surface is due to curvature
inhomogeneity. By means of the conversion of the IMLS images with the profilometer maps
the influence of the sample curvature to the FE can be precisely determined. The calculation
of the emission current in the brightest areas of the IMLS images (with highest electric field),
reveal the differences of the emission distributed over the sample surface up to factor 4. At
Ectr = 4 V/um the sample JE123(F,I) reveal in the brightest emitting area the highest current
density of 83 uA/mm2 at the concave geometry and thus additional field enhancement at the
edges. At higher fields Eer = 5.5 V/um (real electric field Ey = 8.4 V/um) this sample
showed the maximum current density of 0.6 mA/mmz, resulting in 60 mA/cm?. The absolute
values of the current were higher for the sample JE123(p,0), which reveal the maximum
current density of 1.08 mA/mm? at Ereat = 9.3 V/um (Fig. 4.59), results in 108 mA/cm? in dc
mode. This value is the highest integral current density obtained in the dc mode for the CNT
on alumina membranes. The maximum current densities were up to a factor 5 higher than

average values obtained for E¢ (Tab. 4.6).
0 uA 100 pnA 0 uA 180 nA

Fig. 4.59. Converted IMLS images of the samples JE123(f,I)(left) and JE123(p,0)(right) taken at E.& = 5.5(7)
V/um. The brightest areas (marked 1 x 1 mm®) provide 0.6 (1.08) mA currents, respectively. It is remarkable,
that the best emitter provides the current of 180 uA (right).
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Sample |Conf.of | Pore & J(AV/um) | Jnax [mA/cmz] Eaxeft
pores [nm] [mA/cmz] [V/um]
N1 I 200 0.2 0.5 7.5
JE120 I 65 1.3 13 4.1
JE102 | 60 8 10 4
JE103 I 47 2.9 52 7.2
JE123 I 29 8.3 60 5.5
JE123 0] 22 3.7 108 7

Tab. 4.6. Maximum obtained dc current densities at E ;s = 4 V/um and maximum effective field E, ..

The pulsed operation have two main advantages as compared to dc: at first, the
samples can be processed more effectively due to the higher achievable peak currents and
secondly decreased heat loads on the luminescent screen reduce the discharge risk due to the
duty cycle ratio (see Chapter 3.1.3).

After initial dc conditioning two samples N1 (Anodisc®, the reproduction of the JE78
serie) and JE120 (EPAM) were measured in pulsed mode in order to achieve better
homogeneity of the emission. Temporary switching (in a s range), as well as permanent
activation and degradation of emitters were observed at different duty cycles. Finally, the
current processing effects were revealed from series of IMLS images taken in dc mode by
means of image analysis as shown in Fig. 4.60, where the short-term fluctuations are

suppressed by image averaging over 1 s.

(a) (b)

Fig. 4.60. Software analysis of IMLS images showing current processing effects. The emitter distribution has

partially changed after 8 hours pulsed processing of CNT on Anodisc® (a) and EPAM (b) resulting in stable
(white), activated (gray) and deactivated emitters (dark gray) [146].

The CNT sample on Anodisc® (size 5 mm?) shows after a processing time of 8 hours
only 25% stable emitters, while 49% were activated and 26% deactivated (Fig. 4.60(a)), i.e.
the emission uniformity was improved. At an constant electric field of 8.4 V/um the peak
current increased from 6 A to 22 uA. At a voltage of 3150 V and duty cycle 1:24, a stable
peak current density j, of 1.9 mA/cm” at E = 11.7 V/um was achieved. At fields up to 19.2
V/um partial degradation of the emitters was observed resulting in the maximum current

density of 5.6 mA/cm’. In comparison, the CNT sample on EPAM (size 7.5 mm?) shows
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lower uniformity of the emission (Fig. 4.60(b)) due to the concave geometry resulting in
slightly enhanced edge emission. The EPAM provides higher stability of the CNT emitters,
1.e. 54% of them remain stable, while about 40% were activated and only ~ 6% deactivated.
Accordingly, a higher current carrying capability is obtained. For the IMLS measurements j,
values up to 29 mA/cm” at E = 5.3 V/um (U = 1190 V, duty cycle 1:24) were achieved for
16.4 mm?’ sample, limited by the evidence of “phosphor” evaporation. Increasing the duty
cycle to a 1:48 a peak current density of 60 mA/cm?® was achieved for CNT on EPAM at a
field of 7.6 V/um. This clearly shows, that the pulsed operation is very effective for the
current processing and shift the critical field of the discharge to higher values. Moreover the
electric field levels up to 19.2 V/um were reached without the destruction of the sample,

which is hardly achievable in dc operation.

(b)

Fig. 4.61. Comparison of the IMLS images of CNT on Anodisc® (N1, size 5 mm?) at the same average current
of 3.9 pA: (a) in dc mode at U = 2100 V, (b) for 0.5 ms long current pulses (duty cycle 1:12) at U =2450 V, (c)
duty cycle 1:24, U =3150 V.

The comparison of the emission in dc and pulsed modes at the same average current
shows great increase of the brightness of the luminescent screen at the duty cycle 1:24 (Fig.

4.61). The light spots fuse at repetition rates above 80 Hz. The increased number of emitters

Fig. 4.62. IMLS images of the sample JE123 (f-side, size 22.4 mm?®) taken in pulsed mode by duty cycle 1:10,
touse = 0.5 ms, the average current I =1mA (U = 1500 V), resulting current density was jp=45 mA/cm’® (left)
and the sample JE123 (p-side, 24 mmz) taken by duty cycle 1:10, tyye = 0.5 ms, the average current I=5mA (U
= 2300 V), resulting current density was ~ 0.2 A/cm” (right). The 20% optic filter was used for the protection of
the CCD camera for the sample JE123(p).
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and enlarged halos leads to much improved luminescence and homogeneity of the emission.
In Chapter 3 was shown , that in a pulsed operation the brightness of the screen at the duty
cycle 1:12 decreases only by factor 4 in comparison to dc for the same peak currents. This
afterglow effect is well known for the luminescent layers and favours the operation of CNT
based light sources in pulsed regimes. The highest values of the current densities and best
homogeneity of the emission were obtained by the EPAM sample JE123 (Fig. 4.62). The f-
side of the sample JE123 showed the peak current density of 45 mA/cm® at E = 7.5 V/um
(Fig. 4.62(left)). The p-side of the same sample revealed much higher current density of about
0.2 A/cm®. Moreover, the limit of the pulsed power supply (FUG HCN 250-5000) of 50 mA
was reached for this sample at U = 2300 V, which disable the further increase of the electric
field. The brightness of the luminescent screen was so high that for the protection of the CCD
sensor the optical filter with 20% reduction was used (Fig. 4.62(right)). Thus, the real limit of
the sample current carrying capability was not reached. This new record value from CNT
samples on porous alumina clearly demonstrates the advantage of pulsed operation for power
applications like x-ray tubes. The maximal currents obtained in pulsed mode for CNT on

porous alumina are summarized in the Tab. 4.7.

Sample Conf. of Duty cycle J peak[mA/cmz] At Epaxert V/um]
pores
N1 I 1:48 5.6 12.3
JE120 O 1:12 58 7.6
JE123 I 1:10 45 7.5
JE123 O 1:10 >200 11.5

Tab. 4.7. Comparison of the maximal current carrying capabilities of the CNT on porous alumina membranes in
pulsed mode. The applied duty cycle results in the maximum peak currents (J,,) obtained at the maximum
effective field (Epaxetr)-

The maximum obtained current density for the Anodisc® sample N1 was about 5.6 mA/cm’
at the effective field level E = 12.3 V/um. In comparison the JE123 (O) showed > 200
mA/cm® at lower field of E = 11.5 V/um. While in pulsed mode the EPAM is more
advantageous for power applications, both EPAM and Anodisc® can be used in a light

sources.

4.3 Metallic nanowires

Four metallic nanowire samples, produced as described in the Chapter 2.2 were tested
in the IMLS, and two in FESM (Tab. 4.8). Different configurations of the investigated
nanowires were observed. While nanowires on the sample FMI1 form the tower like
structures, on the FM3 and FM4 they build densely packed and on the FM7 rare emitters

distributed over the surface (Fig. 4.63). The production parameters of the Cu nanowire
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samples are listed in the Tab. 4.8. The samples were on average ~ 20 um thick and allow to

fix them flat on the sample holders.

2

Sample Pore Fluency L[{um] | Sample | Npax/cm” | Ipax Eax
name diameter [Cm-z] area [uA] | [V/um]
[nm] [mmz]
FM1 213+9 (1.06 £ 0.09) x 1()8 18 29.7 37 3.1 6
FM3 331 +£28 (1.97 £0.09) x 1()7 15 27.9 10 0.26 8.3
FM4 155 +20 (1.69 £0.14) x 1()7 10 6.2 10 0.27 7.5
FM7 323+6 0,76 £0,2) x 10° 13 15 1 2 7.8

Tab 4.8. Overview of the production parameters and FE properties of the Cu nanowire samples. For each sample

the pore diameter in the Cu layer, thus the thickness of nanowires, the fluency of U atoms during the

bombardment, the measured length of nanowires in the SEM and the sample area are shown. The last 3 columns

show the integral results obtained in the IMLS.

In the diode configuration, the FE current from the Cu nanowire samples were provided by a

few emitters at the sample edges yielding integral currents up to some pA at electric fields of

E < 10 V/um. A rather unstable maximum current of about 3 uA at the field 6 V/um was
obtained from about 11 emitters on the sample FM 1 (Fig. 4.64).
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Fig. 4.63. SEM images of free-standing copper nanowires on Au/Cu backing layers (a) FM1, (b) FM3, (c) FM4,

(d) FEM7.
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Fig. 4.64. U, I(t) curves of the sample FM1 and corresponding IMLS image taken at maximum current of 3 pA
atE=6 V/um.

In order to determine the intrinsic FE properties of the Cu nanowires both voltage and
current scans on two nanowire samples by means of FESM were performed (Fig. 4.65). The
voltage scans for 1 nA reveal 1732 emitters/mm” up to 8.5 V/um on sample FM1, and 76
emitters/mm” up to 15 V/um on sample FM7, respectively. The current maps in Fig. 4.65
confirm the higher number of emitters N, = 1.4x10° cm™ on sample (d) as compared to
N, = 4.4x10* cm™ for sample (a), both at fields around 6 V/um. Only about 0.13 % (sample
(a)) and 6 % (sample (d)) of all wires contribute to the FE.

3nA [ (nA)
2nA 500
1.5nA 50
1nA 10
0.5nA 1
0nA 0

Fig. 4.65. Current distribution maps of Cu nanowire samples (scanned area 0.5x0.5 mm?) obtained with FESM
for (left) sample in Fig. 4.60 (a) with ~ 1.4x10° emitters/cm’ at 6.4 V/um and (right) sample in Fig.4 60 (d) with
~ 4.4x10* emitters/cm™ at 5.7 V/um.

Obviously, the percentage for sample (a) must be corrected due to the agglomeration
of several wires into a bundle which also seem to act as emitter. Unfortunately, the emission
of both types of samples is still not very uniform despite of similar length and diameter of the

nanowires.
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Therefore, the local FESM measurements on 20 randomly chosen emitters of sample
(a) by a cycle of ascending (1) and descending (|) voltages were performed. Most of the I-V
curves show activation (enhanced 3 values at the descending cycle) or deactivation (lowered

B values at the descending cycle) effects, but rarely stable FN behaviour.
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Fig. 4.66. Histogram and fitted Gaussian distributions (red line: ascending voltage, blue line: descending
voltage) of B values obtained for 20 emission sites from FN curves which are slightly different for increasing and
decreasing voltages. The § mean value is about 245 [73].

The B values extracted from all of these I-V curves can be fitted by a Gaussian
distribution as shown in Fig. 4.66, resulting in a mean value of 245 which is about a factor of
three higher than expected from the aspect ratio. The real tip shape of the nanowires is sharper
than a half sphere, which is proved by the SEM investigations (see Chapter 1.2.2), thus the
real values of field enhancement are higher.

In comparison to the CNT the obtained FE parameters of Cu nanowires should be
optimised. Thus, the aspect ratio for the field emission should decreased by means of e.g.
thicker foil for the U atoms or additional etching. To reduce the influence of the shielding
effect, which was observed in the measurements, when only a few nanowires corresponds to
the Fe, the fluency of the atoms should be decreased. Resulting material should reveal higher
stability and emitter number density. Additional structuring with e.g. glass mask by the ion
bombardment can probably decrease the nanowire site density, thus increase the achievable

uniformity and emission current.

4.4 Status of FE from nanostructure cathodes

Carbon nanotubes of various structures have been received much attention over the
past few years because of their unique characteristics, which are favourable for field emission.
In the Tab. 4.9 are shown the overview of the typical and the best FE properties of the CNT
reported in the literature and their comparison to the best results achieved in this work from
the MOCVD grown CNT on porous alumina.
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Key parameter Wuppertal Typical Best/Reference
[28]
Turn-on field [V/um] for 10 uA/cm” 0.9 1 0.6 /[159,160]
Current density of a single CNT [A/cm’] #6x10° 10° 107 /[161]
Current density of CNT films [A/cmZ] 0.2 0.1-1 6 /[153]
Threshold field [V/um] for 10 mA/cm” 5 6 5 /[159,160]
Emission site density [cm”] ~ 10’ ~ 10’ 10° /[162]

Tab. 4.9. Overview of the typical FE properties, achieved in this work from the CNT on porous alumina and the

maximum values reported by so far. (*) From single CNT emitter.

In particular, some works [159,160] have shown, that CNT have outstanding electrical
FE properties with high emission currents with low onset field of the emission up to 0.6 V/um
and current as high as 0.1 mA from a single nanotube. However, it is also well known that the
high emission capability of a single nanotube does not necessarily translate directly into high
emission magnitudes from a large area sample containing many such nanotubes because of
the shielding effect. The highest current densities from the CNT based cold cathode materials
were measured nowadays from the lithographically patterned arrays 100-um-diameter area of
MWNT bundles ~ 6 A/cm? at 20 V/um [153]. Some works presents the current densities of
100 - 500 mA/cm> over the same areas [159,163,164]. Nillson et al. have shown through
simulations that the optimum nanotube packing distance with the best field penetration occurs
when the intertube distance is at least twice of their height, Suh et al. have shown through
measurements that it is when the intertube spacing is equal to the nanotube height (s. Chapter
1.3). More recently, there are fundamental works on FE optimization of CNT using different
emitter configurations [162], when the emitter number density up to 10%cm?* was obtained.
But achieving theoretically predicted high current densities (hundreds of amperes per square
centimeter) over large nanotube areas with repeatability and emission longevity still remains a
problem. Nevertheless, the MWNT nowadays are the most promising candidates for the cold
FE cathode applications due to their simple fabrication, robustness and current carrying
capability [165-167]. The FE properties of SWNT are often used for fundamental studies and
simulations [30,167,168].

Field emission characterization of the quasi one-dimension nanomaterials has been
mostly concentrated on the recording of I-V performance and emission site distribution
[28,71,72,134,169,170,171]. In Tab. 4.10 the comparison of the current densities achieved by
different cold cathode materials is shown.

As already mentioned in Chapter 1.2.2, if one is to ensure the uniformity of emission it
is important to look for methods for synthesis of nanowire arrays having unique electronic
property. Mo and W are important refractory metals and have very high melting points,
relatively low work function, high electrical conductivity and robustness [71,72,169].

Therefore, they are considered to be important cold cathode materials.
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Type Materials Maximum current | Threshold field Reference
density [mA/cmz]
Metallic Graphite nanofiber | 50 2.5 V/um (1 mA/cmz) [169]
Mo nanowire 30 2.2 V/um (10 mA/cmz) [71]
MoO; nanowire 35 2.4 V/um (10 mA/cmz)
W nanowire 0.2 5 V/um (0.1 mA/cmz) [72]
Wide-band gap | MoO3 nanowire 13 3.5 V/um (10 pA/cm?) [170]
SiC nanowire 19 2.5 V/um (10 mA/cm”) [134]
Narrow-band | Cu,S nanowire 0.6 6.5 V/um (1 pA/cmz) [28]
=P CuO nanobelt 1.2 10.5 V/um (1 pA/cm?) [171]

Tab. 4.10. Various nanomaterials and their FE properties [28].

It is seen that most of the high-performing emitters are from wide band-gap
semiconducting nanomaterials. Typically, linearity of FN plots obtained from wide band-gap
semiconductor nanowires is much better than those obtained from CNT. The threshold field
for 10 mA/cm” from SiC nanowires [134] is even lower than the best values obtained from
CNT. Also, the uniformity of emission from aligned nanowire films seem to be better than
those from CNT films.

Among other semiconducting nanomaterials the most interesting are those prepared at
room temperature. These include Cu,S nanowire [28] and CuO nanobelt films [171].
Measurement of field emission characteristics showed that the typical threshold field for
obtaining a current density of 1 pA/cm2 was high (6.5 V/um), but that a current density of 0.6
mA/cm” may be obtained regularly from the Cu,S nanowire films. Moreover, due to the
narrow energy band-gap of the above nanomaterials, they are more likely to respond to
heating or illumination by visible light. Finally, it is noticeable, that one cannot find obvious

differences in the field emission properties of nanowires, nanotubes and nanobelts [28].
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5. Field emission applications of nanostructures

For as long as nanostructures have been known to exist, the optimization of them for
cold FE cathode applications has been an intensively developing field. Actually, most of
advanced applications are based on the CNT. Various approaches, however, demand from the
cathodes different requirements, which should be clearly understood. The range of cold FE
cathode applications is wide. They should replace existing light and x-ray and make possible
the construction of bright electron sources, field emission displays and multiple electron
beams. While some of them are in the prototype stage, others still require optimization of the
cathode material. Finally, the outlook for the presented key applications with respect to the

tested materials will be discussed.

5.1 Requirements for cold FE cathodes

The main advantages of cold FE cathodes, as compared to existing thermionic, are low
power consumption, instant turn-on, compactness, long lifetime and high electron beam
quality. The utilisation of them in devices require a clear understanding of the cathode
parameters, which are important for different applications. The requirements for the most

promising cold cathode applications are summarised in the Tab. 5.1.

Application Config. | Frequency range | Size[cm’] | Uan/Ugate J[A/em’] N/em® | AI/I, t
[kV] [years]

Light source | Diode 50 Hz ~1 2-5 0.5-0.2 ~10° | <50 | >1

X-ray Diode/ | dc-100kHz | <10 10-30 <10” [ ~10°| <10 | >3
Triode
FED Triode 100Hz |10-10°] 0.01-0.1 | <5x10° [ ~10° | <10 | >6
Multiple | Pentode GHz 0.1 0.1 <10%1ip | ~10° | <5 | >I
e-beam

Tab. 5.1. Requirements for FE cathodes in different applications.

For light sources [34,172,173], which in general have diode configurations (cylindrical or
planar) the high number of emitters is most important. At 2-5 kV anode voltage the current
density should be in the order of 0.2 - 0.5 Alem? to activate the phosphor, while the stability
of the emitters is relatively unimportant. Currently such applications have, in general, suffered
from phosphor ineffectiveness. Of course, the cathodes should have comparable lifetime with
existing incandescent or fluorescent lamps. Diagnostic x-ray applications [32,34] require
emission currents of 10 - 100 mA at an acceleration voltage of about 30 kV. The emitters
should operate at high current density; thus, CNT must be spaced apart by at least their height,
otherwise the field enhancement is reduced by screening effect. For the FED, which do not
require high currents, but should have equally bright pixels [33,35,36,174], the most

important parameters are the low onset fields, uniformity, and stability of emitters. This is
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more easily achievable in triode configurations with an extraction electrode, which allows the
use of a low voltage driver. The lifetime of the cathodes should be > 50.000 hours, despite of
the HV pressure (10° mbar) in the device. Multiple e-beam lithography [37] demands the
highest requirements for the stability of emitters. The high brilliance of the beam should be
achieved for sub-100 nm resolution. The market for this technology is so large, that even with
a lifetime for the e-beams of some month it would still be commercially viable. However, the
development is very complex and suffers from disalignment of the electrodes and imperfect
addressing technique. Other applications for nanostructure based field emitters include the
microwave amplifiers [175], electron guns for SEM [176], mass spectrometers, high precision
space thrusters and charge neutralisers in space applications [28], which are not so

commercially viable as FED.

5.2  Light source demonstrators

Common light sources are light bulbs and fluorescent tubes, which on average have
efficiencies of 15 and 40 Im/W respectively. Light sources based on cold cathodes are
preferred due to the absence of mercury, instant turn-on possibility, high intensity, and a large
working temperature range. For this purpose the electrons are accelerated in cylindrical or flat
diode configurations and excite the luminescent anode.

The field enhancement in cylindrical configuration can be found similar to planar case
by the replacement of macroscopic field at the cathode surface U/d, where U is applied
voltage and d is the interelectrode spacing, by the field U/(riIn(r>/r;)) (Fig. 5.1). The principle
is nearly the same as used in FEM [177]. Thus, the resulting B is much higher than in the
planar case. Experimental prototypes on basis of MWNT are already present [172]. The
experimental cylindrical configuration with r; = 0.5 mm and r, = 21 mm shows for an applied
voltage of U = 5.4 kV the emission current of 0.06 mA/cm? on the anode resulting in the
luminance of 10*cd/m? In the cylindrical geometry, the cathode has to emit far higher current
densities, than in a planar arrangement for a given current density on the anode (e.g. to reach
a given brightness with a phosphor layer). The efficiency of the device was about 10 Im/W,
which is mainly affected by the inefficient phosphors.

conductive
layer

cathode

L phosphor

layer

Fig. 5.1 Luminescent FE light source in cylindrical configuration (left) and the realised luminescent tube with a
MWNT cathode (right) [172]. The cathode of radius r is placed in the symmetry axis of the cylindrical anode

with radius r,. The cylinder has the phosphor layer on the inner side.
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The principle of the flat light source is the same. The electrons accelerated between
two planar electrodes and excite the luminescent layer (Fig. 5.2). At Lightlab/Sweden [173] a
light source based on CNT with 90% effectiveness as compared to the present Hg lamps has
been developed (Fig. 5.2). The first commercial flat light source on the basis of CNT grown
on glass substrate was constructed at XINTEK/USA [34].

Fig. 5.2. Cold cathode based light sources developed at the Lightlab/Sweden (left)[173] and XINTEK
(right)[34].

At the University of Wuppertal a mobile light source demonstrator based on CNT on
porous alumina was developed. Fig. 5.3 shows a general view of the demonstrator and the

example of the luminescent screen brightness produced by a 13 mm” EPAM cathode at

Fig. 5.3. General view of the demonstrator (left) and the image of its luminescent screen taken in pulsed mode at
U = 1kV (duty cycle 1:20) (right). The FE cathode used was 13 mm? size EPAM.

U = 1 kV. Below the luminescent screen of 19 x 19 mm? is positioned a CNT cathode, which
is glued to the aluminium sample holder. The same construction as for the IMLS allows
spacer free electrode positioning. The parallelness of the sample and the luminescent screen
can be set manually with the micrometer and controlled visually from one side, which has a
special cut. The distance calibration is, however, limited by the cylindrical configuration of
the load-bearing elements. This allows the precise tilting only in the direction parallel to the
symmetry axis of the tube. The right part of the demonstrator in Fig. 5.3 is the t-tube. From
one side it is connected to the gate, which can be connected to the pump stand. After about an

hour a pressure of about 5 x 10 mbar is achievable. From the other side the high voltage



96 5. Field emission applications of nanostructures

feedthrough is made for the connection to the power supply. The demonstrator showed at 1
kV and in pulsed operation (duty cycle 1:10) a high brightness, which was visually
comparable to the above presented prototypes (Fig. 5.2), though from a smaller area.

ISE/Japan has succeeded to use CNT electron emitters for the high brightness light
source (Fig. 5.4).

Visible light

™ aluminium

control
and

| nanotube

Fig. 5.4. Electronic scheme of the triode light source (left), the single light element (center) and the prototype of
the display based on these light sources with different phosphors produced by ISE/Japan [33].

As in a CRT device, the electrons pass through a control grip and strike a phosphor screen
that produces visible light. The luminance exceeds 50.000 cd/m’ which provides high
legibility even during day-time and can be used in advertising panels, signs etc. The
brightness is about two times higher than existing competing light sources which use
thermionic emission. The absence of the heating element provides a low power consumption
which is comparable to that for an LED. The proven lifetime of 8000 hours is commercially

viable.

5.3 RF-gun with high brightness

In the accelerator physic there is a permanent interest in the electron sources with high
beam quality. First studies of electron guns based on the RF-cavity (RF-guns) started in 1984
[178]. Two major concepts of them with thermionic or photocathodes has been studied
intensively [179]. The FE based electron sources provide excellent e-beam quality without
complicated laser triggering and at room temperatures. Experience with these cathodes is,
however, still limited. An RF-gun has been constructed in the group of Prof. Dr. T. Weis at
the Dortmund Electron Test Accelerator (DELTA) which gives and opportunity to investigate
FE cathodes with the diameter up to 8 mm and height of up to 2 mm in the environment of an
S-band test field [180]. The sample (cathode) is exposed during 4 us pulses with 3 GHz
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oscillated field. The geometry of the chamber produces a homogeneous electric field over the
whole sample surface (Fig. 5.5) [181].

Fig. 5.5. Side view of the RF-gun with a schematic of the cathode installation into the chamber (red arrows)

(left) and a section of the resonator chamber with calculated homogeneous field distribution (right) [181].

The peak electric field on the sample surface can be set up to 20 V/um. The maximum
repetition rate of the high frequency pulses is 10 Hz, thus yielding a duty cycle of 4 X 107
The measurement of the emission current is provided by the Faraday cup. It can be changed
by the YAG (Yttrium Aluminium Granat) screen with focusing solenoid, which allows the
observation of the emission area. Both Anodisc® and EPAM were installed into the system.
The CNT sample on Anodisc® reproducibly showed a Ix = 0.68 A at E = 15 V/um from a

25 mm? area, which results in the peak current density of j, = 2.2 Alcm® (Fig. 5.6).

Fig. 5.6. Measurement of the voltage on the Faraday cup with the 40 dB absorber from the Anodisc® (left) and
the image of the emission with the YAG screen (right).

The current remain constant over 1 hour. The corresponding image of the sample area show
the 3 major emitting clusters, which should have a current carrying capability > 100 mA. The
12 mm? size EPAM sample JE103 at the same electric field showed I = 0.8 A which results in

high value of the current density of j, = 6.7 A/em?. The reproducibility was measured over 1.5
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hours. The results show that by measurements at 250 kHz rate the intrinsic current limit of the
CNT is much higher than in the ms range. Moreover, the high current densities obtained show
that the CNT cathodes are a viable choice for high brightness FE based RF electron guns.

5.4 Compact x-ray tubes

A conventional x-ray tube is composed of a metal cathode (filament) which emits
electrons, when resistively heated to about 1000°C, at which point the electrons have
sufficient energy to overcome the work function. They strike a metal anode (target), which
emits the x-rays (bremsstrahlung). The design of existing cathodes have several limitations. In
general thermionic cathodes have slow response times and high power consumption. The FE
is more attractive mechanism for electron extraction, due to the room temperature working
range, lack of previous heating, and instant switching. The first prototype x-ray tube based on
cold cathode was developed by G. Z. Yue et al in a year 2002 [32]. The cathode was SWNT
coated on a metal substrate (Fig. 5.7). The gate (metal mesh) was about 200 um from the
cathode. Electron emission was triggered by a voltage applied between the gate and the
cathode. The output current is voltage controllable, as compared to the conventional tubes.

SWNT _Mesh 107 Torr Copper

Fig. 5.7. Schematic of the triode-type FE x-ray tube [32].

The first commercial product was developed at XINTEK/USA (Fig. 5.8) [34]. The device can
readily produce both continuous and pulsed x-ray (>100KHz) with a programmable wave
form and repetition rate. Moreover, it can produce sufficient intensity to image the human
anatomy. The new technology also outperforms the lifetime of existing cathodes, which in
general work less than a year. Since the size of the device is greatly decreased one can
imagine portable x-ray devices for use in medicine. Another feature of CNT based x-ray tubes
is the high resolution imaging of objects, due to their rapid pulsation capability and ultra-fine

focal spot, resulting in the 3D images and x-ray films.
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Fig. 5.8. Image of x-ray tubes based on CNT cold cathodes [34] and an x-ray image taken with this tubes.

5.5 Field emission displays (FED)

The principle of operation of a FED is very similar to a CRT, with the same
mechanism of light generation of cathodoluminescence. An electric field is applied between
the phosphor screen and the emitter arrays. Electrons generated by field emission are

accelerated in high vacuum to impact a phosphor dot deposited on the screen (Fig. 5.9).

voltage

foliage

Fig. 5.9. Architecture of the CNT based FED.

In comparison to CRT every pixel has its own electron source, which is independently
addressed. Some hundreds of emitters define a single pixel. Redundancies are built in so that
if a small percent of the emitters do not work, the pixel does not fail. A phosphor coating is
applied to the lower surface of the anode plate and sub-pixels are designed to generate the
primary colours. The important parameter for the FED is the low onset voltage, which allows
for matrix addressed displays using low-voltage CMOS drivers, as in LCDs. CNT-FEDs are
characterized by low power consumption, high brightness, wide viewing angle, fast response
rate and a wide operating temperature range.

The FED was first presented by Samsung, which has developed several prototypes in
the past years [35,36]. The last 5 inch display was operated at 100 V and an anode biases of
1.5 kV. The image was observed with a duty ratio of 1/120 and a frequency of 100 Hz (Fig.
5.10 (left)). The 40’> FED was presented also by ISE/Japan in year 2002 [33] (Fig. 5.10



100 5. Field emission applications of nanostructures

(right)). The main problem of both was the homogeneity, where even with a high emitter

number density of 10°/cm” some pixels drop out.

¥ CNTFED

L

Fig. 5.10. Colour 5°° FED presented by Samsung/Korea (left) and the 40’ prototype presented by ISE /Japan
(right) in the year 2002.

The commercial advantage of the Samsung technology, in comparison to another, is that all
CNT-based materials are printable inks, which can be deposited on a substrate like the
conventional screen-printing of thick films [174]. After a heat treatment the organic binder is
removed and the CNT are embedded in the metal electrodes. The inhomogeneity problem for
this material, however, was not resolved over the last 5 years. More promising approach for
the pixel formation was presented by Dean et al. [182]. They developed self-assembled CNT
growth on Ni patches of size 5 x 10 um” with low temperature CVD. This approach enables
one to produce high number densities ~ 10"/cm? of CNT emitters with B > 1000 and good
redundancy. Moreover, this technology is easy to scale up for mass production. This material
was employed for the construction of a brilliant FED by Dijon et al. in 2005 [183]. The device
of 320 x 240 resolution and pixel size 350 um, showed the luminance of ~ 800 cd/m* and

good uniformity in a range of 5%. Unfortunately, there are still problems in pixel drop-out.

5.6 Multiple e-beam lithography

The semiconductor lithography and mask production required now the sub-100 nm
techniques. Electron beam direct writing which is now chosen as a potential candidate for this
application, has a very low speed due to the employment of only a single e-beam. To solve
this problem the straight forward concept of writing with multiple e-beams was developed.
The feasibility of this approach was demonstrated using an array of miniature electron beam
columns by Muray [184]. Binh et al. [185] developed a microgun concept which uses a
nanotip with micron-sized electrostatic extraction, while focus and deflection lenses were
fabricated on the single silicon substrate. The resulting e-beam have the nm spot size. The EC

funded IST project, which investigates the feasibility of parallel e-beam lithography, showed
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the initial concept based of 32 microguns [37]. Of course, the required objective is to achieve

high throughput maskless direct writing capability with an array of 1 million microguns.
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Fig. 5.11. Design of one element/microgun of the ‘‘Nanolith’” writing head (left) and optical micrograph of the
dose control ASIC (right) [37].

In Fig. 5.11 is schematically shown a single element of the writing head which includes the
microgun, active matrix dose control CMOS circuitry and a post acceleration system (PAS)
[37]. The PAS electrically screens the low voltage microgun from the high acceleration
voltage (1-2 keV), and also physically shields the microgun from back ion bombardment due
to the outgassing of the resist during exposure. The CMOS circuits (ASIC in Fig. 5.11(right))
precisely control the dose produced by each microgun, since each emitter will have variations
in emitted current. The addressing of large number of microguns is still a problem. The
expected spot size for this system will be nearly equal to the diameter of CNT. In such a
complicated pentode configuration the most critical parameter for obtaining sub-100 nm
resolution is the alignment between the emitter and the extraction gate hole, thus a technique

with mutual self alignment is required.

5.7 Outlook

The utilisation of the advantages of cold FE cathodes in electronic is a very
competitive task. On the one hand, the concepts of different FE applications have existed
more than 10 years, while on the other hand there are still difficulties in developing
commercial products. Thus, the problem of inefficient phosphors keep the diode FE light
sources in the prototype stage, despite of various cathode materials, which fulfill the
requirements (Tab. 5.1). It is quite feasible, however, to use triode CNT based lighting
elements to assemble a full-colour display with video frame speed for large pixel screens for
stadiums, signs etc.

X-ray tubes are now fully commercialised and will have to compete against existing x-
ray sources and three-dimensional tomographic imaging techniques. Utilisation of the main
advantage of CNT based x-ray tubes — compactness, will lead to portable and miniature x-ray

sources for industrial and medical applications.
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The FED application has been a huge attraction because the total display market is $50
billion per year. It is, however, currently dominated by liquid crystal displays (LCD), where
the image is formed by varying light transmission through a series of many liquid crystal
pixels. The advantages of FED over LCD are a higher video rate, higher power efficiency,
and operating temperature range. A previous disadvantage of LCD of small viewing angle
was corrected some years ago and is no longer an issue. J. Robertson [186] summarised the

information in the year 2004 about the existing

2004
B technologies showing the dominant areas of

- display technologies as a function of size and
- resolution (Fig. 5.12). After the first success of

LCD CNT implementation for FED in 1995 was

Rezsciution

I e predicted that they should be first used, as an

Lﬂé%a"ic example, as 57 units in car navigation displays

| and as seat-back TVs in airplanes. However, the

" = L e 8 development difficulties of FED pushed the LCD
Siza {inch)

, . , . technology into the first place, having captured
Fig. 5.12. Schematic showing the dominant areas )
of display technologies as a function of display the small display market (e.g. cell phones). In

size and resolution. In 2004, LCD span small and ~addition, organic light-emitting diodes (OLED)
large area applications, plasma has taken over at gre a promising future technology for sub-5”
larger areas, while organic light emitting diodes displays. The Fig. 5.12 shows that the whole
(OLED) are entering the small “areadisplay region 5-80 inch is occupied now by LCD and
PDP. The FED, however, have a lower cost base

and better power efficiency than PDP. If the FED

market. This leaves FED as a large area display

market around 34"[186].

technology is to succeed in the near future, it will most probably occupy the large area display
market over 30".

The CNT emitters are ideal for the multi e-beam application, however, more work
should be invested to reach required stability and brilliance of the every of multiple e-beam.
Most probably, due to easily controlled geometry the metallic nanowires will be one of the
potential candidates for this application. More investigations, however, should be provided for
the implementation of such materials. Since currently a set of photomasks for CMOS costs ~
2 million euros the advantage of these technique, even if not fulfill the requirements for the
mass IC production, will be observable in the near future. The FE applications are also likely

to succeed where cost is not a key issue, such as RF-guns, electron guns for SEM, etc.
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Summary

The main objectives of this work consisted in the improvement of the integral
measurement system (IMLS) and in the optimization of FE properties of CNT and metallic
nanowire based cold cathodes.

The IMLS hardware was extended by a power supply with a PID regulated 5 kV
voltage output, which provides safe conditioning of the cathodes at a constant currents of up
to 50 mA. The pulsed regime was also enabled for this power supply, which provides an
increase of the output voltage from O to 5 kV within 2 ms. Thereby, the heat loads on the
luminescent screen are much reduced, and discharges have been prevented up to 20 V/um.
Moreover, high peak currents in pulsed mode provide faster conditioning of the cathodes.

The image data acquisition of the IMLS has been facilitated by means of the
AnalySIS® software package. It automatizes the time consuming operations e.g. emitter
number calculation and classification, size calibration etc. Imaging with a 10 Hz frequency
allows detailed investigation of the fluctuations of single emitters and long-term stabilities of
the cathodes. An algorithm for the conversion of the IMLS images into current maps was
developed for the fast analysis of the current distribution over the sample surface without
FESM. The calibration of the light intensity of the luminescent screen as a function of current,
voltage, and power was performed on typical IMLS images. Resulting [-maps attribute the
local emission current to the light clusters and allow to determine the current carrying
capability and stability of different emission areas. Moreover, it give additional opportunities
for emitter counting and classification.

The first part of the results is dedicated to the investigation of the shielding effect.
Therefore, the tests of MWCVD grown CNT on Si, which build a densely packed layer of
emitters on the surface, were performed. In the IMLS, an insufficient emission current of 300
nA was observed only from a few spots at 6 V/um. The FESM U-scans show the emitter
number density of 9600/cm” at E < 17.5 V/um. The local measurements show, that the
emitters can be splitted into two groups, shielded CNT in the central area of the dense layer
and free standing CNT at the edges. The emitters reveal high onset fields of 12-21 V/um and
field enhancement values of 140-370. The emitter number and current densities lay far below
the requirements of the relevant applications.

The main part of the results is dedicated to the investigation of the CNT samples on
porous alumina, which allows to control the number density of emitters. The porous alumina
for the CNT growth are divided into two groups — commercial Anodisc® with fixed
morphology and self-made EPAM, with variable pore diameter and thickness.

The influence of the catalyst type and morphology to the FE was investigated on the
basis of CNT samples on Anodisc®. Five metalorganic precursors: nickelocene, chromocene,
cobaltocene, Fe-Co-S complex and ferrocene were tested for CNT growth in order to find the
preferred catalyst. The ferrocene grown CNT reveal the best homogeneity of the emission,

highest emitter (~ 7000/cm?) and current density of 1.1 mA/cm?” at 3.5 V/um. This precursor
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was chosen as the best candidate for the FE cathodes on porous alumina. It was also found,
that the amount of the precursor influence the quantity of the CNT on the surface, thus FE
parameters. Comparison of the CNT samples grown with 70 and 100 mg ferrocene show, that
higher amount of catalyst leads to a pronounced shielding effect, thus higher operation fields.
The samples produced with 70 mg ferrocene reveal on average factor 5 higher current
densities at 5 V/um, than the samples produced with 100 mg. Thus, the amount of ferrocene
allows to vary the output parameters of the CNT samples towards high currents or low
operation fields.

The alumina particles on the porous template surface partially close the pores reducing
the CNT growth and serve as an anchor for them, increasing the mechanical stability of
emitters. In contrast, large amount of alumina particles isolate the sample surface resulting in
insufficient field emission. The resulting CNT samples reveal, consequently, mostly no
emission. In order to simplify the fabrication process and grow porous alumina controlled
CNT, the etching technique without alumina particles was tested. The resulting sample show
isles of grouped pores with only a few CNT on the surface. Decreasing of the pore diameter
on the inlet side in the MOCVD process yielded a solid layer of CNT. In both cases emission
currents, useless for FE applications were obtained.

The mechanical stress due to shrinking of the porous alumina, which occurred during
the heating in the MOCVD, resulted in randomly bent sample pieces of some mm” size
revealing height differences up to 200 um, which results in severe electric field variations.
The curvature of these samples could not be avoided and has been taken into account for the
calculation of the electric field in the IMLS. It was regularly estimated from the U(z)
calibration plots and results in the effective electric field. Alternatively, it was precisely
determined by means of a new profilometer and revealed the real changes of the electric field
over the surface as measured for few samples. The curvature of the samples also triggers the
non-linearity of the integral FN plots through the enormous field enhancement of emitters at
the edges and inhomogeneous distribution of the electric field.

In order to understand the properties of single emitters, investigate their FE parameters
and their contribution to the total emission current, the FESM studies were performed for
CNT samples on Anodisc®. Emitter number densities up to 60000/cm” were observed in U-
maps at E <9 V/um. This value leads, on average, to about 1 emitter per square area of 40 X
40 pmz, despite of a much higher overall number of CNT ~ 10°/mm?. The local measurements
of 30 single CNT emitters show instabilities — activation, degradation and destruction effects
at currents of 1-10 pA. Only a few of them provide stable FN behavior. The field
enhancement factors 15-870 were correlated to the onset fields. The smallest B values can be
explained by a large number of short shielded CNT grown from the pores. Only 2 of 30
random emitters were able to produce 1 nA current at E < 10 V/um. Thus, only a very small
portion of CNT participate in the emission of such cathodes, resulting in limited current

densities.
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The best results show the CNT samples on EPAM, which provide the highest 3 values,
higher stability and current carrying capability. Moreover, it was found that the current
densities are strongly influenced by the pore diameter. As expected, a strong increase of the
dc current density at 4 V/um has been found for pore diameters below 60 nm. The maximum
current density of 83 mA/cm” was extracted at E = 7 V/um from the EPAM with an average
pore diameter of ~ 22 nm. Thus, the highest current densities can be achieved only for EPAM.
Since from a ~ 20 nm pore only one CNT with the same diameter can grow, further decrease
of the pore diameter should drastically worse the FE parameters.

FESM scans of the CNT samples on EPAM show, that the number of emitters on the
side, which was exposed to the gas inlet flow in the MOCVD process ~ 48000/cm” at 6.2
V/um is a factor of 4 higher than for opposite at the same field. SEM studies have revealed
MWNT, which are longer and more densely on the inlet side. Accordingly, quite different
field enhancement factors 3 of single emitters have been found on both sides ~200-500
(outlet) and ~ 600-2100 (inlet). Thus, the field enhancement factors and the emitter number
densities depend more on the CVD growth conditions, than on pore diameters. It is
remarkable that the sparsely grown CNT on the outlet side are favorable for high current
densities. Less shielding and a better anchoring of the CNT for matched pore diameters might
cause the improved current carrying capability of the samples on porous alumina.

Single CNT emitters on both Anodisc® and EPAM have shown fluctuations, long-
term instabilities, and strong (~ 50%) current drift over some hours. Resolved in the ms time
scale the emission current shows a switching between several electronic states, which is
caused by the adsorbates. Usually, during the first increase of the voltage, processing of some
emitters has been observed which leads to small permanent current jumps in the integrally
measured I-V curve. Besides the repeated on and off switching of light spots within seconds,
a permanent activation or deactivation of emitters has also been seen in the IMLS videos,
which result in lower stability of the Anodisc® cathodes. The instabilities of the strong
emitters on the surface often lead to discharges due to high local currents. The long-term
stability of CNT cathodes was tested at different pressures over several hours, resulting in
strong degradation of the emission current at 5 X 10" mbar for all samples. At 10 mbar the
emission current of Anodisc® degraded continuously by ~ 35% over 8 hours, for the EPAM
only by 10%. Accordingly much better current stability was achieved for the EPAM samples
by means of current processing. The excellent current stability of = 10% over 18 hours was
demonstrated.

It was established by means of the converted IMLS images that the distribution of the
current density over the sample surface is inhomogeneous, mainly due to curvature. In some
areas the current density is up to a factor of 5 higher, than the average integral value. In this
way dc current densities of up to 108 mA/cm? were observed for the CNT samples on EPAM.
The current carrying capability and emission homogeneity of CNT on both Anodisc® and

EPAM substrates were improved due to processing in the pulsed operation. The optimised
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CNT samples on Anodisc® show a current density of 5.6 mA/cm? in pulsed operation at E =
12.3 V/um. The CNT on EPAM yielded much higher peak current densities of up to 0.2
Alcm’atE=11.5 V/um, which is close to the maximum values reported in the literature.

The first experiments on the metallic nanowires with different geometrical properties
resulted in an emission site density of up to 1.4 X 10° cm™ at 6 V/um. Only 6% of the free-
standing and vertically aligned nanowires were strong emitters. Nearly all wires showed
unstable FN behaviour with a mean [ value of ~ 250, which is a factor three higher than
expected from the emitter shape due to influence of the tip geometry. For nanowires of 18 um
length and submicron spacing, several hundred nanowires agglomerated into bundles, which
show good FE properties. The application potential of these nanostructures, however, require
more optimization towards low onset fields, current densities, and emission uniformity.

Finally, the investigated CNT based porous alumina cathodes reveal low onset fields,
high emitter number and current densities and good current stability. They, however, still
suffer from emission inhomogeneity, extreme brittleness and curvature of the substrates,
which is not suitable for the most applications like FED, x-ray tubes, etc. Nevertheless, the
increased number of emitters and enlarged halos in the pulsed regimes leads to a much
improved luminescence and homogeneity of the emission, which was used for the

construction of a light source demonstrator.
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