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Abstract

Inherently large emission current densities and no need for external heating devices are ma-
jor advantages of field emission based electron sources over conventional thermionic emitters.
Moreover, two-dimensional arrays of electron field emitters are proposed as highly sensitive
displacement sensors when positioned on a flexible base, because of the strong dependence
of the field emission current on the emitter-anode distance.

This thesis presents the catalyst-assisted synthesis of high aspect ratio zinc oxide (ZnO)
nanowires by metal organic chemical vapor deposition. Two individual approaches are tai-
lored to provide a catalyst distribution that allows for the ZnO nanowire growth on free-
standing nanomembranes. On the one hand, a sputter shadow mask is employed to affect
the constitution of a thin gold film during deposition, and on the other hand, a porous silicon
oxide (SiO,) template is used to guide the thermally induced agglomeration of catalyst par-
ticles. The morphology of the randomly distributed ZnO structures is investigated for both
synthesis approaches to identify possible growth mechanisms.

Prior to studying the field emission properties of the ZnO emitters, three high vacuum
setups are optimized to enhance the reproducibility of the field emission measurements. For
the first synthesis approach with the sputter shadow mask, the field emission behavior of
the ZnO nanowires is examined regarding the variation of the ZnO growth conditions on
silicon membranes and is analyzed in dependence on the lateral dimensions of silicon nitride
membranes posing as substrates. For the second synthesis approach, the processing route of
the porous SiO, template is initially optimized on bulk silicon and subsequently, the transfer
to silicon nitride membranes is achieved by adjustment of the fabrication routine. Then, the
field emission characteristics of the ZnO structures deposited on bulk silicon as well as of the
ZnO emitters on the free-standing silicon nitride substrates, are examined.

In summary, a notable field emission current from the ZnO emitters grown within this
thesis is already obtained at an applied electric field of 1.6 V/um, which is about eighteen
times lower than for ZnO structures deposited by a similar, but catalyst-free process using the
same precursor. Combined with the sufficient stability of the emission current over several
hours, which is demonstrated for both synthesis approaches, the ZnO nanowires on flexible

bases offer the potential to be utilized in future sensor applications.
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Zusammenfassung

Von Natur aus grofle Emissionsstromdichten und die Vermeidung eines externen Heizge-
rates sind die bedeutendsten Vorteile von feldemissionsbasierten Elektronenquellen vergli-
chen mit konventionellen, thermischen Emittern. Dariiber hinaus werden zweidimensionale
Anordnungen von Elektronenfeldemittern, die auf einer flexiblen Basis platziert sind, als
hoch-sensitive Abstandssensoren vorgeschlagen wegen der starken Abhéngigkeit des Feld-
emissionsstroms von der Emitter-Anoden Distanz.

In der vorliegenden Dissertation wird die katalysatorunterstiitze Synthese von Zinkoxid
(Zn0O) Nanodrdhten mit hohem Aspektverhéltnis durch metallorganische chemische Gaspha-
senabscheidung prasentiert. Zwei individuelle Ansitze werden entwickelt, um eine Kataly-
satorverteilung zu erzeugen, die das Wachstum von ZnO Nanodréhten auf freistehenden Na-
nomembranen ermoglicht. Einerseits wird eine Sputter Schattenmaske verwendet, um die
Beschaffenheit eines diinnen Goldfilms wihrend der Abscheidung zu beeinflussen, und ande-
rerseits wird eine pordse Siliziumoxid (SiO,) Schicht eingesetzt, um die thermisch induzierte
Agglomeration von Katalysatorpartikeln zu lenken. Die Morphologie der zufillig angeordne-
ten ZnO Strukturen wird fiir beide Synthese Ansdtze untersucht, um mdogliche Wachstums-
mechanismen zu identifizieren.

Vor der Analyse der Feldemissionseigenschaften der ZnO Emitter sind drei Hochvakuum
Aufbauten optimiert worden, um die Reproduzierbarkeit der Feldemissionsmessungen zu ge-
wihrleisten. Fiir den ersten Synthese Ansatz mit der Sputter Schattenmaske wird das Feld-
emissionsverhalten der ZnO Nanodréhte hinsichtlich der Variation der ZnO Wachstumsbedin-
gungen auf Silizium Membranen erforscht und in Abhédngigkeit von den lateralen Dimensio-
nen der Siliziumnitrid Membranen, die als Substrate fungieren, analysiert. Fiir den zweiten
Synthese Ansatz wird zunédchst die Herstellung von porésem SiO; auf Bulk-Silizium opti-
miert und anschlieBend wird die Ubertragung des Prozesses auf Siliziumnitrid Membranen
durch die Anpassung des Fabrikationsablaufs erreicht. Danach werden die Feldemissionsei-
genschaften der ZnO Strukturen auf Bulk-Silizium sowie der ZnO Emitter auf den freistehen-
den Siliziumnitrid Substraten betrachtet.

Zusammenfassend konnte ein Feldemissionsstrom von den ZnO Emittern bereits ab einem
angelegten elektrischen Feld von 1.6 V/um detektiert werden, welches achtzehn Mal geringer
ist als fiir die ZnO Strukturen die mit einem &hnlichen, aber katalysatorfreien Prozess unter
Verwendung des gleichen Prikursors abgeschieden wurden. Kombiniert mit der hinreichen-
den Stabilitidt des Emissionsstroms iiber mehrere Stunden, die fiir beide Synthese Ansétze
demonstriert wird, haben die ZnO Nanodrihte auf den flexiblen Substraten das Potenzial

zukiinftig in Sensoranwendungen eingesetzt zu werden.
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1 Introduction

The research on field emission (FE) cathodes is continually evolving, driven by the demand
for electron sources with low energy consumption as well as by miniaturization efforts for
vacuum micro- and nanoelectronics [1-3]. FE based cathodes naturally offer a larger emis-
sion current density (ECD) than purely thermionic electron sources because of the consid-
erable reservoir of electrons near the Fermi level, which can theoretically be emitted by FE.
Experimentally obtained ECDs close to the theoretical limit of about 10'! A/cm? proposed
for ideal metal field emitters, have already been reported [1, 3]. In addition, no external en-
ergy needs to be supplied to the emitter material—by heating or irradiation—to sustain the
electron emission because of the quantum mechanical nature of the FE process. Combined
with the exponential dependence of the emission current on the applied electric field, field
emitters are attractive electron sources for a number of applications [1-3]. On the one hand,
FE cathodes are employed as electron beam sources for surface science techniques, such as
field emission microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). On the other hand, the group of FE based devices includes, for instance,
flat display screens, X-ray tubes, ionizers in mass spectrometers as well as sensors [1, 3, 4].
However, the strong sensitivity of the FE cathode to the slightest variation of its electronic
or structural surface properties and the relatively short life span compared to other electron
sources often impede the integration in commercial equipment [2, 3].

The future replacement of well-established thermionic electron sources by FE cathodes
may be improbable, since they offer superior emission current stability and longer lifetimes
compared to field emitters [3]. However, it can be beneficial to exploit the unique features
of FE sources that are not provided by other electron generation mechanisms. Especially,
the strong dependence of the emission current on the electric field—which is inversely pro-
portional to the distance between the cathode and the current collector, namely the anode—
allows for the usage of FE electron sources in highly sensitive displacement sensors. Besides
pressure and tactile sensors, accelerometers and integrated microphones are proposed appli-
cations for FE based displacement detection [5—7]. In general, the sensor function relies on
the correlation of FE current with the emitter-anode distance that is controlled by an external
applied force. For the operation of a FE based pressure sensor, a flexible, freely suspended

anode is deformed by an externally applied pressure, which leads to a change of the electric



field by variation of the spacing towards the field emitter. Consequently, the magnitude of
the external force is revealed by modification of the FE current in accordance with the mem-
brane’s deflection [1, 8, 9]. Over the last thirty years, field emitter arrays (FEAs) made from
silicon (Si1), diamond, and more recently also from carbon nanotubes (CNTs) were reported
for pressure sensing approaches. Yet, the flexible membranes were predominantly comprised
from thinned, freely suspended Si [10—12] and exceptionally also from free-standing dia-
mond films [13]. Suggested by simulations and by experimental results, the sensitivity of a
FE based pressure sensor is enhanced by tailoring the constitution of the elastic membrane
as well as by optimization of the cathode’s FE properties. Firstly, the reduction of the mem-
brane’s thickness and at the same time the enlargement of its lateral dimensions increase the
maximum displacement of the suspended film, which leads to an enhancement of the sensor’s
sensitivity, namely a larger change of the emission current is expected for an equal variation
of the external load [10, 14, 15]. Secondly, the response is assumed to be stronger for the
same applied force when the sensing device is operated with emission currents as large as pos-
sible because of the exponential current-field relation [8, 15, 16]. Certainly, with increasing
emission current, prior characterization and precise control of the cathode’s FE properties are
indispensable prerequisites because of the growing risk for electrical discharge in the device.

Among theses studies, there are two main configurations, on the one hand with an elastic
membrane posing as anode [5, 9, 15] and on the other hand, with the FEA sitting upon a
flexible base [13], as displayed in Figure 1.1. However, only the latter version allows for
the triode configuration with a macroscopic grid as control electrode between cathode and
anode, because of the inevitable dependence of the emission current on the distance variation
between emitter and an opposing electrode. Additionally, the insertion of electron multi-

plying microchannel plates (MCPs) in the grid-anode gap is only feasible in the triode-type

() (b)

Emitter Anode Emitter Anode

Grid MCPs

Figure 1.1: The two main configurations of the FE based displacement sensor are shown,
namely (a) with an elastic membrane as anode and (b) with the membrane as base for the
FEA. The latter version allows for the insertion of a macroscopic grid as control electrode
and of MCPs for current amplification. The electrons, which are generated by FE from the
emitter (cathode), are indicated by red arrows.



arrangement, as suggested for a novel FE based detector for mass spectrometry of heavy
proteins. In this detection system, the external force is provided by ionized proteins imping-
ing onto an electron emitting nanomembrane (NM) [17—19]. Note, the term nanomembrane
herein refers to freely suspended films with less than a few hundred nanometers in thickness
and with lateral dimensions at least two orders of magnitude larger. Compared to their bulk
versions, NMs offer several unique features, such as a reduced flexural rigidity and the pos-
sibility of their thermomechanical excitation [20, 21]. Strong variation of the natural surface
constitution of the NMs that were used as electron sources in previous work and their inherent
need for high operation voltages reduced the reproducibility of the current-field dependence

and enhanced the risk for emitter destruction by electrical discharge, respectively.

This thesis focuses on the synthesis and characterization of ZnO emitter arrays on free-
standing NM substrates for the geometrically enhanced FE. Zinc oxide (ZnO) nanowires
(NWs) are well known for their excellent FE properties as they can be fabricated with large as-
pect ratios, especially when the growth process can be combined with catalyst particles [22].

Prior to examination of the emitters’ FE properties, three FE measurement setups are opti-
mized to increase the reproducibility of the FE acquisition (chapter 3) and hence, to allow for
the detection of changes regarding the FE characteristics caused by variation of the emitters’
synthesis conditions. The FE data is analyzed with the conventional and well-established
Fowler-Nordheim theory and for comparison, with the recently developed Murphy-Good
plot (chapter 2).

Herein, the ZnO NWs are grown by a metal organic chemical vapor deposition (MOCVD)
process directly on commercially bought Si membranes as well as on in-house fabricated
silicon nitride (SiN) NMs. The catalyst-assisted chemical vapor deposition (CVD) of ZnO
is possible at a comparatively low temperature of 580 °C because of the low melting point
of the utilized precursor substance (137 °C), namely zinc acetylacetonate hydrate [23, 24].
Two approaches are presented that yield gold particle distributions that allow for the catalyst-
assisted MOCVD growth of ZnO NWs on bulk and also on freely suspended NMs. The first
method applies a shadow mask to affect the gold film constitution during sputter deposition
(chapter 4) and the second approach uses a porous silicon oxide (SiO;) template to influ-
ence the catalyst particle formation during the thermally driven agglomeration (chapter 5).
The morphology of the FEAs is investigated with regard to the different substrate types and
possible growth mechanisms are suggested for both synthesis approaches.

For the sputter shadow mask technique, the change of FE properties is investigated in
dependence on the synthesis parameter variation for the growth of ZnO NWs on Si NMs.
Moreover, the effect of the lateral dimensions of the in-house produced SiN NMs on the FE
behavior of the ZnO emitters is studied. For the second approach, namely the porous SiO;



template, a subtractive preparation route is initially developed on bulk Si and subsequently,
the process is transferred to free-standing SiN membranes by modification of the fabrication
procedure. The FE properties are analyzed for both synthesis approaches in dependence on
the utilized substrate type and furthermore, the stability of the emission current over time is
examined.

Suggested by the results in this thesis, tailoring of the FE characteristics by adjustment
of the synthesis conditions for the ZnO NW array as well as further scaling of the NM di-
mensions is feasible. In summary, the ZnO emitters on flexible NM substrates may have the
potential to be applied as FE electron sources in future displacement sensing devices because

of the favorable combination of the observed FE properties.



2 Field Electron Emission Theory

Herein, the theory of field electron emission is presented that is relevant to the cathode types
studied in this thesis, namely thin films and field emitter arrays (FEAs). In the first section,
the fundamental Fowler-Nordheim (FN) theory of FE from metallic emitters is introduced
as starting point and significant effects beyond the assumptions of FN theory are gradually
included throughout this chapter. The second section is devoted to the impact of emitter ge-
ometry on FE from single isolated emitters as well as from multi-apex arrays. In the third
section, semiconductors are contemplated as emitter material instead of metals and a separate
part is used to explain distinct features of the FE from ZnO emitters as they constitute the ex-
amined cathodes. The fourth part is thought to merge the considerations of the three previous
sections by presenting a scheme for the analysis of experimentally acquired FE data. The fifth
and sixth part are dedicated to effects that arise from ad-layers on the emitter’s surface and

from the electrostatic field-induced deformation of the cathode’s flexible base, respectively.

2.1 Field Emission from Metals

Field electron emission describes the mechanism of electron release from condensed matter
into vacuum stimulated by an applied electric field. If the electric field at the emitter’s surface
is sufficiently high—typically in the order of 1 to 10 V/nm—the potential barrier at the metal-
vacuum interface becomes narrow enough so that electrons have a significant probability for
traversing through the vacuum potential barrier (VPB) by quantum mechanical tunneling [1].
Typically, the relationship between the emission current density (ECD) J and the local electric
field F' is used to describe the electron extraction by FE. In the following, a quantitative
representation for FE from metal emitters is given by the FN model, which will be further

evolved by inclusion of the image charge effect and the influence of emitter temperature.

2.1.1 Fowler-Nordheim Theory

In general, the ECD is expressed as product of the electron tunneling probability D(Ey)
through the VPB, which is also called transmission coefficient, and the supply function N(Ex),
multiplied by the magnitude of the electron charge e. With Ey being the kinetic energy com-



ponent normal to the metal-vacuum interface, the ECD is written as [25]:
J=e / N(E)D(Ey)dEx, @1
0

A number of assumptions are indispensable to obtain an analytical solution for JeN(F)—
namely the FN equation—which was first derived by Fowler and Nordheim in 1928 [26]. In

FN theory, the emitter is modeled as follows:

(1) The electrons in the metal are assumed to behave effectively as free particles (Sommer-

feld’s free electron model) and to obey the Fermi-Dirac distribution.

(i1)) The VPB has a triangular shape and its width is reduced by F, which is defined as the
external electric field on the surface of the emitter at electron emission site.

(ii1)) The external electric field can be considered as uniform along the surface, because the
VPB thickness is usually much smaller than conventional emitter radii for > 1 V/nm.

Therefore, the electron tunneling can be treated as a one-dimensional (1D) mechanism.

(iv) The emitter surface is considered to be microscopically smooth and effects that might

arise from impurities or the emitter’s geometrical shape are disregarded.

(v) Electron states inside the metal experience a constant (zero) potential, which is not
affected by the external electric field. For instance, the work function ¢—the minimum
energy required to transfer an electron from bulk to field-free vacuum (typically in the

order of 2—5 eV for metals)—is not a function of F.

(vi) Temperature effects are neglected (T = 0 K).

Note, that J = J; always refers to the local ECD as a function of the (local) external electric
field F = F at electron emission site, unless otherwise stated [1, 4, 26]. According to as-
sumption (ii) and (ii1), the VPB has a triangular shape and the electron current moves along
x-direction traversing through the yz-plane, which constitutes the metal-vacuum interface.
The triangular VPB function is described as energy at vacuum level Ey reduced by the poten-

tial energy caused by the external electric field on the emitter’s surface:
Vtriangular(x> =Ey—eFx. (22)

The vacuum energy level Ey = Er + ¢ is defined as sum of Fermi energy Er and the mate-
rial’s work function value ¢. Electrons are typically emitted by FE from energy states near
Fermi energy under the zero-temperature assumption. Figure 2.1 (a) presents the VPB in

FN approximation for different external electric fields. To obtain a solution for equation 2.1,
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Figure 2.1: (a) Illustration of the triangular VPB at metal-vacuum interface plotted for the
potential energy V in dependence on the distance x from the metal surface (x = 0). The bar-
rier shape according t0 Vigangular(X) Was calculated for copper with ¢c, = 4.65eV [27] and
with Eg c, = 7€V [28] for external electric fields of F =1, 5 and 10 V/nm (light blue, blue
and dark blue lines). The tunneling probability for electrons from metal to vacuum increases
with rising electric field, since the VPB width decreases gradually with rise of F'. Figure
freely adapted from [29]. (b) Variation of the ECD with electric field for different values of
¢ according to the FN equation 2.9. Reduction of the work function value facilitates elec-
tron emission at lower electric fields. The work functions for polycrystalline films of silver
Pag =4.26 eV (red), tungsten pw = 4.55 eV (green), copper ¢cy = 4.65 eV (orange) and plat-
inum ¢p; = 5.65 eV (yellow) were taken from [27].

the transmission coefficient and supply function are separately derived. First, D(Ex) is de-
fined as the ratio of transmitted to incident probability current densities, which are obtained
by solving the Schrodinger equation for the incident as well as for the transmitted electron
wave functions. According to assumption (iii), only the x-component normal to the metal-
vacuum interface needs to be considered in the Schrodinger equation. In FN approximation,

the transmission coefficient for the triangular barrier is given by:

D(Ey) = Dr exp (E;FEF) , 23)

with the following work function- and field-dependent variables:

3/2
Dp = exp (-bFNIf ) and (2.4)
1 B ¢1/2
AR L (2.5)

2mMe
h2
and the reduced Planck constant /. Second, the probability of an electron state with energy £

2
with the electron mass m.

The constants are defined by bpn = 3% ge and by ge =2 <



being occupied in thermal equilibrium is described by the Fermi-Dirac distribution function

for calculation of the supply function:

1
f(E) = I +exp (Ek;l;F) )

with kg and T being the Boltzmann constant and the absolute temperature, respectively. Ac-

(2.6)

cording to the Sommerfeld model, the energy component for electrons with wave vector kx

normal to the VPB, is written as:
h?k?
X

C 2me

Ey (2.7)

The supply function—giving a measure of the number of electrons crossing an unit area (yz-
plane) per unit time with the normal energy in x direction between Ex and Ex + d Ex—results

in the following expression:

m kBT Ex — Ef

The well-known FN formula is found by substitution of 2.3 and 2.8 into equation 2.1:

F? bn g/
_ _ beng™” 2.
JEN = arN P eXP( 7 ; (2.9)

with the FN constants apy and bpy being defined as:

2 3
ene e e 2
= M (L) = &~ 1541434 [uA-eV/V 2.10
AaFN 2ﬂ2h3 <ge> 167T2h [H’ [ / ] ) ( )
2 4(2me)!)? 3/2
ben = 8o = 5 A 6.830890 [V/(nm-eV )] . 2.11)

Detailed derivations of the FN equation can be found elsewhere [4, 25]. For theoretical
considerations, it was chosen to express the current density in pA/nm? and the electric field
in V/nm, following the suggestions by Liang [4] and Forbes [30]. On the one hand, the
tunneling barrier width is also on the nanometer scale for electric fields that are necessary
to enable FE, as illustrated in Figure 2.1 (a). On the other hand, this notation allows for
the convenient assessment of the ECD as a function of F and ¢ without handling of large
exponents, as shown in Figure 2.1 (b). Clearly, a significant exponential increase of the
ECD is already observed for electric fields below 10 V/nm and smaller work function values
facilitate the electron emission at lower electric fields. However, experimental results are
rather discussed in uA/cm? for the ECD and in V/um for the electric field because of the

actual properties and dimensions of the FE cathode and of the measurement geometry. The



Tables A.1 and A.2 in the appendix list physical constants in the magnitude for calculation

of agn as well as of bgy and other FE customized values.

2.1.2 Beyond the Fundamental Model

The triangular potential barrier is a highly simplified approximation that enables derivation
of an analytical FE equation. However, it disregards the impact of potential barrier rounding
by the image charge effect, which can lead to a considerable underestimation of the ECD by
the FN equation [30]. Additionally, FE experiments are usually conducted at room tempera-

ture, which puts the zero-temperature approximation into question.

Image Charge Potential
According to classical electrostatics, an electron placed at finite distance from a conductive
plane is attracted to the surface by induction of an effective image potential. Assuming the

metal-vacuum interface as perfect conductor, the image charge potential is given by:

€2

B 16mepx

1
Vimage = ~ —0.36 — [nm-eV], (2.12)
X
with vacuum permittivity & [29]. Figure 2.2 (a) exemplifies the shape modification of the tri-
angular VPB through addition of the image charge effect, which is described by the Schottky-
Nordheim (SN) barrier function [4]:

62

1671'8())6.

Vsn(x) = Ey — eFx— (2.13)

A comprehensive derivation of the FE equation for the image charge affected VPB was given
by Murphy and Good in 1956 [31] and yielded the so called Murphy-Good (MG) FE equation:

F2

The J-F relation has the characteristic form of the FN equation supplemented by the two

JMG — AdFN (214)

field- and work function-dependent correction factors 7(y) and v(y) [4, 25]. Already for this
slight modification of the triangular VPB, the exact values for the correction factors can only
be obtained numerically, as it was done by Burgess ef al. [32]. More recently, analytical

approximations for the correction factors were developed by Forbes ef al., which were found



to be in good agreement with numerical values and are expressed as follows [33, 34]:

}’2 }’2 2
2 y2 2
VE(Y) = 1—y —I—gln(y ). (2.16)

The Nordheim parameter y is defined as the ratio of the field-induced lowering of the VPB,
namely Agsy = ¢ - F1/2, to the unreduced barrier height, which equals the material’s work
function in zero-temperature assumption [33, 34]:

2 2 F e

y =c* — , with 02:%%1.44 [nm-eV?/V]. (2.17)

<

The term A¢sn describes the reduction of the barrier height at the maximum of the SN barrier
as indicated in Figure 2.2 (a). The parameter 7r(y) varies in a narrow range from 1 to 1.1111
for 0 <y <1, which corresponds to electron energies below the maximum of the VPB, namely
only electron emission through tunneling. Hence, 7r(y) is in practice often set to unity. How-
ever, Vi(y) changes more significantly with the Nordheim parameter y and therefore, with
variation of the work function and of the electric field, which can lead to a considerable de-
viation of the ECD from the prediction by the FN equation [29, 33, 34]. In Figure 2.2 (b),

(@) Viev] (b)
Eo 12 B MG §yg= 4266V
10 E, - e/(16mex) | | = =FN: g, =426V
@ | ——MG: ¢, =4.55¢eV
E v % | — —FN: ¢ =455¢V
6
4
Metal 2
0 0
0 0.5 1 1.5 2 0 2 4 6 8§ 10 12
X [nm] FI [V/nm]

Figure 2.2: (a) [llustration of the SN barrier showing the potential energy V as a function of
the distance x from the metal surface. The SN barrier (orange) is presented for copper with
Ocy =4.65¢eV [27], Epcy = 7€V [28] and for a medium electric field of 5 V/pm. The trian-
gular barrier height (blue) is reduced by a value of Agsn(Cu) = 2.68 eV by the image charge
potential (red). Figure freely adapted from [29]. (b) J-F curves for silver ¢, = 4.26 €V (red)
and tungsten ¢w =4.55¢eV (green), plotted for MG (solid lines) as well as for FN equation
(dashed lines). The work function values were taken from [27]. The ECDs calculated with
the MG equation are larger by a factor of 117 for silver and of 112 for tungsten at a constant
electric field of 10 V/nm compared to the values predicted by the FN formula.
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the current densities for MG and FN equation are presented as a function of the electric field
for two different work function values. As expected, the predicted ECD from MG formula
is larger by a factor of more than 100, which is caused by the increased electron tunneling
probability for the image charge reduced barrier [4, 25].

Thermionic Emission and Thermal-Field Emission

The MG FE equation describes the emission of electrons by tunneling through the VPB from
energy levels near the Fermi energy and is valid in the limit of high electric fields and zero
temperature. If additional energy is supplied to the electrons in a metal by heating, the charge
carriers can be excited to higher energy states. For sufficiently high temperatures, enough
energy is provided for electrons to overcome the VPB and escape into vacuum, which is well
known as thermionic emission and the current density-temperature relation is given by the

following formula:

—Ags
Jthermionic (F; T) = ARTZeXP —¢— . (2. 1 8)
ksT
2
The pre-exponential factor is defined by Ar = ;ﬁ;l;g and for zero electric field, the term A¢sn

vanishes and the equation represents pure thermionic emission [4, 25]. Note, the expected
contribution from thermionic emission to the total ECD is insignificant compared to the pre-
dicted ECD from FE for emitter temperatures below 1500 K, which is sometimes declared
as threshold for thermionic emission [4]. For instance, the ECD for thermionic emission
(equation 2.18, ¢ =4.55eV, F = 10 V/um) at an emitter temperature of 1500 K is smaller by
a factor of 640 compared to the ECD from FE derived with the MG model (equation 2.14) in
zero-temperature approximation for the same electric field.

In FE experiments, field and thermionic electron emission are usually intermixed and a
distinct separation is not possible [4]. Murphy ef al. gave boundary conditions to distinguish
between the regions that are either dominated by thermionic emission or by FE as well as for
an intermediate range [31]. In the intermediate region, namely in the so called thermal-field
emission regime, electrons are thermally excited to states above Fermi energy where the VPB
is thinner, which corresponds to electrons having a higher tunneling probability. In contrast
to thermionic emission, which considers only electron emission above the VPB, the thermal-
field emission model contemplates the influence of temperature on FE. At low electric field
and work function values, the impact of temperature on FE is typically larger, but decreases
considerably with increasing electric field. For instance, for a constant emitter temperature of
1000 K and a work function of 4.5 eV, the ECD that considers the temperature effect is about
5 times larger for an electric field of 2 V/um compared to the zero-temperature case. Yet, for
F =3 V/um, the temperature affected ECD is only 1.7 times larger than at T=0K [1].
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Note, the FE process itself causes usually an inevitably temperature raise at electron emis-

sion site. The self-heating of the emitter is dominated by the interplay of Joule and Notting-

ham effects, which are shortly introduced in the following [1].

(@)

(i)

Joule Heating

The Joule effect describes the resistive heating by a flow of electrical current through
the material, here caused by FE. According to Joule’s law for an ohmic conductor,
the generated heat per unit volume Q is proportional to the current density J and the
specific electric resistivity pres of the material: Q = J 2pres. The temperature increase
of the emitter by FE is typically dominated by Joule heating because of its quadratic
dependence on the ECD [35, 36].

Nottingham Effect

The Nottingham effect is a pure quantum mechanical energy exchange process. At
low temperatures, electrons emitted from a metal originate mainly from energy levels
equal to or below the Fermi energy. Electron emission is considered to be in thermal
equilibrium, namely electrons emitted from the surface are immediately replaced by
negative charge carriers from the metal having energies approximately equal to the
Fermi energy. If the average energy of emitted electrons is compared to the average
energy of replacing charge carriers, less energy is carried away by FE than supplied
from electrons within the metal, which results in local heating of the cathode. However,
with increasing temperature, energy states above the Fermi level are gradually popu-
lated and the average emitted energy can shift to values larger than Fermi energy. This
effect causes local emitter cooling because more energy is released from the emitter by

FE than supplied by replacement electrons [4, 35, 37].

The Nottingham heating is the dominant process at low electric fields that initialize FE, but

Joule heating takes over as main source for temperature raise with increasing F’ because of the

corresponding rise of the ECD. The inset of Nottingham cooling can delay physical destruc-

tion of the emitter structure, which would otherwise occur at lower ECDs by temperature-

induced melting or vaporization of the material caused by Joule heating [35]. The prediction

of the emitter temperature is rather complicated because the strongly localized Nottingham

and Joule mechanisms depend, among other things, on the material’s band structure, its ther-

mal conductivity, the emitter’s geometrical shape and radiation losses [1].

Moreover, vacuum space charge can be generated by accumulation of emitted electrons

close to the emitter, which shield the cathode’s surface from the external electric field. In

addition to emitter self-heating, vacuum space charge is another pronounced source for de-

viations of experimental FE data from the previously described theory that arise for large
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ECDs and correspondingly strong local electric fields [1]. Typically, the impact of space
charge becomes significant at ECDs that are larger than 10® A/cm?, which corresponds to a

local electric field greater than 5 V/nm for a work function value of 4.5 eV [25].

2.2 Effect of Emitter Geometry

The J-F relation is highly dependent on the shape of the VPB at emission site, which de-
termines the electron tunneling probability and which is strongly influenced by the external
electric field. Hence, a differentiation between the applied (macroscopic) electric field Fy
and the actual, local electric field 7 on the cathode’s surface is necessary because of the ef-
fect of the emitter’s geometrical shape. Here, most of the initial assumptions of FN model

are still considered, but the influence of emitter shape will be included from this section on.

2.2.1 Single-Apex Emitter

Typically, a FE experiment is composed of the emitting cathode and an adjacent electrode for
applying an electric field, resembling a capacitor structure. To reach intense electric fields,
which are necessary to enable FE before electrical discharge occurs between the two electrode
plates, field emitters are often built as sharp tips to enhance the local electric field. The
total electric potential corresponds to the sum of potential distributions from the individual
charges on the cathode’s surface by law of superposition. Since the arrangement of charges
varies with surface curvature of the metallic structure, the local electric field changes with
position on the emitter. The distortion of the applied electric field by the presence of an emitter
causes an amplification of the local electric field, namely the geometric field enhancement
effect [29]. Herein, the applied electric field is defined as the ratio of applied (measured)
voltage Vi, between emitter and adjacent electrode to the inter-electrode spacing d, as shown
in Figure 2.3 (a): v
m

= R (2.19)

The relation of the electric fields with and without distortion by an emitter, namely the field

enhancement factor (FEF), is given by [4]:

F
= —. 2.20
=g (2.20)
Field Enhancement Models
Several models are available for prediction of the field enhancement effect from emitter shape.
A summary of the herein presented, highly simplified models is given in Figure 2.3 (b). Typi-

cally, the FEF at emitter apex ¥apex s considered because the local electric field amplification
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Figure 2.3: (a) Schematic presentation of the geometrical field enhancement effect for a
hemispherical conductor in a homogeneous electric field Fy; between two electrodes with
distance d (“hemisphere on a plane”). The electric field is amplified most at the apex of the
protrusion because of the accumulation of charges in dependence on the surface curvature,
which is illustrated by stronger bending of the equipotential field lines. Figure freely adapted
from [29]. (b) Overview of different models for calculation of the apex FEF ¥pex. The fol-
lowing models are shown here: “hemisphere on a post” (Yapex(1), Yapex(2)), “hemi-ellipsoid
on a plane” (Yapex (3)) [38], and a cone shaped emitter for Yapex (5) [39, 40] and for ¥ gisc [41],
with apex radius rypex, base radius 7y, inclination angle 8,pex and emitter height 4.

is the strongest at emitter tip, which is caused by dense accumulation of charges as a function
of surface curvature. In general, Yapex 1 proportional to the reciprocal of the radius of apex
curvature [29]. The simplest model is a “hemisphere on a plane” with the exact result of
Yapex = 3, which represents a conductive sphere sitting on an equipotential plane. Another
often used model for cylindrical emitters is the “hemisphere on a post” model that consid-
ers the emitter’s base radius rp,ee—being equal to its apex curvature radius rypex—and the
distance & of the conductive plane to the emitter’s tip. For small ratios of emitter height to
base radius, namely 1 <n = & <10, the following approximation can be used to predict
the apex FEF [38]:

Yapex (1) = 2+ 1. (2.21)

However, for larger protrusions, equation 2.21 overestimates the apex FEF. For ratios in the

range of 4 < n < 3000, the following formula is suggested in literature [38]:
Yapex(2) = 1.2 (2.15 + 1), (2.22)

For emitter structures having an apex radius smaller than its base radius and for n > 1, the
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“hemi-ellipsoid on a plane” model describes the FEF as follows [38]:

_ r :
Yapex(3) = (1 1) =) with (2.23)
f=m-1"2 (2.24)

An universal formula for the FEF of a single emitter is given in the following form [42]:

2 h

Yapex (4) = Tapex . (2.25)
11’1( h > — Opase

Tapex

Thereby, 04,5 depends on the emitter base and was found to be 0 for hyperboloid, 0.88
for conical, 2 for ellipsoid and about 2.6 for cylindrical emitter shapes [42]. Moreover, the

following equation for a cone shaped emitter considers the inclination angle 6,pex [39, 40]:
1.7D

Bupex \ \ /2
<rapex T'base tan ( 5 ))

Here, D = d — hrefers to the distance between the tip of the emitter and the opposing electrode

Yapex (5) = (2.26)

as shown in Figure 2.3 (a). Recently, another model was developed for quasi-1D field emitters
with the intention to examine FEAs composed of ZnO structures. The so called “charge disc”
model assumes the emitter shape as a cone with a base radius that is much smaller than the

height of the tapered emitter. The FEF is expressed as follows [41]:

h

. 2.27
Rcfdisc ( )

Ye—disc =

The radius R, _gisc of the “charge disc” that is used to account for the charge distribution of

the cone-shaped emitter, is defined as [41]:

_ h2 _ 2 _ 2
Rc—disc = Fapex (1 + Tbase — apex . \/ * (”base rapeX) + (rbase rapeX) > : (2.28)

h h h?

According to Zhang et al., the model can also be employed for other materials with metallic
properties [41].

When a small structure is located on top of a considerably larger emitter, the total FEF is
assumed to be the product of the structures’ individual FEFs, which is known as Schottky’s
conjecture [29]. However, the FEF is significantly overestimated by this assumption, if the
height of the top protrusion is larger than the width of the bottom structure [43, 44].

In general, the apex FEF depends on the detailed shape and thus, charge distribution at the
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emitter’s surface and the above listed equations can only be considered as approximations
for simplified emitter shapes, namely any surface roughness on top of the emitter can cause
modifications of the apex FEF. Additionally, the detailed emitter shape may change over
time through FE-initiated effects, such as thermally activated surface diffusion [1, 38, 45].
Furthermore, the emitter is supposed to be placed on a perfectly flat surface and the counter
electrode is assumed to be at sufficient distance from the cathode, namely the emitter height
is much smaller than the inter-electrode spacing (g < 1) [38, 45]. Nevertheless, the above
presented emitter models are commonly employed for rough estimation of the FEF from emit-
ter shape, as for example equation 2.22 was already used for ZnO NWs [46] as well as for
CNTs [47].

Nanoemitters

For emitter radii larger than 100 nm, the electric field on the surface of the emitter is assumed
to be uniform and the 1D model of the VPB is sufficient. However, for smaller tip dimensions
and especially for apex widths comparable to the VPB thickness, namely for apex radii of
less than 10 nm, the electric field on the emitter’s surface becomes inhomogeneous. Then,
the three-dimensional (3D) Schrodinger equation has to be solved for an asymmetric VPB to
acquire the electric potential at the surface of the emitter. Numerical calculations by Fursey
et al. revealed that the emission current density even decreases for emitter radii smaller than
the width of the VPB, which is contrary to the geometrical field enhancement effect [1]. Note,
atomic scale surface roughness and variation of the work function over the emitter apex do
not account for such significant variations from the 1D approximation of the VPB and are
consequently not causing considerable deviations from the FN model [1, 48].

For quasi-1D nanoemitters (wire-like structures), the electron supply for FE can be affected
by spatial confinement through the emitter dimensions. The spatial constriction causes dis-
cretization of the electron energy levels, which can lead to separation of the continues electron
supply into sub-bands. Hence, the free electron model and emission in thermal equilibrium
(instantaneous replacement of emitted electrons) are no longer valid assumptions. For trans-
verse confinement in ideal metallic NWs, namely the emission direction is aligned normal
to the geometrical confinement, the total ECD was found to decrease for transverse emitter
dimensions of less than 5 nm. Thus, there is a trade-off between a high FEF caused by a large
aspect ratio and the spatial confinement of the emitter’s electron supply. The ECD can be
maximized for an optimum relation between transverse emitter width and the overall emitter

geometry as a function of the applied electric field [49].

16



2.2.2 Multi-Apex Arrays

Single tip emitters provide only a small emission current at relatively high applied voltages
limited by their intrinsic electron supply. Additionally, the FE current is often unstable over
time because of unavoidable, FE-initiated morphology variations during the electron emis-
sion process. The microstructure of the cathode is affected by thermally activated surface
migration of atoms and by bombardment with residual gas ions accelerated by the high elec-
tric field, for instance. These changes of emitter shape alter the local electric field and result
in considerable modification of FE current because of the exponential dependence of the cur-
rent density on F{. Since the emission current is limited and the single-apex field emitter
is vulnerable to failure, multi-apex arrays came in focus for fabrication of efficient FE elec-
tron sources [2]. FEAs consist of a large number of single emitters randomly distributed or
regularly ordered over a macroscopic area Ay that is much larger than the emitting area of
the individual field emitters. The macroscopic ECD Jj; behaves as average current density
taken over the whole cathode area as function of the applied (macroscopic) field Fy [50].
FE-initiated shape modifications of single emitters in an array cause typically no significant
change of FE behavior because of the statistical distribution of the ECD over the entire cath-

ode area [1].

Emission Area
The determination of the actual emission area is complex even for a single emitter with de-
fined surface facets, as it is a function of the applied electric field and may change over time
because of FE-initiated emitter modifications [1, 51]. For FEAs, the approximation of the
emission area is even more complicated, as the ratio of field emitters actually contributing
to the total ECD is uncertain because there are no identical emitters in a realistic array. The
surface area that is emitting electrons is usually much smaller than the overall macroscopic
area of the cathode Ay, as the emission occurs predominantly from the apex regions. To ac-
count for the discrepancy between the actual emission area A and the macroscopic area, the
“area efficiency of emission” ong was introduced, which is estimated to be much less than
unity [50]:

A=o0p-AMm. (2.29)

The subscript of A is omitted here, because there are several approaches in literature for def-
inition of the emission area. Among them, the macroscopic area gives the ratio of emission
current /. to the total macroscopic ECD: Ay = JI—I; Whereas, the so called notional emission
area is used to relate the emission current to the ECD that is characteristic for the entire cath-
ode: A, = % The denomination “characteristic” refers to the area of origin of the largest

ECD for a given voltage (e.g. sharpest emitter) that mainly determines the emission current
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from the cathode. Reviews of diverse theoretical constructs for description of the emission
area can be found elsewhere [52, 53].

Screening

If two emitters in an electric field are positioned close to each other, the equipotential lines
between the adjacent conductive structures are deformed by mutual electrostatic depolariza-
tion, also known as electrical field screening (see Figure 2.4). The screening effect causes a
decrease in local electric field on the surface of neighboring emitters, which is reflected in
suppression of the FEF. The ratio of the FEF for an emitter in a two-dimensional (2D) array

YEa to the FEF for the same isolated single emitter 7 is often given as follows [29, 54]:

YEA _ b\°
e (a(7) ), 230)

with emitter height /4 and inter-emitter spacing b. The values for a and ¢ were derived by
several authors through fitting equation 2.30 to data from simulated FEAs and strongly de-
pend on the emitter and array dimensions. Some numbers for the two parameters a and c are
shown in Table 2.1 for ordered as well as for randomly distributed field emitters.

In general, the total ECD from a FEA can be raised by increasing the emitter density. How-

ever, at some point the FEF becomes suppressed by electrical field screening, which leads to
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Figure 2.4: (a) Schematic illustration of the electrical field screening effect for two adjacent
emitters. Ifthe distance b between two conductive emitters with height 4 is reduced (b > b»),
the equipotential lines between them are raised and their curvature around the apex is reduced.
Figure freely adapted from [29]. (b) The ratio of the FEF for an emitter in an array to the
FEF for the isolated emitter is shown in dependence on the emitter distance-to-height ratio
according to equation 2.30. Note, the x-axis is in logarithmic scale to accentuate the trend
with variation of b/h. The values from Table 2.1 for different emitter arrangements were used
(emitter line, square and triangular unit cell, shielding in charge disc model and randomly
distributed emitters) and the emitter length was set to 2 =50 um. Regardless of the model,
electrical field screening becomes negligible for emitter distances that are larger than four
times the emitter height.
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Emitter distribution a c

Line of emitters [29] -2.3172  1.00
Square unit cell [29] -1.4500 1.00
Triangular unit cell [29] -1.2650 1.09

“Charge discs” in ordered array [41] -1.1586 1.00
Randomly distributed emitters [54] -2.4100 0.74

Table 2.1: Parameters a and ¢ for equation 2.30 that is used to evaluate the influence of electri-
cal field screening on the FEF. The following emitter distributions are considered: A linear ar-
rangement of emitters, ordered arrays of emitters with square and triangular unit cell [29, 55],
ordered conical emitters modeled as “charge discs” [41] and conical shaped, randomly dis-
tributed field emitters as a function of the average spacing between nearest neighbors [54].

the reduction of the ECD with further increase of emitter density. Thus, the ECD can be max-
imized by optimizing the inter-emitter spacing b. For instance, Nilsson et al. and Smith et
al. suggested an inter-emitter spacing of two times the emitter height for CNTs, since the
current density was reduced for smaller emitter separations [56, 57]. Further, Harris et al.
reported the shielding to be negligible for emitter tip-to-tip distances of 2.4 and of 2.6 times
the emitter height for a triangular unit cell and for a square arrangement, respectively [58].
As a consequence, the ideal emitter density and thus, the optimum spacing, are a function of
the applied electric field. For lower F, closer separations are favored, but for higher electric
fields, the ECD benefits from larger emitter spacing. Note, finite arrays have an additional
field enhancement effect at the edges of the FEA because of the reduced number of next
neighbors [29, 55].

The screening factor spga is another measure for the degree of electrical field screening
that varies from 0 for high density FEAs to 1 for isolated emitters. The following formula is

given for derivation of the FEF for a tapered emitter in an array [39, 40]:

YrEA = SFEA * Yapex(5)- (2.31)

The expression Yapex(5) for an isolated single emitter is given by equation 2.26.

Typically, the dimensions of single structures in an array exhibit statistical variation be-
cause there are no identical emitters in reality. Especially additional nanostructures on the
apex of the emitter can have a huge influence on FE and therefore, the current usually does
not scale with the number of emitters or with the macroscopic emission area. Simulations
showed that the total ECD from a realistic cathode, which considers emitter size variations
within the array, is usually dominated by a very small number of the sharpest emitters in weak
electric fields. However, with increasing electric field, emitters with larger tip radius start

gradually contributing to the macroscopic ECD. Therefore, assuming only one constant FEF
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for the whole FEA can be deficient [29].

2.3 Nonmetal Emitter Materials

Herein, the general intrinsic differences of semiconductors from metal emitters are listed that
have a potential effect on the FE characteristics. Further, zinc oxide is considered as field

emitter and the impact of intense electric fields on its material properties is discussed.

2.3.1 Semiconductors

In contrast to metals, the valence band (highest occupied band) and conduction band (lowest
unoccupied band) of a semiconductor are separated by the energy gap E,. Electrons can be
excited thermally into the conduction band already at room temperature, which generates a
finite electrical conductivity [28]. The total ECD from a semiconductor is the sum of con-
tributions from conduction band, valence band and surface states [25], namely electronic
states near the surface that result either from recombination mechanisms caused by the finite
nature of the crystal or from layers of adsorbates [59]. Especially surface recombination is
much more common for semiconductors than for metals because of strong directional bond-
ing between the atoms [25]. A list of semiconductor features that affect FE and can lead to

deviations from FN theory, is given in the following:

* Energy band structure: The emission current depends on a relatively small number
of electrons thermally excited into the conduction band because of the separation of

valence from conduction band by the energy gap [4].

* Doping: For intrinsic semiconductors, electrical charges are only generated by thermal
excitation of electrons. Through addition of small portions of impurities, doping can
modify the charge density of a semiconductor considerably [28]. Intense electric fields
showed to have different impacts on n-type (donor impurities) compared to p-type (ac-
ceptor impurities) semiconductors, which correlate with the respective location of the
Fermi energy level and the corresponding energy band alignment at the bulk-vacuum

interface (see Figure 2.5) [1].

* Electric field penetration and band bending: Typically, the large number of charge
carriers in a metal shields its interior from the external electric field. However, the elec-
tric field can percolate through the surface of a semiconductor because of the smaller
density of charge carriers near the surface. As a result, the energy bands at material-
vacuum interface are deformed [1, 60]. The energy band diagrams of n- and p-type

semiconductors under the influence of intense electric fields are shown in Figure 2.5.
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Figure 2.5: Energy band diagrams of (a) n- and (b) p-type semiconductors at material-
vacuum interface in strong electric field, with Fermi energy Ep (dashed lines), position-
dependent energy at bottom of the conduction band Ec(x), electron affinity y (energy dif-
ference between vacuum level and bottom of conduction band) and the electrochemical po-
tential t(x) (energy difference between vacuum level and Fermi level). E, and Eq4 are the
energies at acceptor and donor level referred to the bottom of the condition band, respectively.
Further, ¥ describes the distance of conduction band bottom relative to Fermi level at the
semiconductor’s surface and is called degeneration parameter. In strong electric fields, the
energy bands are deformed near the surface, which leads to formation of a zone depleted of
carriers for p-type emitters, but such a region is usually not formed in n-type emitters. Figure
freely adapted from [1, 61].

* Equilibrium electron emission: FE is assumed to be in thermal equilibrium, namely
emitted electrons are immediately replaced by charge carriers from the bulk. For suf-
ficiently low current densities, equilibrium electron emission is a valid approximation
also for emission from semiconductors. Yet, it is rather unlikely for surface states to

be in thermal equilibrium with energy bands in the bulk [25].

* Emitter surface cleaning: Cleaning of the material’s surface prior to FE is a critical is-
sue for semiconductors because ad-layers can strongly distort the measurement results
by shielding the material’s surface from the electric field. However, processes to clean
the surface—for instance by heating—can lead to irreversible changes of the emitter
material. The most effective cleaning method is proposed to be desorption of surface

adsorbates by intense electric fields under high vacuum conditions [1].

The theoretical description of FE from semiconductors is much more complicated than for
FE from metals because of the effects listed above. For low ECDs and thus, in low electric
fields, the FE curve from semiconductors usually follows the FN prediction. With increasing
electric field, the carrier concentration near the emitter’s surface is modified by electric field
penetration leading to deviations from FN theory. Often, a saturation of current density from
semiconductors can be observed for intense electric fields as electron emission is mainly lim-

ited by the supply of charge carriers to the near-surface region. For n-type semiconductors,
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the carrier concentration gradually decreases away from the surface, whereas for p-type mate-
rials, a depletion region forms directly in the near-surface area (see Figure 2.5) [1]. In general,
there is no simple formulation for FE from semiconductors like the FN equation 2.9. How-
ever, several approaches were developed to predict the ECD from nonmetals. For instance,
Stratton gave a general model that considers electron emission by FE separately from conduc-
tion and valence band of semiconductors [62] and more recently, Bhattacharya et al. provided
a summary of theoretical models for FE from specific semiconductor nanostructures, which

additionally take into account quantum confinement effects [63].

2.3.2 ZnO Emitters

Zinc oxide is a [I-VI compound semiconductor, which has a wide band gap in the ultraviolet
spectral range and piezoelectric properties. The band gap width of the transparent conductive
oxide is approximately 3.37 eV at room temperature. Typically, ZnO forms a wurtzite type
structure with tetrahedral coordination, namely each zinc ion has four oxygen neighbor ions in
a tetrahedral arrangement and conversely. In a crystal matrix, the tetrahedrons are stacked in
bi-layers consisting of zinc and oxygen layers, which are arranged in a hexagonal wurtzite lat-
tice structure with a distinct axis (c-axis) [64]. A summary of ZnO material properties is given
in Table 2.2. ZnO structures can be synthesized by a variety of techniques—such as vapor
phase transport (CVD, thermal evaporation, pulsed laser deposition), wet chemical growth,
electrochemical deposition and template assisted methods—and a multitude of shapes can be
generated (tube-, wire-, tetrapod-, sheet-like structures) [22]. Typically, as-grown ZnO has
n-type conductivity because of intrinsic defects or by incorporation of hydrogen, which acts
as donor in ZnO and is present in almost all growth environments. The band gap of ZnO can
be tailored by doping during the growth process, however, stable p-type conductivity is dif-
ficult to achieve. The compensation of dopants is related to the positions of conduction and
valence band relative to the vacuum level and generally increases with widening of the band
gap. Acceptors tend to be compensated since the valence band in ZnO has a very low energy

relative to the vacuum level [64]. Additionally, the conductivity of the surface is highly sen-

ZnO
Ozn0 [46] 530eV
Xzno [41] 3.60eV
Es; 700 [64] 3.37eV
Tm,zno [64] 2242K

Table 2.2: Work function ¢z,0, electron affinity 7,0, energy band gap Es 7,0 at room tem-
perature and melting temperature T, 7no of zinc oxide.
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sitive to the presence of adsorbates as well as to the annealing in different atmospheres. The
formation of surface states may cause generation of a surface electron accumulation layer,
which influences the material’s electrical properties [65].

ZnO structures are attractive FE electron sources as they can be grown with a large as-
pect ratio and thus, can have a considerable FEF. In addition, the oxide surface is resistant
to degradation by reactions with residual gases, the fabrication costs are comparatively low
and the material exhibits good thermal stability [22, 66]. If an electric field is applied to the
ZnO structure, it penetrates into the semiconductor and supplies additional electrons to the
surface area. Typically, the band bending causes the bottom of the conduction band to get
below the Fermi level by a magnitude of about 0.1 eV, which enhances the surface electronic
density. The band bending is assumed to be sufficient for ZnO to have metallic properties in
the presence of electric fields that allow for FE [41]. Often, a work function value of 5.3 eV
is used for FE related calculations. However, this value might not be appropriate anymore in
high electric fields, as the effective work function decreases from its bulk value equal to the
amount of band bending [41, 60]. McCarthy et al. reviewed the work function values utilized
in literature for c-axis oriented ZnO field emitters [46]. The work function varies consider-
ably with the crystal face and additionally, work function and band bending are a function
of time during FE because of surface reconstruction, defect creation or gas adsorption pro-
cesses. The authors claim that the value of 5.3 eV is more appropriate for polycrystalline
ZnO and potentially for disordered ZnO NW assemblies. However, for electron emission
from the conduction band, a work function value between 3.3 eV and 4.5 eV is suggested and
for electron emission from the valence band, a value of 7.9 eV is recommended [46].

Additionally, it is well known that surface impurities and adsorbates may shield the mate-
rial’s interior from the electric field. For high ad-layer coverage density, the emission might
even originate from the surface states rather than from the conduction or from the valence
band of the ZnO [22, 60].

Typically, the FE from ZnO emitters follows a linear behavior in the region of low electric
fields. However, the region of high electric fields is characterized by deviations from the
linear trend, which can have several reasons. Often, the formation of vacuum space charge
near the cathode’s surface is proposed to limit the increase of emission current in high electric
fields [46]. Furthermore, experimentally observed non-linearity is attributed to the saturation
of electron emission from the conduction band because of the limited generation rate for
charge carriers inside the semiconductor [60, 67]. Moreover, the intermixing of emission
from conduction and valence band can be an explanation for distinct features of the FE current
in high electric fields [68].

The electrical resistance of the ZnO structure is another important factor for FE because it is

related to the conductivity and thus, to the electron supply and to the magnitude of Joule heat-
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ing by FE current flow. When the emitter material has a high electrical resistance, the FE prop-
erties are usually poor and the risk for electrical breakdown through local self-heating and
subsequent material vaporization, is enhanced. Therefore, in addition to an uniform emitter

size distribution, a homogeneous conductivity is crucial for reliable FE electron sources [69].

2.4 Analysis of Field Emission Data

This section deals with the matching of experimental FE data with theoretical predictions,
which is far from being trivial for a number of reasons. In FE studies, the current Iy, is
measured as a function of the applied (measured) voltage Vi, between emitter and an opposing
electrode, rather than the ECD as a function of the local electric field because the J-F relation
is usually not accessible experimentally. For FE data analysis, the emission current /. and
corresponding voltage V. are assumed to be equal to the measured current and voltage, namely
any additional contribution to the /-V curve not originating from the field emitter—such as
leakage current or resistance in the measurement path—are disregarded [52]. Theoretically,
the emission current is obtained by integration of the ECD over the emitting area. Commonly,
the emission current is approximated by multiplication of the overall ECD with the effective
emission area A.¢f, since the actual surface ratio that contributes to the FE current is typically
unknown [4]:

I. = /Ja’A ~2 Jeo - Aetf- (2.32)

In reality, however, the emission area—as well as the FEF—are a function of the applied
voltage and of time, as FE-initiated effects are known to alter the emitter’s morphology [29].
Herein, the well-established FN plot is presented, which is commonly used for analysis of
experimental FE data from metal-like emitters. Additionally, the recently developed MG
plot is considered and the so called “orthodoxy test” will be explained, which can be used to
examine the applicability of the previously discussed theory to experimentally acquired FE
data.

2.4.1 Fowler-Nordheim Plot

The FN equation 2.9 is linearized according to the form y = Cgn + Spn - x. By insertion of
equation 2.19 for the conversion from electric field to voltage, of equation 2.20 for the ef-
fective FEF 7. and of equation 2.32 for the effective emission area A, the linearized FN

equation is expressed as follows [4]:

I A e 3/2 1
n <ﬂ2) o (aFN 2eff%,ff) _ bpng7td o (2.33)
V2 d=¢ Yeft Vi
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To derive physical properties from experimental FE data, the measured current-voltage de-
pendence is plotted in the form of In <‘I/—r:21> Versus ﬁ, which is known as FN plot. Slope Spn
and intercept Cgy of the linearized experimental data are obtained by fitting of a straight line
to the FE data in the FN plot. Then, the effective values of the FEF, the emission area and the
work function can be derived with the following equations, if one physical property among

them is assumed [4]:

ben03/2d
PN = o7 (2.34)
SEN
d*¢ - G
ARy L0 2( ), (2.35)
AFN Vet

Note, the derived effective values are supposed to be constant during the FE experiment.
Therefore, values obtained with this method are apparent and might rather be considered
as rough estimates for the emitter’s general FE performance. Nevertheless, the simplified
FN model has often been used in the last decades for the analysis of /-V curves from single
ZnO emitters [70] as well as from large arrays of ZnO field emitters with nanorod- [40, 71],
nanowire- [72—75] and needle-like shapes [76] or with differently shaped ZnO structures [68,
77, 78]. For ZnO emitters, typically a constant work function value of 5.3 eV is assumed for
calculation of the effective FEF, which is often used to assess the efficiency of the studied
FE electron source [68, 70-72, 76—78].

2.4.2 Recent Developments in Field Emission Data Analysis

“Technically Complete” FN Type Equation

The elementary FN equation 2.9 disregards some fundamental physical effects of FE from
metallic emitters. Therefore, the so called “technically complete” FN-type FE equation was
introduced to describe the local ECD [79]:

2 3/2
J= laFN%exp (—%) . (2.36)

The parameter p accounts for deviations from the triangular barrier shape model and the
pre-exponential parameter A merges several correction factors for effects regarding electron
supply, temperature, atomic wave function, the material’s band structure, and a correction
for the tunneling probability. For realistic situations, it is not possible to give exact values
for the correction factors. However, estimates based on their underlying physical effects
were provided by Forbes et al. [50, 79]. The latest approximated range for the multiplicative
correction factor in the pre-exponent is 0.005 < A < 14 [30]. Equation 2.36 is given in a
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generalized form, but for a specific barrier shape like the SN barrier, p is given by Vg (equa-
tion 2.16). The parameter in the exponent has usually the largest impact on the derived ECD.
For instance, the predicted J is enhanced by a factor of about 100 when the SN barrier is
considered instead of the simple triangular VPB [52, 79]. If electron tunneling through the
SN barrier is assumed, the so called slope correction function sp(y) needs to be added for
calculation of the effective FEF because of the electric field dependence of vi(y) [52]:

/
iy = g0l .37)

SEN
Similar to equation 2.16 for Vg(y), an approximation for sg(y) is available [33]:

1
se(y) = 1= 2y”. (2.38)

The slope correction function sg(y) varies within the FE-relevant range (0 <y < 1) between
1 and 0.833, but is in practice often set to 0.95 [52] or for simplicity to unity [80—82].

Orthodoxy Test

The so called orthodoxy test was introduced some years ago to evaluate the reliability of
physical values derived from experimental FE data. Orthodoxy of the emission data, namely
In = I, and V;, =V, is given when the current is solely provided by tunneling of electrons
through the SN barrier. Thus, the image charge effect as well as the slope correction func-
tion are considered. Further, the work function is supposed to be constant over the emitting
area and the applied voltage is assumed to be uniform across the emitting surface. However,
the relation between measured and emission data can be distorted by a number of effects,
such as leakage currents and electrical resistance in the measurement path, formation of vac-
uum space charge, FE-induced temperature variations of the emitter material, electric field-
dependent changes of the emission area, energy band bending and quantum confinement in
nanoscale emitters [83].

For application of the orthodoxy test, the MG equation 2.14 is transferred into a scaled
form with the help of the scaled barrier field f = y* that considers the Nordheim parameter
v, which was already introduced by equation 2.17. The ratio of the local electric field to the
reference field Fr that is needed to reduce the height of the SN barrier completely to zero—

which corresponds to the material’s work function ¢—is here expressed as follows [83]:

f=t = (2.39)
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Then, the scaled equation for the ECD can be written as [83]:

1= 00007 exp (—vil)- 1) 2.40)

with the work function-dependent values:

. bFN¢3/2 . bFN62 _ 9.8362 1/2
10) =" = ~ i v'2| and (2.41)
2 3
0(¢) = “NIR _ 9NOT 5 7434 43 [nA/ (nm*-eV?)]. (2.42)

o
The relevant value for the orthodoxy test, namely the (dimensionless) extracted scaled barrier
field, is given by [83]:

fextr — _SF(f)TI((P), (243)

SEN- -
with the slope correction function for the SN barrier sp(f) ~ 1 — % f =~ 0.95 and the slope Sgn
derived from the linearized data in the FN plot. To perform the orthodoxy test, the scaled
barrier field is extracted from the experimental FE data in the FN plot for the first and for the
last data point that are used for the linear fit. Thus, the corresponding values from the x-axis
of the FN plot, namely the reciprocal values of the measured voltages, are considered [83—85].
The derived range (foiU—fsx%) is then compared to the work function-dependent thresholds
given by Forbes [83].

Extracted values outside the expected limits indicate that the measured FE data was in-
fluenced by effects beyond the theory of electron tunneling through the SN barrier. As a
consequence, physical values derived from the FN plot may be unreliable. Note, for values
of f** below the expected range, the theoretical ECD would actually be too low to be mea-
sured in practice. Furthermore, for values above the maximum threshold, the predicted ECD
is in reality high enough to cause significant emitter self-heating, which eventually leads to
emitter failure. Since its introduction in 2013, the orthodoxy test was used by several authors
for a variety of field emitter types, such as sharp ZnO NWs [86], CNTs [87] and titanium

oxide nanorods [88].

Murphy-Good Plot

Experimental FE data in the FN plot can exhibit a slight curvature in the region of high electric
fields, namely for small values of im, because of the dependence of Vg(y) on the electric field.
Therefore, the derivation of intercept and slope from the linearized FE data in the FN plot can
be distorted. Recently, the so called MG plot was developed with the intention to enhance the
reliability for extraction of physical values from experimental FE data. The formula for the
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MG plot has the form of In (%) versus o with Kk = (2 — @) and is written as follows [85]:

= Vin
Im 1 1
In( 7% ) ~InAei-6(9)-exp(n(9))- 7 | = M(9)Vry— (2.44)
m R m
Slope and intercept are given by:
Sma = —1(9)Ve = —ben¢**¢c and (2.45)
1

exp(Cma) = Aefi - 0(9) -exp(n(9)) (2.46)

. V_If'
With the relation exp(Cuma) - [Smc|¥ = Aete- 0(0) -1(¢)? - exp(n(9)) - n(9)~1/¢ and if the
work function is assumed, the voltage conversion length Cg[G (ratio of reference measured
voltage VR to reference electric field FRr) and the effective emission area Alevf[fG can be calculated

by the following equations [85]:

S
MG Smc
co = —bFN¢3/2 [nm], (2.47)
AN = Amc - exp(Cug) - S| [nm?]. (2.48)

The factor Ay is the emission area extraction parameter and is defined as:

1
Mia(0) = (o (@) m(g) @ M/RAL@249)

The effective FEF can finally be obtained from the following relation [30, 85]:

d
Vi = e (2.50)
C

Equation 2.43 can also be used for application of the orthodoxy test to experimental FE data
in the MG plot. However, the slope correction function sg(f) is set to unity for determination
of the scaled barrier field, since the MG plot exclusively considers emission through the SN
barrier [89].

2.5 Surface Ad-Layers

FE strongly depends on the properties of the near-surface region of the emitter material.
Therefore, any kind of surface modification, such as the unintentional adsorption of molecules
or the deliberate deposition of thin films, has potential influence on the FE properties. To es-
timate the impact of thin surface ad-layers, a modification of the apparent work function is

assumed rather than a change of the overall emitter shape. The simplified /-V relation for an
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emitter with adsorbates (ad) is given by [25]:

S
[ = CpqV2exp (%) , 2.51)

with the slope S,4 and the intercept C,q of the linearized /-V curve in the FN plot. If FE data is
available from the “clean” structure (cl), namely without surface ad-layers, the ratio of slopes
extracted from FN plot can be used to derive information regarding the electronic nature of
the surface modification. Under the assumptions that neither the emission area nor the FEF
change considerably—which is valid for tip radii much larger than the ad-layer thickness—
and with a known work function value for the clean emitter surface ¢.;, the apparent work

function for the adsorbate-covered emitter ¢,q can be derived by [25]:

2/3
Gad = Pcl (%) . (2.52)

cl

The surface coverage is generally difficult to evaluate since the temperature and the stick-
ing coefficient of the material and of the adsorbates are typically unknown. Moreover, the
determination of the work function modification from FE data is complex because the cover-
age with foreign species usually changes during the FE measurement, which is driven by the
strong electric fields and by local emitter self-heating. Therefore, fluctuations in emission
current are often attributed to surface diffusion of adsorbed species [25].

Besides the variation of the apparent work function of the emitter material, resonant tunnel-
ing through virtual energy levels provided by the adsorbed atoms is proposed to be another
reason for the change of FE properties caused by ad-layers. Typically, such surface states
are modeled by attractive potential wells near the emitter’s surface, which alter the effective
width of the VPB and therefore, affect the electron tunneling probability [4, 90]. The FE
properties of the coated emitter can be enhanced compared to its pristine version by tuning
of the ad-layer thickness [91].

2.6 Flexible Substrates

Usually, field emitters are placed on flat bulk substrates and the spacing d between cathode
and adjacent electrode remains constant. For emitters located on a flexible base, additional
effects might occur as the electric field on the emitter’s surface strongly depends on the inter-
electrode spacing.

First, the time scale of the distance variation towards the opposing electrode can be of
interest. Only if the substrate’s displacement variation is slower than the electron tunneling

time, the VPB can be assumed to be static and the FE is supposed to be an adiabatic process.
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The tunneling time, which is defined as the mean time of interaction between the tunneling
electron and the VPB, is estimated to be in the femtosecond range [1].

Second, a flexible substrate, namely a free-standing membrane, can be deformed delib-
erately by an external force, such as by a differential pressure or by an electrostatic field.
Typically, the relation between the differential pressure applied to one side of the membrane

and the maximum displacement &« in the center of the membrane, is given by [17, 92]:

MO mE
P(Cmax) = Clwémax +C2(VM)¥€§1;1X' (2.53)
am am

Here, ay is one half of the side length of the square membrane, #\; is the membrane’s thick-
ness, Ey is the Young’s modulus, vy is the Poisson’s ratio and oy is the residual stress of
the membrane. C; =3.45 and C2(vy) = 1.994 (1 - 0.271vyp) are parameters that were derived
for the analytical description of the deflection of a square membrane by an external load and
showed to be in good agreement with experimental results for silicon nitride membranes [92].
In FE experiments, the membrane-electrode distance becomes a function of the applied volt-
age and thus, electric field and electrode spacing affect each other mutually. The following
relation between electrostatic pressure P and applied voltage Vi, was formulated for a simple

parallel-plate measurement configuration [14, 93]:

)

= gzvﬁl, (2.54)

Pel

with vacuum permittivity €. The distance d between emitter and opposing electrode is a

function of the applied voltage and can be expressed as follows [17]:

Here, d gives the initial emitter-electrode distance at zero electric field and &,y is the average
displacement across the entire surface of the membrane [17]. The maximum deflection of
the membrane &, can be derived as a function of the applied voltage Vi, when P(&nyax) in
equation 2.53 is replaced by 2.54 [17, 93]. The obtained displacement-voltage relation can
finally be used in a modified form of the FN equation to determine the effect of a flexible

emitter base on the FE current [17]:

21,2 3/2
In(d(Vin)) = aFNAM% exp (—%) . (2.56)

Third, if a FEA is placed on a flexible substrate, the apparent emitter distribution might
be modified by the deformation of its base. On the one hand, by convex bending of the

cathode towards the electrode, the electrical field screening among neighboring emitters can
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be reduced because their tip-to-tip distance is increased. Thereby, the onset of FE can be
shifted to lower applied voltages. This effect was reported by several authors, mostly using
flexible polymeric substrates [87, 94, 95]. On the other hand, the emission area that is actually
contributing to FE, namely the number of emitting structures, can be affected by membrane
deflection, which is attributed to the modification of the electric field distribution on the
cathode’s surface caused by the substrate’s displacement [87, 94, 95].
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3 Field Emission Measurement Setup

The reproducibility of FE measurements is an indispensable prerequisite for comparison of
different FE cathodes. On the one hand, repeatable measurements of /-V curves from identi-
cal emitters have to be ensured to allow for the detection of deliberate surface modifications,
such as thin film deposition or to study FE characteristics as a function of the cathode’s synthe-
sis conditions. On the other hand, any parasitic influence from the measurement setup itself
has to be eliminated or at least identified for further data analysis. Otherwise, the measured
current and applied voltage are not equal to the actual emitted current and corresponding
voltage [52]. Herein, the basic principle of FE measurements is introduced and possible rea-
sons for electrical breakdown are discussed, which is the dominant source for field emitter
destruction [1]. Three FE setups are presented as used for sample characterization in this
thesis. Based on one FE setup that was built within a Master’s thesis', the different setup
components were strongly modified with the following central intentions: First, reduced risk
for electrical discharge during FE experiments and second, increased reproducibility of the
I-V curves. Partly, the setup optimization was conducted during a Bachelor’s thesis®. Af-
ter the aforementioned setup adjustments were implemented, the same tailor-made emitter

sample was employed as calibration probe for the three FE setups.

3.1 Field Emission Measurement

The basic FE setup consists of the emitter structure (cathode) placed on a supporting substrate
and the opposing anode, which are jointly encapsulated in vacuum [4]. A negative voltage is
supplied to the emitter and the absolute value is gradually increased, while the current is mea-
sured at the grounded anode. For reaching electric fields in the FE typical range of 1-10 V/nm,
the cathode-anode distance needs to be as small as possible but still wide enough to guarantee
electrical insulation of the two electrodes. For a spacing of 100 pm, inconceivable voltages
of 100 kV up to 1000 kV would be needed to permit FE from a flat metal surface. To facilitate

Christian Henkel, Characterization of diamond nanomembranes by field emission for a detector in mass
spectrometry of large proteins, research group of Prof. Blick, supervised by Chris Thomason (2016) [96]
Leutrim Pacarizi, Optimization of a setup for field emission measurements of nanomembranes, research
group of Prof. Blick, supervised by Stefanie Haugg (2018) [97]
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electron emission, field emitters are usually designed with sharp apexes to cause amplifica-
tion of the local electric field by the geometrical field enhancement effect (section 2.2.1) and
thereby, to enable FE before electrical discharge occurs in the small inter-electrode gap of
the capacitor-like assembly [29]. For instance, an apex FEF of 500 would allow for FE in the
experimentally feasible voltage range of 200 V to 2000 V for 100 um electrode separation.
Often, a diode-type cathode-anode configuration is used for FE measurements because of
its simple implementation. Nevertheless, the direct coupling of the FE current to the anode
potential limits the controllability of the emission current, which is impractical for many ap-
plications. Consequently, a control electrode is introduced between cathode and anode in
devices with integrated FE electron sources, such as miniature X-ray tubes, FE displays or
for construction of high-brightness electron sources [98—101]. The control electrode in the
triode-type configuration extracts electrons independently of the anode voltage and allows for
in situ control of the FE current. Further, the spacing between cathode and control electrode
can typically be reduced compared to the cathode-anode distance in the diode-type arrange-
ment, which enables FE at lower applied voltages [102, 103]. Since the first realization of
gated FEAs in 1968 by Spindt ef al. [104, 105], numerous variations of the triode-type assem-
bly were tailored with respect to the specific application [106]. In this thesis, a triode-like
electrode arrangement was used for the /-V curve measurements with a fine metal grid posing
as control electrode as it was described by Park ez al. [17, 18]. The general procedure of the
FE measurement is illustrated in Figure 3.1. On the one hand, the triode-type configuration
promotes large emission currents at lower voltages. However, on the other hand, the risk
for electrical discharge between cathode and grid is enhanced by the typically smaller inter-
electrode spacing [107]. Thus, it is essential to consider the mechanisms leading to electrical

breakdown for realization of reliable FE electron sources.

Electrical Breakdown

FE measurements are performed in ultra-high vacuum, however, electrical discharge can oc-
cur and cause irreversible destruction of the emitter. If a critical electric field is reached, the
dielectric medium in the electrode gap abruptly looses its insulating properties and a consider-
able increase in current flow, caused by plasma formation, can be noted [108]. In contrast to
a conventional electrical breakdown in a gaseous atmosphere—with the breakdown voltage
directly related to the electrodes’ distance and the system pressure (Paschen’s law)—the gas
density in vacuum is not sufficient to sustain electron avalanches solely by particle collisions
in the electrode gap [109]. For a pressure below 10~* Torr (= 1.33-10~* mbar) no significant
dependence of the breakdown voltage on the inherent pressure is observed anymore because
the mean free path of particles is typically much larger than the inter-electrode spacing. Thus,
collisions of emitted electrons with residual gas molecules become unlikely [110, 111]. For
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Figure 3.1: Schematic of the FE measurement in triode-type configuration (left side). The
cathode (blue) sits on top of a substrate (black) and the control electrode (orange) is located in
a distances of several hundred micrometers from the cathode, while the grid-anode separation
is in the millimeter range. First, the control electrode—here constituted of a metal grid—is
set to a constant negative potential Vyig. Second, the absolute value of the negative voltage at
the field emitter sample Vi amode 1S raised, and third, emitted electrons are accumulated at the
anode (gray). The current Iy, is consecutively measured as a function of the applied voltage
Vin = |Veathode — Veria| (graph on the right side). The electric field F between the electrodes
is indicated by red arrows pointing from anode to cathode and the reverse direction of the
electron current is sketched by black arrows.

a vacuum gap of 100 um width between two planar electrodes, namely without deliberate
geometrical enhancement of FE, a breakdown voltage of around 10kV is suggested by ex-
perimental results in literature [110].

Vacuum breakdown is mainly generated by FE-initiated mechanisms and by the local in-
teraction of intense electric fields with electrode surfaces [110]. Considering a clean emit-
ter without any adsorbed species in ultra-high vacuum, emitter self-heating is the dominant
source for electrical arcing. The local temperature raise by the interplay of Joule and Notting-
ham effects (see section 2.1.2) can lead to vaporization of emitter material followed by ion-
ization processes promoted by the electric field [112]. In reality, adsorbed species populate
the emitter’s surface, which produce secondary effects that lower the threshold for electrical
breakdown further. On the one hand, charged particles can be liberated from the cathode
side by emission of gaseous adsorbates facilitated by the intense electric fields or through
the aforementioned local emitter self-heating. On the other hand, bombardment of the op-
posing electrode with emitted electrons can cause local heating and subsequently, release of
electrode material as well as gas desorption from the control electrode or from the anode,
which is followed by an electrical discharge [108, 113]. Typically, a short rise in pressure is
observed with the occurrence of an electrical breakdown due to vaporization of electrode ma-
terial [108]. Another source for vacuum breakdown are charged, loosely bound particles that
can be dragged across the vacuum gap by the electric field. According to the “clump” theory,

the impact energy released by theses particles when impinging onto the opposing electrode
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can lead to local temperature increase and consequently to material release, which provokes

electrical discharge in the vacuum gap [110].

3.2 Field Emission Setups

This section presents a detailed description of the FE setups in the configuration used for -V
curve measurements in this thesis. For clarity, this part is divided into three subsections as
displayed in Figure 3.2 with respect to the main components of a FE setup: First, the high
vacuum chamber (sketched in red), second, the sample mounting (blue) and third, the data

acquisition (green).

3.2.1 Vacuum Chamber

Side and top views of the three FE setups are displayed in chronological order with regard
to their time of construction (from 2016 to 2019) in Figure 3.3. The first setup on the left,
in the following called “ISO setup”, was assembled within a Master’s thesis® in the research
group of Prof. Blick (CHyN, UHH) [96]. A 6-way ISO-K cross forms the vacuum chamber
with the measurement flange on the top port fixed by claw clamps and sealed by an elastomer
O-ring, as it is typical for the ISO-K clamping flange system [114]. The setup is placed on an
optical table and a base pressure of 2-10~% mbar is maintained by an EXPT pumping station,
consisting of a nEXT300 turbomolecular pump and a nXDS10i dry scroll vacuum pump
(Edwards Vaccum). For exchange of the FE sample, an external rotary vane pump (UNO 5,
Pfeiffer Vacuum) is employed for evacuation of the chamber from atmospheric level to a
pressure below 5-10~2 mbar before the valve towards the turbomolecular pump is opened.
Thereby, the shut down of the turbomolecular pump for mounting a new FE sample is avoided.
The pressure levels are monitored with a compact cold cathode gauge (IKR 251) coupled to
a measurement unit (TPG 262, both from Pfeiffer Vacuum).

The vacuum chamber of a time-of-flight mass spectrometer (Voyager-DE STR, JBI Sci-
entific) was used to set up a second FE system. The load lock chamber can be separated
from the high vacuum part of the mass spectrometer by a gate valve for convenient exchange
of the measurement flange. In this FE system, called “Voyager”, a base pressure of about
5-10~7 mbar is obtained, measured by a compact full range gauge (PKR 250) and read out
by the corresponding measurement unit (TPG 251 A, both from Pfeiffer Vacuum). For FE
sample mounting, the small load lock chamber is evacuated with the help of a rotary vane
pump (Trivac D4B, Leybold) to a pressure below 5-10~3 mbar before the gate valve is opened

3 Christian Henkel, Characterization of diamond nanomembranes by field emission for a detector in mass

spectrometry of large proteins, supervised by Chris Thomason (2016) [96]

36



FE Assembly
3:2:2./ 332

Measurement Procedure
Vacuum Pump 3237333

Vacuum Chamber
3.2.1/3.3.1

Figure 3.2: The three basic components of the FE setup are shown schematically as guidance
for the present section and for the following one, which addresses the setup optimization.
First, the vacuum chamber (red), second, the FE measurement assembly in triode configura-
tion (blue) sitting on a vacuum flange and third, the measurement procedure regarding two
high voltage (HV) power supplies and data acquisition (DAQ, green), are considered. The
subsection numbers that refer to the particular setup components are given in the Figure.

ISO setup Voyager CF setup
mah . e

Side view

Phase = 210 mbar Prase = 5-107 mbar Prase = 1:107 mbar

Figure 3.3: The outer appearance of the three FE setups is shown in chronological order with
regard to their time of construction (from 2016 to 2019) from left to right: ISO setup, Voy-
ager and CF setup with a base pressure (ppase) of 2-107° mbar, 5-10~7 mbar and 1-10~7 mbar,
respectively. The two latter ones were set up within this thesis. To each of the high vac-
uum chambers, ports are connected to external rough pumps (a), which are used for initial
chamber evacuation when mounting a new FE sample before the respective connections to
the turbomolecular pumps are opened (b). Additionally, there are ports for vacuum gauges
(¢), for ventilation valves (d) and for the measurement flanges (e).
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to the time-of-flight chamber. In the mass spectrometer, the pressure is maintained by two
turbomolecular pumps (Turbo-V 250 MacroTorr and TV 301 Nav. Pump, both from Varian),
which are backed by a dry scroll vacuum pump (nXDS10iC, Edwards Vacuum).

The third setup, named “CF setup”, was mainly assembled from ConFlat® compatible vac-
uum components, proving lower leak rates compared to the ISO-K flange system. CF com-
ponents are usually sealed by a flat gasket from oxygen-free copper, which is irreversible
deformed by the knife-edge on the flange’s vacuum side [114]. For the exchangeable mea-
surement flanges of the CF setup as well as of the Voyager, reusable elastomer gaskets are
utilized instead. A 4-way CF-cross forms the load lock, which is separated by a gate valve
from the turbomolecular pump (TMH 261 P, Pfeiffer Vacuum) and the corresponding rotary
vacuum pump (EIM18, Edwards Vacuum). A base pressure of 1-10~7 mbar is detected by
a compact full range gauge (PKR 250) that is combined with a measurement unit (TPG 251,
both from Pfeiffer Vacuum, formerly Balzers). For FE sample exchange, the load lock cham-
ber evacuation is performed to a pressure below 5-10~2 mbar with the same rotary vane pump
that is used for the ISO setup. Despite different flange systems are used for the FE setups,
the FE assembly itself on the corresponding measurement flange can easily be exchanged as

demonstrated in the next section.

3.2.2 Field Emission Assembly

This section is thought to give an instruction for consistent mounting of FE samples, critical to
reproduce -V curves from the same field emitter sample as well as for comparison of differ-
ent cathodes. The FE assembly presented here—namely the emitter-grid-anode stack—was
tailored for the measurement of FEAs on bulk substrates as well as on free-standing mem-
branes. The FE assembly shown in Figure 3.4 is electrically insulated from the measurement
flange by a cylindrical PTFE (polytetrafluoroethylene) pedestal (sketched in light brown),
while insulating PEEK (polyetheretherketone) screws and nuts (dark brown) are used for
fixation of the electrode stack.

First, the emitter (blue) on the substrate (black) is attached to the center of a PTFE disc
(light brown) by placing small droplets of silver conductive paste (G3303B, Plano GmbH)
underneath the four edges of the substrate (red). Second, a thin metal electrode ring (green,
about 50 um thick) is placed around the sample and a single-side metal-coated PTFE foil
(gray, metal coating displayed in yellow) with a centered cutout for the field emitter struc-
ture is used to provide electrical contact from the cathode’s surface to the electrode ring. On
the one hand, the PTFE spacer defines the distance between emitter and adjacent electrode.
Therefore, the applied electric field and the obtained FE properties from experimental data
are highly dependent on the PTFE sheet thickness. On the other hand, the foil serves as
electrical insulation of the emitter from the grid electrode. Hence, the spacer thickness is
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chosen to enable FE from the cathode under test within a feasible voltage range, but it is se-
lected as large as possible to provide sufficient electrical insulation. In this thesis, the spacer
thickness was varied between 50 um and 500 um. Note, the size of the central square hole
in the PTFE spacer can easily be tailored with respect to the dimensions of the FE sample
by laser cutting of the foil. To compensate the height of the sample’s substrate and as addi-
tional insulation, PTFE rings are added around the cathode (height compensation, sketched
in light brown). For substrates with 300 um thickness, a 250 pum PTFE ring is used and for
525 um wide samples, one sheet of 250 um and one of 100 um height are combined. The
thickness of the height compensation is chosen to be smaller than the actual substrate height
to provide sufficient electrical contact through the metallized PTFE spacer to the cathode
by mechanical compression. Third, the control electrode (orange) is added, which consists
of an electroformed nickel grid (59 lines per centimeter (Ipc), Precision Eforming) spanned
over a central square hole of a copper disk and fixated with silver conductive paste. After the
control electrode is placed on the stack with the mesh facing towards the cathode, another
annual electrode is added for voltage supply (dark orange) and the emitter-grid assembly is
secured with PEEK nuts. Note, for a reproducible compression of the PTFE spacer, a torque
wrench with a force of 0.1 Nm is used for mounting. Fourth, the anode (light gray) is added
to the assembly in the distance of 2.4 mm, which is defined by the thickness of the spacer
PEEK nuts. Finally, the anode metal plate is attached by another set of those.

Each of the electrode rings is connected with a stainless steel screw to a cable that is

plugged into one of the push-on connectors on the vacuum side of the electrical feedthroughs

PEEK screws and nuts

Cathode — "

Electrode Silver paste S - a' [ lisc
L ' % QS0
for Vcarlmde [ S -

\‘ & : r:
TFE base ki 1 VA s\
I r I Step 3 - Grid Step 4 - Anode

Figure 3.4: The sketch on the left presents a cross section through the FE assembly and the
photographs on the right show top views of the four main assembly parts: The cathode fixated
with silver conductive paste to a PTFE disk (step 1), the metal-coated side of the laser cut
PTFE foil (step 2), the grid (step 3) and the anode (step 4). All assembly components are
secured by PEEK nuts on the PTFE base, which is mounted on one of the FE measurement
flanges.
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in the measurement flange. The Kapton® insulated wires are suited for HV operation in vac-
uum (UHV KAP301, Allectra GmbH). Last but not least, electrical insulation of the three
electrodes to each other is verified by a resistance measurement via a multimeter, before the
FE assembly—mounted with the PTFE socket to either a KF or a CF flange—is transferred
to one of the vacuum chambers. Additional explanations for material choices and preparation

methods for the individual segments of the FE assembly are given in section 3.3.2.

3.2.3 Measurement Procedure

Herein, the voltage supply, DAQ, and measurement procedure, executed by a LabVIEW
program, are presented. The electric field between emitter and grid is supplied by HV power
supplies (PS350, Stanford Research Systems) connected to the miniature high voltage (MHV)
connectors of the electrical feedthroughs on the atmosphere side of the measurement flange.
Grid as well as cathode are coupled to the HV power supplies by HV suited cables (Lemo
HV 9kV/0.6 mm, arnnotec GmbH) with MHV connectors for attachment to the measurement
flange and with safe high voltage (SHV) plugs for connection to the power supplies [114].

To exclude measurement artifacts from the DAQ system, two different arrangements were
applied to measure the FE current. The first method uses a transimpedance amplifier (DLPCA-
200, Femto Messtechnik GmbH) to convert the measured currents in the order of picoampere
to signals in the millivolt range. The amplifier is connected by a coaxial cable to the anode via
an electrical feedthrough in the measurement flange. An amplification factor of G = 10° V/A
is used (low noise setting, full bandwidth, direct current (DC) mode) with the amplifier’s
input connected to ground. The signal is guided via a BNC rack (NI BNC-2090A) to the
network card (PCle-6363, both from National Instruments). To attain the output current at
a specific applied voltage, a large number of samples is integrated to suppress statistical
error sources. Hence, for the measurement type that uses the current amplifier, the FE cur-
rent is determined by I, = NLG Z?Izl Vini» With N = 2. 10% samples, with a sampling rate of
10 samples/s and with Vmn,i as single voltage data points [96]. For the second method, a
picoammeter (model 6485, Keithley) is used to directly measure the FE current with an inte-
gration time of one second per I,(Vy,) value. The time the input signal is acquired is set to
50 Power Line Cylces (PLCs) with 1 PLC corresponding to an integration time of 20 ms for
50 Hz line frequency [115].

Most of the FE measurements in the ISO and the CF setup were conducted with the am-
plifier method, whereas the picoammeter was mainly used for measurements in the Voyager.
Note, interchange of DAQ techniques is possible without circumstances or loss of measure-
ment accuracy. The LabVIEW program that is utilized to control the measurement execution
follows the sequence schematically displayed in Figure 3.5. Herein, the details about the

I-V curve acquisition are specified to refine the generalized description that was given in
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the beginning of this chapter in section 3.1. Unless otherwise stated, the characterization
conditions listed in Table 3.1 were supplied to the LabVIEW program for the /-V curve mea-
surements. In general, the waiting periods #1 — #3 are introduced to provide sufficient time
for discharging of the FE assembly after voltage increase/decrease and thereby, to prevent fal-
sification of the measured current by the alternating current (AC) signal that can pass through
the capacitor-like electrode arrangement when the applied voltage is changed and to reduce
the risk of electrical breakdown. The maximum current at grid and cathode power supply is
defined by the trip current /i, which causes the voltage to drop immediately to zero when ex-
ceeded by the occurrence of an electrical discharge in the FE assembly. Detailed explanation

for parameter selection is given in the next section.
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Parameter Value
Vgrid -100V
Step voltage 2V
Waiting period #1 ~ 72h
Waiting period #2  3.785s
Waiting period #3 lh
Lyip 0.1 mA

Table 3.1: Summary of the characterization conditions used in the LabVIEW program that
is controlling the FE measurements. The grid voltage Vg is set to a constant negative value
and the step voltage corresponds to the voltage value increase (decrease) in the forward (back-
ward) scan before a current value is acquired. Waiting period #1 and #3 describe the elapsed
time between the sample is mounted in the vacuum chamber and the initial FE measurement,
and the duration between subsequent /-V curve measurements, respectively. The time be-
tween voltage step and current measurement is given by waiting period #2.

3.3 Setup Optimization

Electrical breakdown between small gaps is a severe issue for FE examinations, risking mea-
surement device and emitter destruction [1]. Bulk cathodes can suffer from immense struc-
tural changes, but still be emitters at all, however with altered FE characteristics. In contrast,
nanostructured emitters and nanomembranes are immediately destroyed when hit by an arc
discharge. This sensitivity stresses the need for optimization of the FE measurement setup.
To compare the influence of emitter surface modifications—such as coating, surface group
termination and aspect ratio—on FE properties, a consistent assembly of the emitter in the FE
setup is the prerequisite to provide constant electrode spacing and as a consequence, control
over the applied electric field. This section discusses the modifications applied to the ISO
setup to enhance the reproducibility of /-V curves and to lower the risk of electrical break-
down. For transparency, the structure of this chapter follows the sketch that displays the three
main FE setup components (vacuum chamber, FE assembly, DAQ) in Figure 3.2. Note, only
the sum of all of the aforementioned improvements will enable the experimentalist to fully
control the measurements in a reliable manner. The improvements are not setup related and
hold true for all FE setups used in this thesis.

Unless otherwise stated, the onset voltage V"¢ and the corresponding macroscopic elec-
tric field F{™*' are defined by the first current data point Io"*" above a 10 ¢ threshold and
only the forward scan of the FE measurement is presented and considered for data analysis.
The standard deviation ¢ is derived from the normal distribution of the measured current
values between 20 % and 50 % of the total range of applied voltages, to exclude artifacts

from electrical charging in the low voltage region and from the exponential current increase
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Figure 3.6: The measured current /,, is shown as a function of the applied voltage V;,, from a
ZnO NW sample. A normal distribution of the I, values from the range of 20-50 % of the to-
tal number of voltage data points of the forward scan (emphasized by the vertical dashed gray
lines) is employed to determine the standard deviation o. Then, the first value I™* above
the 10 o threshold (horizontal dashed red line) is used to determine the corresponding onset
voltage V™. The conversion to macroscopic electric field F™" is subsequently performed
by division through the cathode-grid distance, which is defined by the PTFE spacer thickness.
For the presented measurement, the following onset values were determined: V"¢ =258 V
corresponding to Fy"**' = 2.58 V/um for d = 100 pm.

by FE for higher voltages. Exemplary, the onset determination is shown in Figure 3.6. In
literature, often a turn-on field is defined by the emission current density (ECD) being larger
than 10 pnA/cm? [86, 116] and a threshold field is defined by the ECD overcoming a value
of 10 mA/cm?, which is typically needed for effective excitement of a phosphor pixel in FE
displays [116]. On the one hand, there is no unifying definition for these values, since the
turn-on field as well as the threshold field are sometimes also set to 0.01 pA/cm? [76] and
to 1 mA/cm? [71], respectively. On the other hand, the conversion from measured current to
ECD is uncertain because the real emission area is typically unknown especially for nano- and
microstructured emitters [4]. For analysis of I-V curves within this thesis, the onset voltage
is defined by the measured current overcoming the data set-dependent 10 ¢ limit and thereby,
being clearly distinguishable from background noise. Note, for comparison of field emitter
samples measured with different cathode-grid distances, the onset voltage derived from the

I-V relation is always converted to the macroscopic onset field.

3.3.1 Vacuum Chamber - Modifications

In the framework of this thesis, the Voyager and the CF setup were built as additional FE
measurement systems. Further, the minimum duration for proper outgassing of the com-

plete FE assembly allowing for reproducible measurements was determined to be 72 h and
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the influence of the system pressure on I-V curves was investigated in a range of 3-10~7 to
1-1073 mbar. Both setups (Voyager, CF setup) consist mainly of CF flanges, which proved
a lower leak rate compared to the ISO-K flange system used to build up the older ISO
setup [114]. The lower base pressures attained in the new setups can additionally be explained
by the Voyager system being pumped by two turbomolecular pumps and the CF setup hav-
ing a smaller vacuum chamber volume compared to the ISO setup (Figure 3.3). As stated
in the beginning of this chapter, the influence of the pressure in a vacuum gap on the break-
down voltage was reported to be insignificant for values below 1.33-10~* mbar [110, 111]
and thus, no effect of the base pressure on the breakdown probability would be expected
for the three FE setups (ppase = 1-1077 to 2-10~° mbar). However, the pressure is not mea-
sured in the small gap between the closely stacked cathode-spacer-grid arrangement, where
outgassing—the release of gaseous species from materials in vacuum without additional ex-
ternal stimulation [117]—from the emitter structure, the dielectric inter-electrode material
or other components of the FE assembly can increase the amount of particles locally. In
addition, polar water molecules tend to bond chemically (exchange of a valence electron)
or physically (van der Waals forces) to all kinds of materials that were previously exposed
to air, which prolongs the evacuation time [118]. Desorption and ionization of those gases
and water molecules within the small gap promoted by strong electric fields during the FE
measurement can enhance the risk of electrical sparking considerably.

On the one hand, the high impact of the outgassing duration on the FE measurement,
namely the time between sample mounting in vacuum and the first /-V curve acquisition,
was distinct for a CNT sample that was kept in high vacuum for a long time (Figure 3.7 (a),
plotted in red). After this time, no shift in onset field for FE was observed for subsequent
measurements, whereas 12 h after mounting in vacuum, the initial rise of emission current
from noise level strongly varied and high current pulses were noted (Figure 3.7 (a), plotted
in blue). Elsewhere, those current fluctuations are attributed to dynamic modulations of the
adsorbate distribution on the emitter’s surface through desorption, adsorption, and diffusion
processes, which are initiated by intense electric fields and by effects arising from the FE cur-
rent flux [119]. For practical reasons, a minimum necessary outgassing time was determined
by a series of FE experiments to reduce the impact of adsorbed surface molecules on 7-V
curves. A ZnO NW sample was measured three times each after 24 h (plotted in black), after
48 h (orange) and after 72 h (green) in vacuum of the ISO setup (Figure 3.7 (b)). After 3 days,
no significant variation in onset of FE was observed within the series of three measurements
and the occurrence of sudden current fluctuations was reduced. Since the test was executed
in the setup with the highest base pressure (2-10~° mbar), this minimum outgassing period
of 72 h was implemented for all three FE setups. Methods for degassing the system, such as

vacuum bakeout, glow discharge or ultraviolet radiation, to name a few, could potentially be
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Figure 3.7: (a) The measured current I, is shown as a function of the macroscopic
field Fy for three subsequent measurements from CNT field emitters after 12 hours
(blue) and after an extended time (red) in vacuum (CF setup). The derived onset fields
for 12 hours and for the longer outgassing time are F™*'(12h) = 1.5 V/um =+ 8.9 % and
F™(long) = 1.5 V/um = 0.4 %, respectively. (b) Three subsequent FE measurements from
ZnO NWs, each after 24 h (black), 48 h (orange), and 72 h (green) in vacuum (ISO setup)
are shown. The following onset field values were derived: F{**'(24 h) = 4.8 V/um =+ 8.3 %,
F9™'(48h) = 4.0 V/um =+ 14.2 % and F{™*(72h) =3.7 V/um =+ 2.8 %. The minimum nec-
essary outgassing time was determined to be 72 h as the variation of the onset field for subse-
quent measurements is significantly reduced. For convenient comparison of the onset fields,
the setup- and DAQ system-dependent offsets and slopes were subtracted from the raw FE
data prior to data analysis (see 3.3.3 for detailed explanation).

employed to reduce the outgassing time further [118]. However, the sensitivity of the nanos-
tructured samples to, for instance, high temperature or arcing has to be considered because it
can lead to irreversible and irreproducible modifications of the emitter [1].

On the other hand, the pressure in the vacuum chamber could have an impact on the shape
of I-V curve. At higher base pressures, effects such as a modification of the emitter geometry
through sputtering with residual gases or adsorption of molecules occur with higher probabil-
ity [2]. Further, adsorption of residual gases promoted by the electric field showed to change
I-V curves by modifying the material’s effective work function, which was demonstrated in
studies with deliberate gas injection [120, 121]. For that reason, the CF setup was used to ex-
amine the influence of system pressure in arange of 3.1-10~" mbar to 1.1-10~> mbar as shown
in Figure 3.8. For each vacuum level, which was set by closing the gate valve towards the
turbomolecular pump until a desired steady-state pressure was reached by system-inherent
leakage, the FE measurement was executed for the same ZnO NW sample. The pressure
in the measurement chamber increased presumably by material outgassing and permeation
through gaskets, while the pumping force was reduced. In the studied pressure range, no

significant variation of the onset field as a function of the system’s pressure is detected. This
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Figure 3.8: The forward and backward scan of the measured current is shown in dependence
on the applied electric field for different pressures in the CF setup. The pressure was set to
the following values: p =3.1-10~7 mbar (red), p = 1.0-10~° mbar (blue), p = 7.1-10~° mbar
(green) and p = 1.1-107> mbar (orange). The mean onset field of the four shown measure-
ments was determined to be F)"**' =4.6 V/um =+ 6.6 %.

observation leads to the conclusion that the impact of adsorption/desorption processes may
be negligible for the relatively low applied electric fields in the examined high vacuum range
provided by the utilized FE setups. However, a gradually increase of I, was found for the
backward scan becoming more dominant with higher pressure values. Such a current slope
can be attributed to the accumulation of charges in the capacitor-like FE assembly during the
gradual voltage decrease of the backward scan. lonized residual molecules may build up a
layer of charged particles between the cathode-spacer-grid stack and may alter the effective fi-
nite resistance of the dielectric medium leading to an increase of the leakage current. In good
agreement, but in other context, FE current enhancement through higher system pressure was
ascribed to formation of a positive ion charge layer on the cathode’s surface by ionization of
gas molecules [122]. In summary, a lower vacuum level is favored because less disturbance
by gas molecules interacting with intense electric fields is expected. Nevertheless, with a
consistent outgassing time and in the pressure range of our FE setups, no influence on the

forward scan of the I-V curves is observed.

3.3.2 Field Emission Assembly - Modifications

This section presents changes that were applied to the individual segments of the FE assem-
bly, following the sequence of the sample mounting routine as described in section 3.2.2 and

as emphasized in Figure 3.9. Most of the measurements presented in this subsection were
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carried out in a scope of a Bachelor’s thesis* in the research group of Prof. Blick (CHyN,
UHH). All FE measurements were executed in the ISO setup utilizing a SiN coated Si piece
as cathode, with a step voltage of 5 V/step and measuring with the transimpedance amplifier.
Note, no emission is expected from a smooth SiN surface because an electrical field of at least
1000 V/um (= 1 V/nm) would be necessary to permit FE without any field enhancing geom-
etry, which is not feasible in our setups [4]. Therefore, FE-initiated electrical breakdown is
not expected and the maximum electric field that can be applied to study the FE properties
is mainly limited by the dielectric breakdown strength of materials used in the FE assembly.
With a maximum voltage of 5 kV from the HV power supplies and a minimum cathode-grid
distance of 50 um defined by the available spacers, the maximum applied macroscopic field is
restricted to 100 V/um. The observation of a sudden strong current rise was defined as termi-
nation condition for the measurements, which is characteristic for occurrence of an electrical
breakdown [108]. In addition, the voltage at emitter and grid power supplies dropped to zero,
if the current flowing between the electrodes exceeded the maximum possible trip current of

Iiip = 5.25 mA. For convenient comparison of the FE breakdown measurements, the setup-
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Figure 3.9: Comparison of optimized and former cathode-grid stack as guidance for this sec-
tion. Separate parts are used to discuss the influence of first, the cathode contact method,
second, the dielectric spacer—considering the material used for electrical insulation, the cut-
ting technique and the metallization method—and third, the grid density. The optimized
assembly consists of the cathode (sketched in blue) fixated with silver conductive paste (red)
to a PTFE disk (light brown), the metal ring for voltage supply to the cathode (green), the
PTFE spacer (gray) with gold coating (yellow) on the side facing towards the cathode, a
PTFE ring as height correction (light brown) chosen with respect to the substrate’s thickness
(black), the grid and a corresponding metal electrode for voltage supply (both shown in or-
ange). In contrast, in the former assembly, the cathode was fixated to a copper plate (green),
the electrical contact was provided by silver conductive paste (red) applied to the sides of the
sample and a reversed sequence of PTFE spacer (gray) and height correction (light brown)
was used. Additionally, the optimized configuration is fixed by insulating PEEK screws and
nuts (dark brown) to avoid any risk of shortening, while the previous arrangement was as-
sembled with metal screws, which were electrically shielded by ceramic spacers (dark gray)
from the conductive parts of the assembly.

4 Leutrim Pacarizi, Optimization of a setup for field emission measurements of nanomembranes, supervised

by Stefanie Haugg (2018) [97]
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and DAQ system-dependent offset and slope were subtracted from the raw data prior to fur-

ther analysis (see 3.3.3 for detailed explanation).

I. Cathode Contact

Herein, two methods for the electrical contact to the cathode on top of a substrate are com-
pared, namely a metallized polymeric foil (optimized version) and silver conductive paste
(former version). Often, the use of semiconducting substrates is inevitable due to sample
processing, but proper voltage supply is sometimes not feasible across the substrate towards
the field emitter’s base, caused by formation of a certain energy barrier at the metal-substrate
interface in dependence of the substrate’s doping level [107].

For the optimized version, the sample’s surface is directly contacted from above by a gold
layer on the polymeric foil. The voltage supply is provided through the metal electrode ring
over the metallization on the polymeric spacer to the cathode. For the former version, the
silver suspension (G3303B, Plano GmbH) is applied along the sample’s sides as close as
possible to the cathode to provide electrical contact from the copper plate towards the field
emitter structure [96]. However, several disadvantages of this method could be identified:
Silver paste on top of the cathode has to be avoided in any case, as it can potentially form
an additional emission site, which can falsify the /-V curve and can promote electrical break-
down. However, if the silver paste is not applied close enough to the top surface, the elec-
trical contact may be insufficient. In this case, the measured voltage would not be equal to
the actual voltage supplied to the field emitter. Moreover, this method lacks reproducibility
especially between different experimentalists.

For comparison of both contact methods, a silicon-on-insulator (SOI) sample (from micro-
fab Service GmbH) was utilized that constitutes of a highly-doped Si film on a Si substrate,
separated by a buried oxide layer. The sheet resistance of the n-type Si surface layer was
determined to be about 86 Q/sq with a four-point probe station measured in van der Pauw
geometry [123, 124]. From the resistiviy of approximately 0.0013 Q-cm for the 149 nm thick
n-type Si layer, a heavy phosphorus dopant density that is larger than 10'® cm~3 can be esti-
mated [125]. Note, the thickness of the Si film was given by the manufacturer. Figure 3.10
presents the voltage-current relation for both contact techniques. The metallized polymeric
foil shows an Ohmic behavior, which is revealed by the linear fit (Figure 3.10 (a)). In a wide
range of p- to n-type doping, the work function of silicon was reported to vary between 4.7 eV
and 4.9 eV [126], which is smaller than the work function of 5.1 eV for gold [27]. Typically,
the energy bands bend upwards at the metal-semiconductor interface when the n-type semi-
conductor has a smaller work function value than the metal [127]. The linear behavior of the
herein examined gold-silicon contact indicates that the doping concentration of the n-type
semiconductor (SOI sample) is sufficiently high to enable tunneling of electrons through the
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Figure 3.10: The voltage-current relation was measured for the optimized and former electri-
cal contact techniques with a four-point probe station. A current was supplied to the respec-
tive cathode electrode (see Figure 3.9) and the corresponding voltage was measured at the
surface of the SOI sample. (a) An Ohmic trend is observed for the optimized contact version,
which is verified by the linear fit (red line). For the gold sputtered polymeric foil contact,
a resistance of about 307 Q is derived from the reciprocal slope of the fit. (b) A non-linear
dependence of the measured voltage on the supplied current is observed for the former silver
paste contact technique.

thin potential barrier at the semiconductor-metal interface [128].

When the work function of the metal is smaller than the value of the n-type semiconductor,
the energy bands would bend downwards at the interface and an Ohmic behavior could ap-
pear [127]. However, a non-linear voltage-current dependence is observed for the silver con-
tact to the n-type SOI sample although the work function of the metal (4.26 eV for silver [27])
is lower than the suggested range for Si (4.7-4.9 eV [126]), which indicates that the silver-
silicon junction is disturbed by additional effects (Figure 3.10 (b)). Firstly, this non-Ohmic
behavior may appear because the silver paste was not applied close enough to the cathode on
top of the substrate and additionally, the influence of the electrical contact from the copper
plate through the silicon substrate is uncertain. Even so the substrate’s conductivity is low,
a considerable leakage current through the Si substrate cannot be excluded. Secondly, silver
tends to react with oxygen or sulfur when exposed to air leading to formation of a silver oxide
or a silver sulfide surface layer [129]. In addition, the silver suspension consists of individual
particles that provide a huge surface area for chemical reactions. Depending on the tempera-
ture and on the exposure time, surface layers of silver oxide or of silver sulfide may form and
cause—together with the possible oxide layer on the SOI sample—a thick interfacial layer
that impedes the electrical contact. Presumably, the non-linear behavior of the silver con-
tact method is caused by a mixture of the above described effects. In conclusion, the probe
station measurements indicate that the gold coated dielectric foil provides a reduced contact

resistance, which is not dependent on the dexterity of the experimentalist and is thus, the
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preferred contact method. However, the silver paste contact is not applicable for consistent

sample examination of semiconductor substrates because of its lack of reproducibility.

I1. Dielectric Spacer

Besides adsorbates that may be attached to the surface of the dielectric spacer, sublimation of

the material is another source for particles in vacuum that can provoke electrical breakdown.

Sublimation of a solid occurs when the material’s vapor pressure is higher or comparable to

the vacuum pressure in the system. Thus, the number of materials suitable for ultra-high vac-

uum operation is severely limited [130]. This section discusses the applicability of selected

polymeric foils as dielectric spacer between emitter and grid electrode.

(a) Insulation
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The following materials were examined as electrical insulators in the cathode-grid gap
because of their high dielectric strengths and low outgassing rates as summarized in
Table 3.2: Kapton® (polyimid), PEEK, and PTFE. The insulating materials were tested
with silver paste as contact method (former version) for the SiN coated sample to avoid
uncertain influences from the metallization process, such as the reduction of the break-
down voltage by the preparation of the contact layer (see item (c)). Figure 3.11 presents
the FE measurements that were used to experimentally determine the breakdown fields
for the different dielectric foils. The onset of electrical breakdown, characterized by
a high negative current rise, occurred for Kapton® and for PTFE at an applied elec-
tric field of about 25 V/um, while the measurement with PEEK was stopped around

26.5 Vum to prevent damage of the transimpedance amplifier.

The experimental results for PEEK and PTFE agree well with their values for the di-
electric strength given in Table 3.2, which is the maximum electric field a material
can withstand before electrical discharge occurs [131]. However, the maximum mea-
sured electric field for Kapton® (25 V/um) is 8.2 times smaller than the value given
in the data sheet, indicating that other mechanisms may be responsible for electrical
discharge than simple failure of the dielectric medium. On the one hand, Kapton® has
a total mass loss (TML) that is 4-times and 58-times higher compared to PEEK and
PTFE, respectively. The TML is a figure used by the National Aeronautics and Space
Administration (NASA) to examine the suitability of materials for operation in space,
gathered in a large database over the last decades [132]. Note, the outgassing behavior
is described in literature also by the outagssing rate, which is defined as “quantity of
gas leaving per unit time per unit of exposed geometric surface, |[...] at a specified time
after the start of evacuation” [117]. These values vary considerably in literature for sim-

ilar materials because the outgassing rate is highly sensitive to the material’s history,



Material Dielectric strength TML Compressive strength

[V/um] [%] [MPa]
Kapton® 205 [134] 0.96 186 [135]
PEEK 23 [136] 0.26 125 [136]
PTFE 22-24[137] 0.02 3.9-4.9 [137]

Table 3.2: Dielectric strength, total mass loss (TML) and compressive strength for 100 um
skived PTFE foil (by High-tech-flon), 100 um PEEK 381G film (by RS PRO) and 75 um
Kapton® HN (by DuPont™). The TML data was taken from [132] for comparable materials,
namely for “Teflon FEP Tube 0.02”, for “TML victrex peek 50g brown 0.26” and for “TML
Kapton 200HN Polyimide film, 0.96”.

namely baking, exposure to air or coating [133]. On the other hand, accumulation of
charges on the surface of the dielectric medium exposed to a high electric field can pro-
mote electrical surface flashover. Discharge occurs typically with a higher probability
in a layer of desorbed gases on the insulator’s surface than through the bulk dielectric.
The outgassing behavior and the surface conditions have a strong influence on the for-
mation of such a charge layer, which can ease electrical breakdown [111, 138]. Thus,
the reduced breakdown field observed for Kapton® may be correlated with the larger
TML value compared to the ones for PEEK and for PTFE. To conclude, a maximum

electric field of 50 V/um could possibly be applied with our equipment together with
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Figure 3.11: For experimental determination of the breakdown field for the three dielectric
materials (Kapton®, PEEK and PTFE), FE measurements were executed until breakdown
occurred (except for PEEK), which is identified by a large current spike. The three insulators
showed a breakdown field of about 25 V/um. Since the Kapton® layer has a thickness of
75 um, the breakdown voltage is only 1925 V. For PEEK and for PTFE (each 100 um), a
maximum applied voltage of 2655V and of 2505V were reached, respectively. Note, the
former cathode contact method, hand-cut dielectric foils and 32.7 Ipc grids were used for the
presented measurements.
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a 100 pm thick insulating spacer, but is limited to around 25 V/pm by the material’s

dielectric strength and outgassing behavior.

Cutting

Initially, the polymeric foils were cut by hand with a cutter knife. This method lacks
for accuracy, which is especially important for assembly of large free-standing mem-
brane samples. If the dielectric foil touches a nanomembrane accidentally because the
square opening is not exactly placed in the center of the foil, the membrane is immedi-
ately destroyed. Therefore, the applicability of cutting the dielectric spacers with the
help of a CO, laser (MM200-Flex, Optec laser micromachining systems) was investi-
gated. After laser cutting of Kapton®, a distinct black crystalline structure was found
on the cutting edges and its conductivity was verified by a multimeter measurement.
The polyimid film tends to carbonize in the area just outside the laser beam where not
enough heat is transferred to vaporize the material. Thus, laser cut Kapton® cannot be
used as spacer because it electrically connects emitter and grid electrode and the current
flowing between the power supplies would exceed the trip current immediately. Po-
tentially, the carbonized residues could be removed by ultrasonication in solvent [139],
but deliberate liquid exposure would increase the outgassing duration for the polyimid
film considerably. Therefore, Kapton® is not considered as spacer material from here
on, because accurate cutting is essential for consistent /-V curve measurements as the

emission current depends on the exposed emission area [4].

PTFE conducts not enough heat to overcome its melting temperature outside the laser
path to cause carbonization [139] and thus, no related color changes were observed
for this material as well as for PEEK. However, the breakdown measurements showed
strong emission current fluctuations and revealed reduced breakdown fields. The cor-
responding measurements can be found in the Bachelor’s thesis by Pacarizi [97]. Since
this study was performed before optimization of the outgassing time (see Figure 3.7),
the duration of approximately 12 h between mounting the sample in vacuum and the
breakdown measurement was apparently not sufficient to allow for proper desorption

of gaseous species possibly incorporated during the laser cutting process.

Metallization

Since silver paste is not applicable as electrical contact to the cathode, the influence of
metallization on the breakdown strength of PEEK and of PTFE was studied. In a first
approach, the polymers were sputtered with 30 nm Au using a sputter coater (K550X
from Emitech). During the deposition process, the edges of the polymeric foils were
covered with scotch tape to reduce the risk for direct electrical contact between cathode
and grid through the metal film. The PEEK and PTFE foils had an appearance similar



to the second step in Figure 3.4. The sputter coated films reduced the breakdown volt-
age significantly, which may have been caused by local weakening of the dielectric
strength of the material by bombardment and by implementation of gold atoms. There-
fore, the second approach used a more gentle physical vapor deposition (PVD) process.
The metal was evaporated by an electron beam (e-beam) and condensed on the PEEK
and PTFE by forming a thin layer [140]. A shadow mask from PTFE was tailored with
the CO, laser to cover the edges of the polymeric foils. This holder enabled metalliza-
tion of four spacers simultaneously in the PVD system (PLS 500 by Balzers-Pfeiffer)
with 5 nm titanium serving as adhesive layer followed by 50 nm of gold as electrode.
Figure 3.4 shows a photograph of such a metallized PTFE spacer. The breakdown
fields, determined for the second PVD technique, were also reduced compared to the
uncoated dielectric foils as shown in the Bachelor’s thesis by Pacarizi [97]. However,
the sequence of insulation and electrode layers in between the first PTFE disc and the
grid electrode was not fully developed at the time of this study. Note, for recent acquisi-
tions, no degradation of the dielectric foil through metallization by e-beam evaporation

is observed, as shown in the next part.

In conclusion, PTFE and PEEK showed similar performances. Finally, PTFE was chosen
over PEEK because it is commercially available in a larger thickness variety. Electrical break-
down can be enhanced through the accumulation of charged particles in between polymeric
foils. Therefore, it is more convenient to use one polymeric foil having the final intended
thickness, instead of adding up several layers to obtain the wanted spacer width. To prevent
variation of the applied electric field by compression of PTFE during assembly, as it has
a lower compressive strength compared to Kapton® and to PEEK (see Table 3.2), a torque

wrench was used to fixate the nuts that hold the cathode-grid stack in place.

I11. Grid Density
Herein, nickel meshes with different grid densities (see Table 3.3) were tested as material for

the control electrode. The commercial grids offer high transmission rates with exceptional

Grid density Transmission Manufacturer Part number

[Ipc (Ip)] [%]

27.6 (70) 90 Precision Eforming MN17
32.7 (83) 80 Industrial Netting -
59 (150) 73 Precision Eforming MN28

Table 3.3: The properties of the tested nickel meshes were taken from [141] and from [97].
Note, the grid densities are displayed in lines per centimeter (Ipc), but were given in lines per
inch (Ip1) by the manufacturers.
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Figure 3.12: (a) Several FE (breakdown) measurements are shown for different grid densi-
ties. Measurements with a grid density of 27.6 Ipc (displayed in light and dark green) and
of 32.7 Ipc (light and dark blue) are displayed, which were combined with hand cut, 100 um
thick PTFE spacers and silver paste contacts. The breakdown measurement with 59 Ipc (red)
was performed with the final FE assembly configuration, namely with a laser cut, 100 pm
thick PTFE spacer, which was metallized by e-beam evaporation. (b) The observed break-
down fields (black) as well as the grid transmission (blue) are plotted in dependence on the
grid density. For less dense meshes, the breakdown field varied strongly with every new grid
preparation, however, for a higher grid density and in the final configuration, a maximum
applied electric field of about 25 V/um was obtained.

uniformity and were fabricated by electrodeposition [141]. As shown in Figure 3.12, a lower
grid density caused reduction as well as stronger variation of the breakdown field. There-
fore, the fixation of the mesh with silver paste onto the copper plate is less consistent for the
27.6 Ipc grid because deformation can easily occur and bending towards the emitter reduces
the cathode-grid distance unintentionally. Using a mesh with a larger density results in en-
hanced reproducibility of the maximum electric field, while the transmission rate remains in

an acceptable range.

IV. Conclusion of Assembly Optimization

In conclusion of this section, the FE assembly composition was chosen to be a laser cut
PTFE spacer, which is metallized by e-beam evaporation combined with a 59 Ipc nickel mesh
as grid electrode (as shown in Figure 3.4). The corresponding (breakdown) measurement in
this configuration is plotted in red in Figure 3.12 (a). In our FE setups, a macroscopic electric
field of 25 V/um can safely be applied to the FE cathode. Further increase may be possible,
however, it risks the damage of the field emitter sample and of the measurement devices.
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3.3.3 Measurement Procedure - Modifications

A LabVIEW program from earlier work> was strongly modified during this thesis. For the

former FE program, it was necessary to attend the time-consuming /-V acquisition for in-

tervening in case of an electrical breakdown to prevent destruction of measurement devices.

The following modifications were applied to enable consistent and unattended /-V curve mea-

surements.

(a)

(b)

(c)

For protection of measurement devices and emitter sample, the trip current at the HV
power supplies is always set to 0.1 mA and a maximum current Iy, 1s chosen prior to
the measurement as termination condition to prevent FE-initiated electrical discharge
by excessive electron current. Due to the possible occurrence of current fluctuations—
especially during the initial examination, caused by desorption of surface molecules—
a specified number of counts above the stop current is allowed by the program. This
setting prevents an early cancellation of the /-V examination before the actual electron

emission by FE occurs.

Further, the execution of a number of subsequent /-V curves with equal waiting period
between the single measurements is possible. It was studied, if the waiting period
between subsequent measurements has an impact on the appearance of the /-V curves
by charge accumulation within the FE assembly. However, no significant modification
of the onset field by the waiting period was observed as shown in Figure 3.13. Thus,
the shortest tested pause time of 1h is feasible. Note, the HV is shut off after each

measurement to allow for complete discharging of the FE assembly.

Additionally, the switching-on of the HV has to be verified at the beginning of each
measurement in a loop of several FE examinations because communication failures
between the power supplies and the DAQ system frequently occur. If the HV is off,

the measurement is canceled and restarted again by initiation of the HV.

In the beginning of this chapter, the strong impact of the relation between measured and

actual emitted current and corresponding voltages on proper data analysis was already men-

tioned [52]. Possible sources for distortion of this relation can originate from the FE mea-

surement setups, FE assemblies and DAQ systems. Reasons for deviations of measured from

emission values are additional resistance and capacitance in the measurement path of the elec-

tron current, which is illustrated by a replacement circuit in Figure 3.14 (a).

5

Christian Henkel, Characterization of diamond nanomembranes by field emission for a detector in mass

spectrometry of large proteins, research group of Prof. Blick, supervised by Chris Thomason (2016) [96]
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Figure 3.13: The waiting period between several subsequent FE measurements was reduced
step wise from 24 h down to 1h. The FE measurements were carried out for a ZnO NW
sample (d = 50 um) in the Voyager setup with the picoammeter. No significant influence is
observed that would indicate a dependence of -V curve appearance on the elapsed time be-
tween subsequent measurements. The onset fields for the shortest waiting period (1 h) and for
the pause times between 3—24 h vary only by 2 % around a mean value of 13 V/um. Stronger
variation of the onset field—as for the 2 h waiting period—may rather be generated by FE-
initiated changes of the cathode’s surface constitution caused by self-heating and associated
mechanisms, such as the release of adsorbed species.

The three electrode plates form two capacitors in series, which consist of the cathode-grid
stack (Cc—g) with the PTFE as dielectric material and the grid-anode stack (Cy_,) with vac-
uum as dielectric medium. With the relation C = eosr% and the plate dimensions given in the
sketch (A - area of circular electrode, d - electrode separation), the capacitance of the grid-
anode stack was determined to be Cy_, = 7.5 pF, with the relative permittivity €(vacuum) = 1.
The capacitance of the PTFE filled (&.(PTFE) = 2.1) cathode-grid arrangement was calculated
to be C._¢(PTFE) = 380 pF [131]. The cutout in the center of the PTFE spacer for the field
emitter structure, which has a maximum size of 36 mm? in this thesis, is not taken into account
here. The consideration of the centered opening would lead to a slight reduction of the total
value for C._, since the relative permittivity is smaller for vacuum than for the PTFE sheet.
The resistance of the PTFE foil is about Rc_g = P - % ~ 5-10'*Q with the electrical resis-
tivity of pe(PTFE) = 10'8 Q.cm [131]. The resistance of the grid-anode stack is assumed to
be even larger because there are basically no charge carriers to conduct the current in vacuum
and thus, no considerable leakage current is expected. Furthermore, the capacitance of the
parallel-plate stack is known to have no considerable influence on the DC emission current
of interest [143]. Note, the waiting period between voltage step and current measurement
(waiting period #2, subsection 3.2.3) is contained in the LabVIEW program to exclude the
AC signal passing through the capacitor structures when the applied voltage is changed [96].
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However, additional resistances in series to the FE current path may originate from cable
and contact resistances or the intrinsic resistance of the emitter. On the one hand, the series
resistances are associated with non-linearity in the FN plot at high electric fields [52, 144].
On the other hand, the additional resistance in the current path can lead to a distortion of
the whole /-V curve as shown in Figure 3.14 (b) (plotted as gray dots). Therefore, the offset
and slope—derived from the low voltage region before onset of FE—were always subtracted
from the raw FE data prior to further analysis with the intention to remove the part of the
measured current that does not originate from the FE process itself. The general assumption
is that the offset is introduced by the DAQ method, namely by the transimpedance amplifier
or by the picoammeter, and the slope is caused by the total resistance in the path of the
measured current [96]. From the reciprocal slope of the linear fit in Figure 3.14 (b), a total
resistance of Rioa1 = 2.9+ 101> Q was calculated for the FE assembly. The derived resistance
is 5.8 times larger than the previously estimated value for the cathode-grid gap R. g, which
may be caused by a combination of contact resistance in the FE assembly and series resistance
of the cables.
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Figure 3.14: (a) The replacement circuit of the FE assembly—consisting of cathode, grid and
anode—is shown, which is freely based on [142]. The three elements consist of conductive
plates with lateral dimensions much larger than their inter-electrode spacing and resemble
two capacitor structures in series (Cc—g, Co—a). Additionally, resistances parallel to the path
of the electron current (R._g, Ry—3) as well as in series (Rgeries) may exist [52]. (b) A FE
measurement from a ZnO NW sample is used to exemplify the subtraction of offset and
slope that are unintentionally introduced by resistances in the FE current path. First, a linear
function (yellow line) is fitted to the raw data (gray dots) in the range of 20—50 % of the total
number of applied voltage values (marked by vertical dashed gray lines). Second, the linear
function is subtracted from the complete data set and the obtained, corrected /-V curve (blue
dots) is subsequently used for further data analysis. In the present case, the linear function
was determined to be: I, = —0.117 [pA] — 0.00035 - Vi, [pA/V].
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3.4 Setup Calibration and Data Analysis

To conclude this chapter, an array of randomly ordered ZnO NWs on p-doped Si bulk sub-
strate was used as calibration probe for the three optimized FE setups with a PTFE spacer of
100 um thickness. Four subsequent measurements were performed under the optimized con-
ditions presented in section 3.2 in each FE setup, which are shown in Figure 3.15 (a). For the
ISO and the CF setup, the amplifier and for the Voyager setup, the picoammeter were used to
acquire the FE data. Furthermore, the general characterization conditions given in Table 3.1
were applied. The sample was first measured in the CF setup, subsequently, in the Voyager
and finally in the ISO setup. The FE data was analyzed using MATLAB® (MathWorks®)
and the measurements were plotted with OriginPro® (OriginLab® Corporation).

Clearly, the first measurement in each setup (depicted as empty circles) has a larger onset
field compared to subsequent measurements. The onset field of the initial measurement in the
first setup (CF setup, red empty circles) shows a deviation of 3.62 V/pum from the mean onset
field of the three subsequent measurements (red filled circles). Yet, this deviation between
first and subsequent measurements reduces to 0.59 V/um and to 0.35 V/um in the Voyager

(plotted in green) and the ISO setup (plotted in blue), respectively. The magnitude of onset
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Figure 3.15: (a) The measured current from the calibration probe is displayed as a function
of the macroscopic electric field. The FE sample was measured in each setup four times,
utilizing the same 100 um laser cut and metallized PTFE sheet as well as the same 59 Ipc
grid. The sample was first measured in the CF setup (red), than in the Voyager (green) and
finally in the ISO setup (blue). The respective initial measurement is emphasized by the
empty circles. For each of the FE measurement setups, the mean values (b) of the offset and
(c) of the slope are shown that were derived from the raw FE data for subtraction prior to
further data analysis (see Figure 3.14). The extracted values are arranged from low to high
base pressure FE setup from left to right.
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field shift seems to scale with the exposure time of the sample to ambient conditions, as the
measurement in the CF setup (red) was carried out after prolonged storage of the sample in
air. However, for each transfer between FE setups, the sample was exposed to air for less
than one hour.

Since ZnO NWs have a huge surface area and are known for their high sensitivity to
ad-atom attachment—making them attractive candidates for gas sensing applications [66]—
different amounts of adsorbed species are assumed to explain the observed variation of the
magnitude of onset field shift. As no considerable onset shift is observed among the subse-
quent measurements in each FE setup, it is supposed that ad-layers desorb during the initial
FE scan, which is promoted by the strong local electric field [25]. The adsorbates may alter
the electronic properties of the surface region for the initial FE acquisition, which possibly
affects the apparent work function of the emitter material. Therefore, values for the apparent
work function of the adsorbate covered material were derived by comparison of linearized
FE data in the FN plot before (1st) and after ad-layer desorption (2nd—4th measurement) [25].
Assuming a work function value of 5.3 eV for ¢, = ¢z,0 [46], and with S,q and S| being
the slope extracted from the FN plot of the first measurement and the mean slope determined
from the second to the fourth measurement, the following apparent work function values were
derived with equation 2.52: ¢,q(Voyager) = 4.7 eV and ¢,4(ISO setup) = 2.7 eV. Note, the
severely limited number of data points above the 10 o threshold for the initial measurement
in the CF setup prevents the determination of a value for ¢,q. The apparent work function
values obtained from the FE measurements in the two others setups are lower than supposed
for the “clean” emitter surface. However, the onset fields are larger for both initial mea-
surements, which is contrary to the theoretical expectation that a lower work function value
facilitates electron emission (see Figure 2.1). As already mentioned in section 2.5, the herein
used method to determine the impact of adsorbates on FE is only a rough estimation because
of the probable complexity of the ad-layer constitution [25]. Possibly, the adsorbates shield
the surface of the ZnO N'Ws from the applied electric field, which causes the observed onset
field increase for the ad-layer covered emitters [1]. As a consequence, the initial FE measure-
ment after mounting the sample in vacuum will be excluded from further data analysis in the
next chapters.

The mean onset fields of the second to the fourth measurement in the different setups were
determined to be 2.4 V/um + 2.5 % in the CF setup (1-10~7 mbar), 2.6 V/um =+ 2.3 % in the
Voyager setup (5-10~7 mbar), and 2.7 V/um =+ 6.0 % in the ISO setup (2-:10~% mbar). Note,
the FE data analysis is always carried out for each I-V curve separately to calculate the mean
and standard deviation for a group of subsequent measurements. The onset voltage variation
is smaller than 2.5 % for measurements in the setups with pressures below 10~ mbar, but

the deviation for subsequent acquisitions is notably larger in the ISO setup. Since the same
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DAQ method (transimpedance amplifier) was used in CF and ISO setup, the higher system
pressure is most likely the reason for the observed current fluctuations in the ISO setup. More
gaseous residues are expected in the vacuum chamber of the ISO setup, which can interact
with the field emitter’s surface during the FE measurements and modify the cathode’s shape
by sputtering with residual gas ions. The increased occurrence of local modifications of the
cathode’s constitution is consequently reflected by stronger variations of the emission current
in the ISO setup than in the other FE setups [2, 25]. Comparing the onset fields of the ZnO
NWs in all three setups, a mean value of 2.6 V/um was found under exclusion of each of the
initial measurements. Besides the impact of adsorption/desorption processes, the variation
around the mean onset field can be caused by FE-induced surface modifications, such as emit-
ter self-heating, thermally activated surface diffusion and the corresponding local electronic
and structural changes of the cathode [1]. In conclusion, however, the mounting procedure
and the measurements under optimized conditions showed to be highly reproducible for all

three setups.

As announced in the previous section, the setup-dependent offset and slope were subtracted
from the data for convenient comparison of the /-V curves and prior to extraction of onset
values as well as before further FE data analysis. The mean values of offset and slope were
extracted from the raw FE data according to the description given in Figure 3.14 and are
displayed in Figure 3.15 (b) and (c) for each of the FE setups. Since the same FE assembly
and sample were used for all the measurements, variations of offset and slope are not associ-
ated with resistances in the FE assembly itself or with the intrinsic resistance of the cathode.
Rather, the DAQ methods and the different base pressures seem to generate the observed de-
viations. The offset of the /-V curve changes from a mean value of -0.18 pA in the CF setup to
-0.11 pA in the ISO setup, both measured with the amplifier. However, for the measurement
with the picoammeter in the Voyager, a much smaller positive offset of 0.04 pA was derived.
The offset for the amplifier measurement can easily be adjusted with the amplifier’s built-in
potentiometer. Therefore, the offset is supposed to be mainly determined by the measure-
ment device type [145]. The slopes of the raw FE data for CF setup and for Voyager were
determined to be about 1.1-107* pA/V and 0.7-10~% pA/V, respectively, and -3.7-10~* pA/V
for the measurement in the ISO setup. Since CF and ISO setup used the same current ampli-
fier for the FE measurements, the different slope values may be attributed to the higher base
pressure in the ISO setup. Presumably, the observation can be associated with the accumula-
tion of charges in the FE assembly formed by ionized residual gas molecules, which modify
the resistance of the current path. The impact of base pressure on the /-V curves was already
studied in the CF setup (see Figure 3.8) and is in good agreement with the herein observed

variations.
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On a first glance, simple subtraction of the linear fit from the raw data may be an oversimpli-
fied approach to treat the FE data. The correction has possibly an effect on the intercept Crn
and slope Spn extracted from the linearized experimental data in the FN plot and therefore,
also on the subsequently derived effective values J/fflf\I and AS}}I . Exemplary, the effective FEFs
were derived for the second to the fourth measurement in the Voyager setup following the de-
scription in section 2.4. For the raw and the corrected data, values of ygclﬁ(raw) =1653 £+ 337
and of ){chI;I (corrected) = 1473 £+ 277 were derived, respectively. Note, the difference of the
values is only Ayg;I = 180, which is smaller than the variations of the effective FEFs for sub-
sequent measurements that are given by their standard deviations. Thus, the change by the
line subtraction is within the error boundaries of subsequent measurements in the same setup
and has no significant influence on the analysis of the experimental FE data.

In addition, the subtraction of the linear function from the raw data prior to data analysis
is necessary for a consistent data comparison from different setups because they introduce
various offsets and slopes to the I-V curves (see Figure 3.15 (b) and (c)). Especially for the
raw data having a negative offset when measured with the current amplifier, the data has to
be corrected before linearization because of the natural logarithm on the y-axis of the FN plot.
Moreover, it is usually not possible to identify the magnitude of the separate contributions to
the overall resistance and the series resistance typically does not scale with the electrode plate
distance. Therefore, the analysis of the /-V data is advised in literature rather than the prior
conversion to the macroscopic electric field [143]. Herein, the conversion to the macroscopic
field is done for comparison of cathodes measured with different emitter-grid distances after

the extraction of onset values and after derivation of effective values from the FN plot.

In conclusion, the FE measurements from the identical sample showed to be reproducible
within the boundaries of unavoidable, FE-initiated cathode modifications. In the present
section, the FE measurements were terminated below an emission current of 10 pA because
only the onset values were of interest for comparison of the three FE setups. To detect the
maximum possible emission current from the field emitters in the following chapters, three
initial FE measurements are stopped at an emission current of 5 pA. Then, the maximum
allowed emission current that functions as termination condition for the FE acquisition, is
gradually increased for every subsequent measurement until the repeated occurrence of elec-
trical breakdown prevents a further raise. By this procedure, adsorbates that may still remain
on the emitter’s surface—but do not lead to a notable change of FE properties—can desorb in
a controlled manner, which was found to lower the risk for electrical breakdown considerably

and corresponds to emitter surface cleaning induced by an electric field in vacuum [1].

61






4 7ZnO Emitters - Sputter Shadow Mask

Flexible nanomembranes (NMs) used as FE electron sources have the potential to be em-
ployed in displacement sensing devices as described in chapter 1. However, FE from plain
NDMs is unlikely within a feasible range of applied voltages because the field enhancement
effect generated by the natural surface roughness of the membrane material is negligible. As
exemplified in section 3.1 of the previous chapter, an applied voltage of more than 100 kV
across an emitter-grid distance of 100 um would be needed to allow for FE from a flat metal
emitter, which is not possible in our FE setups.

Herein, ZnO FEAs were directly grown on NMs for geometrical enhancement of the local
electric field. Basically, there are two approaches for the CVD of ZnO NWs, namely the
vapor-solid (VS) and the vapor-liquid-solid (VLS) approach [64]. In contrast to the VLS
method, no catalyst is needed for the VS growth, which is beneficial to the application of
fragile membranes as substrates, since additional processing steps for catalyst generation—
risking NM destruction—can be omitted. However, the aspect ratio of the VS grown ZnO
nanowhiskers is usually much lower than for structures generated by the VLS process. Hence,
the VS growth impedes the production of efficient field emitters that would provide emission
currents as large as possible at minimized applied electric fields [22]. Figure 4.1 presents the
morphology and the FE properties of ZnO nanowhiskers grown without any catalyst in our
previous work [23] and constitutes the starting point for the development of techniques for
the catalyst-assisted ZnO NW growth compatible with NM substrates.

In the present chapter, a sputter shadow mask is used to affect the constitution of a thin gold
film during deposition on commercially bought Si NMs as well as on in-house fabricated SiN
NMs. In the following, the synthesis steps for the field emitter samples are explained and
then, the morphology analysis of the ZnO structures as well as the investigation of their FE

properties are presented separately for the two substrate types.

4.1 Sample Fabrication

Herein, a fine metal mesh was placed in a 3D-printed holder posing as shadow mask for
deposition of gold on the surface of NMs prior to the growth of ZnO NWs. The usage of this

mask permits the deposition of a gold layer that allows for the formation of catalyst particles
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Figure 4.1: (a) SEM images of the ZnO nanowhiskers grown with the VS mechanism
(catalyst-free) on a 1500 nm thick, titanium (Ti) coated SiN membrane. The arrays of densely
packed, crystalline nanowhiskers exhibit a maximum aspect ratio of about 16. Note, thinner
membrane substrates were destroyed during the growth process possibly by stress that was in-
duced by the ZnO structures or by the elevated temperatures (580 °C) in combination with the
long growth duration (20 h). (b) FE measurements of VS grown ZnO structures on n-doped
Si (plotted in blue), on Ti coated Si (red) and on a 1500 nm thick, Ti coated SiN membrane
(green) are shown. The macroscopic onset field varies in a range of 30 V/um to 35 V/um for
the examined FE samples. Figure adapted from [23].

by dewetting—known as agglomeration of thin solid films by surface diffusion well below
the material’s melting point, driven by surface energy minimization [ 146]—which is induced
by the elevated temperatures during the ZnO growth process. The 3D-printed holder avoids
the physical contact of the metal grid with the NM and thereby, prevents the damage of the
substrate. Firstly, the substrate preparation, which involves also the NM fabrication, secondly,

the catalyst deposition and thirdly, the ZnO growth process are presented in the following.

4.1.1 Substrate Preparation

On the one hand, commercial Si membranes made from n-doped SOI wafers by microfab
Service GmbH were utilized as substrates for the ZnO growth. Each 10x10 mm? sample chip
incorporates four circular, freely suspended Si NMs, which have a diameter of 2 mm each
and a thickness of about 149 nm according to the manufacturer. The mean sheet resistance
of (61 + 23) Q/sq was obtained by the measurement of four SOI samples with a four-point
probe station in van der Pauw geometry [124]. The measured sheet resistance is higher than
the value provided by the manufacturer of 36.5 Q/sq, which may be explained by oxidation
of the Si surface caused by the storage in ambient conditions for several years.

On the other hand, SiN membranes were fabricated in-house from commercially bought
(100) Si wafers coated with SiN on both sides by low-pressure chemical vapor deposition

(LPCVD). The substrate height of about 300 um was determined with a caliper gauge and the
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SiN thickness and refractive index of about 100 nm and of 2.23 1, respectively, were measured
with a spectroscopic ellipsometer (SENpro from Sentech Instruments GmbH). Figure 4.2
shows images of the two NM types and Table 4.1 summarizes characteristics of the substrates.

The membrane fabrication from the SiN covered Si wafers involves three main steps. First,
the backside of a 10x10 mm? sample chip is masked by photolithographic techniques. The
positive photoresist Microposit™ S1813™ G2 is spin coated onto the sample chip for 60 s
with a spin speed of 4000 rpm and an acceleration of 10000 rpm/s. Prior to deposition of

A @QB
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10 mm 2.6 mm 4.6 mm

10 mm

Figure 4.2: Photographs of the two different substrate types, namely Si and SiN NMs. The
circular Si membranes in the SOI sample (A) are bending upwards. The membrane bulging
as well as the buckling at the edges of the NMs may be caused by compressive stress that
is typically introduced at the interface between the top Si film and the buried oxide layer of
the SOI sample [147]. The square, in-house prepared SiN NM samples (B and C) are shown
for two different membrane sizes and appear to be flat, which correlates well with the tensile
tendency of the residual stress in LPCVD SiN [148].

SiNM SiN NM

NM properties

Shape Circular Square
Lateral size [mm] 2 (diameter) 2.6/4.6
Thickness [nm] 149 100

Sheet resistance [Q/sq] 61 423 >101?

Substrate properties
Dimensions [mm?] 10x10 10x10
Height [mm] 0.4 0.3

Table 4.1: Summary of the characteristics for the two different NM types that were used as
substrates. The diameters of the circular Si NMs as well as the side lengths of the square SiN
NMs were determined from microscopic images. The thickness of the S1 NMs was given by
the manufacturer and for the SIN NMs it was measured by ellipsometry. The sheet resistance
of the Si NMs was measured with a four-point probe station. For the insulating LPCVD SiN,
the sheet resistance was determined from the resistivity of SiN (>10'* Q.cm [140]) divided
by the membrane’s thickness (107> cm).
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the photoresist mask, the sample is cleaned by rinsing it in acetone, isopropanol, and finally
drying it with gaseous nitrogen. After spin coating, the sample is baked for 60 s at 115 °C on
a hot plate. Subsequently, a square window of 3 mm or of 5 mm side length is exposed for
5s to channel 2 (23.0 mW/cm?, wavelength 405 nm) of the MJB4 mask aligner (from SUSS
MicroTec SE) and then, the sample is rinsed for 55 s in Microposit™ MF-319 Developer to
remove the photoresist from the exposed area. The photoresist mask is finalized by a hard
bake step for 90 s at 90 °C on a hot plate.

Second, the SiN layer on the backside of the sample is removed from the area that is not
covered by the photoresist mask by inductively coupled plasma-reactive ion etching (ICP-
RIE) using a plasma etcher system (SI5S00 from Sentech Instruments GmbH). Prior to the
dry etch step, photoresist residues are carefully removed from the front side, namely the NM
side, with an acetone-soaked cotton bud to allow for sufficient thermal contact between the
sample and the aluminum carrier in the ICP-RIE. Else, excessive heat accumulation through
ion bombardment in the plasma etcher causes a notable damage of the photoresist mask. The
LPCVD SiN is etched with a rate of (439 £ 24) nm/min for 40 s using the following recipe in
the ICP-RIE: 50 sccm sulphur hexafluoride (SF¢), 5 sccm oxygen (O;), 2 Pa pressure in the
reaction chamber, 23 °C electrode temperature, 400 W ICP power and 50 W radio frequency
power (see summary in section A.2). Intentionally, it is etched deeper into the sample than
the SiN thickness to guarantee access to the Si underneath for the subsequent wet chemical
etching step. Note, for uniform dry etching, Si dummy pieces are assembled as frame around
the sample because otherwise the rim of the probe is etched faster than its center, which is
presumably caused by an inhomogeneous plasma distribution at the edges of the substrate.

Third, by etching with aqueous potassium hydroxide solution (KOH, 30 %, 80 °C) the Si
is anisotropically removed until the SiN layer on the front side of the sample chip, namely
the NM, is reached. The sample is fixated in a PTFE holder—which was tailor-made for the
respective substrate size of 10x10 mm? and can incorporate up to five samples—and is etched
for 4.5 h to ensure complete removal of the Si from the SIN membrane. Etch rates of about
77 pm/h for (100) Si and of (1.6 = 0.8) nm/h for the LPCVD SiN under constant stirring of
the KOH solution, which promotes the removal of reaction products from the sample, were
observed. The etch rate of Si and of LPCVD SiN in 30 % KOH at 80 °C were determined from
the time it takes to etch completely through the substrate and with the help of ellipsometry,
respectively [149]. The side length of the resulting SiN membrane is about 0.42 mm smaller
than the initial opening defined in the backside of the sample because of the different etch
rates for the crystal planes in Si, which leads to generation of an inverse pyramidal shape
with an inclination angle of 54.74 ° [140]. For simplicity, the smaller and the larger SIN NM
sizes (see B and C in Figure 4.2) are in the following referred to as 3x3 mm? and as 5x5 mm?,

respectively. After removal of the sample from the PTFE holder, the chemical reaction is
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terminated in water. Subsequently, the sample is rinsed in a first beaker with ultra pure water
(taken from the Milli-Q® Integral 5 device) and afterwards, it is soaked for at least 12h in
a second beaker with ultra pure water to allow for the dissolution of KOH residues. Finally,
the sample is rinsed in methanol and dried on a hot plate at 300 °C to accelerate the solvent
evaporation and prevent the formation of residues on the membrane’s surface. Note, the
sample is hold with tweezers in a tilted manner above the hot plate to prevent the gathering
of solvent and thereby, to avoid generation of residues on the flexible membrane part of the
substrate. The described cleaning sequence is referred to as “membrane cleaning recipe” and

is summarized in section A.2 in the appendix.

4.1.2 Catalyst Deposition

In our previous work, it was found that the ZnO growth process yields only a small number
of nanowhiskers on a thick gold (Au) film, whereas the density of NWs with large aspect
ratio considerably increases at the edges of the gold film. Figure 4.3 shows the differently
pre-treated areas on a n-doped Si piece after ZnO growth. The sample was coated with gold
(sputter coater K550X from Emitech) for 60s and, unless otherwise stated, with a current
of 20 mA, which yields a deposition rate of (19.5 4= 0.9) nm/min. A 2x2 mm? square in the
center of the sample was covered by a Kapton® film to prevent gold deposition in this area.
The enhanced NW aspect ratio was noted at the transition region from the gold covered area
to the uncoated Si substrate (Figure 4.3 C). On the one hand, the film thickness presumably
decreases gradually at the gold-silicon interface because of a certain degree of step coverage
that is typical for deposition by sputtering [140]. Thus, the formation of particles that can act
as catalytic sites for NW growth may be promoted in the transition area, since the average
particle diameter and dewetting temperature are known to decrease simultaneously with the

film thickness [146]. On the other hand, particle agglomeration occurs predominantly at

Figure 4.3: Illustration of a n-doped Si substrate (sketched in gray) with a gold layer (yellow)
that was deposited by sputtering. A 2x2 mm? area in the sample’s center was covered with
a polymeric film during deposition. On the Au layer (A) as well as on the n-doped Si (B),
nanowhiskers with low aspect ratio were grown. However, considerably larger NWs were
generated in the transition region between Au film and n-doped Si substrate (C). The SEM
images were taken by Carina Hedrich (supervised hourly student) with the Supra 55 by Zeiss.
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existing holes or at film edges [146]. However, simple coverage with a polymeric film is not
directly applicable to NMs, as the deliberate edge formation is limited to a small area of the
total surface of the substrate and physical contact of the mask with the NM must be avoided
in any case to prevent its destruction.

Instead, a sputter shadow mask was developed that consists of a 3D-printed holder (printed
with the Ultimaker 2, Extended+) and a grid (59 Ipc nickel mesh from Precision Eforming,
Table 3.3), which is fixated with silver conductive paste to the holder as shown in Figure 4.4.
For catalyst deposition, the shadow mask was placed on top of the substrate before the sample
was sputtered with gold for 60 s. After deposition, the mask was carefully lifted up from the
substrate and a slight color change of the grid covered part could be observed. Subsequently,
the sample was used for the ZnO growth with the catalyst film as deposited. The 3D-printed
holder itself can be reused, but the metal mesh has to be exchanged as the additional gold
layer presumably widens the grid lines, which would cause a different sputtering pattern
for subsequent depositions. The apparent gold film thickness was found to be reduced to
5.9 nm with application of the sputter shadow mask compared to the film thickness of 17.8 nm
without the shielding (measured by ellipsometry on Si). Besides the film thickness reduction,
edges in the gold film may possibly be generated by the shielding through the grid wires that
can act as additional sites for particle agglomeration. The usage of a copper mesh as mask
for sputter coating was reported elsewhere before, but with the grid mask in contact with the
bulk substrate, which was merely used to define the catalyst deposition area rather than for
the modification of the film constitution [ 150, 151]. Moreover, the deposition of gold catalyst
sites through mask patterns, such as metal nanotube membranes [152], nanopores formed in
anodized aluminum oxide [153] and monolayers of polystyrene spheres [154], can be found
in literature. In contrast to our sputter shadow mask approach, none of these methods is
directly applicable to the free-standing membranes because the masks would be in contact

with the substrate’s surface.

Sputter shadow mask  SOI sample after
on SOI sample gold deposition

@ =

Figure 4.4: The grid is located about 1 mm above the SOI substrate, as indicated in the
schematic cross section picture through the sputter shadow mask on the left side. In the cen-
ter, a photograph of the 3D-printed holder aligned on a substrate is shown and on the right
side, the SOI sample is displayed after sputter deposition. The color of the central, 6x6 mm?
area has slightly changed compared to the sample’s frame that was shielded by the holder
during the deposition process.
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4.1.3 ZnO Growth Process

Vapor phase transport is a common method for the growth of ZnO NWs. The gaseous precur-
sors zinc (Zn) and oxygen (O) are guided by a transport gas, typically an inert gas such as
argon (Ar) or nitrogen (N;), towards the substrate. ZnO structures are formed by condensa-
tion and oxidation of the precursor substances on the substrate’s surface, which is controlled
by the temperature gradient in the reaction chamber. For the VLS type CVD mechanism,
metal nanoparticles are distributed over the substrate’s surface prior to the ZnO growth. The
precursor material is absorbed at the catalyst particle surface, diffuses into the gold dot, and
causes melting of the alloy below the melting points of its components by an eutectic reaction.
When the precursor concentration inside the metal particle reaches supersaturation, precipi-
tation of ZnO occurs at the particle-substrate interface, which leads to the growth of the ZnO
structure. Hence, dimensions and positions of ZnO structures can be controlled to some de-
gree by the initial size and distribution of the catalyst particles [22, 64, 155]. The CVD growth
usually allows for lower process temperatures than required for the ZnO NW deposition by
thermal evaporation and additionally, yields higher purity ZnO structures compared to the
solution based growth methods. However, the growth temperature can be reduced further by
employing a metal organic precursor as zinc source for the CVD process. A typical precursor
for the MOCVD of ZnO is zinc acetylacetonate (Zn(acac),), which is a white powder with
a melting temperature that varies around 137 °C in dependence on the precursor’s degree of
hydration [24].

Herein, the same process parameters were used for the catalyst covered substrates as op-
timized for the VS growth in the study by Hedrich et al. [23]. Zinc acetylacetonate hydrate
powder (from Sigma-Aldrich) and oxygen were used as precursors for the growth process,
which was performed in a horizontal three-zone tube furnace (OTF-1200X-III-UL, MTI cor-
poration). The growth oven is shown schematically in Figure 4.5 (a). In preparation of the
ZnO growth process, 2.4 g of the precursor powder were evenly distributed in a ceramic boat,
which was subsequently placed in the middle of the first heating zone. The substrate was po-
sitioned in the front-third of a second ceramic boat and a thin SiN/Si hard mask was placed
on top of the sample to limit the ZnO deposition to the desired area. Note, further explana-
tion for the tailor-made hard mask is given below. After the substrate loaded ceramic boat
has been placed in the beginning of the third heating zone, the quartz tube was evacuated be-
low a pressure of 1.8-10~! mbar before initialization of the growth process. Constant argon
(100 scem, purity 5.0) and oxygen gas flows (83 scem, purity 5.0) were introduced 1 h after
start of the heating process, which yielded a pressure of about (5.7 4= 1.1) mbar in the quartz
tube during the ZnO deposition. The mean and standard deviation of the chamber pressure
were determined from the values of 84 deposition processes. Figure 4.5 (b) shows the indi-

vidual temperature profiles of the ZnO growth process for each zone of the tube furnace. In a
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Figure 4.5: (a) A sketch of the three-zone tube furnace is shown that was used for the ZnO
growth. (b) The temperature profiles of the first (red), second (green) and third heating zone
(blue)}—namely the precursor, transition and growth zone—are presented for the standard
growth process in dependence on the elapsed time in hours. The cooling time is indicated
by dashed lines, since the profile of the natural cooling depends on the ambient temperature.
Figure freely adapted from [23].

first step, all three zones were heated to 70 °C and the temperature was held constant for 2 h
to promote desorption of residues from the chamber walls and from the substrate. Second,
the temperature in the third zone (growth zone) was increased to 580 °C (growth temperature)
in a time period of 30 min, while the temperatures in the first and second heating zones were
kept at 70 °C. Third, the sublimation of the zinc containing precursor was initialized by rising
the temperature within 10 min to 110 °C in the first zone (precursor zone) and simultaneously,
the temperature in the second zone (transition zone) was set to 200 °C. Typically, the growth
process was executed for 12 h, followed by natural cool-down of the system. Unless other-
wise stated, the “standard process” of the ZnO growth refers to the above described process

conditions and is summarized in section A.2 in the appendix.

For intentional restriction of the deposition area, a tailor-made SiN/Si hard mask was de-
veloped that can withstand the elevated growth temperatures and is thin enough to allow for
undisturbed precursor gas flow towards the substrate’s surface. Additionally, the mask is
easily removable from the sample after ZnO deposition and it is reusable. Common mask
techniques, such as photoresists or polymeric foils do not fulfill those requirements because
typically they have lower melting temperatures than required for CVD and may outgas when
heated in vacuum, which can lead to unwanted chemical reactions in the tube furnace. Herein,
the thin hard mask consists of a SiN layer on thinned Si substrate, which has a total thickness
of about 100 um. For fabrication, a 300 pm thick Si (100) wafer with 100 nm LPCVD SiN
on both sides was initially cut into a square piece that has a lateral size about 1 mm larger on
every side than the respective NM substrate to provide an overlap. Then, a square window
was defined in the photoresist on the substrate’s backside and subsequently, the SiN was re-
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moved from the exposed area by dry etching according to the detailed description given in
section 4.1.1. Note, the square opening in the center of the hard mask was chosen larger than
the NM dimensions to avoid physical contact with the free-standing film. After the ICP-RIE
step (see recipe in section A.2), the sample was cleaned from photoresist with the remover
AR 300-70 (from Allresist GmbH) and then, the SiN layer on the front side of the substrate
was removed completely by another dry etch step for 40s. Afterwards, the Si was etched
away from the exposed front side and simultaneously from the backside through the window
in the SiN film by etching in aqueous KOH (30 %, 80°C) for a duration of 2.5 h. The chemi-
cal reaction was terminated in a water bath and subsequently, the hard mask was cleaned in
ethanol and dried with gaseous nitrogen.

For the ZnO growth, the mask was placed on the substrate posing as frame for the mem-
branes to spatially limit the deposition area to the center of the sample as shown in Figure 4.6.
SEM images of the different areas on the SOI sample reveal that large ZnO NWs were only
formed in the center of the substrate that was exposed by the SiN/Si hard mask (Figure 4.6 a).

Further, the amount of ZnO deposit gradually decreases in the transition region from ex-
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Figure 4.6: The top row on the left side shows a photograph of the tailor-made SiN/Si hard
mask placed on a SOI sample before ZnO growth. Afterwards, a white film is observed in the
area that was exposed by the hard mask. The SEM pictures in the bottom row display the three
different zones on the sample after ZnO deposition, namely the NM area with large ZnO NWs
(a), the transition region between exposed and covered area, which exhibits a film of low ZnO
structures (b), and the frame around the NW array without visible deposit (c). The bar chart in
the top row on the right side presents the results from the EDX spectra taken at the positions
(a) to (c), which corroborate the observed ZnO distribution. Zinc, oxygen and silicon are
detected only in zone (a) and (b), but no zinc is found in zone (c), which demonstrates that
the SiN/Si hard mask effectively prevents the ZnO deposition in the intended area. The SEM
images and EDX spectra (8 kV, 3 nA) were taken with the Crossbeam 550 by Zeiss.
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Figure 4.7: [llustration of the two extreme cases when
ZnO NWs (sketched in blue) would be located at the -
edges of the substrate (black). Case (A) depicts the )
piercing of NWs through the polymeric spacer (light
brown), which can lead to the decrease of its break-
down voltage. Case (B) shows the second extreme
with the PTFE spacer laying on top of the NWs. The
actual distance dgpacer between substrate and gird (or-
ange) would be increased by the height of the NWs
(dcathode ), Which would falsify the conversion from ap-
plied voltage to the macroscopic electric field. In re-
ality, the situation would be a mixture of both cases.

d

spacer

Cathode

dcathode

posed to shielded area (Figure 4.6 b) and no ZnO structures were formed beneath the SiN/Si
frame (Figure 4.6 c). In addition, the observations are supported by the results from energy-
dispersive X-ray spectroscopy (EDX). Note, during the growth process, ZnO structures were
also formed on the surface of the SiN/Si hard mask. To avoid disturbance caused by the added
thickness of the ZnO deposit for a subsequent growth process, the ZnO was removed after
each growth process by placing the SiN/Si frame in 45 % KOH solution for 10 min at room
temperature, followed by rinsing the sample in water, then in ethanol and finally, drying it
with gaseous nitrogen.

The limitation of the deposition area to the center of the sample is needed for a reproducible
sample assembly for FE measurements. When ZnO NWs are located at the edges of the sam-
ple, they would either pierce through the PTFE spacer or they would increase the cathode-grid
distance unintentionally as illustrated in Figure 4.7. In the first case, the perforation of the
insulating PTFE foil by NWs would lower the breakdown voltage of the FE assembly by
reduction of the distance between emitter and control electrode. In the second case, the un-
certain increase of the cathode-grid distance by the NW height in the spacer-substrate contact
area would falsify the conversion from applied voltage to macroscopic electric field as well as
would affect the determination of effective values from the FN plot (see section 2.4). In sum-
mary, the SiN/Si hard mask allows for the selective deposition of ZnO in a CVD process and

effectively prevents the growth in the contact area between the PTFE spacer and the substrate.

Typically, a thinner gold film leads to generation of smaller catalyst particles by dewetting
at the same temperature, which also facilitates the formation of NWs [146, 151]. Furthermore,
the yield of ZnO NWs was reported to be enhanced for gold films thinner than 10 nm [156].
As already mentioned in the previous section, the apparent gold film thickness for a deposition
duration of 60 s was reduced from 17.8 nm to 5.9 nm by application of the sputter shadow

mask, presumably by deposition of material on the grid wires. For comparison of the effect of
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gold film thickness on NW growth, substrates were sputter coated for 60 s with and without
using the sputter shadow mask. The SEM images (a) and (b) in Figure 4.8 reveal that the
density of large NWs is notably enhanced by application of the shadow mask for catalyst
deposition. The minimum possible deposition time (about 22 s) of the utilized sputter coater
(K550X from Emitech) yields a gold film thickness of 7.9 nm and is obtained by setting the
deposition duration to zero. By application of the sputter shadow mask, the apparent film
thickness was reduced to 1.8 nm. Note, for the standard ZnO growth process, it was chosen
to use a sputter time of 60 s for the deposition through the shadow mask.

Additionally, the partial shielding of the substrate’s surface by the grid wires may affect
the constitution of the gold film. A unique pattern formed by deposition through the shadow
mask, such as a periodically altered gold film thickness, could not be confirmed by profilome-
ter measurements of the as-deposited gold film. However, an additional effect of the sputter
shadow mask on the gold film constitution was verified indirectly: Since regular sputter
coating of less than 7.9 nm was not possible, a 5 nm thin gold layer was deposited by PVD
(e-beam evaporation) on a fully exposed substrate. Although, the PVD film was thinner than
the one that was deposited through the sputter shadow mask for 60 s (5.9 nm), the NW den-
sity was obviously enhanced by the less time consuming sputter deposition through the metal
grid, as revealed by comparison of the SEM images (a) and (c) in Figure 4.8. This observa-
tion suggests local thickness variations of the gold film deposited through the sputter shadow
mask, which seems to facilitate the generation of gold particles that act as catalysts and thus,

enhances the growth of large ZnO NWs.

17.8 nm Au e A S nmAu film
without mask : without mask

Figure 4.8: Investigation of the effect of the sputter shadow mask on the ZnO NW growth.
(a) Top view of the ZnO NW array, which was generated with the gold film that was deposited
for 60 s through the sputter shadow mask. (b) In contrast, only a few large NWs can be found
on the entire substrate when the gold film was sputtered for the same deposition duration
without using the shadow mask. (¢) The density of large NWs grown on a 5 nm gold film (e-
beam evaporation) appears to be lower in comparison to the NW density that was achieved by
catalyst deposition through the sputter shadow mask. Unless otherwise stated, the thicknesses
of the gold (Au) films were measured by ellipsometry on bulk silicon. The SEM images in
(a) and (b) were taken with the Crossbeam 550 by Zeiss. The SEM image in (c) was taken
by Carina Hedrich (supervised hourly student) with the Supra 55 by Zeiss.
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4.2 Substrate Type A - Silicon Membranes

Herein, the structure and the FE properties of ZnO NWs grown on Si NMs with the help of
the sputter shadow mask are investigated. In the first part, the morphology and FE character-
istics are examined for ZnO emitters deposited by the previously explained standard growth
process. In the second part, the effect of synthesis parameter modification on the ZnO NW

dimensions as well as on the FE properties is studied.

4.2.1 Standard Growth Process - Morphology

For the standard ZnO growth process using the sputter shadow mask for catalyst deposi-
tion, an array of randomly ordered wires of different lengths and with various tip shapes was
formed over the entire area exposed by the SiN/Si hard mask. Three groups of ZnO struc-
tures were identified on the SOI NMs from SEM images as shown in Figure 4.9. First, large

Figure 4.9: Types of ZnO structures grown on Si NMs with the standard ZnO growth process
in combination with the sputter shadow mask used for catalyst deposition. The illustration
in the top row displays the three kinds of ZnO structures (sketched in blue), namely large,
sparsely distributed ZnO NWs (i), shorter ZnO needles with a higher density (ii) and a film
of ZnO crystallites (ii1). The respective SEM images are shown in the bottom row. The
images for (i) present an overview of the ZnO NW arrays and number (ii) shows one large
NW in the center surrounded by shorter ZnO needles. The cross section through the substrate
in image (iii) reveals the layer of low ZnO crystallites on top of the free-standing membrane.
After ZnO growth, the bulging pattern of the Si NM is still visible as shown in the SEM image
in the top row. The SEM images were taken under a tilt angle of 54 © with the Crossbeam
550 by Zeiss. The cross section through the NM was prepared by focused ion beam (FIB)
milling (30kV, 50 pA).
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ZnO NWs on Si NMs

Length (k) [um] 58 + 15
Diameter (2rpase) [Lm] 24 4+0.8
Tilt angle [°] 93 + 20
Tip diameter (2rapex) [um] 0.187 +0.092
Tip inclination (Bpex) [°] 183 +17.7
Aspect ratio (1/(2rapex)) 310 + 233
Density [NWs/mm?] 5963 + 772

Table 4.2: Summary of ZnO NW dimensions grown on a Si NM. Note, only NWs that stand
out from the array because of their height were analyzed (Figure 4.9 1), since they are expected
to dominate the FE process [29]. The mean and standard deviation of the different parameters
were obtained by measuring the dimensions of 20 separate NWs. The emitter density was
determined by counting the number of ZnO NWs larger than 10 pm on six SEM images,
which were taken at different locations on the NM with a constant magnification of 10%.

NWs with different tilt angles and various tip shapes were noted, which are well separated
from each other. Second, an array of shorter, needle shaped structures appeared with a higher
density and third, a film of densely packed ZnO crystallites was found directly on the Si NM.
For analysis of the emitters’ morphology, the dimensions of 20 separate, large NWs at the
center of one Si NM were determined from SEM images using ImageJ [157]. The results
are summarized in Table 4.2 and explanatory notes on the measurement regime are given
in section A.3.1 in the appendix. Note, only NWs with an outstanding height (Figure 4.9 1)
were considered for the determination of emitter dimensions, as typically the largest NWs
of an array dominate the FE process [29]. Additionally, only the NWs at the center of the
NM were examined where the displacement of the flexible substrate by the electrostatic field
may have the largest extent. Thus, the local electric field is possibly enhanced the most at
the membrane’s center and consequently, the measured emission current would be mainly
determined by the ZnO NWs located there. The cross section through the free-standing Si
NM revealed a thickness of about (885 4+ 166) nm for the ZnO crystallites (Figure 4.9 iii).
The mean and standard deviation were attained from measurements of the crystallite height
at six different locations of the cross section.

From here on, only the large NW structures (Figure 4.9 i) are considered as they are sup-
posed to have the largest impact on the FE properties of the emitter array because of their
substantial size. The aspect ratio—here defined as the total average length from tip to bot-
tom along the wire (%), divided by the smallest diameter at its apex (2r,pex)—was determined
to be 310. The random orientation of the wires may be correlated with the crystal surface

structure of the Si substrate, since especially polycrystalline as well as amorphous substrates
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Figure 4.10: A selection of apex shapes from large NWs grown on Si NMs (Figure 4.9 1) are
shown. On the one hand, there are NWs having an apex width similar to the wire’s overall
diameter. On the other hand, tapered NW ends were found, which often exhibit additional
secondary wires orientated perpendicular to the wire’s growth direction. The SEM images
were taken under a tilt angle of 54 © with the Crossbeam 550 by Zeiss.

are known to promote the generation of randomly oriented NWs [24]. Moreover, a large
variety of apex shapes was observed and a selection of the NW tips is shown in Figure 4.10.

The herein observed NW morphology suggests that the growth follows a catalyst-assisted
mechanism because the ZnO structures have a remarkably different appearance compared
to the catalyst-free, VS grown ZnO nanowhiskers from the study by Hedrich ef al., which
are displayed for comparison in Figure 4.1 [23]. Additionally, the group of outstanding long
NWs (Table 4.2) are at least 10 times larger than the nanowhiskers grown without preceding
catalyst deposition. However, the presence of a catalyst does not guarantee a VLS dominated
nucleation process. Main indications for the growth by the VLS mechanism are metal parti-
cles located at the tips of the NWs and the correlation of the NW diameters with the size of
the catalyst droplets [158, 159]. Therefore, the location of gold particles after NW growth
was investigated with the help of SEM and EDX to examine the possibly involved nucleation
mechanisms for the herein presented ZnO structures.

First, a VLS mechanism is indicated by gold droplets that were identified at the tips of
shorter ZnO needles (Figure 4.9 ii) as shown in Figure 4.11. Yet, neither on the tip nor along
the large ZnO NWs (Figure 4.9 1) a significant portion of gold could be verified via EDX as
exemplary shown in Figure 4.12 (a). On the one hand, it is possible that the catalyst particles
at the tips of large NWs have been evaporated during the growth process or that the gold
atoms have migrated and were thereby incorporated into the wires, which could explain the
absence of gold at the NW tips after growth [158]. In addition, the local gold concentration in
the large NWs may have been below detection limits of the EDX device. On the other hand,
it may also be an indication that the VLS mechanism is not the predominant growth regime
throughout the complete deposition process. Another evidence against a purely VLS driven
growth is that the mean NW diameter of (2400 4+ 800) nm is significantly larger than the
mean diameter of the Au particles, namely (80 + 33) nm, which were formed by dewetting
during the heating ramp of the growth process without subsequent ZnO deposition. The

corresponding evaluation of the Au dot array is given in section A.3.2 in the appendix. The

76



1L JAu
Si
| EEZn
[0

a b

Figure 4.11: Bright particles were found on the low ZnO structures as shown in the SEM
image on the left side. The close up SEM image in the center reveals that the bright particles
are mainly located at the tips of the short ZnO needles (Figure 4.9 ii). The EDX spectrum,
which was taken at the location of the dot that is marked by (a), showed an enhanced amount
of gold compared to the spectrum measured at location (b) on the ZnO structure, as summa-
rized in the column chart on the right side. The SEM images and EDX spectra (8kV, 3nA)
were taken with the Crossbeam 550 by Zeiss.

Figure 4.12: (a) For the scan across the apex area of a large ZnO NW, only zinc (dark green)
and oxygen (light green) were detected as well as carbon contamination (purple) presumably
from the preceding SEM imaging. However, no gold was detected. (b) In the cross section
through the NW array, several bright particles were observed at the root of ZnO structures. A
line scan across such an area showed an increased amount of gold (orange) at the bottom of
the ZnO structure. Additionally, the transition from ZnO crystallites to the Si membrane is
noted by the decreasing amount of zinc (dark green) and simultaneously increasing intensity
of silicon (pink). The SEM images and EDX spectra (8 kV, 3nA) were taken under a tilt
angle of 54 ° with the Crossbeam 550 by Zeiss.

NW expansion in lateral direction may be attributed to the surface diffusion of gold atoms
to the sidewalls of the wires during growth, which can act as additional nucleation sites and
may also explain the absence of gold at the tips of the large ZnO structures [156].

Second, it was also possible to find gold particles at the roots of the NWs as presented
in Figure 4.12 (b), which is supposed to be an evidence for the vapor-solid-solid (VSS)
mechanism. For this growth regime, the NW formation is driven by surface diffusion of
the precursor substances to the solid gold catalysts that aid the condensation of ZnO. The

VSS mechanism was mostly reported for growth processes below the gold-zinc eutectic
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temperature of 684 °C, which is in agreement with the herein used growth temperature of
580°C [155, 158]. In addition, Zn(acac), is reported to decompose into ZnO as well as
into some carbon-containing species. Therefore, the ZnO vapor rather adsorbs and nucle-
ates on the surface of the gold dots because no chemical reaction between ZnO and Au is
expected [160]. In summary, there are indications for the VLS as well as for the VSS growth
regime. Thus, it is assumed that a mixture of both mechanisms causes the formation of the
observed ZnO structures. Further investigation of the different growth stages as well as a
detailed element analysis of the gold droplets to detect possible alloying would be necessary
to identify the predominant growth mechanism, which may also change over time [155, 161].

Time dependent changes of the growth process with Zn(acac); as precursor substance were
also reported elsewhere [24]. According to Baxter et al., the formation of a polycrystalline
film during the initial phase of the growth process, the subsequent NW growth after dehydra-
tion of the Zn(acac), and finally the formation of secondary wires after its decomposition to
ZnO0, is expected for the used precursor [24]. The herein observed layer of ZnO crystallites
may be formed during an early stage of the growth process. Therefore, the generation of
the low, densely packed ZnO film (Figure 4.9 iii)—which most probably provides no con-
tribution to the FE current—may be inevitable due to the correlation of its growth with the
variation of the precursor constitution over time. Also for other precursor combinations, a
similar dependence of the ZnO morphology on the zinc vapor supersaturation was reported.
High supersaturation promotes the growth of 2D crystals in the initial stage of the growth
process, whereas a reduced precursor concentration in the gas phase facilitates the growth of
NWs in a later stage [162].

Moreover, a striking variety of apex structures was noted for the large NWs, as shown
in Figure 4.10. The so called screw dislocation mechanism may be responsible for their
appearance, as conical tip shapes with spiral morphology are characteristic for this growth
regime. Typically, the growth rate is much faster along the dislocation line than in the radial
direction, which favors the growth of sharp cones [68]. Since the screw dislocation is known
to appear for low zinc supersaturation, this mechanism may be present during a later stage
of the NW growth when most of the precursor is already consumed [159]. Furthermore, the
formation of secondary NWs perpendicular to the growth axis was noted. The generation of
secondary wires was also observed for the usage of Zn(acac), by Baxter et al. who attributed
the specific apex appearance to the anhydrated state of the precursor in a final stage of the
growth process [24].

In conclusion, the notable diversity of ZnO shapes and variety of NW dimensions may be
correlated with the broad distribution of gold particles (see section A.3.2), with the possible
mixture of different growth mechanisms as well as with the time dependent change of the

precursor constitution.

78



4.2.2 Standard Growth Process - Field Emission Measurements

Herein, the FE properties of the ZnO NW arrays deposited on the Si NMs by the standard
growth process were investigated. For consistency of the FE measurements, the -V curve
acquisition was executed according to the detailed routine explained in section 3.4. Specific
characterization conditions relevant to the present study are listed in Table 4.3. Furthermore,
the FE data analysis was performed following the description that is also given in section 3.4.

For investigation of the reproducibility of the field emitter synthesis with the sputter shadow
mask, the macroscopic onset fields were determined for three separate samples according to
the description given in Figure 3.6 of chapter 3 and the results are summarized Figure 4.13.
The derived onset fields from three separate samples (Si-NM-1 to Si-NM-3) vary within their

ZnO NWs on Si NMs - Characterization conditions

d 250 pm
AMm 36 mm?
PTFE height compensation 250 um
FE measurement setup Voyager

Table 4.3: Summary of specific characterization conditions used for /-V curve acquisition
for the ZnO emitters on Si NM substrates in the Voyager FE setup with the picoammeter.
The emitter-grid distance d was defined by the thickness of the PTFE foil that separates
both electrodes, and the macroscopic emission area Ay; was defined by the square 6x6 mm?
cutout in the PTFE foil exposing the ZnO NW array (see section 3.2.2 for details on the FE
assembly).

5 T T T .~ T
Si-NM-1 in%
4r .+ Si-NM-2 Yy .
Si NMs — Onset fields . Si-NM-3 '.'.‘,'.
] onset — 36 ;.‘f-a_; |
Sample no d Fu = o
[um] [Vum] = R
Si-NM-1 300 1801 = 2T A 1
Si-NM-2 250 2.0+0.1 1 ‘:'- .
Si-NM-3 250 2.0£0.1 Sep

Figure 4.13: Summary of the macroscopic onset fields F"**' for three samples with ZnO NW
arrays grown on Si NMs. The mean and standard deviations of the macroscopic onset fields
were derived from six subsequent /-V curves from each sample according to the explanation
given in Figure 3.6 and in section 3.4.
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standard deviations around a mean value of about 1.93 V/pum, which indicates a remarkable
repeatability of the herein used synthesis route for the ZnO emitters on the Si NM substrates.

For determination of the maximum possible emission current that can be extracted from
the ZnO emitters on the S1 NMs, the termination current was step wise increased as described
in section 3.4. Note, only sample Si-NM-3 is considered for further data analysis. After an
electrical discharge occurred during the 7th FE measurement that triggered the trip current of
the power supplies, a modification of the /-V curve shape was observed for the subsequent
measurements as shown in Figure 4.14 (a) (compare red to blue curves). The low threshold
current that initiated the immediate voltage trip at the power supplies (see section 3.2.3 for
details) prevented the destruction of the membrane substrate and preserved an operational FE
sample. The mean onset field shifted from (2.0 4= 0.1) V/um before electrical discharge (2nd—
7th, plotted in red) to a slightly larger mean value of (2.3 £ 0.1) V/um (8th—11th, plotted in
blue), which may indicate a permanent modification of the shape or of the electronic surface
constitution of the ZnO emitters by the electrical discharge.

The largest emission current of 73.8 nA from sample Si-NM-3 was obtained at an applied
voltage of 942 V, which corresponds to a macroscopic ECD of 0.21 pA/cm? at a macroscopic
electric field of 3.8 V/um, as presented in Figure 4.14 (b). The macroscopic emission area
(36 mm?, Table 4.3) is defined by the area that was exposed by the central cutout in the PTFE
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14 - &' 4 . 40.16 -
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E 10} ?- ] =40 i, 0.12 -
= ] . 0.10 5
- ) o - 30 & 0.08 =
. 20l . 0.06
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40.04
2 101 f 10.02
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Figure 4.14: (a) Several /-V curves from Si-NM-3 are shown with step wise increasing max-
imum emission current functioning as termination condition for the FE measurements. The
7th measurement was stopped by an electrical discharge and the corresponding voltage trip
at the power supplies. Afterwards, the appearance of the emission curves was irreversible
changed (compare red to blue). (b) The maximum current from the ZnO NWs on Si NMs
was reached by sample Si-NM-3. For comparison of the FE properties to other measure-
ment configurations in literature, I, was converted to the macroscopic ECD Jy; by division
through Ay= 0.36 cm?, which is plotted at the right axis, whereas the macroscopic electric
field is presented at the top axis for d =250 um.
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spacer. Thus, a contribution to the emission current from ZnO NWs that were not located
on the Si NMs is possible, since the total membrane area of 12.6 mm? is smaller than the
exposed area (4 membranes per sample with 2 mm diameter each, see Figure 4.2). Note, it is
not feasible to solely expose the NM area, as physical contact between the flexible base and
the PTFE spacer has to be prevented in any case as indicated in section 3.3.2.

Further emission current rise was not possible because the power supplies tripped repeat-
edly for additional attempts to reach higher emission currents. On the one hand, the limitation
of the emission current may be related to the adhesion of the ZnO structures on the substrate.
When charged material can be dragged across the emitter-grid gap by the strong electric field,
electrical discharge can be provoked [110, 163]. On the other hand, localized Joule heating
may cause the melting and subsequent vaporization of emitter material, which generates a

source for electrical breakdown in the vacuum gap between emitter and grid [69].

The I-V curves were analyzed using the FN as well as the MG plot according to the de-
scription in section 2.4. For investigation of the impact of the electrical discharge on the
FE properties, the -V curves from Si-NM-3 were analyzed separately before and after the
onset shift. Note, only the FE measurements were considered showing an emission current
larger than 5 nA, namely starting from the 5th measurement, to provide a sufficient number
of data points for the linear fit above the respective onset value. Exemplary, the linearized FE
data from the high current measurement from sample Si-NM-3 is displayed in Figure 4.15.
For extraction of slope Spn/mg and intercept Cey v from both plot types, linear functions
(yellow lines) were fitted to the FE data (blue dots) above the onset voltages. Under the
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Figure 4.15: (a) FN and (b) MG plot of the /-V curve shown in Figure 4. 14 (b) from sample
Si-NM-3. The data is linearized according to the relation In (VK) Versus V . The values for

the exponent on the y-axis are: kK =2 for the FN plot and x ~ 1.2879 for the MG plot, with
Ozn0 =5.3eV, n(¢) ~ 4.2726 and 6(¢) ~ 1.1068-10~* A/nm?. For extraction of slope and
intercept, a line (yellow) is fitted to the data above the onset voltage.
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assumption that a work function of 5.3 eV can be applied for the randomly distributed ZnO
NW emitters [46], an effective field enhancement factor (FEF) 7.4 as well as an effective
emission area A.¢ were extracted from each of the -V curves (5th—11th measurement). The
mean effective FEFs are summarized in Table 4.4 with respect to the measurements before
(5th—7th) and after electrical discharge (8th—11th) occurred and the corresponding onset field
shift was noted (Figure 4.14 (a), compare red to blue).

Before onset shift, the effective FEF results in a value of 2056 £ 236 and reduces only
slightly to 1864 £ 129 after the electrical discharge. The impact of the slope correction
function for calculation of yesfly—originating from assuming an image charge affected SN
barrier instead of a simple triangular barrier—is negligible, as it lowers the effective FEF
only by 5 %. The values for the effective FEF extracted from the MG plot are similar to the
ones derived from the FN plot, namely 1966 £ 218 before and 1780 + 119 after onset shift. In
summary, the impact of the electrical discharge on the geometrical field enhancement effect
of sample Si-NM-3 seems to be low, since the derived effective FEFs before and after onset
shift vary within their standard deviations for the FN as well as for the MG plot analysis.

The effective emission areas from FN and MG plot (equation 2.35 and 2.48) are well below
square micrometers, which suggests FE from only a small part of the total exposed area. For
the FN plot analysis, the effective emission area changes from 217 nm? (5th—7th) to 110 nm?
(8th—11th) with occurrence of the electrical breakdown. It may indicate a change of emis-
sion area by the sudden discharge, possibly by material evaporation from the ZnO emitters.

For the MG plot analysis, an emission area extraction parameter of Ayg = 19.415 nm?/A

ZnO NWs on Si NMs - FN and MG plot results
Yett Yot R?

FN plot
5th—7th 2056 £12% 1953 £12% 097 £2%
8th—11th 1864 £7% 1770+ 7% 098 + 1%

MG plot
5th—7th 1966 + 11 % - 097 £ 1%
8th—11th 1780 £ 7% - 098 £ 1%

Table 4.4: Effective values extracted from FN and MG plot for the 5th—7th (before discharge)
and for the 8th—11th measurement (after discharge) from sample Si-NM-3. The effective
FEFs 7.4 for FN and MG plot were calculated with the equations 2.34 and 2.50, respectively.
The effective FEF assuming the SN barrier ygflf\l is derived by additional multiplication of yff?[
with the slope correction function sg(y) ~ 0.95 according to equation 2.37. The coefficients
of determination R? are close to unity and show only small variation for subsequent measure-
ments, which indicates that the FE data in FN and MG plot is well described by the linear fit.
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(equation 2.49) was calculated with the work function of 5.3 eV for ZnO. The effective ar-
eas derived from the MG plot of the FE data are up to 90 times smaller compared to the FN
plot results. Typically, considerably larger ECDs are predicted by the MG model than by the
FN equation that considers FE through the triangular barrier (see Figure 2.2 (b)). Thus, the
extraction of smaller effective emission areas for the same measured /-V dependence is ex-
pected, because the MG plot analysis exclusively assumes emission through the SN barrier,
which is reduced by the image charge effect [85].

Since neither the total apex area of the emitters nor the number of the randomly distributed
ZnO NWs that actually contribute to the emission current are known, it is not feasible to
estimate if the extracted emission areas match expectations derived from the emitters’ mor-
phology. Compared to the macroscopic emission area of 0.36 cm? = 3.6-10'3 nm?, the area
efficiency of emission (equation 2.29) would be less than ay = 6-107!2. In general, the
extracted emission area values vary more than 70 % for subsequent measurements from the
same emitter array, which indicates a poor reproducibility for the extraction of Aegy.

The area extraction is known to be highly sensitive to any curvature of the linearized FE
data in the high field region, namely on the left side of the FN/MG plot. For the emission
through the SN type barrier, a curvature of the linearized data is expected because of the
dependence of Vg(y) on the electric field. The MG plot was established to straighten out
this effect and thereby, to allow for a more precise determination of the emission area [85].
However, for the FE measurement from sample Si-NM-3 that is linearized in Figure 4.15 (b),
an upwards curvature of the data is still visible in the high field region of the MG plot. This
observation indicates that effects beyond the MG FE model may be responsible for the noted
non-linearity [85]. Hence, the MG plot may be used as further evidence for the presence of
influences beyond the SN barrier and to identify the regions of experimental FE data that
may be dominated by additional effects. In conclusion, the effective emission area is not
considered further in this thesis, since the extracted values vary considerably for every new
measurement from the same emitter sample and thus, may be unreliable.

To conclude the FE data analysis, the scaled barrier fields for the orthodoxy test were ex-
tracted with equation 2.43 from the FN plot for the first value above the onset of FE and for
the data point at the highest applied voltage for each of the FE measurements. Considering
the 5th—11th measurement, a mean minimum scaled barrier field of 0.21 £ 0.01 and a mean

maximum value of 0.34 4+ 0.03 were derived. Therefore, the FE data passed the orthodoxy

extr__ rextr

test, since the experimentally determined values f>%5—f"0

are within the so called appar-
ently reasonable range of 0.14 to 0.43 given for work function values between 5.0 eV and
5.5eV [83]. This result may indicate the viability of our FE measurement conditions and the

reliability of the effective FEFs extracted from the experimental FE data [80, 82].
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For comparison of the effective FEFs extracted from the FE data to the emitters’ morphol-
ogy, theoretical values for the apex FEF were derived. Since the structure of the ZnO NWs
was investigated by SEM after the FE measurements, only the effective FEF from sample Si-
NM-3 is considered after electrical discharge occurred, namely the mean result of 1864 + 129
for the 8th—11th measurement given in Table 4.4 is contemplated for comparison. For calcu-
lation of the theoretical FEF with different models (see section 2.2.1), the NW dimensions
from Table 4.2 were used. The bases of the large wires are in general larger than the width
of the apexes and therefore, the “hemi-ellipsoid on a plane” model (A), the equation that in-
cludes a factor for the base in dependence on the emitter shape (B) and the charge disc model
(C) were used to calculate the apex FEF. In addition, one model was applied that includes
the inclination angle of tapered emitters and the emitter tip-to-electrode distance (D). The
results of the different models vary considerably from 179 to 2428 as shown in Table 4.5.
The three models (A)—(C) only take into account the width and height of the emitters and the
calculated FEFs are all lower than the effective value derived from the FE data. However,
the result from model (D) is only 23 % larger than the effective FEF that was experimentally
derived for sample Si-NM-3, namely 1864 + 129.

In general, a number of prerequisites for application of the theoretical FEF models are not
fulfilled by the experimentally investigated ZnO NWs on the Si NMs. First, the condition of
g < 1 may not be given by our measurement configuration, as the relation results in a value of
about 0.23. Therefore, the influence of the opposing grid electrode may need to be considered.
Second, the models for the apex FEF assume a perfectly flat emitter substrate [38], however,
the shape of our flexible NM base may have a dependence on the applied voltage. Thus, the
membrane bulging would introduce an additional factor to the total FEF, since the emitter-
grid distance possibly decreases with increasing applied voltage [164]. Third, the actual
apex dimensions may be much smaller than found in the SEM images because of detection

ZnO NWs on Si NMs - Theoretical FEFs

Model number Equation number Value

(A) Yapex(3) (2.23) 654
(B) Yapex(4) (2.25) 179
(©) Ye—disc (227) 608
(D) Yapex(5) (2.26) 2428

Table 4.5: The theoretical values for the apex FEF calculated from the average NW dimen-
sions, taken from Table 4.2, are shown. For model (B), a factor of Qpase = 0.88 was used
for conical shaped emitters and for model (C), equation 2.28 was applied for calculation of
R¢_disc = 0.095 um. For model (D), the tip inclination of 18.3 © and the emitter tip-to-grid
distance of D=d — h =250 um - 58 um = 192 um were used.
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limits and other analysis methods, such as TEM, would be needed to determine the actual tip
diameters. In addition, with focus on the various complex tip shapes observed for the ZnO
NWs (Figure 4.10), a multiplicative FEF similar to the Schottky’s conjecture may apply to the
investigated emitters (see section 2.2.1) [29]. The combination of the described effects may
cause the discrepancy between the effective FEF derived from the FE data and the results from
the theoretical models (A)—(C). However, the FEF calculated with model (D) that considers
the mean tip inclination and the emitter tip-to-grid distance D = d — h, is comparable to the
effective FEF derived from the FE data. Hence, the position of the opposing electrode may
have a significant impact on the geometrical field enhancement effect in our FE measurement
configuration. Furthermore, the consideration of additional details regarding the emitters’
shape, such as the inclination angle, leads to a better agreement between the theoretical model
and the value extracted from the experimental FE data.

The previously discussed models assume isolated single emitters. Therefore, the potential
influence of electrical field screening on the FE properties is assessed in the following. In a
randomly distributed emitter array, it is only possible to roughly estimate an average spacing
between nearest neighbors. Applying the NW density of 5963 NWs/mm? for ZnO structures
that are larger than 10 um from Table 4.2, one NW would stand on a square area of about
168 um?. Assuming that the NWs are located in an ordered array with square unit cell of
the same density, the average distance between NWs would be » = 13 um. The FEF of an
isolated emitter is predicted to be reduced by up to 56 % through the mutual shielding in the
ZnO FEA, when equation 2.30 is applied with the parameters a =-2.41 and ¢ = 0.74 for a ran-
domly distributed emitter array [54]. According to the models that were contemplated for the
generation of Figure 2.4 (b), the screening becomes negligible for average emitter distances
that correspond to four times the emitter height. Therefore, an average distance of 232 pm is
suggested for the large ZnO NWs that have a mean emitter height of 58 um (see Table 4.2).
With the average NW distance of 232 pm, a hypothetical NW density of 19 NWs/mm? would
lead to a negligible screening effect according to the theoretical models. However, only a
rough estimation of the electrical field screening effect is possible by the previous analysis,
since the large ZnO NWs are highly tilted, vary considerably in height (Figure 4.9 1), and
the number of emitters actually contributing to the emission current is unknown and may

increase with rising electric field [29].

In Figure 4.16, the measured FE data from Figure 4.14 (b) is compared to the theoretical
curves plotted according to the FN equation 2.9 for the triangular (plotted in red) and accord-
ing to the MG equation 2.14 for the SN barrier (light blue for sg = 0.95, green for sg(y)). The
effective parameters that were extracted from the displayed experimental /-V curve, namely

v =1997 and AEY = 55.9nm?, were used to plot the theoretical curves. The experimen-
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tally measured FE data (blue dots) follows the theoretical prediction that assumes electron
emission through the triangular vacuum potential barrier (VPB, red) in the low field region
as shown in Figure 4.16 (a). However, the high field region of the FE data is characterized
by a steeper rise of the emission current with increasing electric field. The corresponding FN
plot in Figure 4.16 (b) emphasizes that the FE data from the ZnO NWs follows a linear trend
for low electric fields. The non-linear tendency is observed for voltages above 833 V, which
corresponds to a value of 0.0012[1/V] on the x-axis of the FN plot.

Such a non-linearity in the high field region of the FN plot from n-type ZnO emitters was
earlier attributed to the saturation of emission current from the conduction band because of
the limited charge carrier generation rate in the semiconductor. With further increase of the
electric field, the magnitude of energy band bending can be sufficient to allow for electron
emission from the valence band of ZnO, which causes again a steep rise of the emission
current [61, 67]. Herein, the absolute value of the slope was determined to be 10434V (be-
tween 0.0012[1/V] and 0.0017 [1/V]) from the linear, low-field region. With increasing elec-
tric field, the absolute current slope first reduces to 6450 V (0.0011 [1/V]-0.0012[1/V]) and
then, increases again to an absolute value of 27988 V (1/Vy, <0.0011 [1/V]). No considerable
change of the geometrical shape of the emitters is assumed for transition from low to high
field region. Thus, the effective FEF from the linear low field region, namely }/ff%v = 1997,
was used to derive an estimate for the work function in the high field region. An apparent
work function value of 10.2 eV was found for the enhanced slope (27988 V) of the high field
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Figure 4.16: (a) The I-V curves and (b) the corresponding linearized data in the FN plot
are displayed for the experimental FE data from sample Si-NM-3 (blue dots), which was
shown in Figure 4.14 (b), and for theoretical models. The values extracted from the FN plot
of the measured FE data (Y} = 1997, ALY = 55.9nm?) were used to plot the I-V curves
according to the FN equation 2.9 for the triangular barrier (plotted in red) and according to
the MG equation 2.14 for the SN barrier with 3 = 0.95-¥/Y = 1897 (light blue) and with

7ol = se(y)-¥iY (green asterisks).
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region (1/Vy <0.0011[1/V]) of the FN plot. The increase of the apparent work function
value in the high field region is in agreement with observations in literature and suggests the
electron emission from energy levels below the conduction band minimum, which may be
an indication for emission current contribution from the valence band [67].

Two theoretical curves for the SN barrier model are shown in Figure 4.16, namely with
the FEF derived by multiplication of ff?] with the constant slope correction factor of 0.95
(light blue) and by employment of the electric field-dependent function sg(y) (green asterisks)
according to the equations 2.37 and 2.38 (see section 2.4 for further explanation). The devi-
ation between the two approaches that consider the SN barrier, is negligible. However, the
difference between the theoretical curves plotted with the MG equation for the image charge
affected VPB and the measured /-V curve is significantly larger than the deviation between
the FN model (for the triangular barrier) and the experimental results. This observation is
explained by the larger ECD that is predicted by the MG FE equation compared to the result
for the fundamental FN formula, as it is exemplified in Figure 2.2. Division of the theoretical
curves through a factor of 76 would lead to an overlap of the prediction by the MG equation
with the experimental data in the linear low field region. Thus, for the measured /-V curve,
an effective emission area of 0.74 nm? is predicted by consideration of the SN barrier. As
previously noted in this chapter, the comparison of the effective emission area to the actual
emission area of the ZnO NWs is prevented by the uncertain ratio of emitters that contribute
to the FE current.

Both models neglect the dependence of the FEF and of the emission area on the electrical
field because its local variation is typically unknown [4, 29, 165]. Additionally, the Si NMs
show notable bulging patterns already at zero electric field (see Figure 4.9). Thus, the mem-
branes are presumably displaced gradually towards the grid electrode, which corresponds to
the reduction of d as a function of the applied voltage [164]. In conclusion, the local shape
of the VPB may be highly complex for the sharp ZnO emitters and the mutual cancellation
of various effects may lead to the observed agreement of the experimental FE data with the
fundamental FN model [34, 79].

4.2.3 Synthesis Parameter Variation

Herein, one parameter of the standard synthesis recipe for ZnO emitters on Si NMs, which
is described in the sections 4.1.2 and 4.1.3, was changed at a time and the dimensions and
the FE properties for each of the FEAs were investigated. For all field emitter samples, the
sputter shadow mask was used for catalyst deposition. The FE acquisition as well as the FE
data analysis were executed following the description in section 3.4 and the specific char-
acterization conditions given in Table 4.3 were used. The following four parameters were

varied: First, the deposition time for the thin gold layer, second, the growth time for the NW
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array, third, the precursor temperature and fourth, the substrate position in the boat.

As shown in Figure 4.17, the decrease of the deposition time for the gold film from 60 s
(standard, shown in black) to about 22 s (green) caused a reduction of the onset field by 15 %.
The duration of roughly 22 s corresponds to the minimum possible deposition time, which
was obtained by adjustment of the turning knob for the sputter time to zero (sputter coater
K550X from Emitech). The SEM images present sections of the ZnO NW arrays for both
samples and are ordered here—as well as for the subsequent synthesis parameter variations—
from low to high onset field from left to right. The mean NW length of (33.2 £ 10.6) pm,
which was found for the 22 s deposition time, is longer than the NW length of (18.3 £ 8.2) um
generated by the standard process. For all investigated parameter variations, estimates for the
NW lengths were derived from the respective SEM images using ImageJ [157]. In addition,
the mean effective FEF for the shorter sputter time, namely 3276 + 1174, is larger than the
value of 1864 + 129 obtained for the standard process with the longer gold sputter duration.
Therefore, the geometrical field enhancement effect is larger for the ZnO NWs grown with
the shorter catalyst deposition time, which is in good agreement with the observed reduction
in onset field as well as with the increase in NW length.

By decreasing the sputter time from 60 s to the minimum possible sputter time of about
22 s, the apparent thickness of the gold film deposited through the sputter shadow mask was
reduced from 5.9 nm to 1.8 nm. The gold particle size is known to decrease with the thick-

ness of the metal film, when the same dewetting temperature is applied [146, 151]. Thus,
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Figure 4.17: The mean of several subsequent measurements from ZnO NWs grown on Si
NMs are shown for the standard growth process that uses a gold deposition time of 60 s (black)
and for the minimum possible sputter time of about 22 s (green). The mean onset fields and
the standard deviations are highlighted by the solid and by the dashed lines, respectively. The
onset field is (2.0 + 0.1) V/um for 60 s and (1.7 £ 0.1) V/um for 22 s sputter time. The SEM
images show sections of the ZnO NW arrays for both samples. Note, the black FE data as
well as the respective SEM image, which shows the results for the standard growth process,
are used as reference in all subsequent parameter sets. The SEM images within this section
were taken under a tilt angle of 54 © with the Crossbeam 550 by Zeiss.
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the formation of smaller particles is expected for dewetting of the thinner gold film. The
state of supersaturation by incorporation of zinc and oxygen in the catalyst particles can be
reached faster for smaller particle diameters, which may lead to an accelerated initiation of
the NW growth by precipitation of precursor material [ 156]. Hence, the enhanced NW length
obtained for the shorter gold deposition time may be caused by an earlier start of the NW gen-
eration than for the standard growth process for the constant growth time of 12 h. Note, the
FE data of the 2nd—7th measurement from sample Si-NM-3 (see Figure 4.14 (a)) was used
as reference that represents the standard growth process. For determination of the mean ef-
fective FEFs, only I-V curves were included with R? larger than 0.2 for the linear fit to the
FE data in the FN plot to solely consider measurements that have a sufficient number of data
points above the onset field.

The ZnO growth time in the tube furnace was increased from 6 h to 9 h and finally to 12 h.
The onset field decreased by about 39 % for increase of the growth time from 6 h (red) to
12 h (black), as shown in Figure 4.18. However, the onset field was only slightly lowered
between 9 h (orange) and 12 h growth duration and the respective standard deviations over-
lap. The observed FE properties are supported by the emitter lengths found for the separate
samples. The mean NW length increases with rising growth time from (8.9 £ 3.4) um for
6hto (19.4 & 7.8) um for 9h. The NW length for the standard process using a growth time
of 12 h, namely (18.3 £ 8.2) um, is within the standard deviation of the NW length for the
9 h growth process. Note, it is only feasible to examine a relatively small region of the total
exposed emission area (Ay = 36 mm?) and it is impossible to determine which of the wires
actually contribute to the FE current. Therefore, the derived NW dimensions have to be con-

sidered as rough estimates for the overall array dimensions and are intended to be used for
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Figure 4.18: Variation of the growth time for the ZnO NW array from 6 h (red) to 9 h (orange)
and in comparison to the standard process with 12 h (black). With increasing growth duration,
the macroscopic onset field drops from (3.3 &= 0.1) V/um to (2.2 + 0.1) V/um and finally to
the reference value of (2.0 £+ 0.1) V/pum.
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the relative comparison of emitter lengths in this section. In general, the high onset field for
6 h growth is determined by the strongly reduced NW length and the similar onset fields for
9h and 12 h growth are correlated with their comparable NW dimensions.

The herein used precursor Zn(acac), was reported to decompose with preceding growth
process [24]. In the initial stage, the hydrated precursor causes predominantly the formation
of 2D ZnO structures, whereas the anhydrated Zn(acac), in a later stage of the growth process
facilitates the generation of 1D wire shapes. For a longer process duration, the formation of
secondary wires was reported in correlation with further decomposition of the precursor [24].
This behavior fits well to our observations for the time dependence of the ZnO deposition, as
for the 6 h process already short structures were formed. However, the growth of long NWs
seems to be dominant between a growth time of 6 h and 9 h. For the increase from 9hto 12 h,
only a small reduction in onset field was observed. Presumably, the growth in vertical direc-
tion is almost completed after 9 h and a longer growth duration causes only further shaping
of the NW tips, for instance, by initial growth of secondary wires. Hence, the slightly lower
onset field for the standard growth process may be explained by a relativity small impact on
the overall morphology of the ZnO emitters between 9 h and 12 h growth time.

The third parameter variation considers the precursor temperature and the results are pre-
sented in Figure 4.19. The increase of the precursor temperature to 130 °C (blue) lowered the
onset field by about 45 % in comparison to the FE measurements from the sample grown with
the standard process (black), namely with a precursor temperature of 110 °C. In contrast, the
reduction of precursor temperature to 90 °C (turquoise) resulted in a 3.9 times larger onset
field than found for the reference sample. The NW length increased from (5.6 &+ 1.8) um to
(18.3 £ 8.2) um and then to (38.1 + 13.2) um with rising precursor temperature. The consid-
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Figure 4.19: Variation of the precursor temperature from 90 °C (turquoise) to 110 °C (black)
up to 130 °C (blue). With increasing precursor temperature, the macroscopic onset field de-
creases significantly from (7.7 £ 0.3) V/um for 90 °C to (2.0 & 0.1) V/um for 110 °C and
finally down to (1.1 £ 0.1) V/um for 130 °C.
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erable increase in NW length for the 130 °C precursor temperature is assumed to be the main
reason for the notable reduction in onset field.

On the one hand, the dehydration process of the precursor described by Baxter e/ al. may be
accelerated by the elevated temperature (130 °C) in the first heating zone of the tube furnace,
which can lead to a faster initialization of the 1D NW growth [24]. Hence, longer NWs can
be formed for the higher precursor temperature compared to the reference sample (110 °C)
within the constant growth duration of 12 h. On the other hand, the precursor dehydration
may be decelerated for the 90 °C in the precursor zone. Thus, the NW formation is rarely
initiated within the 12 h deposition time, as the 1D wire growth is known to be the dominant

regime for the anhydrated state of the Zn(acac);, precursor.

Finally, the substrate position in the ceramic boat was altered and the FE properties were
investigated. The Si NM sample (with catalyst) was placed behind another plain Si NM
substrate (without catalyst), which yields a shift of about 1 cm away from the beginning of
the growth zone. The onset field for this sample (purple) was found to be 1.5 times higher than
for the standard process (black) with only one substrate placed in the beginning of the growth
zone (Figure 4.20). The NW length of (18.3 & 8.2) um for the standard process reduced
only slightly to (15.8 £ 10.0) pm for the changed placement of the sample. In addition, the
effective FEF was determined to be 1011 & 367, which is about 46 % lower compared to the
value derived for the reference sample. Note, on the plain Si NM substrate (without catalyst),
a homogeneous layer of densely packed, low aspect ratio ZnO nanowhiskers was observed.

The structures showed an appearance similar to the ZnO nanowhiskers grown in the study by
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Figure 4.20: The placement of another sample in front of the NM substrate and the cor-
responding increase in distance from the beginning of the growth zone caused an increase
in onset field (purple) compared to the standard process (black) with only one substrate
placed in the beginning of the ceramic boat. The macroscopic onset field increased from
(2.0 £0.1) V/um to (3.0 &= 0.1) V/um by the enlarged distance of the substrate from the be-
ginning of the growth zone.

91



Hedrich et al. [23] and as presented in Figure 4.1.

The CVD growth process of ZnO NWs is known to be highly sensitive to the substrate’s
position relative to the precursor source as well as to the substrate’s temperature [23, 159].
Elsewhere, the increase of the substrate’s distance from the precursor boat was reported to
cause a decrease in NW length [166]. Therefore, the herein observed increase in onset field
may be caused by the combination of the increased distance from the precursor source boat
and the change of the substrate’s temperature by modification of its position in the growth

zone.

As a summary for this study, the onset fields of the investigated ZnO emitter samples are
compared to the change of the mean NW length and of the effective FEF with variation of
the synthesis conditions in Figure 4.21. As shown in Figure 4.21 (a), the onset field increases
with decrease of the mean NW length, because of the expected corresponding decrease of
the geometrical field enhancement effect. Hence, the lowest onset field is observed for the
longest ZnO NWs and vice versa. This result is further supported by the effective FEFs that
were derived from the experimental FE data for each synthesis parameter set. Figure 4.21 (b)
shows that the effective FEF behaves contrary to the onset field, namely the lowest onset field
correlates with the largest FEF and the other way around. Thus, the relative NW lengths
of the ZnO emitters agree well with the trend of the macroscopic onset fields and of the
effective FEFs, which possibly enables the prediction of the field emission behavior from
emitter dimensions for further synthesis parameter variations. This observation indicates
the reliability and reproducibility of the FE acquisitions in our optimized FE measurement

configuration that is presented in chapter 3.
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Figure 4.21: The onset field (red) is plotted as a function of the varied synthesis parameter
from lowest to highest value from left to right. For comparison, the mean NW length (black)
is presented in (a) and the effective FEF (black) is shown in (b). Note, “Std.” refers to the
standard growth process, “2nd” to the position variation in the ceramic boat and the other FE
samples are labeled according to the respective synthesis parameter that was altered.
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4.3 Substrate Type B - Silicon Nitride Membranes

Herein, the substrates for the ZnO growth were replaced by square SiN NMs (former sec-
tion 4.2 used Si NMs). The residual stress of LPCVD SiN films can be tailored over a
wide range from tensile nature with a magnitude of +1 GPa to compressive stress of about
-100 MPa by variation of the precursor gas flow ratios. Usually, silicon-rich films are used for
fabrication of membranes because of their low residual stress of around +200 MPa [140, 148,
167]. Low-stress SiN NMs are often employed as vacuum windows for X-ray spectroscopy
or as sample holders for TEM, as these flat and chemical inert membranes have a certain
strength against static load and are transparent to visible light as well as to X-rays and elec-
trons [168]. Since the NM fabrication was conducted in-house from commercially bought,
SiN coated Si wafers (see section 4.1.1), the membrane dimensions can be scaled up easily,
which is an advantage compared to the predefined size of the Si NM substrates. In the first
part, the dimensions of the ZnO emitter array grown on a SiN NM are examined and the FE
properties are investigated. In the second part, the possible impact of the membrane size on

the FE properties is studied.

4.3.1 Standard Growth Process - Morphology

Herein, the ZnO structures grown on a 100 nm thick, 3x3 mm? SiN NM were investigated.
Note, the sputter shadow mask was applied for catalyst deposition (60 s sputter time) prior
to the ZnO growth according to the “standard process” (section 4.1.3). Similar to the ZnO
shapes that were formed on the Si NMs (Figure 4.9), an array of randomly distributed ZnO
NWs of different length were obtained, as shown in Figure 4.22. Large, sparsely distributed
ZnO NWs were noted (Figure 4.22 1), which are surrounded by smaller ZnO needles (Fig-
ure 4.22 ii). Further, the cross section through the membrane, which was obtained by FIB

milling, revealed the existence of a layer of densely packed ZnO crystallites directly on the

i g
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Figure 4.22: Large, sparsely distributed ZnO NWs (i), shorter ZnO needles with a higher
density (ii) and a film of ZnO crystallites (ii1) were grown on the SiN NM. The cross section
through the membrane was prepared by FIB milling (30 kV, 50 pA) and the SEM images were
taken under a tilt angle of 54 °, both with the Crossbeam 550 by Zeiss.
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free-standing membrane substrate (Figure 4.22 iii). The NM itself is not visible in the given
cross section because of the poor material contrast between the insulating SiN film and the
free space below the membrane. The mean dimensions were derived from SEM images of
20 outstanding, well separated NWs using ImagelJ [157] according to the description given
in section A.3.1 and are summarized in Table 4.6. The average height of the ZnO crystallites
was determined to be (825 + 157) nm, with the mean and standard deviation derived by mea-
suring at nine different locations in the cross section image. The dimensions observed for the
ZnO NWs on the SiN NM are similar to the values found for the ZnO emitters on the Si NM
within their standard deviations (section 4.2.1, Table 4.2), which indicates the reproducibility
of the catalyst-assisted MOCVD process. Additionally, the change from highly-doped Si to
the insulating SiN as substrate seems to have no considerable influence on the emitter mor-
phology. Therefore, similar ZnO growth mechanisms are expected on the SiN substrates as
already discussed in section 4.2.1 for the Si NMs.

It was possible to identify gold droplets on the tips of shorter wires (Figure 4.22 ii) as
shown in Figure 4.23, which is presumed to be an evidence for the VLS growth regime [159].
However, it was not possible to detect any significant amount of gold at the tips of large NWs
(Figure 4.22 1) or along them, as exemplarily displayed in Figure A.3 (a) in the appendix. In
contrast to the Si NM substrates, it was not possible to find gold dots in the cross section
image at the root of the ZnO structures (Figure A.3 (b) in the appendix), which would be an
indication for a VSS driven growth mechanism [158]. On the one hand, the amount of re-
maining gold at the NW roots may be below detection limits. On the other hand, gold droplets

were apparently not located at the small area of the cross section, but may be present at other

ZnO NWs on SiN NMs
Length (h) [um] 50+9
Diameter (2rpase) [Um] 234+0.6
Tilt angle [°] 90 + 16
Tip diameter (2rpex) [1m] 0.150 + 0.072
Tip inclination (Bapex) [°] 2424232
Aspect ratio (/(2rapex)) 333 £220
Density [NWs/mm?] 4810 £ 548

Table 4.6: Summary of ZnO NW dimensions grown on a SiN NM. Similar to the analysis
for the Si NMs, the mean and standard deviation of the different parameters were acquired
by measuring 20 separate, large NWs and the NW density was determined by counting the
number of ZnO structures larger than 10 pm on six separate SEM images, which were taken
at different locations on the NM and with a constant magnification of 10%.
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Figure 4.23: Gold was detected by EDX at the bright dot at the wire’s tip that is marked by
(a). In contrast, no gold was found on the ZnO at area (b). The SEM image and EDX spectra
(8kV, 4.7nA) were taken with the Crossbeam 550 by Zeiss.

Figure 4.24: Selection of tip shapes found for the ZnO NWs grown on a SiN membrane. The
SEM images were taken under a tilt angle of 54 © with the Crossbeam 550 by Zeiss.

locations. Moreover, a variety of tip shapes was noted for the large NWs (Figure 4.22 1) as
demonstrated by the selection presented in Figure 4.24. In addition to conical shaped tips and
secondary structures grown perpendicular to the wire’s growth direction, reoriented growth

axes were observed, which may indicate a screw dislocation mechanism [68].

4.3.2 Standard Growth Process - Field Emission Measurements

Herein, the FE properties from a sample with ZnO NWs grown on a 3x3 mm? SiN NM were
investigated. All FE measurements were carried out and analyzed according to the descrip-
tion in section 3.4 with the specific characterization conditions listed in Table 4.3.

The onset fields for two subsequent mountings of the same FE sample in the Voyager
setup are given in Figure 4.25. The mean onset field for FE from the as-deposited sample
(1st mounting, plotted in purple) as well as for the second mounting after previous FE mea-
surement (2nd mounting, black) are shown. A reduction of onset field from the first to the
second mounting of 0.5 V/um is found. Note, the onset fields were determined for the 2nd—
5th measurement after mounting the sample in vacuum and for emission currents below the
microampere range to exclude FE-initiated effects as far as possible. Yet, a considerable
number of measurements was executed for the 1st mounting that may have changed the FE
properties of the examined sample irreversible. Furthermore, the ZnO NWs were investi-

gated by SEM between the two mountings in the FE setup. Consequently, the change of the
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Figure 4.25: The mean onset field for FE was derived from four subsequent measurements
from the ZnO emitters on the SiN NM for the 1st mounting of the as-deposited sample (purple)
and for the 2nd mounting after previous FE acquisition and SEM imaging (black).

local structure and of the surface electronic properties between 1st and 2nd mounting cannot

be excluded and may explain the observed onset field shift.

To investigate the maximum possible emission current from the ZnO emitters grown on
the SiN NM, the highest allowed emission current that functioned as termination condition
for the FE measurements, was gradually increased for the 2nd mounting of the FE sample.
A notable shift in onset field compared to the preceding /-V curves occurred when the mea-
sured current reached the microampere range as summarized in Figure 4.26 (a). From the
mean value of 1.5 V/um, the onset field increased further in the following measurements up
to 2.5 V/um. Note, the applied electric field was held constant for 3 h when the emission
current reached a predefined value in the microampere range, to test the emission stability of
the emitters for the 5th, the 7th and the 9th measurement, which will be discussed in detail
later in this section (see Figure 4.28). Additionally, an electrical discharge occurred during
the 8th measurement accompanied by immediate voltage trip at the power supplies. Hence,
the extended emission from the ZnO NWs at a constant applied field as well as the elec-
trical breakdown led to a notable shift of the onset field for the respective subsequent FE
measurement, which indicates a modification of the cathode’s physical properties. Typically,
FE-initiated structural modifications of the cathode are attributed to the local resistive self-
heating caused by large emission currents, and the subsequent melting and vaporization of
emitter material (see section 2.1.2) [1, 29].

Furthermore, the effective FEFs were derived from the FN plot for each of the FE mea-
surements. The mean value of 2349 + 226 for the 2nd—5th measurement is shown in Fig-

ure 4.26 (a) in gray. For comparison, the single values for the 6th-9th measurement are
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presented, which exhibit a decreasing trend down to 993 (9th). Note, the orthodoxy test was
passed for all measurements (2nd-9th), because the range of the mean extracted scaled bar-
rier fields (equation 2.43) of 0.17 4= 0.03 to 0.27 + 0.07 is in the apparently reasonable range
between 0.14 and 0.43 [83]. As expected from theory, the FEF behaves contrary to the onset
field because a larger geometrical field enhancement effect typically leads to a lower macro-
scopic electric field that is needed to allow for FE. The considerable modification of the FEF
compared to the initial value (from 2nd—5th measurement) may be another evidence for the
impact of the extended current emission at constant applied field as well as of the electrical
discharge on the geometrical shape of the ZnO emitters. In agreement with the previous anal-
ysis for Si NM substrates (section 4.2.2), the effective FEFs derived from the respective MG
plots are comparable to those found with the FN plot. Therefore, the MG plot analysis is not
discussed further.

For determination of the effective FEF values, the FE data was linearized as presented in
Figure 4.26 (b) for the 6th—9th measurement. For all four curves, the data shows a linear
behavior after onset of FE in the low field region (1st slope), but a non-linear trend for high
electric fields (low 1/Vy, 2nd slope). Therefore, the linearized data was divided into two
segments (low and high field region), which were analyzed separately. A change in slope
was not observed for the 2nd—5th measurement, since the FE acquisitions were terminated

before reaching the high field region. Hence, only the 1st slope (yellow fit) was considered for
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Figure 4.26: (a) The mean onset field of the 2nd—5th measurement (2nd mounting, plotted in
black), as well as the single values derived for each of the /-V curves from the 6th-9th mea-
surement (green, orange, blue, red) are shown. Additionally, the effective FEFs were derived
from the linear part of the FE data in the FN plot (gray). (b) The 6th-9th FE measurement
(green, orange, blue, red) are presented in the FN plot. Shifts of the onset field to higher
values (lower 1/V};) become apparent for every further measurement, which was attributed
to FE-initiated modifications of the emitters’ physical properties. The linearized FE data can
be divided into the low field region (1st slope, yellow line) and the high field region (2nd
slope, green line), which is exemplarily highlighted for the 9th measurement.
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the previous FE data analysis that is summarized in Figure 4.26 (a). The 2nd slope (green fit),
which is indicated in Figure 4.26 (b), was examined for the measurement numbers 6th—9th.
However, unrealistic large FEFs of 4705 up to 41478 were derived from the 2nd slope, which
emphasizes that the FN theory cannot be applied in the high field region. This interpretation
is also supported by the extracted values for the orthodoxy test (equation 2.43) performed for
the 2nd slope. The extracted scaled barrier fields of 3.3 4= 4.3 and of 6.0 &= 7.6 from the high
field region are far beyond the apparently reasonable range for ZnO emitters (0.14-0.43) [83].

In conclusions, only the effective FEFs derived from the low field region (1st slope) of the
FE data in the FN plot are assumed to be reliable and are applied for comparison to theoretical
calculations in the following. The mean FEF of the ZnO NWs on the SiIN NM 0f 2349 4+ 10 %
is comparable to the value extracted for the ZnO emitters on the Si NMs, namely 2056 + 12 %
(section 4.2.2, Table 4.4). Therefore, the FE properties of the ZnO emitters seem to be inde-

pendent of the herein investigated substrate types in the low field region.

For comparison of the effective FEFs to the emitter morphology, theoretical models were
used to calculate the apex FEFs from the dimensions of the ZnO NWs given in Table 4.6. The
theoretical FEF values are summarized in Table 4.7. The values determined with the models
(A)—~(C) are smaller compared to the mean effective FEF of 2349 4 226 derived from the
2nd—5th FE measurement. The theoretical value of 2500 from model (D) is the closest to
the experimentally extracted FEF. Thus, the combined consideration of the tip inclination
and the emitter tip-to-grid distance for calculation of an apex FEF seems to yield a better
agreement with the experimental FE data than the models (A)—(C), which was also observed
and discussed in more detail for the ZnO emitters on Si NMs in section 4.2.2 (see Table 4.5).

Further, the impact of electrical field screening on the FE properties was estimated. A mean

distance between nearest neighbors of about b = 14.4 pm was derived from the NW density

ZnO NWs on SiN NMs - Theoretical FEFs

Model number Equation number  Value

(A) Yapex(3) (2.23) 545
(B) Yapex (4) (2.25) 169
©) Ye—disc (2.27) 652
(D) Yapex (5) (2.26) 2500

Table 4.7: The theoretical values for the apex FEF are shown, which were calculated with
the average NW dimensions from Table 4.6. For model (B), a factor of 04,5 = 0.88 was used
for conical shaped emitters and for model (C), equation 2.28 was applied for calculation of
R¢_disc = 0.077 um. For model (D), the tip inclination of 24.2 ° and the emitter tip-to-grid
distance of D =200 um were used.
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of 4810 NW/mm? (see section 4.2.2 for detailed description). For randomly distributed wires
in an array, the FEF of an isolated single emitter would be reduced by 62 % (equation 2.30
with a=-2.41, ¢ =0.74) [54]. Note, the NW density was determined from ZnO structures
larger than only 10 um. Hence, the FE may originate from much larger and well-separated
emitters because the mean NW length was found to be 50 um (see Table 4.6). According to
the theoretical models shown in Figure 2.4 (b), a distance between emitters that equals four
times the NW height would lead to a negligible screening effect. Therefore, a mean NW dis-
tance of 200 um and thus, a theoretical NW density of 25 NW/mm? is supposed to eliminate

the electrical field screening among neighboring, 50 um long emitters in an array.

Figure 4.27 (a) shows the two subsequent /-V curves with the highest emission currents
reached for the ZnO emitters on SiN NMs, namely the 8th (blue) and 9th (red) measurement.
A maximum current of 50.9 pA at a voltage of 2248 V was obtained, which corresponds to
a macroscopic ECD of 141.5 pA/cm? at a macroscopic electric field of 9.0 V/um (9th, red).
The reduction of the current slope in the high field region becomes obvious when the FE data
is plotted on a logarithmic scale, which is displayed in Figure 4.27 (b).

In contrast to the observations for the ZnO N'Ws on Si NMs in the last section (Figure 4.16),

no distinct increase of the emission current slope is observed after the initial decrease in
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Figure 4.27: (a) The FE data for two subsequent measurements, namely the 8th (blue) and
the 9th (red) one, is plotted for the measured current in dependence on the measured voltage
(left and bottom axis) as well as for the macroscopic ECD and for the macroscopic electric
field (right and top axis). For the conversion, the emitter-grid distance and the macroscopic
emission area of 250 um and of 0.36 cm? were used, respectively. In the 8th measurement, a
maximum current of 44.7 pA (124.2 uA/cm?) at a voltage of 1980 V (7.9 V/um) was obtained.
In the 9th sweep, a maximum current of 50.9 pA (141.5 uA/cm?) at a voltage of 2248 V
(9.0 V/um) was detected. (b) Herein, the two I-V curves are plotted for a logarithmic y-axis.
For both samples, a distinct change of the slope is observed for macroscopic electric fields
larger than 4.1 V/um, which is marked by the vertical dashed lines.
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the high field region in the present section. The transition to the high field region for the
ZnO NWs on the Si NM substrate was characterized by a reduction of the current slope in
a narrow field region, followed by an enhanced rise of emission current. This observation
was attributed to the saturation of the emission current from the conduction band of ZnO and
the subsequent onset of electron emission from the valence band, possibly enabled by energy
band bending caused by the increasing electric field [46, 67]. However, for the ZnO emitters
on the SiN NMs, only a considerable reduction of emission current slope with rising electric
field is noted. Since the same preparation methods for the ZnO NWs were used and the NW
dimensions showed to be comparable for both membrane types, the different conductivity of
the substrates may have an impact on the FE properties in the high field region. Probably,
the limited charge carrier supply of the insulating SiN substrate impedes a considerable rise
of emission current in the high field region as it was observed for the highly-doped Si NM
substrates. Hence, only the saturation of emission current from the conduction band may be
detected here, which was attributed to the limited charge carrier generation rate inside the
semiconductor [61, 67].

Additionally, it is most likely that vacuum space charge is formed in front of the cathode
that shields the emitters’ surface from the applied electric field. Thus, the intensity of the
electric field becomes dependent on the local ECD [2, 46]. This explanation can be corrobo-
rated by experimental observations for the high field region. At an applied voltage of 2250V,
a current of 83 uA was displayed at the cathode’s power supply, which is about 38 % larger
than the maximum current measured at the anode. In addition, the voltage at the grid’s power
supply showed a bias of -643 V at the same applied voltage instead of the defined -100 V.
Therefore, it is supposed that the vacuum space charge is the predominant mechanism that
causes the observed non-linearity in the high field region and probably impedes the observa-
tion of other, energy band related effects.

Presumably, the grid plays an important role for the accumulation of vacuum space charge.
The utilized 59 Ipc nickel mesh has a transmission of 73 % (see Table 3.3), which may explain
the significant difference between the detected current at the cathode’s power supply and the
current measured at the anode. Therefore, it may be necessary for reliable measurements
of larger currents in future, to modify the transmission rate of the grid. Note, the exchange
of the grid is not trivial, as it needs to be stiff and flat for proper distance control towards
the cathode as it was already discussed for the FE assembly modifications in section 3.3.2.
For future applications, the usage of tailor-made meshes from metallized silicon nitride on a
wider silicon support grid may be beneficial, as good mechanical stability was reported for
those grids and their transmission rate can be adjusted to some extend. However, a trade-off
between a maximum transmission and an uniform distribution of the electric field has to be

considered [169, 170]. Another approach is the insertion of an additional electrode between
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emitter and grid, which is used to focus the beam of emitted electrons to reduce electron
losses at the grid electrode. The current that reached the anode was reported to be 2.6 times
larger for this tetrode arrangement compared to the results for the conventional triode-type

configuration [171].

Finally, the stability of the emission current from the ZnO NWs was investigated by apply-
ing a constant field when reaching a predefined measured current. After obtaining a current
value of 1 pA, of 10 A and of 50 pA, respectively, the field was held constant for 1440 steps
with a waiting period of 3720 ms before acquiring a current value, which is combined with
10 PLCs defined for the picoammeter that adds the waiting period of 200 ms to the total time
between two measurement points. Therefore, the current was acquired for a total time of
around 94 min at one constant applied field. After this period, the electric field was fur-
ther increased, until the defined threshold current is reached again and then, the field is held
constant a second time for the same duration. Figure 4.28 displays the mean emission cur-
rent at the three different predefined current levels. The percentage standard deviation re-
duces with increasing current level from 1.2 pA £ 8.3 %, to 14.7 pA £ 5.4 % and finally to
51.2 pA %+ 2.9 %, which indicates the reduction of current fluctuations with rising emission
current. Furthermore, a slight increase of the emission current within the initial 10 min was
noted at the three current levels. For the largest emission current of 51.2 pA, the applied
voltages at the power supplies dropped to zero after 12 min, but the NM substrate was still

intact after the measurement. Probably, the actual emitted current was above the trip current
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Figure 4.28: The emission current was recorded two times for 94 min each at a constant
macroscopic field of (3.12 + 0.02) V/um (5th measurement, black), of (5.24 4+ 0.02) V/um
(7th, orange) and of 9 V/um (9th, red). The error bars display the standard deviations from
the mean emission current that was determined from the two subsequent measurements at
each of the above given electric fields. For clarity, only every fifth error bar is shown.
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of 0.1 mA, which was defined as switch-off condition for the high voltage of the power sup-
plies (see section 3.2.3). Hence, less current reached the anode than it was emitted by the
cathode, which was caused by the limited transmission of the grid electrode. The low trip
current threshold led to an early cancellation of the measurement at 51.2 pA, but was not in-
creased further since it would risk the destruction of the fragile NM substrate by an electrical
breakdown.

The observed current increase within the first 10 min as well as the enhanced stability of the
emission current with rising current level, are attributed to the desorption of adsorbates from
the ZnO surface. In an initial stage of the measurement, adsorbates may shield the interior
of the ZnO from the applied electric field, which would reduce the local electric field on the
surface of the emitter. Consequently, the magnitude of energy band bending would be lower
and thus, the FE current is reduced compared to an ad-layer free ZnO emitter. However,
with increasing emission current, the desorption of ad-layers is promoted by the resistive
self-heating of the emitters in vacuum, which may correlate with the observed increase of
FE current within the first 10 min [1]. Additionally, emission current fluctuations are often
attributed to the variation of the adsorbate coverage over time. The current stability was
elsewhere reported to increase with emitter temperature, since the desorption of ad-atoms is
promoted by the local self-heating [47]. Thus, the observed stability enhancement with rising
emission current may be caused by the simultaneous increase of the FE-induced emitter heat-

ing (see section 2.1.2) and the correspondingly reduced occurrence of adsorption processes.

In summary, the variation of onset fields as well as of the effective FEFs (summarized in
Figure 4.26) may indicate that the ZnO structures are altered during each of the high current
measurements by FE-induced mechanisms, such as local self-heating and related effects like
surface diffusion [1]. Furthermore, the maximum macroscopic field of 9 V/um = 0.009 V/nm
multiplied by the effective FEF of 993 (9th measurement) would correspond to an intense
local electrical field of 8.9 V/nm. The image charge affected SN barrier is theoretically pulled
down by about Agsn = 3.6 eV through the local electric field (see section 2.1.2), which would
enhance the probability for electrons being also emitted above the barrier and contribute to
the measured emission current.

The ZnO NWs were investigated by SEM imaging before and after the high current and
stability measurements, namely before and after the 2nd mounting of the FE sample. Yet, no
considerable morphology changes were observed for the ZnO NWs or their apexes. Since
the detailed micro- and nanostructure at emission site defines the FE properties as discussed
in section 2.2.1, the FE-initiated emitter modifications may be below detection limits of the
SEM. Future analysis of the emitters with other techniques, such as X-ray diffraction (XRD)

or TEM would be needed to reveal the effect of high emission currents on the crystallographic
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nature of the wires and on the detailed apex shapes as well as dimensions of single emitters,
respectively [69, 72, 76].

Besides structural changes, the observed impact of high emission current on the FE prop-
erties of the ZnO emitters may also be attributed to the change of the electronic surface con-
stitution and thus, to the modification of the apparent work function of the emitter material
by thermally induced desorption of ad-layer substances [25]. In this thesis, only the I-V
curve shift between the initial measurement after mounting the sample in vacuum and the
subsequent one was directly attributed to the influence of adsorbates on the emission cur-
rent (see section 3.4 for details). However, it is certainly possible that unknown species are
still bound to the ZnO emitters, since only considerable heating can typically promote the
desorption of the entire ad-layer. Furthermore, the smallest amounts of gaseous species ad-
sorbed on the emitter’s surface can lead to a considerable change of its FE properties, which
was demonstrated by other researchers by investigation of the emission patterns for adsorp-
tion/desorption and surface diffusion processes of ad-layer molecules using field emission
microscopy [25, 172, 173].

4.3.3 Membrane Size Variation

Herein, the lateral size of the 100 nm thick SiN membrane that was used as substrate for the
ZnO emitters, was varied and the FE properties were compared. SiN coated bulk Si samples
were used as substrate for the ZnO NW growth as reference for comparison to the 3x3 mm?
and to the 5x5 mm? SiN NMs. Note, two separate samples were considered for each substrate
size that was examined. For each of the samples, four subsequent FE measurements from the
as-deposited ZnO emitters, namely the 2nd—5th measurement, were analyzed according to
section 3.4 and the specific characterization conditions from Table 4.3 were applied. Herein,
the FE acquisitions were terminated for emission currents below the microampere range to
exclude FE-initiated emitter modifications as observed in the last section.

In general, a reduction of the onset field is noted with increasing membrane size, namely
it decreases from a mean level of (2.52 4+ 0.03) V/um for bulk, to (2.17 4 0.24) V/um for
3x3 mm? NMs and finally to (1.28 #+ 0.17) V/um for 5x5 mm? NMs. Thus, the onset field
is almost reduced by 50 % when the 5x5mm? SiN NM is used instead of a bulk substrate.
Furthermore, the effective FEFs show the expected trend that is contrary to the onset field.
Therefore, the reduction of the onset field is accompanied by an increase of the effective
FEF. From bulk to the largest NM size, the FEF increases from 1521 £ 207 (bulk), further to
2018 + 160 (3x3 mm? NMs) and then to 4006 & 1743 (5x5 mm? NMs).

The displacement of the NM towards the grid electrode, which may be caused by the ap-
plied electrostatic field during the FE measurement, is considered as the predominant reason

for the enhanced FE properties of the conductive ZnO NWs that stand on a flexible base.
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According to other work, the bending of the membrane is increased as a consequence of the
rising electrostatic pressure. Thus, the emitter-grid distance becomes a function of the applied
voltage [164]. In addition to the geometrical FEF of the ZnO emitters, the NM displacement
basically introduces another FEF by the substrate bending, which is a function of the applied
voltage and depends on the material properties and dimensions of the NM substrate.

The observation of the enhanced FEF with increasing membrane size—which corresponds
to a larger NM displacement for the same applied voltage—is in agreement with the results
by Pekarek et al. [15]. Their simulations for the displacement of a flexible membrane showed
that the maximum possible bending rises with increasing membrane size [15]. Additionally,
the geometrical field enhancement effect of the ZnO emitter array may also be raised by the
reduction of the electrical field screening among neighboring emitters. Convex bending of
the NM towards the grid electrode can cause an increase of the tip-to-tip emitter distances and
thereby, lead to a reduction of the electrical screening [94]. However, a reliable estimation of
the impact of electrical field screening on the FE behavior of the examined disordered ZnO
arrays was not possible, since the ratio of emitters that contribute to FE is unknown and may
also change with the applied electric field (see section 4.2.2).

A theoretical model was used to approximate the effect of NM displacement caused by
the electrostatic field on the FE current for different membrane dimensions. Square, 100 nm
thick membranes with NM areas of 3x3 mm? and of 5x5 mm? were considered. Addition-
ally, the following material parameters were used that are typical for SIN membranes: A
Young’s modulus of Ey = 300 GPa, a residual stress of oy = 200 MPa and a Poisson’s ra-
tio of vy = 0.25 [92, 148]. In the first step, the maximum displacement at the membrane’s
center was calculated in dependence on the applied differential pressure with equation 2.53.
As shown in Figure 4.29 (a), the displacement for the same applied pressure is enhanced
when the NM is enlarged (compare red to blue) as well as when the NM thickness is reduced
(compare green to blue), which is in agreement with the predictions by Pekarek et al. [15].

In the second step, the differential pressure was replaced by equation 2.54 to plot the mem-
brane’s displacement as a function of the applied voltage in Figure 4.29 (b). The initial
membrane-electrode distance for zero electric field was set to dp = 250 um. The tendencies
noted for the different membrane sizes and thicknesses in dependence on the applied differ-
ential pressure are resembled by the general trends of the maximum membrane displacement
observed with increasing voltage.

In the last step, the voltage-dependent NM displacement and the corresponding voltage
values were inserted into equation 2.56 to estimate the emission current from emitters on a
flexible base. The results are displayed in Figure 4.30 (a). The effect of the NM displacement
on the FE current is already noted in the picoampere range and as expected, the NM deflection

leads to an earlier rise of the emission current because of the continuous reduction of the
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Figure 4.29: (a) Maximum NM displacement as a function of the applied differential pres-
sure according to equation 2.53. The increase of the membrane size from 3x3 mm? (red) to
5x5mm? (blue) for the constant NM thickness of 100 nm, leads to a signification increase
of the maximum NM displacement for the same external pressure. The 10 times thicker,
5x5 mm? NM (1000 nm, green) shows a maximum deflection that is notably smaller than for
the reduced NM area of 3x3 mm? with 100 nm thickness. (b) Maximum NM displacement as
a function of the applied voltage (equation 2.54) for the membrane sizes of 3x3 mm? (100 nm,
red), of 5x5 mm? (100 nm, blue) and of the thicker 5x5 mm? NM (1000 nm, green).
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Figure 4.30: (a) Emission current as a function of the applied voltage plotted according to
equation 2.56 with the voltage-dependent emitter-grid distance, an emission area of 5x5 mm?,
a FEF of 500 and a work function value of 5.3 eV [46]. The NM deflection induced by the
electrostatic field causes the emission current to rise at lower applied voltages (solid blue
line) compared to the bulk emitter that was plotted according to the FN equation 2.9 with the
constant emitter-grid spacing (dashed blue line). Only a slight enhancement of FE current is
noted for the 1000 nm thick NM (green) compared to the bulk version. (b) The corresponding
FN plot shows the linearized data for the three theoretical curves plotted up to an emission
current of 50 uA, which was also obtained experimentally (see section 4.3.2, Figure 4.27).
With rising applied voltage, the discrepancy between the emission current from the membrane
and from the bulk substrate becomes larger and thus, the impact of NM displacement rises
with increasing electrostatic pressure.
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emitter-grid spacing with increasing applied voltage (compare blue solid to blue dashed line).

2, an emission current of 1 pA is reached at

For the assumption of an emission area of 5x5 mm
avoltage 0of 933 V (dashed blue line). When the same area is supposed to be a flexible, 100 nm
thick NM, the voltage required to reach 1 pA is reduced by about 1 % (solid blue line). With
rising emission current, the impact of the NM displacement on the emission current shows
an increasing trend. However, the threshold to obtain an emission current of 1 pA is still only
reduced by 2 % by the effect of NM deflection.

Furthermore, the three theoretical I-V curves for the emission area of 5x5 mm? where lin-
earized in the FN plot in Figure 4.30 (b). With increasing applied voltage, the impact of the
NM displacement on the FE properties becomes more pronounced, which is characterized by
a stronger deviation between the curve of the membrane and of the bulk substrate for low val-
ues of 1/Vp, (compare dashed to solid blue line). Additionally, a 1000 nm thick SiN NM was
considered for comparison to the experimentally studied membranes that were composed of
the ZnO crystallites on the SiN films (see section 4.3.1). The thick membrane is presented as
green solid line in both Figures 4.29 and 4.30. Clearly, the theoretical emission current from
the thicker membrane shows no considerable enhancement compared to the bulk substrate.

In summary, the earlier onset of FE with increasing size of the flexible emitter base is
in agreement with our experimental observations. However, the predicted impact of the
displacement on the emission current is considerably lower than experimentally observed
because the theoretical calculation neglects the detailed structure of the ZnO emitters. On
the one hand, the electrical field screening may be reduced for neighboring ZnO NWs by
the NM bending, which can enhance the FE current. On the other hand, the local variation
of the electric field distribution on the emitter’s surface by bending of the complex ZnO-
SiN composite membrane may lead to a notable amplification of the emission current in the
experiment, which is not considered by the simple deflection model that was used for the

theoretical calculations in this section.

4.4 Summary and Discussion

ZnO NW arrays were deposited on Si NMs as well as on SiN NMs by a catalyst-assisted
vapor phase transport method using the precursors zinc acetylacetonate hydrate and oxy-
gen. The dimension analysis of the ZnO structures revealed a similar morphology of ran-
domly distributed, tapered wires with sharp tips for both substrate types, which suggests
that the substrate has a minor influence on the overall growth process. Field emission was
observed for the as-deposited ZnO NWs grown on both substrate types with a similar onset
field of 2.0 V/pm for the measured current to overcome a 10 ¢ threshold from the background

noise. For the Si membranes as substrates for the ZnO emitters, the maximum attained macro-
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scopic ECD was 0.2 pA/cm? at a macroscopic electric field of 3.8 V/um. The largest ECD of
141.5 nA/cm? was obtained for the ZnO NWs grown on the SiN membrane at a macroscopic
electric field of approximately 9 V/um. For comparison to other field emitters in literature,
the following two turn-on fields were extracted: Fﬁ“l for the macroscopic ECD overcoming
0.1 pA/cm? and Fl\‘jlnz for Jy larger than 10 pA/cm? (section 3.3). For the Si NM and the SiN
NM substrates, the first turn-on field is reached at 3.9 V/um and at 3.3 V/um, respectively.
However, the second turn-on field was only obtained by the sample with the SiN substrate at
a macroscopic electric field of Fl\(/’[r12 =4.1 V/um. The emitters on the Si NMs did not reach
this current level because electrical breakdowns caused early terminations of the measure-
ments. Table 4.8 presents a comparison of the FE results from the ZnO emitters synthesized
with the help of the sputter shadow mask on the two different substrate types. In summary,
the FE properties of the ZnO NWs on SiN NMs are enhanced with increasing electric field
compared to the ZnO NWs on the Si NMs, when the values for FI\‘,’IM are compared. This
observation may correlate with a larger maximum displacement that is expected for the SiN
membranes (100 nm, 3x3 mm?), because they are thinner and larger than the Si NMs (149 nm,
2 mm diameter) [15].

The stability of the emission current from the ZnO NWs on the SiN NM was demonstrated.
It was possible to measure an emission current of 14.7 pA at a constant electric field for 3 h
continuously and the fluctuations around the mean current value showed to be less than 6 %.
The stability test was aborted manually and thus, the extended measurement of the emission
current at constant applied field is most likely. Further increase of the emission current from
the ZnO emitters on the SIN NM was mainly limited by the formation of vacuum space charge.
To achieve larger emission currents, an increase of the grid transmission would be a first step.

Yet, replacing the grid material is not trivial, since the mechanical stability of the control

Sputter shadow mask - Comparison of FE results

Substrate type ~ Fyse! Fypax Jumax v o2
[V/um]  [V/um] [pA/em?] [V/pm] [V/um]

Si NM 20+0.1 3.8 0.2 3.9 -

SiN NM 20+0.1 9.0 141.5 33 4.1

Table 4.8: Herein, the FE properties of ZnO NWs grown on Si NMs (149 nm thick, 2 mm
diameter) as well as on SiN NM substrates (100 nm thick, 3x3 mm?) are summarized. The
onset fields FJ"*' of the as-deposited FE samples are presented. Furthermore, the maximum
obtained ECD Jii** and the corresponding electric field Fy;** are shown. The turn-on fields
Fl\?[’” and FI\(,’[112 are defined by the macroscopic ECD overcoming 0.1 pA/cm? and 10 pA/cm?,
respectively. Note, for all results shown here, an emitter-grid distance of 250 um and a macro-
scopic emission area of 0.36 cm? were utilized.
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electrode as well as the uniform field distribution have to be maintained.

For the herein used precursor combination of Zn(acac), and oxygen, the FE properties
of the ZnO structures were only rarely investigated [23]. Compared to the FE from ZnO
nanowhiskers studied by Hedrich et al., the macroscopic onset field was reduced by a factor
of about 15 by application of a catalyst. Most of the studies found for the MOCVD utilizing
Zn(acac); referred to a catalyst-free process [23, 24, 174—177]. Only Wu et al. reported on the
deposition of a 10 nm thick gold layer prior to the ZnO growth with the precursor Zn(acac);.
The NW growth took place selectively at the gold covered areas, however the FE properties
of the nanorod shaped ZnO structures were not investigated in their study [160]. Yet, the
FE from ZnO structures is well studied for other precursor combinations. For the growth
of nanoneedles by MOCVD using diethylzinc and oxygen as precursors, a turn-on field of
0.85V/um at an ECD of 0.1 pA/cm? was reported and for vapor phase grown ZnO NWs
a value of 6.0 V/um was found in literature [178, 179]. In addition, for the CVD growth
of nanoneedles, a turn-on field of 2.5 V/um at 10 pA/cm? was reported in a review [178].
For the FE from VLS grown ZnO structures, a turn-on field of 1.85V/um at 10 pA/cm?
was mentioned [75]. The turn-on fields of our ZnO NWs are comparable to the turn-on
fields given as key parameters in the reviews for ZnO field emitters, which were also grown
by vapor phase transport processes but with other precursors. A first investigation of the
variation of onset fields with growth parameters showed that the increase of the precursor
temperature reduced the required electric field for detectable electron emission almost by
50 %. In a certain combination with a thinner gold film, the onset field may be reduced even
further and therefore, also the turn-on field.

The above cited studies were exclusively carried out on bulk substrates. Usually, polymers
and carbon fabrics are used as flexible substrates for semiconductor FE cathodes that are
made from ZnO, CNTs, Si or diamond. One of the main issues for the growth of emitters on
flexible polymers is their poor adhesion, which increases the risk for electrical breakdown
provoked by charged particles that can be dragged across the emitter-grid vacuum gap by
the electrostatic field (section 3.1). Furthermore, the substrate’s low chemical stability in
harsh environments prevents the direct growth of emitters by processes that require elevated
temperatures. Thus, the available direct deposition processes are limited or a transfer of the
emitters to the flexible base needs to be carried out after their previous deposition on another
bulk substrate. For ZnO emitters on polymers, turn-on fields of 1.3 V/um up to 4.2 V/um for
an ECD of 10 pA/cm? were reported, which are again comparable to our results [163].

Herein, another group of flexible (carbon-free) substrates has been added. Note, these
free-standing inorganic membranes facilitate direct growth of nanostructured field emitters
at high temperatures. As a consequence, these kinds of FE samples can be employed in harsh

environment and at elevated temperatures.
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5 ZnO Emitters - Porous SiO; Template

Besides affecting the constitution of a gold film during deposition—as it was done with the
sputter shadow mask in the last chapter—structuring of the substrate’s surface is another
approach to manipulate the catalyst particle distribution, because the dewetting behavior of
a thin film typically correlates with the surface structure of the underlying base [146]. The
impact of porous substrates on the dewetting of thin gold layers was already shown for porous
silicon [180] as well as for pores in anodic aluminum oxide [181].

Herein, a porous SiO, template is utilized to guide the catalyst particle formation from
a gold film. During the heating ramp of the ZnO growth process, the sputtered gold layer
agglomerates into particles while the porous template confines the gold droplets spatially.
Therefore, a certain dependence of the catalyst size distribution on the porosity of the SiO;
film is expected, which may be reflected by the morphology of the ZnO structures as well
as by their FE properties. In the first part of this chapter, the sample fabrication is explained
with a strong focus on the synthesis route for the porous SiO; template on p-doped bulk Si
as well as on free-standing SiN membranes. In the second part, the morphology and the FE

properties of the ZnO emitters are investigated for both substrate types individually.

5.1 Sample Fabrication

The fabrication process of the FE samples is based on the following four steps: First, the
substrate preparation, second, the synthesis of the porous SiO,, third, the deposition of the
thin gold film and fourth, the ZnO growth process. The key aspect of this part is the opti-
mization of the processing route for the porous SiO, template on bulk samples as well as its

modification for the application on free-standing SiN NMs.

5.1.1 Silicon Oxynitride

A subtractive preparation route based on the approach by Ghazaryan et al. was employed
for the synthesis of porous SiO; films [182]. Silicon oxynitride (SiOxNy) was deposited
with a plasma-enhanced chemical vapor deposition (PECVD) system (SI 500D from Sentech

Instruments GmbH). Subsequently, the SiNy compounds were selectively removed by wet
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etching of the SiOxNy in hot phosphoric acid (H3POy) to generate porous films composed of
the remaining SiOy. The refractive indices (RIs), which were measured with a spectroscopic
ellipsometer, were used as an indication for the composition of the as-deposited SiOxNy as
well as for estimation of the porosity of the resulting porous SiOy. For enhancement of
the porosity of the SiOy, the RI of the SiOxNy was increased as much as possible, which
corresponds to a rise of the amount of SiN, compounds that were incorporated in the as-
deposited film. In general, the porosity of the SiOx was determined by the initial composition
of the SiOxNy film as well as by the etch duration in the H3PO4.

As the first step, the PECVD processes for SiOx and SiNy were investigated by modifi-
cation of the precursor gas compositions as shown in Figure 5.1. A gas mixture of argon
(Ar, purity 6.0) and silane (5% SiH4 (5.0) in He (5.6)) was used with addition of oxygen
(02, 5.0) for SiOx and of ammonia (NH3) for SiNy deposition. The Rls of the layers were
monitored with variation of the O, and of the NH3 flux, respectively. The lowest RI of 1.462
for PECVD SiOy was obtained for a silane-to-oxygen ratio of 0.24 and is close to the typical
literature value for silicon oxide, namely an RI of ngio, = 1.46 [183]. For the PECVD SiNy,
a silane-to-ammonia ratio of 0.84 yields a RI of 2.03, which approaches the value for stoi-
chiometric silicon nitride of ng;,n, = 2.011 [184]. Note, a pure silan flux of 7.25 sccm was
employed for calculation of the gas flow ratios as it corresponds to the total flux of 145 sccm
for the utilized gas mixture of 5 % silane in helium. Unless otherwise stated, the measured
RI values are given for a wavelength of 632.8 nm. In the second step, ammonia was added
as precursor gas to the SiOx recipe and oxygen was included for the deposition of SiNy films.
As shown in Figure 5.2, the Rls of the SiOxNy can be tailored to bridge the gap between the
RI values of the pure SiOx and SiNy films. In summary, the RI of the as-deposited PECVD

film can be adjusted in the range of 1.46 up to 2.13 by variation of the precursor gas flows.
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Figure 5.1: RIs in dependence on (a) the oxygen flux in the PECVD SiOy recipe and on
(b) the ammonia flux in the PECVD SiNy recipe. The RI decreases for both film types with
increasing amount of oxygen and ammonia, respectively. Rls close to the literature values are
obtained for the gas flows that are marked by the vertical dashed lines, namely X = 30 sccm
for SiOx and ¥ = 8.6 sccm for SiNy. (¢) The respective deposition recipes are given in the
table.
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Figure 5.2: (a) The variation of the RI with the SiOy recipe as starting point was investigated.
As shown in the top graph, the RI decreases with increasing oxygen flux while the ammonia
flux is held constant at 30 sccm. It indicates that the amount of SiOx compounds in the SiOxNy
film is enhanced by rise of the oxygen flow, which is illustrated by the color gradient. In the
bottom graph, the contrary behavior is observed for increase of the ammonia flux combined
with a constant oxygen flow of 30 sccm. Thus, the rise of the RI with NH3 flow indicates
an increased incorporation of SiNy compounds. (b) For the SiNy recipe as starting point, a
fixed silane-to-ammonia ratio of 0.84 was chosen. By rise of the oxygen flux to 12 sccm, the
RI nearly approaches the lowest value obtained for the pure SiOx recipe.

For the subsequent selective removal of the SiNy components from the SiOxNy films,
the samples were etched in extra pure, 85 % ortho-phosphoric acid (Carl Roth GmbH + Co.
KGQ). Typically, silicon nitride is etched in boiling phosphoric acid to obtain reasonable etch
rates [185]. A temperature of 158 °C is stated as boiling point by the supplier. Therefore, a
reflux condenser was used to maintain the concentration of the aqueous etchant and to reduce
fluctuations of the etch rate as suggested in literature [185]. The sample was mechanically
clamped in a PTFE holder and kept above the solution during heating in the etch setup that is
shown in Figure 5.3 (a). The sample was lowered into the boiling etch bath without the need
to open up the glass flask again, which prevents the removal of water vapor from the system.
For etch rate determination, SiNy films deposited according to the optimized conditions were
used (see Figure 5.1 (b)). A mean etch rate of (9.0 + 0.5) nm/min was determined from three
SiNy coated samples. As shown in Figure 5.3 (b), the etch rate for SiOy is in general one
order of magnitude lower than for SiNy and decreases further with increasing oxygen flux.
The SiOx recipe with 30 sccm oxygen yielded the RI that was closest to the literature value
for silicon oxide and showed the strongest resistance in boiling H3PO4. Thus, the silicon
oxide is from here on referred to as SiO, when it was deposited with the optimized parameter

set, which is given in Figure 5.1 (a). Comparable etch rates in boiling, refluxed 85 % H3PO4
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SiOy in boiling H3POy
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Figure 5.3: (a) H3POy4 etch setup consisting of (i) a reflux condenser, (ii) a thermometer,
(iii) a three-necked round-bottom flask, (iv) the sample holder and (v) a heating mantle. (b)
The etch rate for SiOy in boiling H3PO4 decreases with increasing oxygen flux. (¢) With the
Si0; recipe (constant oxygen flux of 30 sccm) as starting point, the ammonia flux was varied
between 15 sccm and 30 scem. The Rls of the as-deposited SiOxNy (plotted in black) and of
the remaining porSiO; after H3POy etching (red) are presented. The Rls for the SiOxNy vary
only in a narrow range around (1.473 4 0.002). However, the values for the porSiO, films
show a strong decrease from 1.44 down to 1.20 with rising ammonia flux. (d) Top and (e)
side view SEM images of the porSiO; layer (nporsio, = 1.206) that was synthesized with the
optimized recipe, namely with a O:NHj3 ratio of 30 sccm:30 sccm. The SEM images were
taken with the Supra 55 by Zeiss.

can be found in literature, namely about 7 nm/min for silicon nitride and less than 1 nm/min
for silicon oxide [185].

Based on the approach stated above, SiOxNy layers with large RI—as it was achieved for
the SiNy recipes presented in Figure 5.2 (b)—would principally be used to obtain silicon
oxide films with high porosity. However, only the SiO; based films showed to be resistant
enough in boiling H3PO4. Therefore, the SiOxNy was deposited with 30 scem oxygen flux
and the additional ammonia flux was varied between 15 sccm and 30 sccm. As shown in
Figure 5.3 (c), the RI of the as-deposited film of about 1.47 was reduced by 30 min etching
in boiling H3PO,4 from 1.44 down to 1.20 with increasing ammonia flux. The lowest RI
of approximately 1.20 was achieved for a precursor combination of 30 sccm ammonia and
30 sccm oxygen, which is referred to as the optimized PECVD recipe for the synthesis of
porous silicon oxide and will be abbreviated by porSiO; in the following. SEM images of
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the optimized porous layer are presented in Figure 5.3 (d) and (e). From the change of the
RI from 1.47 (as-deposited) to 1.20 (after wet etching), an apparent porosity of 57 % can be
calculated using the formula given in the publication by Yang et al. [186]:

2 2 2 2
(nporSi02 - nSiOXNy) ' (nair + 2nSiOxNy)

Porosity = 100- > S ; ;
<np0rSi02 + 2nSiOXNy> ' <”air - nSiOxNy)

[%]. (5.1)

The RI of air ny;r = 1 as well as of nsio, N, and of nporsio,, which are the Rls of the as-deposited
film and of the porous layer after H3POy4 etching, respectively, are considered in the equation.
For comparison, Ghazaryan et al. determined a porosity of about 55 % for porous silicon
oxide that has a RI of approximately 1.2, which is comparable to our result [182]. Further
reduction of the RI could not be achieved in the present study. Typically, a strong decrease
of the film thickness to less than 10 nm accompanied by an increase of the layer’s RI above
the initial value of the as-deposited SiOxNy were noted for an extended etch duration. These
observations may be associated with the collapse of the porous structure.

In conclusion, the Si0;, based PECVD recipe with an oxygen and ammonia flux of 30 sccm
for both gases was used for the synthesis of field emitter samples because the remaining
porSiO, exhibited the strongest RI reduction and thus, the largest apparent porosity.

5.1.2 Porous SiO; - Bulk Silicon

For fabrication of the field emitter samples, the SiOxNy was deposited selectively only in the
center of the sample to limit the growth area for the ZnO emitters and to provide electrical
contact through the metallized PTFE spacer directly to the p-doped Si substrate according to
the FE assembly described in section 3.2.2. Initially, a 300 nm thermal silicon oxide layer
was removed from the p-doped Si wafer by wet etching in buffered hydrofluoric acid (BOE
7:1 from MicroChemicals GmbH) with an etch rate of about 90 nm/min. Afterwards, the
p-doped Si wafer was stored in a desiccator, however, the formation of a thin layer of native
oxide may not have been prevented, since the sample was exposed to ambient conditions
during the further processing steps. The resistivity of the about 525 um thick, p-doped Si
wafer was determined to be 0.005 Q-cm using a four-point probe station in van der Pauw
geometry [124]. The Si samples were cut into pieces of 5x7 mm?, were cleaned in acetone,
in isopropanol, and finally, were dried with gaseous nitrogen. Subsequently, the substrate
was masked with photoresist to define the deposition area for the PECVD film. Detailed
description of the processing steps are given in section 4.1.1. Here, a 3x3 mm? area in the
center of the p-doped Si substrate was exposed by the photoresist mask for the deposition of
SiOxNy by PECVD. The optimized deposition parameters from the last section (30 sccm O,
30 sccm NH3) were applied for a PECVD process duration of 4 min. A mean film thickness
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of (91 4+ 2) nm and a mean RI of 1.468 4+ 0.005 were determined from sixteen separate, as-
deposited SiOxNy films. The small standard deviations indicate the high reproducibility and
uniformity of the PECVD process. The photoresist mask was removed by ultrasonication for
10 min in the remover substance AR 300-70 (from Allresist GmbH), followed by cleaning of
the sample in acetone, then in isopropanol, and finally it was dried with gaseous nitrogen.
In the next step, the selective etching of the SiOxNy was carried out in the etch setup
presented in Figure 5.3 (a). After a heating time of 30 min for 100 ml of the H3POy4 in the
round-bottom flask, the sample was carefully lowered into the boiling substance. After the
etch duration has passed, the sample was immediately transferred to DI water for termination
of the chemical reaction, followed by rinsing the probe in ethanol and drying it with nitrogen.

The synthesis route for FE samples on bulk substrates is summarized in Figure 5.4.

For the herein used sample configuration, namely the 3x3 mm?, 91 nm thick film of SiOxNy
in the center of a p-doped Si piece, the etch time had to be reduced to avoid complete removal
or collapse of the porSiO;. In the last section, the PECVD films were deposited without mask-
ing parts of the sample. Thus, the edges of the silicon substrates were presumably covered
by the CVD process to some extend. However, on the p-doped Si, the faces on the side of

the dielectric film were exposed and may have provided additional surface area for chemical

Photoresist mask SiO,N,
PECVD H5PO,4

—

@) . p-doped Si (ii)\ (iii)\

l Au sputtern

Dewetting of

Zn(acac), Au film

(iv)

Figure 5.4: Illustration of the synthesis route for the ZnO emitter array using the porous SiO;.
After definition of a 3x3 mm? area in the center of the p-doped Si substrate with a photoresist
mask (i), the SiOxNy is deposited by PECVD, followed by removal of the polymeric mask
(ii). Subsequently, the SiNy compounds are removed from the dielectric film resulting in a
porous SiO; layer (iii). After sputter deposition of a thin gold film on the porSiO; coated
area, catalyst particle formation during the heating ramp of the ZnO growth process is guided
by the underlying porous template (iv), which subsequently allows for the catalyst-assisted
formation of ZnO NWs (v).
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Figure 5.5: (a) The RI (plotted in black) as well as the apparent porosity according to equa-
tion 5.1 (blue) are plotted in dependence on the etch time in boiling H3PO4. (b) The thickness
of the remaining porSiO; is shown in dependence on the etch time in boiling H3PO,4. The er-
ror bars display the standard deviations from the mean values obtained from several samples
that were etched for the same duration.

reaction and for diffusion of the etchant into the SiOxNy film. This sample configuration
seemed to accelerate the removal of the SiNy compounds and thereby, led to a faster collapse
of the remaining SiO, layer.

Figure 5.5 presents the reduced RlIs and corresponding apparent porosity values as well as
the film thicknesses after etching in boiling H3PO4 for an etch duration between 18 min and
22 min. The RI of the porSiO, varies between 1.26 and 1.30, but does not show a distinct
dependence on the investigated etch times. The apparent porosity varies in a range from 45 %
to 36 % from low to high RI. Further, a linear fit to the mean values given in Figure 5.5 (b)
revealed that the thickness of the porSiO; decreases with a rate of (3.1 £ 0.2) nm/min. Note,
etching longer than 22 min results in a large reduction of film thickness as well as in an
increase of the RI, which suggests the collapse of the remaining film.

In summary, the RI and the corresponding apparent porosity vary in a narrow range around
their mean values of 1.28 + 0.02 and of (41 + 4) %, respectively. Therefore, all porSiO,
layers that were etched for a duration of (20 &+ 2) min were used for the subsequent synthesis

of field emitter samples.

5.1.3 Porous SiO; - Silicon Nitride Membranes

The yield of intact NMs was strongly decreased when the processing route for porSiO, on
bulk substrates was applied. Typically, the etching process in boiling phosphoric acid was too
harsh for the thin membranes or the sudden temperature and ambient condition changes led
to destruction of the free-standing thin films when transferred either into the boiling H3PO,4
or into the DI water for termination of the chemical reaction. Therefore, adjustments of the

synthesis route of the porSiO, were inevitable for the process transfer to NMs. Note, only
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free-standing 3x3 mm? SiN membranes were employed as substrates.

First, the deposition of an additional layer of approximately 60 nm SiO, was necessary
before deposition of the 84 nm thick SiOxNy film, to increase the stability of the freely sus-
pended LPCVD SiN for the subsequent wet etching. The optimized PECVD processes for
the SiO; (see Figure 5.1 (a)) and for the SiOxNy from section 5.1.1 were applied successively
for 4 min each. Here, the dielectric films were deposited on the entire surface of the substrate
without prior masking, since the insulating SiN can obviously not be used as electrical con-
tact for the FE measurements. However, the overlap of the metallized PTFE spacer with the
thin ZnO film in the transition region from the ZnO FEA to the substrate (see section 4.1.3,
Figure 4.6) provided sufficient electrical contact for the subsequent FE measurements.

Second, the etch setup required modification. The round glass flask in a heating mantle
was replaced by a beaker on a hot plate as illustrated in Figure 5.6. The substrate was sit-
ting on a PTFE holder to avoid stress by mechanical clamping and the heads of four PEEK
screws, which were assembled on the edges of the rectangular PTFE holder, provided a dis-
tance from the beaker’s bottom, which was in direct contact with the hot plate. A glass plate
was loosely assembled on the beaker to prevent concentration changes by water evaporation
during the etching. The sample was heated within the etch substance to avoid sudden tem-
perature changes.

Experimentally, an etch duration of 90 min was determined because the RI of the porSiO,
could repeatedly be reduced below a value of 1.3. The etch time had to be increased compared
to the process for bulk substrates in boiling H3PO,, since the temperature of the hot plate
was intentionally set below the boiling point of the 85 % H3PO4 (158 °C, given by supplier).
Moreover, the exact temperature of the etchant is not monitored during the process and thus,
the actual temperature of the H3PO4 may even be lower than the set temperature of the hot
plate. Note, for termination of the etch process, DI water was heated for 2 min on the hot
plate (150 °C set temperature) before the sample was transferred from the etchant to the DI
water, to avoid sudden temperature changes. For removal of the etch solution, the sample was
gently rinsed in the heated DI water for about 2 min, followed by soaking it in a beaker with

methanol for the same duration. To accelerate the drying process and especially, to impede

Figure 5.6: The etch setup for porSiO; on SIN  Glass plate
NMs consisted of a beaker placed in the center
of a hot plate that was filled with 30 ml H3POy. -

The beaker was covered by a glass plate during ',,-j;;;l{(er ﬁlledl ; PEEK ;Ei-éwg
the etching and the etch process was initiated by | with H,PO, PTFE sample ‘
setting the cold hot plate to 150 °C. The samples \\\ Hot plate  holder

were etched for 90 min in the solution before the
chemical reaction was terminated in heated DI
water.
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gathering of liquid on the flexible membrane, the sample was held in a tilted manner above
the hot plate, which was still set to 150 °C.

Since it was not possible to determine the layer thickness and RI from the free-standing
NM itself because no adequate fitting model was found for the ellipsometer measurement,
the etch rates for SiO;, for porSiO, and for LPCVD SiN were determined separately on bulk
substrates. The results are summarized in Figure 5.7. For the etch duration of 90 min, a
mean RI of 1.29 was obtained for the porSiO, accompanied by a film thickness reduction
of about 21 %. For the pure SiO,, the film thickness was reduced by about 8 %. However,
the SiO, was not exposed to the etchant in the final configuration as it was located between
the SiOxNy film and the LPCVD SiN membrane and was most likely not attacked by the
etchant. The thickness of the 100 nm LPCVD SiN decreased to about 38 nm for the 90 min
etch time. As expected, the Rls of the SiO; and of the LPCVD SiN were not considerably
changed by the wet etching. Note, the etch solution has access to the membrane’s backside
through the hole in the holder and can reduce the thickness of the SiN film further to achieve
ultra-thin membranes. The total thickness of the remaining free-standing layer system of
porSi0,/Si0O,/LPCVD SiN was estimated to be about 162 nm.

After 90 min in hot H,PO Etch rate LPCVD SiN in hot H,PO
(a) er 90 min in hot H;PO, (b) % c ra e? ‘ ll in 0. 3P0,
Si0, B0 n
A (0.65 + 0.04) nm/min |
v 50t 1
Si =
S 40l
|
At An = 30} il
SiO,N, (PECVD) 21 % 0.189 20 | o
Si0, (PECVD) 8 % . 10 . ‘ ; : :
; - 20 40 60 80 100 120
SING.PCVE) & Etch time [min]

Figure 5.7: (a) In the illustration on the top, the layer system of porSiO,/SiO,/LPCVD SiN is
arranged from top to bottom. The mean RI of the porous layer was determined to be 1.29 from
two separate samples, which corresponds to an apparent porosity of about 39 % according to
equation 5.1. The thickness and RI reductions were determined separately by etching of the
as-deposited dielectric films for 90 min in H3POy4 on a hot plate that was set to 150 °C. The
results are listed in the table on the bottom. (b) Even so no reflux condenser was used and
the samples were heated within the etchant, the etch rate for LPCVD SiN reveals a linear
dependence on the etch time with a slope of 0.65 nm/min.
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5.1.4 Catalyst-Assisted ZnO Growth on Porous SiO,

The gold film was deposited with a sputter coater (K550X from Emitech) for the minimum
possible sputter time of about 22 s—obtained by adjusting the turning knob for the deposition
time to zero—and with a current of 20 mA. For these parameters, a gold film thickness of
(8.2 £ 0.4)nm was measured on silicon for two separate sputter processes using a spectro-
scopic ellipsometer. Figure 5.8 shows the gold particle distribution on the porSiO; template
after dewetting of the gold film at the ZnO growth temperature of 580 °C. The mean particle
diameter of (37 4+ 10) nm, which was derived from the SEM image in Figure 5.8 (a) using
Imagel [157], has half the size of the mean diameter that was found for the sputter shadow
mask approach ((80 £ 33) nm, section A.3.2). Note, an apparent gold film thickness of about
5.9 nm was measured for the deposition through the sputter shadow mask (see section 4.1.2).
However, the mean gold particle diameter is smaller for the dewetting on the porSiO,, which
is contrary to the general assumption that a thinner film causes the formation of smaller par-
ticles at the same dewetting temperature [146]. This observation indicates that the porous
surface leads to a certain size confinement of the gold particles during agglomeration. In
general, it was observed elsewhere, that the mean particle diameter decreases for the same
gold film thickness when a pre-patterned substrate is used instead of a flat surface [187, 188].
Besides the capillary forces that drive the surface energy minimization process for dewet-
ting, a textured substrate can add another force that facilitates the particle agglomeration. A
decrease of the mean gold particle diameter by 43—61 % was reported compared to a flat sub-
strate, which is in good agreement with the herein found mean particle diameter reduction of
54 % on porSiO, [187, 188].

The sputter coated substrate was subsequently used for ZnO growth according to the stan-
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Figure 5.8: (a) Top view of the gold particle distribution on porSiO, after dewetting of the
thin gold film at 580 °C, which corresponds to the ZnO growth temperature. (b) A mean
particle diameter of (37 + 10) nm was determined for the densely packed gold dot distribution.
(c) The cross section through the substrate indicates the location of the gold droplets on the
porSiO, template. The gold particles seem to be sitting rather on top of the porSiO, layer
than in the pores. The SEM image for (a) was taken without tilting of the stage and the cross
section for (c) was obtained by FIB milling (30kV, 50 pA) and imaged under a specimen tilt
angle of 54 °, both with the Crossbeam 550 by Zeiss.
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porous Si0,

Au layer

Figure 5.9: (a) The top view of the ZnO NW array grown on a porSiO; template (p-doped Si
substrate) is shown. Large, randomly oriented ZnO NWs are observed across the area defined
by the porSiO,. (b) Only a few large ZnO NWs are noted on the p-doped Si substrate that
was etched in boiling H3PO4 but has no porSiO; layer. (¢) ZnO structures grown on porSiO;
on top of a gold coated substrate are shown. The initially square dielectric layer was partially
removed during the wet etching in H3PO4, leading to formation of an inhomogeneous macro-
scopic emission area. The SEM images were taken with the Supra 55 by Zeiss. The SEM
image in (b) was taken by Carina Hedrich (supervised hourly student).

dard growth process described in section 4.1.3. First, the ZnO growth was tested on a plain
p-doped Si substrate (without porSiO;) that was etched in boiling phosphoric acid, to inves-
tigate if the porSiO; has a distinct influence on the formation of the ZnO structures. As
expected, comparison of the SEM images (a) and (b) in Figure 5.9 shows that the porSiO,
template clearly enhanced the formation of large ZnO NWs in contrast to the plain p-doped
Si substrate. Second, besides p-doped Si, other substrate types were tested, namely, Si coated
with a 50 nm thick gold layer as well as n-doped Si. However, the adhesion of the SiOxNy
film on gold was poor, which led to the partial removal of the porSiO; film during the selec-
tive wet etching in H3POy, as shown in Figure 5.9 (¢). The adhesion of the dielectric film was
not an issue on n-doped Si, yet, the color of this substrate was strongly modified by the wet
etching step, which possibly indicates a chemical reaction that changed its surface properties.
Such modifications were not observed for the p-doped Si substrate and it provided sufficient
adhesion for the dielectric layer to survive the wet etching. In addition, the resistivity of the

p-doped Si substrate remained at about 0.005 Q-cm after etching in boiling phosphoric acid.

5.2 Substrate Type A - Bulk Silicon

Herein, the bulk p-doped Si substrate with porSiO; was used as base for fabrication of the
ZnO FEAs. The morphology of the NWs was investigated for the standard ZnO growth
process (see section 4.1.3). Moreover, the FE properties of eleven samples were studied to

examine the reproducibility of the utilized synthesis route for the ZnO emitters.
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5.2.1 Morphology

After sputter coating of a thin gold film ((8.2 4= 0.4) nm for the minimum deposition time),
the ZnO growth was carried out while the exposed p-doped Si around the dielectric film was
covered with a 6x10 mm? SiN/Si hard mask with a window in the center (up to 4 mm?) that
exposed the gold coated porSiO;. One quarter of the FEA grown on the porSiO; is shown
in Figure 5.10 (b). The intended decrease of large ZnO structures towards the edges of the
growth area avoids the physical contact of large ZnO NWs with the metallized PTFE sheet
as described in Figure 4.7 in section 4.1.3.

An array of randomly ordered ZnO wires was grown on the gold coated porSiO;. Three
groups of ZnO structures were identified as shown by the illustration in Figure 5.10 (a) and
by the respective SEM images i to iii. First, large, well separated and highly tilted ZnO wires
were observed that stand out from the surrounding structures because of their length (Fig-
ure 5.10 1). Second, considerably shorter ZnO needles were distributed across the substrate
(Figure 5.10 1i) and third, a layer on the bulk Si substrate was found that is composed of
densely packed ZnO crystallites and of the porSiO, template (Figure 5.10 iii). The mean

dimensions of the ZnO NWs were extracted from several SEM images using ImagelJ [157]

50'0 nm

Figure 5.10: (a) The illustration shows the three types of ZnO structures grown on the
porSiO,, namely, large wires protruding from their surrounding structures (i), shorter ZnO
needles occurring with a higher density (ii) and the ZnO crystallites on the porous SiO; (iii).
The corresponding SEM images are shown in the bottom row. The SEM images were taken
under a tilt angle of 54 ° and the cross section was obtained by FIB milling (30 kV, 50 pA),
both with the Crossbeam 550 by Zeiss. (b) The microscopy image presents the distribution
of large NWs, which are visible as white, wire-like structures, on a quarter of the porSiO, on
the p-doped Si substrate (dark background).
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according to the description given in section A.3.1 and are summarized in Table 5.1. Note,
only large NWs (Figure 5.10 i) were used for the dimension analysis because they are ex-
pected to dominate the FE process [29]. An aspect ratio—namely the ratio of NW length to
tip diameter—of 446 was found for the examined sample and wires are tilted from a mean
angle of 88 ° by about 39 % in various directions. The thickness of the mixture of porSiO,
and ZnO crystallite film was determined to be about (868 + 212) nm by measuring at nine
different locations using the cross section image shown in Figure 5.10 iii. The thickness of
the porSiO, was determined to be about 48 nm by ellipsometry prior to the ZnO growth pro-
cess. For the apex shapes of the large NWs, the four variations shown in Figure 5.11 were
predominantly observed. Tapered structures with a narrow tip (first image on the left) as well
as apexes having a pyramidal shape with a base larger than the wire’s diameter (first image
on the right) were visible. Moreover, secondary wires were noted that grew perpendicular to
the orientation of the NW and a tip inclination of 69 © with a considerable variation of about

67 % was found among the investigated wires.

ZnO NWs on porSiO; + p-doped Si

Length (k) [um] 49 + 19
Diameter (2rpase) [Lm] 1.7+ 0.7
Tilt angle [°] 88 4+ 34
Tip diameter (2rapex) [pm] 0.110 & 0.039
Tip inclination (Bapex) [°] 69 + 46
Aspect ratio (h/(2rapex)) 446 + 331
Density [NWs/mm?] 3390 + 325

Table 5.1: Summary of the dimensions found for ZnO NWs grown on porSiO, on p-doped
Si. The dimensions were determined according to the description in section A.3.1 from 20
separate large NWs observed under a specimen tilt angle of 54 °. The density of wires having
a length above 10 um was determined from five separate SEM images that were taken with
a constant magnification of 10* at different locations of the NW array.

Figure 5.11: The shown apex shapes were repeatedly observed among the NWs of the FEA.
Strong variations of the tip width as well as of the tip inclination angle were apparent for
the investigated sample. The SEM images were taken under a tilt angle of 54 °© with the
Crossbeam 550 by Zeiss.
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Compared to the ZnO NWs grown with the help of the sputter shadow mask on NMs from
Siand from SiN (see section 4.2.1 and 4.3.1), the mean NW length is similar to the ZnO wires
grown on the porSiO; template. However, the mean tip diameter is reduced for NWs formed
on the porSiO; and therefore, the overall aspect ratio of 446 is larger compared to the values
found for Si and SiN membranes in chapter 4, namely 310 (Table 4.2) and 333 (Table 4.6),
respectively. In addition, relatively large NW tilt angles as well as substantial tip inclinations
were noted for the growth on the porSiO>. The determined NW density of 3390 NWs/mm?
for structures larger than 10 um is significantly lower than the values derived for the FEAs
in chapter 4, namely 5963 NWs/mm? on Si NMs and 4810 NWs/mm? on SiN NMs.

Based on the observed similarities for the morphology of the ZnO structures deposited
with the help of the porSiO, and of the sputter shadow mask, a similar mixture of growth
mechanisms is expected for the herein studied samples. A catalyst-assisted growth mecha-
nism is indicated by the considerably larger NW dimensions in comparison to the size of the
nanowhiskers that were grown by the catalyst-free MOCVD process, which are shown in Fig-
ure 4.1. For further analysis of the growth process, the positions of the gold dots after ZnO
growth were investigated by SEM and EDX. Firstly, gold droplets were observed on the tips
of shorter wires as well as distributed on the ZnO crystallite layer as shown in Figure 5.12,
which serve as evidence for a VLS driven growth mechanism. However, it was not possible
to identify gold droplets at the tips of large NWs. On the one hand, the absence of the gold at

the NW apex may be caused by vaporization of the catalyst particle or its incorporation in the

Element Atomic % Error %
ZnL 55.16 3.67
OK 36.31 7.62
AuM 7.82 4.36

Element Atomic % Error %
ZnL 48.98 2.92
OK 43.73 6.18

Figure 5.12: Bright droplets were observed on short ZnO structures, which were identified as
gold (Au) dots with the point analysis function of the EDX software. An enhanced amount of
gold was detected at the position of the bright dot that sits on the ZnO crystallite and is marked
by (a). The mean gold dot diameter has almost doubled after NW growth ((62 4= 20) nm) com-
pared to the particle diameter after dewetting without subsequent ZnO growth ((37 & 10) nm,
Figure 5.8), which possibly indicates incorporation or nucleation of precursor materials and
correlates with the detection of zinc and oxygen at location (a). In contrast, no gold was de-
tected at the encircled region (b) at the middle of a ZnO structure. The zinc to oxygen ratio
at the NW corpus revealed a 1:1 stoichiometry. The SEM image and the EDX spectra (8 kV,
4.7nA) were taken with the Crossbeam 550 by Zeiss.
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Figure 5.13: The cross section through the substrate (SEM image on the left side) was in-
vestigated using the mapping function of the EDX software (right side). Some bright dots—
similar to the ones observed on the ZnO crystallites—are visible in the cross section (locations
highlighted by black arrows). Gold (displayed in orange) was detected at the root of the ZnO
structures as well as at the locations of the bright particles. The SEM image and the EDX
spectrum (8 kV, 4.7 nA) were taken under a tilt angle of 54 © with the Crossbeam 550 by Zeiss.

wire during growth [158]. On the other hand, it may also be a strong evidence that the growth
of the large NWs is not safely driven by the VLS mechanism. In addition, the NW diameter
of 1.7 um is 46 times larger than the mean particle diameter after dewetting (see Figure 5.8),
which is another indication against a solely VLS driven growth mechanism [158, 159]. Sec-
ondly, gold was also detected at the root of the ZnO structures as presented in Figure 5.13,
which implies a VSS growth regime [158].

In conclusion, similar NW dimensions and shapes as well as gold dot locations were ob-
served for the ZnO NW synthesis with the standard ZnO MOCVD process by using porSiO;
compared to the sputter shadow mask approach. Therefore, it is assumed that the same mix-
ture of growth mechanisms generated the observed ZnO structures on the porSiO; as it was
discussed in more detail in section 4.2.1. However, a smaller mean tip diameter, a larger
aspect ratio and a lower NW density were observed in comparison to the ZnO NWs found in
the last chapter for the sputter shadow mask approach. The noted differences are attributed
to the effect of the porSiO, on the gold particle distribution. Furthermore, the smaller apex
diameter observed for the herein studied ZnO NWs may be related to the about 50 % smaller
gold particle diameter that was found after dewetting of the gold film on porSiO, compared

to the dot size that was generated by the sputter shadow mask technique.

5.2.2 Field Emission Measurements

This section presents the analysis of FE measurements from eleven individual samples with
ZnO NWs that were grown on p-doped Si utilizing the porSiO, template. The FE measure-
ments were carried out according to the instructions given in section 3.4 and with the specific
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characterization conditions listed in Table 5.2. The FE data analysis follows the description
given in section 2.4 and was executed as explained in section 3.4.

The measurements were carried out over a long time period (2018-2020) and therefore,
not all samples were measured under the optimized conditions presented in the sections 3.2
and 3.3. Some field emitter samples were measured multiple times and different emitter-grid
distances, namely 100 um and 250 um, were used. Additionally, the macroscopic emission
area was either defined by a 1.5x1.5 mm? or by a 2x2 mm? window in the SiN/Si hard mask
that was placed on top of the substrate during the ZnO growth process. Furthermore, most of
the measurements were carried out at least 72 h after mounting the sample in vacuum to allow
for proper outgassing of the FEAs. However, the first sample of this series, namely sample
#1, was measured only 24 h after mounting in the ISO setup. This specimen was considered
in the analysis as well, because the macroscopic onset field for subsequent measurements
varies only by 3 % around the mean value. Before the FE properties of the eleven samples
are compared, the effect of modification of the FE characterization conditions is investigated
to evaluate the impact on results derived from the FE data analysis.

First, it was tested if there is a change of I-V curve shape when the sample is mounted
several times, namely not all measurements were taken from as-deposited field emitters. Fig-
ure 5.14 shows the FE behavior of a sample that was mounted two times in the ISO setup.
The macroscopic onset fields for two subsequent mountings of the same FEA vary within
their standard deviations. Thus, FE measurements from as-deposited ZnO arrays as well as
from already measured ones were assumed to be comparable. Herein, FE-initiated modifica-
tions of the emitter structures may play a minor role as all measurements were deliberately
carried out in the picoampere range to detect the onset fields that are characteristic for the

as-deposited ZnO NWs. Moreover, the measurements in Figure 5.14 indicate the high repro-

ZnO NWs on porous SiO; (p-doped Si) - Characterization conditions

d 100 pm / 250 pm
AMm 2.25mm? / 4 mm?>
PTFE height compensation 350 pm

FE measurement setup ISO setup
Step voltage 5 V/step

Table 5.2: Summary of the characterization conditions used for /-V curve acquisition for the
emitters grown on the porSiO, on bulk substrates. The emitter-grid distance d was defined
by the thickness of the PTFE foil separating the two electrodes and the macroscopic emission
area Ay was determined by the window in the SiN/Si hard mask that was used during the
ZnO growth process. All measurements were carried out using the current amplifier in the
ISO setup.
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Figure 5.14: [-V curves from a sample that was mounted in the ISO setup two times, namely
as-deposited (1st mounting, plotted in black) as well as after previous FE acquisition (2nd
mounting, plotted in red). Each /I-V curve shows the average of several subsequent FE mea-
surements for an emitter-grid spacing of 100 pm. The macroscopic onset field of sample #3
was determined to be (3.2 = 0.1) V/um for the 1st and to be (3.2 + 0.1) V/um for the 2nd
mounting.

ducibility of the mounting procedure in the optimized FE assembly.

Second, the impact of the emitter-grid distance on FE measurements was evaluated for
three different samples as shown in Figure 5.15. As presented exemplary for one sample in (a),
there is a notable variation of the onset field with modification of the spacing between emitter
and grid. As stated above, this observation can neither be attributed to the reproducibility
of the mounting in the FE assembly nor to modifications of the emitter shape caused by
strong current emission through the associated emitter self-heating, since the emission current
remains in the picoampere range. In Figure 5.15 (b), the variation of the macroscopic onset
field is plotted in dependence on the utilized spacer width for three selected samples. Note,
the extracted onset fields are normalized to the values found for d = 100 pm to emphasize the
onset field variation with respect to the altered spacing.

For all three samples, a non-linear dependence of the onset field on the emitter-grid dis-
tance was observed. Based on simulations as well as on experimental results, it was reported
elsewhere that the electric field required for FE increases when the spacing d between the
two electrodes becomes comparable to the length 4 of the field emitter [45, 189—191]. Cal-
culations of the electric field distribution revealed that the FEF decreases non-linearly with
reduction of the tip-to-counter electrode distance D = d — h, which could lead to the cor-
responding increase in onset field. However, for electrode distances much larger than the
length of the emitter, the FEF is independent of the gap width and becomes a constant that
is solely determined by the emitter’s geometry. Hence, the electric field needed to allow for
FE approaches an asymptotic value with increasing inter-electrode spacing [45, 189—191].

These reports agree well with the herein observed increase in onset field with reduction of
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Figure 5.15: (a) The same sample was measured several times with a spacing of 100 um
(plotted in black) and of 250 um (red). Note, the average of several measurements is shown
for both /-V curves. The mean macroscopic onset field decreases from (3.9 4+ 0.1) V/um
for the smaller spacing to (3.5 4+ 0.1) V/um for the larger one. (b) The mean onset fields
were extracted for three individual samples from several subsequent measurements and were
normalized to the respective value of FJ"*' that was found for a spacing of 100 pm for each
of the samples. A reduction of the onset field is noted with increasing spacing for all three
NW arrays. Compared to FE acquisitions with the 100 pm spacing, an onset field decrease of
18 % was observed for sample #1 measured with 200 um distance (blue) as well as reductions
of 11 % for #7 (green) and of 18 % for #8 (orange) were detected with an electrode separation
of 250 um.

the emitter-grid distance as displayed in Figure 5.15 (b). For the 100 um spacing and the
mean NW length of 49 um (Table 5.1), the distance D between the tips of the emitters and
the grid almost equals the mean NW length, which correlates with the noted rise in onset
field. Furthermore, the onset field is reduced by up to 18 % when the emitter-grid spacing is
increased from 100 pm to 250 um. Thus, an increase of the derived macroscopic onset field
as well as a certain decrease of the FEF have to be considered when a sample was measured
with an electrode distance smaller than 250 um. Most of the samples were examined with the
larger distance but the few exceptions are highlighted in the further analysis.

The measurements in chapter 4 were mostly performed with an electrode distance of 250 um.
The lengths determined for the ZnO NWs on the Si NM (58 um) and on the SiN NM (50 pm)
are comparable to the mean value found on the porSiO,. Thus, a possible impact of the grid
distance on the FEF and therefore, also on the onset field may be possible. For instance, a de-
crease of the mean onset field by about 10 % was observed for the increase of the emitter-grid
distance from 250 um to 300 pm in section 4.2.2 (Figure 4.13). Further experiments in the
future are suggested to determine the electrode separation that is needed in our measurement
configuration to find the constant value of the onset field and thus, to obtain the effective FEF

that is solely determined by the emitter dimensions.
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Figure 5.16: The FN equation 2.9 was used to plot the theoretical /-V curves for ZnO field
emitters with a macroscopic emission area of 2.25 mm? (blue) and of 4 mm? (red). Further,
a work function value of 5.3 eV for ZnO [46], a theoretical FEF of 600 and an emitter-grid
spacing of 250 um were applied.

Third, the macroscopic emission area was varied because SiN/Si hard masks with two dif-
ferent window sizes were used to limit the growth area of the NW arrays to the centers of the
p-doped Si substrates. Figure 5.16 shows the theoretical curves according to the FN equa-
tion 2.9 for FE from ZnO field emitters for the two different macroscopic emission areas,
namely 2.25 mm? (plotted in blue) and 4 mm? (red). It becomes obvious from the theoreti-
cal plot that almost doubling of the emission area causes no significant variation of the -V
curve. For instance, the FE current reaches 1 pA at a macroscopic electric field of 3.28 V/um
for 2.25 mm? and at Fy; = 3.25 V/um for 4 mm?. The variation of around 1 % that is theoret-
ically caused by the modification of the emission area is smaller than most of the standard
deviations for subsequent experimentally obtained /-V curves. Therefore, the samples with

different macroscopic emission areas were assumed to be comparable in the further analysis.

Figure 5.17 presents a summary of the mean macroscopic onset fields that were derived
from several subsequent measurements from each of the eleven samples. The onset fields
vary between 1.4 V/pum for sample #11 up to 7.9 V/um for #6. The error bars show the rela-
tively low variability for subsequent measurements from the same FE sample. The standard
deviations vary only from 1.3 % for sample #3 up to 25 % for #2. It was concluded from the
previous analysis of the three characterization conditions that as-deposited and previously
measured samples as well as FE cathodes with the herein used emission areas (2.25 mm? and
4 mm?) are comparable. However, the two FEAs examined with 100 pm (marked in blue)
would have onset fields that are reduced by up to 18 % when measured with the larger gap
distance. For sample #1 and #3, reduced onset fields of 2.4 V/um and of 2.6 V/um would pre-

sumably occur with a wider emitter-grid spacing, respectively, which are indicated by hollow
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Figure 5.17: Summary of the mean macroscopic onset fields that were extracted for each
of the eleven samples from subsequent FE measurements with the error bars showing the
standard deviations from the mean values. The samples that were examined with an emitter-
grid distance of 250 pm are displayed in black and the ones measured with 100 um are plotted
in blue. The hollow circles indicate the theoretical onset fields when the samples would have
been measured with the 250 um emitter-grid distance.

circles in the graph. About 64 % of the samples (excluding #5, #6, #8, #11) have an onset
field of (3.0 + 0.4) V/um, which indicates a good reproducibility of the herein investigated
synthesis approach for ZnO NWs. By consideration of all eleven samples, a mean onset field
of (3.8 £ 1.9) V/um was derived. Note, the corrected values (hollow circles) from sample #1

and #3 were considered for calculation of the mean values.

5.3 Substrate Type B - Silicon Nitride Membranes

5.3.1 Morphology

The morphology of the ZnO structures grown on the porSiO, layer on top of a 3x3 mm?
SiN membrane was not investigated in depth, as the formation of ZnO wires was already
studied for the porSiO; approach for the growth on bulk substrates (section 5.2.1). For NW
growth, a SiN/Si hard mask was used to avoid NW formation at the rim of the sample as
discussed in section 4.1.3. Figure 5.18 shows an overview image of the NW array as well as
the cross section through the membrane substrate. An array of large, randomly distributed and
highly tilted ZnO wires was observed. Additionally, smaller needles populated the substrate’s
surface that appeared with a higher density than the large NWs. A cross section through the
NM revealed the layer of ZnO crystallites directly grown on the substrate. The same mixture
of growth mechanisms is expected for the herein studied ZnO structures, as it was discussed
for the ZnO NWs investigated in the previous chapter in section 4.2.1 as well as in the present

chapter in section 5.2.1, since a similar ZnO morphology was observed.
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Figure 5.18: (a) Overview of the ZnO NW array grown on the SiN NM with the porSiO,
template. (b) A cross section through the free-standing substrate is shown that consists of a
stack of porSiO; on SiO; on top of a LPCVD SiN NM. The total thickness of the membrane
is about 162 nm (see section 5.1.3) and is therefore much thinner than the layer of ZnO crys-
tallites grown on top of the NM. The SEM images were taken under a tilt angle of 54 © and
the cross section was generated by FIB milling (30 kV, 50 pA), both with the Crossbeam 550
by Zeiss.

5.3.2 Field Emission Measurements

The I-V curves from three samples with ZnO emitters grown on porSiO, on 3x3 mm? SiN
membranes were measured according to the description given in chapter 3.4 with the specific
characterization conditions listed in Table 5.3. For comparison, one sample was synthesized
on porSiO, with bulk Si as substrate. The data analysis was executed following the explana-
tion given in the sections 2.4 and 3.4.

The onset fields for all four samples vary within their standard deviations as shown in Fig-
ure 5.19 (a). Note, NM substrate #1 is the only sample that was measured in the ISO setup, yet,
it shows a similar onset field compared to the other FE probes and emphasizes the mounting

reproducibility for the optimized FE setup configuration, which is presented in chapter 3. Fur-

ZnO NWs on porous SiO; (SiN NM) - Characterization conditions

d 250 pm
AMm 16 mm?
PTFE height compensation 250 um
FE measurement setup CF setup and ISO setup

Table 5.3: Summary of the characterization conditions used for /-V curve acquisition for the
emitters grown on SiN NMs with the porSiO, template. The macroscopic emission area Ay
was determined by the 4x4 mm? opening in the PTFE spacer. One membrane sample was
measured in the ISO setup with the current amplifier (NM #1) and the other three samples
(NM #2, NM #3, bulk) were examined in the CF setup (with a picoammeter) after its con-
struction because it provides a lower base pressure.

129



thermore, the onset fields of all four samples vary less than 10 %, which prove reproducibility
of the adjusted synthesis route for the porSiO, template on NM substrates (see section 5.1.3).
The more gentle processing conditions seem to increase the repeatability of the synthesis in
contrast to the harsh environment that is provided by the boiling phosphoric acid for bulk sub-
strates (see section 5.1.2). In Figure 5.19 (b), the onset field as well as the effective FEF are
plotted for each sample. The herein obtained mean onset field of (1.6 4= 0.1) V/um is smaller
than found for the porSiO; on p-doped bulk Si ((3.8 £ 1.9) V/um, Figure 5.17) and is also
smaller than the onset field derived for the ZnO emitters grown on the 3x3 mm? SiN mem-
brane with the help of the sputter shadow mask, namely (2.0 + 0.1) V/um (see section 4.3.2).
Note, the macroscopic emission area is increased up to 7 times compared to the porSiO, on
p-doped Si studied in the last section (from 2.25 mm? to 16 mm?). However, the theoretical
FE curves plotted with the FN equation 2.9 indicate that the increase in emission area reduces
the macroscopic electric field required for an FE current of 1 pA by only 4 % (for Y.¢ = 600,
0zn0 =5.3¢eV,d =250 pm). Thus, the reduction of onset field for the herein investigated sam-
ples is not explained by the increase of the emission area. In the future, a closer examination
of the detailed NW morphology is suggested to determine possible reasons for the strongly
reduced onset field of the ZnO emitters grown on the porSiO; membrane substrates.

The FE measurements were further analyzed using the FN as well as the MG plot to extract
the effective FEFs according to the description in section 2.4. The FEFs derived with the FN
plot vary between 2330 and 3862 as shown in Figure 5.19 (b). For comparison of the bulk
with the NM substrates, the results were separately displayed in Table 5.4. Note, only the
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Figure 5.19: (a) The average I-V curves derived from several subsequent FE measurements
from each of the four samples is presented in dependence on the applied macroscopic electric
field. The ZnO emitters were grown on one bulk silicon sample (plotted in light blue), as
well as on three separate NM substrates, namely #1, #2 and #3 (plotted in purple). (b) The
mean values of the onset field (black) as well as of the effective FEF (red) are plotted for the
four samples and the error bars present the standard deviations from the mean of subsequent
measurements from each sample.
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ZnO NWs on porSiO; (SiN NMs)
- FN and MG plot results

Yett
FN plot
SiN NMs 3079 £ 25%
Si bulk 2566 + 30 %
MG plot
SiN NMs 2929 £23%
Si bulk 2454 + 29 %

Table 5.4: Summary of the results from FN (x =2) and from MG plot (x = 1.2879) for the FE
data from ZnO emitters grown on the porSiO, with SiN NMs and with Si bulk as substrates.
The effective FEFs Y.¢ for FN and MG plot were calculated with equation 2.34 and with
equation 2.50, respectively.

extracted values from linear fits with a R? value larger than 0.5 were utilized for calculation
of the effective FEFs to exclude data sets with an insufficient number of data points above
the respective onset voltage. The mean FEF for the membrane substrates is about 17 % larger
than the mean value for the bulk substrate. However, the FEFs vary within their standard de-
viations. Thus, a considerable field enhancement effect from the possible displacement of the
flexible NM caused by the applied electrostatic field, is not indicated by the effective FEFs
for the herein examined low electric field region, which is characterized by the linear trend of
the FE data in the FN plot. Similar to the FN plot analysis, the mean FEF extracted from the
MG plot is larger for the membrane substrate than for the bulk one. Yet, the mean values vary
again within their standard deviations and are only slightly smaller than the values extracted
from the FN plot. Furthermore, the orthodoxy test for the previously considered FE measure-
ments was passed, as the mean minimum and maximum scaled barrier fields (0.23 + 0.05
and 0.31 + 0.05) lay within the apparently reasonable range of 0.14-0.43 for ZnO field emit-
ters, which indicates the reliability of the effective FEFs [83].

After investigation of the reproducibility of the I-V curves, the FE measurements were
executed for NM #2 until termination by electrical breakdown to find the maximum emis-
sion current from the ZnO emitters grown on the porSiO,. The largest current of about
1.16 pA—which corresponds to a macroscopic current density of 7.25 nA/cm?>—was reached
at a macroscopic electric field of 3.38 V/um, as shown in Figure 5.20 (a). The turn-on field
that is defined by the ECD of 0.1 pA/cm?, was reached at a macroscopic electric field of
about 3.0 V/um. In an additional experiment, the electric field was held constant at 3.4 V/um
after the emission current exceeded a 1 pA threshold to test the stability of the emission cur-
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Figure 5.20: (a) The measured current (left y-axis) is shown in dependence on the applied
voltage (bottom x-axis) for the ZnO FEA grown on NM #2. The corresponding macroscopic
ECD (right y-axis) and macroscopic electric field (upper x-axis) are displayed as well, using
the conversion factors Ay = 0.16 cm? and d = 250 pm. (b) The emission current was mea-
sured at a constant applied voltage of 848V (3.392 V/um) and of 854V (3.416 V/um) for
94 min each. The mean emission current of the two successive stability tests is shown and
for clarity, the error bars display the standard deviations of every fifth data point only.

rent. As displayed in Figure 5.20 (b), the FE current showed a variation of 11 % around the
mean value of 2.8 pA over the total measurement time of 3 h. Similar to the results for the
sputter shadow mask approach (ZnO NWs on SiN NM, Figure 4.28), an increase in emis-
sion current by about 1 pA was noted within the first 10 min, which was attributed to the
resistive self-heating of the emitter. The locally elevated emitter temperature is expected to
promote the desorption of adsorbates that have previously shielded the ZnO surface from the
electric field. Consequently, the impact of the local electric field on the ZnO was enhanced

after ad-layer desorption, which possibly led to the observed increase in emission current [1].

When approaching currents in the microampere range, two distinct features were noted
(Figure 5.21 (a)), namely the transition from the linear low field region to the non-linear high
field region and the enhanced probability for electrical breakdown. The low threshold of
the trip current avoided the destruction of the emitter when an electrical discharge occurred,
but still, a modification of the I-V curve shape was observed. Figure 5.21 (a) presents the
FE measurements before electrical breakdown (2nd—8th, plotted in red) and the change of
the FE behavior after electrical discharges occurred (plotted in blue, orange and green). As
shown in Figure 5.21 (b), there is no consistent variation of the onset field observed, as shifts
to larger and also back to smaller onset values occurred. Additionally, the onset field vari-

ation is larger than the standard deviation for the 2nd—8th measurements, which suggests a
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Figure 5.21: (a) /-V curves before onset shift for the 2nd—8th measurements (plotted in red)
and after the modification through occurrence of electrical breakdowns for the 8th, 9th (blue),
10th (orange) and 11th (green) measurement. The current is shown in logarithmic scale to
emphasize the change of the emission current slope with increasing applied electric field. (b)
The onset field (shown in red) and the effective FEF (gray) are plotted for the initial measure-
ments (2nd—S8th) as well as separately for the 9th (blue), 10th (orange) and 11th (green) mea-
surement to visualize the change of the two parameters caused by the electrical discharges.

significant impact of the electrical breakdown on the cathode’s constitution. The electrical
discharge may alter the shape of the FEA locally or its electronic surface structure, since the
associated local heating can promote the desorption of ad-layers that may have shielded the
ZnO surface from the applied electric field [1]. Moreover, the variation of the FEF values
were plotted in Figure 5.21 (b). The changes of the onset field are accompanied by modifi-
cation of the effective FEF in the expected direction, namely the increase of the onset field
correlates with the reduction of the FEF. In addition, the FEF is nearly reduced by about 50 %
after the first electrical discharge. The change of the effective FEF is larger than the range
given by the error bar for the 2nd—8th measurement, which indicates a shape modification of
the ZnO N'Ws that contribute to the FE. In summary, the considerable reduction of the FEF
and the observed increase of the onset field suggest an unfavorable reshaping of the emitter

tips caused by the electrical discharges.

For the previous analysis, only the low field region was contemplated that is characterized
by its linear trend in the FN plot as emphasized by the yellow fits in Figure 5.22 (a). For
the shown measurements, a decrease of the emission current slope is noted for the transition
from low to high field region, which is highlighted by the green fits. The non-linear trend is
observed above an applied electric field of 3.1 V/um and of 3.7 V/um for the 8th (red) and for
the 9th (blue) measurement, respectively. As shown in Figure 5.22 (b) for the two subsequent
I-V curves, the transition from low to high field region starts about (1.4 4+ 0.1) V/um above

the respective onset field of each measurement at a comparable emission current of around
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Figure 5.22: (a) The shown FN plots of the 8th (red) and 9th measurement (blue) can be
divided into two pars. First, the linear current rise after onset of FE in the low field region
(yellow fit) and second, a non-linear trend of the emission current in the high field region
(green fit). Additionally, another short steep rise of the emission current is observed for the
9th measurement, which was attributed to the forthcoming electrical breakdown. (b) The
onset field for FE is given by the values for the 1st slope and the transition from low to high
field region is characterized by the macroscopic fields given for the 2nd slope.

(0.031 = 0.001) pA. The onset field shift between the 8th and 9th measurement was earlier
in this section attributed to the effect of electrical breakdown on the emitters’ geometrical
shape and consequently, on their FE properties. However, the difference between the onset
of FE (1st slope) and the transition to the high field region (2nd slope) is not affected by the
electrical breakdown. This result suggests that the same effect leads to the observed non-
linearity.

The noted decrease of emission current slope may be attributed to the saturation of elec-
tron emission from the conduction band because of the limited charge carrier generation rate
inside the semiconductor [61, 67]. For the ZnO NWs on the highly-doped Si NMs (sec-
tion 4.2.2, Figure 4.16), the emission current slope decreased in a narrow voltage range of
76V (0.0011[1/V]-0.0012 [1/V]), but increased again at higher electric fields. This obser-
vation was supposed to be caused by the contribution from the valence band to the emission
current that was enabled by energy band bending, which gradually increases with rising elec-
tric field [46, 67].

Herein, the decrease of emission current seems to be the predominant mechanism in the
high field regime. In contrast to the observations for the Si NM substrates, the reduction
of the emission current slope is noted in a wider range of 0.0009 [1/V]-0.0013[1/V] (342 V
difference) for the 8th and of 0.0006 [1/V]-0.0011[1/V] (758 V difference) for the 9th mea-
surement. The FE current behavior in the high field region is similar to the results for the ZnO
emitters on the insulating SiN NM substrates (see section 4.3.2, Figure 4.27). Therefore, a

distinct increase in emission current, as observed for the Si NM substrates in the last chapter,
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may be suppressed by the limited charge carrier supply of the herein used insulating substrate
(porSiO; on SiN NM). Additionally, vacuum space charge may have shielded the emitters’
surface from the electric field and caused the reduced emission current slope as it was also

suggested for the SIN NM substrates in the previous chapter [2, 46].

5.4 Summary and Discussion

A subtractive preparation route for porous SiO; was established and a minimum RI of 1.2
was obtained that corresponds to an apparent porosity of about 57 %. The SiO, template was
utilized to guide the catalyst particle formation by dewetting of a thin gold film. The gener-
ated particle distribution enabled the catalyst-assisted growth of ZnO NWs on bulk substrates
and after some adjustments of the synthesis procedure, also on free-standing SiN membranes.
The FE properties of the arrays of randomly distributed, several micrometer long ZnO NWs
were examined. The adjustment of the selective wet etching process for the thin membranes
enhanced the reproducibility of field emitter samples that showed similar FE properties. The
mean onset field derived from all samples with the porous SiO; on 3x3 mm? SiN NMs, was
determined to be 1.6 V/um =+ 6 %. In contrast, a mean onset field of 3.8 V/um 4 50 % was
found for the ZnO emitters grown on the p-doped Si with porous SiO, that was generated in
the boiling phosphoric acid. For the ZnO NWs on the SiN NMs with porous SiO,, it was
possible to obtain FE currents in the microampere range and the emission current showed
variations of only 11 % at a constant applied field over a total period of 3 h. The turn-on field,
defined by a macroscopic ECD of 0.1 pA/cm?, was already reached at an electric field of
3.0 V/um, which is within the range of turn-on fields (0.85 V/um-6.0 V/um) reported in liter-
ature for ZnO emitters grown by vapor phase transport methods on bulk substrates [178, 179].

In Table 5.5, the results of the ZnO NWs on the 3x3 mm? SiN membranes with the porous
SiO; template are compared to the FE properties of the ZnO emitters grown on the 3x3 mm?
SiN membrane with the help of the sputter shadow mask for catalyst deposition (Table 4.8).

SiN NM substrates - Comparison of FE results

Synthesis method e v v oV o2
[V/ium]  [V/pm] [pA/em?] [V/um] [V/pm]

Porous SiO; template 1.6 + 0.1 34 7.3 3.0 -

Sputter shadow mask 2.0 £ 0.1 9.0 141.5 33 4.1

Table 5.5: Summary of the FE properties for ZnO emitters grown on 3x3 mm? SiN mem-
branes with the help of the porous SiO, template or with application of the sputter shadow
mask. The turn-on fields Fﬁ“l and Fl\‘}lnz are defined by an ECD of 0.1 pA/cm? and of
10 pA/cm?, respectively.
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The macroscopic onset field and the turn-on field FI\‘,’[nl are lower for the ZnO field emitters
grown on the porSiO; than for the NWs that were fabricated with the sputter shadow mask.
A smaller mean tip diameter as well as a larger aspect ratio were found for ZnO NWs grown
on the porous SiO, compared to the sputter shadow mask technique, as discussed in sec-
tion 5.2.1. Therefore, the lower electric field values may correlate with a larger geometrical
field enhancement effect of the ZnO NWs deposited on the porSiO,. The favorable emitter
dimensions are attributed to the smaller mean gold particle diameter that was found for dewet-
ting of a gold film on the porous SiO,, which has half the size of the catalyst dots generated
by application of the sputter shadow mask approach (see section 5.1.4).

The larger maximum ECD from the emitters fabricated with the sputter shadow mask was
probably caused by the extended outgassing time that was longer than 72 h in combination
with a considerable number of previous FE measurements that were executed in the low
field region well below the electrical breakdown threshold of our measurement configuration.
Hence, the ZnO NWs grown on the porous SiO; may have the potential to reach the same
ECD values after prolonged time in vacuum combined with more low current measurements
to promote the desorption of ad-layers, which could reduce the risk for electrical breakdown

and thus, prevent the corresponding early termination of the /-V curve measurements.
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6 Conclusion and Future Perspective

In this thesis, the synthesis of ZnO field emitters by catalyst-assisted MOCVD on bulk as
well as on free-standing NM substrates was presented. It was possible to find an appropriate
combination of deposition parameters for the ZnO growth process, which used the precursor
mixture of zinc acetylacetonate hydrate and oxygen, with catalyst particle distributions that
allowed for the generation of ZnO NWs having length-to-tip diameter ratios larger than 310.
The first approach used a sputter shadow mask that was employed to influence the gold film
constitution during sputter deposition and for the second one, a layer of porous SiO, was
used to affect the catalyst particle agglomeration during the dewetting process. Both catalyst
generation techniques, which were tailored for application on freely suspended membranes,
enabled the time efficient catalyst distribution on millimeter sized areas. Even the subsequent
gold particle formation relied on self-assembly during the heating ramp in the ZnO growth
oven, the FE properties of the resulting ZnO emitter arrays showed to be reproducible.
Moreover, a certain dependence of the ZnO NW morphology on the gold particle diam-
eter was suggested by comparison of the two methods. The smaller gold particle diameter
formed on the porous SiO; correlated with a smaller NW tip diameter as well as an overall
larger aspect ratio than it was generated by the sputter shadow mask method. Furthermore,
the enhanced NW geometry that was produced on the porous SiO; led to the reduction of the
electric field that allows for FE from the ZnO emitters. A study on the influence of synthesis
parameters and membrane sizes on the emitters’ FE properties revealed first approaches to
improve their FE characteristics further. A new type of flexible substrate for FEAs has been
added by the Si and the SiN nanomembranes that can withstand the elevated growth temper-
atures in CVD processes and thus, may have the potential to operate in harsh environments.
On the basis of the herein determined FE properties, namely the FE current stability over
time and the reproducible synthesis of field emitter samples combined with the control over
the emission current in the optimized FE measurement configuration, possible future appli-
cations for field emitters on free-standing bases and preliminary results are presented in the

following.

Sensing Application for Mass Spectrometry

The combination of the matrix-assisted laser desorption/ionization (MALDI) method used
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as ion source, with a time-of-flight (TOF) mass analyzer can be applied for analysis of bio-
molecules, such as peptides and proteins. First, the MALDI technique produces ions in low
charge states, which are subsequently accelerated into the adjacent TOF tube, where the ion-
ized molecules are separated according to their mass-to-charge ratio. Finally, the arrival of
the ions is sensed by a detector and the flight time of the ionized molecules can directly be re-
lated to their mass-to-charge ratio for their identification. In practice, the detection of masses
above 100 kDa i1s mainly limited by the sensitivity of conventional detection systems, such
as dynodes and MCPs. Their sensing mechanism typically relies on the generation of sec-
ondary electrons provoked by the impinging ions. With increasing ion mass, the secondary
electron yield decreases, which leads to a considerable reduction of the detection efficiency
and prevents the measurement of heavy biomolecules [192—194].

A nanomembrane detector was proposed to overcome the mass limitation of conventional
detectors, since the ion signal is first converted into an electron signal that is subsequently
amplified by MCPs. Thereby, the dependence of the secondary electron yield on the ion
velocity and thus, on the ion mass, can be circumvented. As explained in the introductory
chapter, the nanomembrane detector resembles a FE based displacement sensor with a flex-
ible membrane that functions as FE electron source. Since the field enhancement effect of
pristine membranes is solely determined by their surface roughness, the operation voltages
and corresponding electric fields are well above 1 kV and 10 V/um, respectively [17, 19, 21].
Thus, it is necessary to enhance the FE from membranes geometrically to lower the required
operation voltages and thereby, to reduce the risk for electrical discharge.

Figure 6.1 shows five SOI samples with twenty NMs in total, which were operated simul-

taneously in a FE measurement. ZnO NWs have been grown on all five samples with the
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Figure 6.1: Five SOI samples with ZnO NWs were arranged as shown in the photograph
on the right side. The FE measurement from the five field emitter samples operating in
parallel is shown on the left side (plotted in black). For comparison, several subsequent FE
measurements from a single Si NM sample with ZnO NWs are presented (gray, sample Si-
NM-3 of section 4.2.2). Both FE experiments were conducted with d =250um.
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standard growth process by application of the sputter shadow mask technique that was de-
scribed in chapter 4. The onset field for the five parallel operating FE samples of 1.9 V/um
is within the error boundaries of the onset field for FE from a single sample with ZnO NWs
on Si NMs, namely (2.0 4= 0.1) V/um. This observation indicates the high reproducibility of
the herein established ZnO growth process with regard to the FE properties of the samples.
The slightly lower onset field may be caused by the enlarged emission area in the arrange-
ment with multiple field emitter samples. This measurement configuration is now ready to
be implemented as a detector in a MALDI-TOF system and might pave the way to the mea-

surement of heavy biomolecules at room temperature.

CNTs on Free-Standing NMs for FE

For further enhancement of the FE properties, other emitter materials may be considered like
carbon nanotubes. CNTs exhibit extreme aspect ratios that facilitate the emission of electrons
by FE at comparable low electric fields. Combined with their high electrical conductivity
and their thermal as well as chemical stability, CNTs are known to be excellent FE electron
sources [195].

As a proof-of-concept, CNTs were grown in-house by CVD on free-standing Si NMs and
the FE properties were determined. As shown in Figure 6.2, emission currents in the mi-
croampere range were reached already below an electric field of 2 V/um. Furthermore, an
onset field of (0.86 4= 0.02) V/um was derived for the CNTs on the Si NM sample from sev-
eral subsequent measurements. Thus, the onset field was reduced by 50 % through the re-
placement of ZnO emitters with CNTs. The turn-on field, defined by an ECD of 10 pA/cm?

(Am =0.36 cmz), was determined to be 1.4 V/um, which is considerably smaller than found
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Figure 6.2: The /-V curve from CNTs grown on Si NMs is shown on the left side (d = 500pum).
A cross section through the free-standing S1 NM reveals the random order of the CNTs, which
were deposited by CVD on the membrane. The SEM image was taken under a tilt angle of
50 © with the Crossbeam 550 by Zeiss.
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for the ZnO NWs grown on the SiN NM (4.1 V/um, see Table 4.8). Note, extensive opti-
mization of the recently established CNT deposition process is still needed and may allow
for further reduction of the turn-on field.

Si and SiN NMs as Anode

Herein, the universality of the optimized triode-type FE measurement configuration (pre-
sented in chapter 3) is demonstrated, as it can also be operated in the diode-type version.
Furthermore, the diode-type arrangement allows for the application of a NM as anode. A Si
NM sample as well as a gold coated SiN NM were used as collector for the emission current
from opposing field emitters on bulk substrates according to the diode-type configuration
that is indicated in Figure 6.3 (a). Additionally, the stability of the emission current in this

measurement configuration was proven, which is shown in Figure 6.3 (b).

Porous SiO; and SiOxNy

Further investigation of the porous SiO; layers and of the SiOxNy films may be of interest
because the deposition by PECVD permits the coating of temperature sensitive devices with
convenient deposition rates of around 20 nm/min at process temperatures of 130 °C. Typi-
cal applications for porous thin films are as anti-reflective coatings that minimize reflection
losses or as diffusion membranes for encapsulation of nanostructures for their protection
against environmental influences [182, 196]. Furthermore, a wide range of refractive indices

can be covered by variation of the deposition conditions for the SiOxNy as it was shown
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Figure 6.3: Si NMs (plotted in red) and a gold coated SiN NM (blue) were used as anode to
measure the FE current from in-house grown CNTs that were deposited on bulk substrates.
For the CNT emitters, emission currents in the microampere range are reached well below a
macroscopic electric field of 1 V/um (d = 500um). Furthermore, the emission current was
continuously acquired at the Si NM sample (red) for more than 90 min, as shown on the right
side. Extension of the measurement time is most likely possible, since the acquisition was
terminated manually.
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in chapter 5. Therefore, the optical and electrical properties of SiOxNy films can be tai-
lored, which makes them attractive candidates for optoelectronic applications. For instance,
SiOxNy can be used as a scratch resistant coating for flexible and transparent polymers that
are employed as substrates for optoelectronic devices, because of the mechanical strength of
the SiOxNy and the possibility for adjustment of its optical properties [197].

In this thesis, the foundation for application of ZnO nanostructures on free-standing NMs
has been established. The synthesis for the catalyst-assisted MOCVD of ZnO emitters has
been optimized and characterization of their FE properties has been performed. Further ap-
proaches for improvements have been identified which might pave the way for CVD grown
emitters on flexible inorganic membranes for application as pressure sensors or as detectors

in mass spectrometry.
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A Appendix

A.1 Physical Constants and Field Emission Values

Symbol Meaning Value

e Elementary charge 1.602 176-10"19C

Me Electron mass 9.109 383-103! kg

£ Vacuum permittivity 8.854 187-107 12 C/(m-V)
8.854 187-1072! C/(nm-V)

kg Boltzmann constant 1.380 649-10-23 J/K
8.617 333-107° eV/K

h=4-  Reduced Planck constant 1.054 571-1073 s

6.582 11910 10¢eV.s

Table A.1: Fundamental physical constants taken from the National Institute of Standards

and Technology [198].

Symbol Meaning Expression Value

arN FN constant] 1< 1.541 434 pA-eV/V?

bEN FN constant II % ge 6.830 890 V/ (nm eV3/ 2)
¢ e 1.439 964 nm-eV2/V

Table A.2: Basic FE values taken from [4]. The values for agn and bpy were taken from [30].
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A.2 Substrate Preparation and ZnO Growth Recipe

Herein, recipes are summarized that were used for the substrate preparation in section 4.1.1

and for the ZnO growth process in section 4.1.3.

ICP-RIE Recipe

The fabrication of a SIN NM (section 4.1.1) involves the opening of a window in the backside
of the SiN covered Si sample by ICP-RIE (SI500 from Sentech Instruments GmbH). An etch
rate of (439 £ 24) nm/min was determined by ellipsometry for LPCVD SiN.

Parameter Value
SF¢ 50 sccm
0, 5 scem
Pressure 2Pa

Electrode temperature 23°C
ICP power 400 W
Radio frequency power 50W

Table A.3: Parameters of the ICP-RIE recipe for the etching of SiN.

Membrane Cleaning Recipe
The following membrane cleaning recipe was used after the etching in aqueous potassium hy-
droxide solution (KOH, 80 °C, 30 %) to prevent the formation of residues on the membrane’s

surface.

* Removal of the KOH by transfer of the SiN NM sample in a first beaker with ultra pure
water (taken from the Milli-Q® Integral 5 device).

* Leaving the sample in a second beaker with ultra pure water for at least 12 h to allow
for the dissolution of KOH residues.

* Gentle rinsing of the sample in methanol.

» Acceleration of the solvent evaporation on a hot plate (set to 300 °C). Note, the sample
is hold with tweezers in a tilted manner above the hot plate to prevent the gathering of
solvent and thereby, to avoid generation of residues on the flexible membrane part of

the substrate.
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ZnO Growth Recipe

The standard ZnO growth process uses zinc acetylacetonate hydrate powder (2.4 g, from
Sigma-Aldrich) and oxygen (83 sccm, purity 5.0) as precursor substances and argon (100 sccm,
purity 5.0) as transport gas. The growth process is performed in a horizontal three-zone tube
furnace (OTF-1200X-III-UL, MTI corporation) as described in section 4.1.3.

Preparation:

* The precursor powder is evenly distributed in a ceramic crucible, which is then placed

in the middle of the first heating zone.

* The substrate is positioned in the front-third of a second ceramic boat and subsequently,

the ceramic boat is placed in the beginning of the third heating zone.

« The quartz tube is evacuated below a pressure of 1.8-10~! mbar before initialization of

the growth process.

Growth process:

Step Precursor zone Transition zone Growth zone
C01 [°C] 20 20 20
TO1 [min] 10 10 10
C02 [°C] 70 70 70
T02 [min] 170 170 120
C03 [°C] 70 70 70
TO3 [min] 10 10 30
C04 [°C] 110 200 580
T04 [min] 720 720 750
C05 [°C] 110 200 580
TOS [min] 60 60 60
C06 [°C] 20 20 20
T06 [min] -121 -121 -121

Table A.4: Temperature profile for each zone of the three-zone tube furnace. Note, COx
defines the set temperature and TOx defines the time between subsequent steps. Oxygen and
argon are introduced 1 h after initialization of the growth process. The command -121 turns
off the heaters, which allows for a natural cool down of the system.
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A.3 ZnO Field Emitters - Morphology

A.3.1 Dimension Analysis

All vertical length measurements in the SEM images with ImagelJ [157] were subsequently
corrected by division through the factor cos(0ge) that considers the tilt angle of the stage,
namely Osage = 54 °. Parallel to the tilt axis of the specimen, the object’s size is typically not
affected, however, perpendicular to the tilt axis, items shown in the SEM image become dis-
torted. The feature of tilt correction from the SEM software is only applicable to objects that
are in plane with the specimen. If the tilt correction function is used for a structure of arbitrary
3D orientation, it will cause significant distortion of the image acquired for the object [199].
Hence, the tilt correction function was not applied for imaging of the randomly oriented ZnO
NWs. The measured and subsequently corrected values for the NW length have to be treated
as rough estimates and are mainly intended for relative comparison of the herein grown ZnO

structures.

()

Figure A.1: Explanatory notes on the dimension analysis of the ZnO NWs. (a) The image
displays the principle of tilt correction. For a tilted specimen, objects appear to be foreshort-
ened in correlation with the tilt angle of the stage (Otage). The observed height of an object
(Mimage) 18 related to the actual size (fgue) by: Airue = Mimage/COS(Otstage) [199]. (b) The SEM
image shows a large ZnO N'W grown on a Si NM. The length (/) of the NW, the diameter at
the widest position (2rpase) and the NW tilt angle were determined from one SEM image per
NW. (¢) The tip diameter (2rapex) as well as the tip inclination angle (Oapex) Were determined
from a second close-up image of the wire’s tip. The SEM images were taken under a tilt
angle of 54 °© with the Crossbeam 550 by Zeiss.
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A.3.2 Sputter Shadow Mask - Gold Dot Distribution

dparticle = (80 +33) nm
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Figure A.2: (a) Gold particle distribution on a Si NM after dewetting of a thin gold film
that was deposited through the sputter shadow mask (deposition time: 60s). The sample
was annealed at the ZnO growth temperature of 580 °C. The SEM image was analyzed using
ImageJ [157] and the mean gold particle diameter of dparicie = (80 &= 33) nm was obtained
from the normal distribution of the data shown in the histogram (indicated by the red line).
The SEM image was taken with the Crossbeam 550 by Zeiss.

147



A.3.3 Sputter Shadow Mask - Gold Dot Location

The location of the gold dots after ZnO growth on the free-standing SiN NMs was examined
using SEM and EDX.

Figure A.3: (a) SEM image of a large NW protruding above a hole in the ZnO film that
exposes the SIN NM (black background behind NW tip). A constantly small amount of gold
(Au, orange) was detected along the NW that may also originate from the background area.
The high silicon (S1, pink) and nitrogen (N, light pink) concentrations are from the exposed
SiN substrate, whereas the constant low zinc (Zn, dark green) and oxygen (O, light green)
signals originate from the NW. A locally enhanced amount of gold was not detected and the
aluminum (Al light blue) signal was possibly generated by the sample holder because the SiN
membrane has a thickness of only 100 nm. The detected bromine signal (Br) may be falsely
assigned by the EDX software, because its line is close to the one of aluminum [200]. (b) At
the cross section through the NM, the transition from the ZnO array to the SiN NM is noted by
the sudden drop of the zinc amount (dark green) in the line scan. Gold was neither observed
as dots at the roots of the NWs nor detected in the line scan across the ZnO-SiN transition
region. The aluminum (light blue) and the carbon (C, purple) signals may originate from the
sample holder and from contamination by the preceding SEM imagining, respectively. The
SEM images and EDX spectra (8 kV, 3.9 nA) were taken under a tilt angle of 54 ° with the
Crossbeam 550 by Zeiss.
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