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Abstract

Zinc oxide (Zn0O) doped with aluminum receives increasing attention for being an
alternative material for the established but much more expensive indium tin oxide
(ITO) due to the fact, that it has comparable electrical and optical properties.
The electrical properties of mechanically compacted pellets prepared from nano-
sized ZnO powders are investigated using impedance spectroscopy. The impedance
of the samples is measured in hydrogen and in synthetic air between room tem-
perature and 400°C. In both atmospheres, the measurements show two different
electrical transport processes depending on the temperature and the doping level.
In synthetic air, the conductivity increases for doping concentrations up to 7.74%
of aluminum and collapses for higher doping levels. In hydrogen atmosphere, the
conductivity decreases with rising doping level of Al. This behavior can be ex-
plained by generation of free charge carriers due to the incorporation of hydrogen
and doping with aluminum, respectively. At higher temperatures and at high
doping concentrations, scattering processes at grain boundaries as well as lattice
defects increasingly affect the charge carrier transport processes leading to a de-
creasing overall conductivity. The electrical conductivity shows reversible behavior
when the atmosphere is changed from hydrogen to ambient conditions and back.
To replace ITO in applications, transparent conductive layers with good electrical
and optical properties are required. ZnO dispersions are prepared and printed on
pre-structured substrates by ink-jet printing to investigate the electrical and sens-
ing properties of printed films. The properties are measured without any annealing
steps from room temperature up to 200°C in ambient conditions and in hydrogen
atmosphere using impedance spectroscopy. Compared to the measurements in air,
the resistance in hydrogen decreases by a factor of five even at room temperature.
The ink-jet printed ZnO films with nanosized particles can be used as sensor with-

out any annealing or post-processing for sensing.
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Silicon (Si) nanoparticles are envisioned for a broad range of applications, rang-
ing from electroluminescent devices over biomarkers and lithium ion batteries to
solar cells. One of the major challenges with respect to these applications is to
effectively stabilize the silicon particles against oxidation. Electrical properties of
as-prepared as well as functionalized silicon nanoparticles are investigated. The
native oxide shell of the as-prepared silicon nanoparticles is removed and the elec-
trical properties are measured and a re-oxidation of the silicon nanoparticles can
be observed after a few hours. A fast and efficient process to functionalize sili-
con nanoparticles with n-alkenes is introduced. The freshly etched particles are
subsequently grafted with even-numbered n-alkenes from Cg to Cig in order to
prevent the particles from re-oxidation. FTIR spectra are used to confirm the
successful attachment of the organic molecules and provide insight into the bind-
ing mechanism. Electrical properties are investigated by impedance spectroscopy
showing the effect of surface functionalization on the conductivity of compacted
nanoparticle ensembles. It is observed that particles covered with alkenes from Cg
to Ci2 exhibit higher conductivity than the as-prepared materials, while surface
functionalization with Cy4 and higher leads to almost insulating nanoparticle ar-
rays. Despite freshly etched silicon nanoparticles, dodecene-terminated particles
showed the best conductivity as well as a very good long-term stability against
oxidation. FTIR spectroscopy indicated that particles stabilized with Cg to Cyg
are less stable due to a creeping re-oxidation. The most promising results is the
functionalization of silicon nanoparticles with alkenes with twelve carbon atoms
(C12). A variable range hopping transport mechanism or a charge carrier limited
transport mechanism exist for all silicon nanoparticles. Especially for the func-
tionalized particles, a dependence of the hopping distances can be observed. This
does not mean that the charge carriers use the shortest way but the energetically

most advantageous.

VI
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Kurzzusammenfassung

Zur Zeit wird Zinkoxid (ZnO) als aussichtsreicher Kandidat zum Ersatz des sehr
teuren Indium Zinn Oxids (ITO) angesehen, da es vergleichbare elektrische und
optische Eigenschaften zum I'TO besitzt. Die elektrischen Eigenschaften von mech-
anisch kompaktierten Formkorpern aus ZnO-Nanopartikeln werden mittels der
Impedanzspektroskopie untersucht. Die Impedanz der Proben wird in Wasserstoff-
atmosphare und synthetischer Luft bis hin zu 400°C untersucht. Die Messungen in
Wasserstoffumgebung und synthetischer Luft zeigen unterschiedliche Ergebnisse,
abhangig von Temperatur und Dotierkonzentration. In synthetischer Luft steigt
die Leitfdhigkeit bis zu einer Dotierkonzentration mit Aluminium (Al) von 7,7%
an und bricht fiir hohere Al-Konzentrationen ein. Unter Wasserstoffatmosphére
sinkt die Leitfahigkeit mit zunehmender Al-Dotierkonzentration. Dieses Verhalten
kann mit einer Bildung von freien Ladungstrigern aufgrund der Wasserstoffdo-
tierung aus der Umgebung und der entsprechend ansteigenden Al-Konzentration
erklart werden. Zu hoheren Temperaturen und Dotierkonzentrationen treten ver-
mehrt Stofiprozesse an Korngrenzen und Gitterdefekten auf, die den Transport der
Ladungstrager unterbrechen. Die unterschiedliche Leitfahigkeit zeigt reversibles
Verhalten, wenn von Wasserstoffatmosphére zu synthetischer Luft und zuriick
gewechselt wird.

Fiir die Anwendung von ZnO fiir transparent leitfahige Filme und Sensoren aus
kostengiinstigen Materialien, werden stabile Dispersionen mit sehr kleinen (halb-)
leitenden Partikeln im Nanometerbereich benotigt. Stabile ZnO-Dispersionen wur-
den hergestellt und auf vorstrukturierte Substrate mittels Ink-Jet Druckverfahren
aufgebracht. Die elektrischen Senoreigenschaften der gedruckten Schichten wur-
den bis 200°C in Umgebungsluft vermessen. Vor den Impedanzmessungen wur-
den die Schichten nicht ausgeheilt. Verglichen zu den Messungen in Luft wurde
beobachtet, dass sich der Widerstand der Schicht unter Wasserstoffatmosphére bei

Raumtemperatur um einen Faktor von fiinf reduziert. Die hergestellten, gedruck-
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ten ZnO-Schichten zeigen ein gutes Anprechverhalten auf Wasserstoff und sind

ohne vorherige Ausheilprozesse zu verwenden.

Siliziumpartikel werden gegenwiértig fiir eine Vielzahl an Anwendungen benutzt.
Diese Anwendungen reichen von elektrolumineszierenden Bauteilen iiber Biomar-
ker und Lithium-Ionen Batterien bis hin zu Solarzellen. Eine der Aufgaben zur
Verbesserung der Eigenschaften ist das Auffinden einer Methode zur Stabilisierung
der Siliziumoberflache gegen die Oxidation. Die vorhandene Oxidhiille um das
Siliziumnanopartikel nach der Synthese wird entfernt. Die elektrischen Eigen-
schaften der frisch geédtzen Partikel werden gemessen und eine schnelle Reoxi-
dation der Partikel wird innerhalb von Stunden beobachtet. FEin schneller und
effektiver Prozess zur Funktionalisierung mit n-Alkenen wird vorgestellt. Die Par-
tikel werden mit unterschiedlich langen Alkenen von Cg bis Cig prapariert um eine
Reoxidation der Partikel nach dem Atzprozess zu verhindern. Mit Hilfe von FTIR
Messungen wird die erfolgreiche Anbringung der organischen Molekiile an die Siliz-
iumoberflache gezeigt. Elektrische Messungen werden mittels der Impedanzspek-
troskopie durchgefiihrt, um den Effekt der Funktionalisierung mit den unterschied-
lichen Alkenen auf die elektrische Leitfahigkeit hin zu untersuchen. Es zeigt sich
eine hohere Leitfahigkeit fiir alle Siliziumnanopartikel die mit den Alkenen von Cg
bis Cis funktionalisiert werden. Die Partikel, die mit Alkenen von einer Ket-
tenldnge von Cy4 und hoher funktionalisiert werden, zeigen eine sehr niedrige
Leitfahigkeit, die teilweise schlechter als die von den Silizium Partikeln im Ur-
sprungszustand ist. Die Funktionalisierung mit dem Alken Ci5 zeigt die besten
Ergebnisse und ist auch nach iiber einen halben Jahr in den elektrischen Eigen-
schaften stabil. Mit FTIR Messungen wird gezeigt, dass die Partikel, die mit
Cg¢ und Cyp funktionalisiert werden, keine vollstandige Stabilitat gegen Reoxida-
tion besitzen. Die Funktionalisierung von Silizium mit Dodecen ist am stabilsten
gegeniiber Reoxidation und zeigt die besten elektrischen Eigenschaften. Es ist ein
"variable range hopping” Transportmechanimus fiir die Ladungstrager zwischen
den Partikeln zu beobachten. Besonders fiir die funktionalisierten Partikel ist die
zuriickgelegte Distanz der Ladungstrager abhéingig von der Art der Funktional-
isierung. Dies bedeutet aber nicht, dass der Ladungstrager den kiirzesten Weg

nimmt, sondern den energetisch gilinstigsten.
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Nomenclature of used symbols, abbreviation and

acronyms
x Spatial extension of the wave function
B Frequency function for collisions
I Degree of crystallinity
A Wavelength
A Dimensionless constant
e Chemical potential
u Mobility

w=2ntf Angular frequency
) Phase

0 Specific conductivity
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o Specific electric conductivity
Te Time to reduce number of the density of nanoparticles

to the half of the initial value

Teh Relaxation time
G Angle
Al Aluminum

AZO  Aluminum doped ZnO

B Background signal

CVS  Chemical vapor synthesis
dnp Primary particle diameter
Dy Self diffusion coefficient
DEZn Diethylzinc

DLS  Dynamic light scattering
e Free electron

FEwop  Hopping energy

Ex Activation energy

EBL  Electron beam lithography
K Energy

E, Band gap energy

EPR  Electron paramagnetic resonance
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t(E,T)
FTIR

HF

Io
ITO

I

Ngr
nte

OH,
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Surface energy

Fermi level

Fourier transformed infrared spectroscopy
Hydrofluoric acid

Current

Current amplitude

Indium tin oxide

Exication current signal

Electrical current density

Signal from coherent scattering

Boltzmann constant

Average pathlenght between collision or scattering processes

Mass for electrons

Mass for electronic vacancies

Charge carrier concentration

Number of density of particles
Density of local states

Negative temperature coefficient
Hydroxyl group on oxygen lattice site

Oxygen atom on oxygen lattice site

X1
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P Particle pressure

Ds Equilibrium vapor pressure

ptc Positive temperature coefficient
PVDF  Polyvinylidenfluorid

Reonst  Universal gas constant

R Resistivity

r Hydrodynamic radius

Ruop Hopping distance

Ry Resistivity in ambient atmosphere
Te Critical cluster size

RC Resistivity-capacity

Regas Resistivity in gas
rH Relative humidity
S Sensitivity

SEM Secondary electron microscopy
Si-NP  Silicon nanoparticles

T Temperature

TEAl  Triethylaluminum

TEGO Polyacrylic acid+sodium polyacrylate
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TEM Transmission electron microscopy

U Voltage
Uo Amplitude of voltage
Uy Exication voltage signal

UV-Vis Ultraviolet to visible spectroscopy
Up Drift velocity

Um Molar volume

VRH Variable range hopping

Vth Thermal velocity

XRD X-ray-diffraction

Zn0O Zinc oxide

Zny, Zinc atom on zinc lattice site
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1 Introduction

The development of innovative materials is an essential part of modern research.
In the recent years, researchers have been looking intensively at the use of nano-
materials due to their outstanding chemical and physical properties compared to
bulk material. Today, nanostructured materials are already used, e.g., in lithium
ion batteries to improve the energy storage capacity compared to batteries con-
sisting of conventional material [1] . The influence of nanostructured materials in
our lives shows a publication of ScienceDaily [2] where a rate of up to four new
applications each week based on nanotechnology is announced.

Nanoparticles are nanomaterials with a size below 100 nm in all three dimensions.
In this regime, many physical properties are size-dependent such as, e.g., the opti-
cal properties of silicon nanoparticles due to the quantum confinement. Also, the
chemical reactivity increases with decreasing size due to the larger specific surface
area and the particles are more affected by forces on the surface (van-der-Waals
forces). The main focus of this work lies on the electrical properties of two nano-
materials systems, zinc oxide (ZnO) and silicon (Si) nanoparticles, to investigate
their possible application in electronic devices.

Transparent conductive oxides (T'CO) are optically transparent and electrically
conductive. They are used as light transmitting electrodes in thin-film solar cells
or flat-panel displays. Indium tin oxide (ITO) and ZnO are the most frequently
used TCO materials for electronic applications but I'TO is expensive due to the cost
of the rarely available indium [3, 4]. In order to obtain cheaper devices, indium
must be replaced by more abundant and therefore less expensive material with
comparable optical and electrical properties [5-7]. For replacing ITO, aluminum-
doped ZnO is the most promising alternative [8-11]. ZnO is a non-toxic material
with a direct band gap of 3.37 eV [12] and the missing absorbance of visible light
makes this material one of the best TCOs so far [9]. By using ZnO nanoparti-

cles, it is possible to tune the optical and electrical properties in a wide range.
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1 Introduction

The optoelectronic properties of this material were investigated for progresses in
light emitting diodes [13, 14], liquid crystal displays [15] or solar cells [4, 16, 17].
Also, the benefits of the large surface-to-volume ratio of the ZnO nanoparticles,
which makes them a promising material for gas sensors [18, 19] and interesting
for catalysis applications [14], were extensively studied. However, the electrical
properties have not yet been investigated in detail. Therefore, the first part of
this work aims at the characterization of the electrical transport mechanisms of
ZnO nanoparticle-networks (powders). As application example, electronic devices
made of ZnO nanoparticles are produced via ink-jet printing and tested. The raw
Zn0O nanoparticles are synthesized in the gas phase which provides control of the
materials properties such as size and structural properties. Gas-phase synthesis
also allows to synthesize large amounts of materials which is important to study

subsequent processing steps.

The electronic properties of ZnO nanoparticles are investigated regarding doping,
variable atmosphere, temperature and the influence of moisture. The resistivity
can be changed by using doping by aluminum and the response of the material to
different gases depends on the Al-doping level. The influence of moisture on the
electrical behavior of ZnO is well known, but the influence of moisture on struc-
tural changes to the particulate material and the subsequent effect on the electrical
behavior has not been investigated so far. Because this is crucial for practical appli-
cations, the respective effects have been studied in this thesis. Printable electronics
made from nanoparticles enable printing of films on large areas at low cost, but

only a few reports can be found for ZnO nanoparticles [20-22]

The second materials system used in this work are silicon nanoparticles. Silicon
is one of the most abundant materials in the world and has the high advantage
of biocompatibility and that it is already well established in the microelectron-
ics technology [23]. One of the research fields with silicon nanoparticles are solar
cells [24, 25], silicon-based lasers [26] and light-emitting diodes [27]. The electrical
investigation for Si nanoparticles is rare due to the fact of the bad conductivity
of the Si nanoparticles because of their stable oxide shell. It is known that the

conductivity for etched Si nanoparticles is much higher but the particles have an
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1 Introduction

affinity to oxidation and a stable surface functionalization to conserve the optical
and electrical properties of etched Si nanoparticles has not been found yet. Be-
cause of this, the third aim of this work is to characterize the electrical properties
of silicon nanoparticles with different surface morphologies. As-prepared, etched
and functionalized Si nanoparticles are investigated with a focus on the influence
of the oxide shell and the lengths of organic molecules and the temporal stability
of the different surface configurations. In this thesis, the Si particles are function-
alized with different long-chain alkenes after the oxide shell has been removed by
etching. The stability in air and the long-term stability of the functionalized Si
nanoparticles are investigated and the activation energies for the transport pro-
cesses of the charge carriers are calculated and compared with the thickness of the
surface coverage (oxide shell or organic alkenes) and the hopping distances of the

charge carriers.
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Semiconducting ZnO nanoparticles could be an alternative for I'TO due to the
stability in ambient air. ZnO is already used for a wide range of applications
such as an additive in rubber [28], varistors [29], piezoelectric transducers [17],
pigments in paint and suntan lotion [28, 30]. It is known, that the conductivity
of aluminum doped ZnO (AZO) nanoparticles increases with higher Al content
in ambient atmopshere and that the conductivity in hydrogen is even higher [31]
but a detailed investigation of powders or thin films in different gases and tem-
perature ranges is missing. In this work, the influence of the gaseous environment
and the temperature-dependent conductivity of AZO nanoparticles synthesized by
chemical vapor synthesis (CVS) in general are investigated. The stability of ZnO
nanoparticles in ambient conditions were investigated by Ali et. al [32], having
a view on the growth of ZnO nanoparticles with time. They found a significant
growth of the ZnO nanoparticles in ambient conditions depending on the mois-
ture concentration of the environment. The changing electrical properties which
depend on the moisture concentration and the growth of the ZnO nanoparticles
in moisture are therefore also investigated in the present work. This is done by
using ZnO nanoparticles synthesized by the same route and having a similar size
of about 12nm. Another important part of this work is the production of a hy-
drogen sensitive ZnO thin film produced by ink-jet printing. The ink-jet printing
method is already established for the production of diodes and light emitters [33,
34]. The method has some advantages compared to the preparation of thin films
produced by magnetron sputtering [35] or spray pyrolysis [36]. The ink-jet printed
Zn0 films do not need any post-annealing and the ink-jet printing process does not
require any high vacuum conditions. Also it is a very precise, selective deposition
technique for particle dispersions. The selective deposition makes it possible to
get well-defined patterns and structures of the ZnO film out of a dispersion and

the waste of ZnO dispersion is strongly decreased compared for example with the
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doctor-blade method [37]. Up to now, there are only very few publications [38]
about ZnO based gassensors. Shen et al. used the ink-jet printing method to print
7ZnO films. The influence of the amount of different layers on the sensitivty of ace-
tone was investigated. They found that the resistivity decreases with more ZnO
layers, but the best sensitivity was found for four layers of ZnO. In this thesis it
will be shown that it is possible to produce gassensors based on ZnO nanoparticles

prepared by ink-jet printing which do not need any post annealing.

The second material used in this work are silicon nanoparticles synthesized in
a microwave plasma reactor. The interest in silicon is resonable because it is the
second most abundant element on earth and it is the best established material
for the use in electronics devices [39]. It is highly available and also non-toxic.
Silicon nanoparticles could increase the effectiveness of the applications in solar
cells, silicon based lasers or diodes [24, 26, 27, 40, 41]. They have a big surface
area and the defect concentration is high [42, 43]. The oxide shell around the
silicon core decreases the electrical conductivity and the optical properties of the
silicon nanoparticles [44-46] are limited. By removing this oxide shell with hy-
drofluoric acid the optical and electrical properties can be changed [47-50]. The
problem of the hydrosilylation is the reoxidation of the surface and a method to
prevent the reoxidation has to be found [51]. The functionalization with organic
molecules was done by several groups before [52-56]. The silicon carbon bonds
(Si-C) have a strong bonding and a low polarity [48, 57]. The optical properties
of these functionalized silicon nanoparticles were already investigated deeply but
the electrical properties are quite unknown. The functionalization with dodecene
and octene up to 300°C are investigated by Nelles et al. [58]. Their silicon films
have a thermally activated conductivity process between 7°C and 156°C which
depends on the thickness and polarity of the molecules used for the functionaliza-
tion. The conductivities of functionalized silicon nanoparticles are decreased to

the as-prepared and etched particles which is completely different to our results.

The objective of this work is to find out the electrical properties for ZnO and
silicon nanoparticles in different conditions and the properties of ink-jet printed
Zn0O. The particles are all synthesized from the gas-phase. The ZnO nanoparticles

are synthesized via chemical vapor synthesis (CVS) in a hotwall reactor while the
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silicon nanoparticles are synthesized also with CVS but in a microwave plasma
reactor. The ZnO nanoparticles are prepared after the synthesis by producing
a pellet consisting of compacted powder. The ZnO pellets are investigated by
considering the aluminum doping, influence of changing humidity concentrations
and the behavior of the electrical properties in different gaseous environments.
From another part of the ZnO nanoparticles a stable dispersion is produced to
perfom ink-jet printing of a thin film on an interdigital structure. The ink-jet
printed film is tested with respect to its sensing properties in hydrogen atmosphere.
To support the findings, additional measurements like x-ray diffraction (XRD)
are performed. The main aim of the investigation of the silicon nanoparticles
is the characterization of their electronic properties dependent on the type of
preparation. The silicon nanoparticles are etched and functionalized with alkenes
of different lenghts. To explain the findings of the electrical measurements, Fourier
transformed spectroscopy (FTIR) and some other additional measurements (XRD,
SEM) are also performed. The most important theory needed to understand the
mechanisms are explained in the theory, chapter 3. The electrical properties of
the ZnO are explained in chapter 4. The results for the ink-jet printed ZnO can

be found in chapter 5 and for the silicon nanoparticles in chapter 6.
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3.1 Charge carrier transport in semiconducting materials: An

overview

The Drude model provides the detailed explanation of the electrical conductivity
of semiconducting materials. This model describes the scattering of charge carriers
at doping atoms, phonons and lattice defects. The average thermal velocity vy,
of the charge carriers can be defined by the relation in equation (3.1) with the
mass m, for electrons or for holes with my,, the Boltzmann constant kg and the
temperature 7' [59]. The charge carriers move through the lattice with the thermal
velocity vy, until they get diverted by a collision or by scattering with other charge
carriers, lattice defects or doping atoms. The distance between such scattering or
collision processes is defined as the mean free path [ and the time between two
deflection processes is defined as the relaxation time T.j. The drift velocity vp is

known from the equation of motion for charge carriers (see equation (3.2)):

1 3
§mvth = §kB T (31)
dv m

m% + ?Uth = —eF (32)

Using the definiton of the charge carrier mobility p

= 3.3
w=— (3.3)
the drift velocity can be written as
E
vp = -2 — _uE. (3.4)
m
12
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With the help of Ohm’s law 7 = pE and the definition of the electrical current

density j follows that the electrical conductivity p can be expressed as

(3.5)
and the specific conductivity o as:

S (3.6)

The electrical properties of semiconductors are explained by the energy band
model. In this model a band gap separates the valence band and the conduction
band. If electrons of the valence band are energetically stimulated, they can be
transferred into the conduction band. By this process the material becomes con-
ductive. With rising temperature, the Fermi level of the material changes. As
shown in equation (3.7), the Fermi function depends on the temperature 7', the

chemical potential p. and the energy E [59]:

1

E_U-c

{ET)= — —
( ) exp() +1

(3.7)

The energy which is needed to promote a charge carrier from the valence band into
the conduction band corresponds to the distance between the conduction- and the

valence band. This energy is commonly referred as the band gap energy FE:

Eg
2kpT

o(T") o< exp( ). (3.8)
The conductivity is proportional to the charge carrier concentration and the tem-
perature-dependent conductivity is exponential to the band gap energy of the
material. The conductivity can be changed by doping a material. If the material
is p-doped (positively doped), more holes are produced in the semiconductor (figure
3.1(b)). If the material is n-doped (negatively doped), more electrons are available
in the system (figure 3.1(a)). The dotted line in figure 3.1a represents the existence
of additional electrons which may be easily excited to the conduction band. In a

semiconductor, three different regimes can be observed for different temperatures
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Figure 3.1: Simple band structure of ZnO
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Figure 3.2: Schematic view of the given three areas of the temperature
dependent conductivity for a semiconductor.

(see figure 3.2). In the low temperature regime (1) more and more impurities,

donors and acceptors, ionize when the temperature rises. In the saturation range
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Figure 3.3: Plot of In(o v/T) as a function of 7-'/* and the calculated
slopes for each sample.

(2) all donors are ionized. The amount of charge carriers is constant but the energy
is still not high enough to promote electrons into the conduction band. In the
intrinsic range (3) the electrons have enough energy to reach the conduction band,
and the conductivity rises with increasing temperature [60]. This theory explains
the temperature-dependent conductivity measurements done in this work. There is
also the possibility of a variable range hopping transport process between particles.
This transport process is used in this work to explain of the transport properties for
silicon nanoparticles. The theory of Mott explains the low-temperature behavior
of the resistivity in disordered sytems with localized states. The possibility of
hopping of electrons between two energetic states is possible when the hopping
energy L,y is high enough in the system. The distance of the hopping between
two energetic states is the so called hopping distance Ryop. The hopping energy
ranges normally between 0.1 and 0.2eV. The fitting of the results with the theory
of Mott is most promising for silicon nanoparticles. At low temperature, the
electrons take longer time for the hopping process and also travel longer distances

to find energetic lower levels. In figure 3.3 the plot of In(o v/T) as a function of
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T-* can be seen. With the help of this plot and the theory of Mott’s variable
range hopping (VRH), it is possible to calculate the density of the local states
Ngr and hence the hopping distance and the hopping energy [61-66]. The slope
m of the plot in figure 3.3 in combination with a dimensionless constant A, the
spatial extension « of the wave function exp(-aR) and the Boltzmann constant

kg leads to equation 3.9 to calculate the density of the local states:

Ngp = . 3.9
r = 78 (39

The hopping distance Ry, and the hopping energy iy, are finally calculated
from equations (3.10) and (3.11):

9 1/4
Ruop = (———————— /4, 3.10
Hop (STcakBTNEF) (3.10)

(3.11)
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Figure 3.4: a) Wurtzite crystal structure [67]. b) Diamond crystal struc-
ture [67].

3.2 Defects and the use of the Kroeger-Vink notation

The crystal lattice of a solid material consists of a spatial arrangement of atoms
characterized by long-range order or symmetry. A lattice can be built of several
kinds of atoms. The silicon nanoparticles investigated in this work consist of silicon
atoms in their inner core and SiO, in their outer shell. The ZnO nanoparticles
investigated in this work are made of zinc and oxygen atoms, and by doping a
third element can be built inside the lattice (i.e. aluminum). A material can be
amorphous or crystalline. An amorphous material consists of irregular arranged
atoms where only a short-range order can be observed. The nanoparticles used
in this work all have crystalline structure. A material is of crystalline structure if
the arrangenment of the atoms has a long-range order. There are different kind
of arrangements of the atoms. From x-ray diffraction (XRD) measurements, it is
known that the ZnO nanoparticles used here have a wurtzite structure (see figure

3.4b) and the silicon nanoparticles have a diamond structure (see figure 3.4a).

The lattices are never perfect and includes some defects. These defects are
differentiated in zero-, one-, two- and three dimensional defects. To understand
this work, the important defects are Schottky defects, antisites and interstitials,

and they all are zero dimensional defects. Schottky defects (see figure 3.5b) are free
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Figure 3.5: Zero-dimensional defects a) Interstital atom b) Schottky de-
fect ¢) Frenkel defect d) Antisite.
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Figure 3.6: Schematic band diagram of ZnO with intrinsic point defect
levels [68]
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Table 3.1: Kroeger-Vink Notation

Notation | kind of defect

7, zinc atom on zinc place

Zng zinc atom on oxygen place

06 oxygen atom on oxygen place

Ozn oxygen atom on zinc place

e electron

Vo vacancy on oxygen place

Vo, vacancy on zinc place

Al aluminum atom on zinc place,positively charged
Al aluminum atom on zinc place, triple positively charged
Zn/zn zinc atom on zinc place, negatively charged

yA no site (interstitial defect)

Os no site (interstitial defect)

lattice places where normally should be an atom, and they are always present in
equilibrium number in solids. Frenkel defects (figure 3.5¢) are couples of interstitial
atoms and vacant atom sites. The number of these defects increases with the
increase in temperature. Antisites (figure 3.5d) are atoms which are on places in
the lattice where another kind of atoms should be and atoms on interstitial places
are sitting on places where no atom should be (see figure 3.5a). Electronic defects

(electrons and holes) are associated with point defect where they charge them.

The Kroeger-Vink Notation helps to describe all these defects [69]. In table 3.1
an overview of the Kroeger-Vink Notation is given for the ZnO [68]. In figure 3.6
the schematic band diagram of ZnO is shown. The energy levels of some typical
defect states can be seen in this figure. Some important properties of the material,
especially the optical properties, change as a function of the kind of defects of the

lattice.
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Figure 3.7: Growth of nanoparticles in the gas phase.
3.3 Synthesis

The particles investigated in this work have been synthesized in the gas-phase in
a microwave-plasma reactor (Si) or in a hot wall-reactor (ZnO) using the chemical
vapor synthesis [70, 71]. At first, the particle formation itself will be explained
in this chapter, followed by a short introduction to the synthesis of nanoparticles

with a microwave- and hot wall reactor.

3.3.1 Growth of nanoparticles in the gas phase

The particle synthesis takes place mainly in the four steps represented in figure
3.7. The decomposition of a precursor, nucleation, coagulation, and coalescence of
nanoparticles. The precursors are in the gas phase when they enter the reaction
zone and undergo thermal decomposition. For example, silane (SiH4) decomposes

following the net reaction in equation (3.12).
SiH,— > Si + 2H, (3.12)

The following step is the creation of nuclei. Homogeneous nucleation occurs when
the degree of the supersaturation is sufficient. After the nucleation the coagulation

process starts if the nuclei size is bigger than the critical cluster site r. [72]. The
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critical cluster size 1. is given by equation (3.13), where V;, is the molar volume,
o the surface energy, R.o.s the universal gas constant, p the equilibrium vapour
pressure of a particle at temperature T and pg the equilibrium vapor pressure of

the clusters:
20V,

RconstTln< ) .

D
Ds

(3.13)

re =

The characteristic time describing the coagulation process is T, defined as the time
required to reduce the nanoparticle number densitiy to the half of its initial value
[73]. This time is given by equation (3.14), where . is the collision frequency

function and N is the number density of particles.

1

= v (3.14)

Te

The last growth step of the nanoparticles inside the reactor is the coalescence
step. The coalescence process strongly depends on the primary particle diameter
dxp and the material properties. The dependence of the coalescence time Tg and
coagulation time T. determines if soft agglomerates (T. ~ Ts), hard agglomerates

( T. < Ts) or non-agglomerated (T. >> Ts) nanoparticles are formed [74].
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Figure 3.8: Lab scale microwave plasma reactor used for the synthesis of
silicon nanoparticles [70].

3.3.2 Microwave plasma synthesis

The silicon nanoparticles investigated in this work have been synthesized in a
microwave plasma reactor in the gas-phase. A schematic view of the used set-up
is shown in figure 3.8. The reactor is a commercially available Cyrannus plasma
source (iplas) and is connected with a 6 kW microwave generator. It has a quartz
tube and a gas delivery system which injects the gas coaxially into the plasma
where the decomposition of the precursor takes place. For the synthesis of silicon
nanoparticles with a size used in this work of about 50 nm the reactor pressure is
set to 200 mbar and a microwave frequency of 2.4 GHz is used. The used precursor
is silane (SiH,) with a flow of 150 sccm mixed with an argon flow of approximately
5 slm and a hydrogen flow of 3 slm. For the silicon nanoparticles doped with
phosphorous, phosphine (PHj3) is added to the precursor gas mixture. With this

synthesis route up to 10 £ of silicon nanoparticles can be produced.
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Figure 3.9: Set-up for particle synthesis in a hot-wall reactor with a sub-
sequent thermophoretic particle collector [71].

3.3.3 Hot-wall reactor synthesis

All ZnO nanoparticles investigated in this work are synthesized in a hotwall re-
actor. In figure 3.9 the setup is shown. It consists of a wall-heated flow reactor,
a precursor supply system and a thermophoretic particle collector. The precursor
supply system consists of two bubblers. For undoped ZnO nanoparticles only one
bubbler filled with diethylzinc (DEZn) is used. For doping the ZnO nanoparticles
with aluminum, a second bubbler filled with triethylaluminum (TEAL) is used.
The bubblers are placed in a temperature controlled oil bath to adjust the precur-
sor vapor pressure. Helium is transported troughout the bubblers and the output
flow is controlled by a mass flow controller. In order to prevent any oxidation of
the precursor before they enter the oven, the pure oxygen is mixed to the precur-
sor helium blend only immediately before the oven inlet. The synthesis pressure
for all experiments is about 20 mbar. The aluminum tube inside the oven, where
the particles are synthesized, has a diameter of 19 mm. The synthesis takes place
always at 800 °C to guarantee full decomposition and also a safe handling of the
precursors, because the decomposition of the DEZn takes place already at 400 °C
[71]. The mean residence time of the precursor in the oven is 20 ms, and during

this time the ZnO particles are synthesized in three main steps: nucleation, co-
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agulation and coalescence (see chapter 3.3.1). The synthesized nanoparticles are
collected in a thermophoretic particle collector. The temperature gradient inside
the collector ranges from 800 °C (produced by an infrared lamp) down to room

temperature (water cooling). The production rate is about 0.5-2 {.
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3.4 Characterization and functionalization process

Different methods are used in this work to characterize the synthesized nanopar-
ticles. In this chapter the most important and widespread methods are described

with a view on the handling of the nanoparticles used in this work.

3.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is the standard method to get information about the
crystallite site, chemical composition and lattice constants of a solid material. A
PANalytical X-ray diffractometer (X “Pert PRO) is used to measure the diffraction
pattern of the investigated materials. The atoms in a material are arranged in a
3-dimensional lattice which can be described as a series of overlapped layers. The
inter-layer distance d is a characteristic property of every material (see figure 3.10
for detail). If the monochromatic beam with a wavelength of A=1.54 A arrives
at an incident angle 0;=20, a constructive interference leads to the typical Bragg

reflections according to Bragg’s law:

nA = 2dsin®. (3.15)

Ni-filtered Cu-ka radiation is used with a Cu-tube operated at 40kV and 40 mA.
The diffracted x-ray beam is detected with an X“Celerator detector. The scan
resolution is 0.005° and the incident angle range is 20 = 20°-120°. Data fitting
is provided by MAUD [75]. This program uses a Rietveld refinement to get in-
formation about the structural properties of the material. The diffraction pattern
are fitted starting from the parameters of bulk ZnO [76] (wurtzite lattice, P63mc
space group). The measurements for the silicon nanoparticles are fitted with the
bulk parameters of Si (diamond structure, Fdsm space group). The background

signal of the measurements is fitted with a sixth-order polynomial fit.
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Figure 3.10: Bragg reflection in a crystal lattice.

3.4.2 Impedance spectroscopy

The impedance spectroscopy receives the response of the material on an applied
frequency. The result of this measurement allows explaining different contributions
to the resistivity of a material and the transport mechanism. The impedance is the
complex alternating current resistivity which depends on the applied frequency on
an alternating (AC) current. The excitation output U; depends on the amplitude
Up of the input signal, the angular frequency w = 27f, and the time ¢ and is
given in equation (3.16). The resulting current /; can be phase-shifted and has an

amplitude of Iy, as described in equation (3.17).

Uy = Upsinwt (3.16)
Iy = Ipsinwt + . (3.17)
26
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Figure 3.11: Nyquist plots for the different electronic elements a) Capac-
itance b) Resistance and capacitance in serial ¢) Resistance
d) Inductance e) Resistance and capacitance in parallel f)
Resistance-capacitance in parallel connected with a War-
burg impedance in serial.

The impedance Z is derived from Euler relation (see equation (3.18)) and Ohm’s
law. U = RI, where U ist the voltage, I is the current and R the resistance. The

relation for the impedance can be seen in equation (3.19).

exp(id) = cos(P) + isin(d) (3.18)

Ug  Upexp(iwt)
I, Ipexp(iwt —id)

Z(w) =

Figure 3.13 shows an image of the impedance Z plotted in the complex plane. The

= Zp(cosd + isind) = Zpexp(id). (3.19)

angle between the x-axis and the vector Z represents the phase ¢. One of the com-
mon methods for measuring the impedance is the frequency domain method. In the
frequency domain method, which is applied in this work, the frequency-dependent
impedance is observed by varying the frequency of the alternating current step

by step. The shift between the current and the voltage gives the phase ¢. The
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Figure 3.12: Schematic view of the electrical transport processes within
the particle network. The grey area surrounding the blue
particles indicates the depletion layer. An equivalent cir-
cuit is used for each contribution. The orange area around
the blue particles presents the depletion area around the
particle.

impedance is then calculated from the following equations (3.20):

Z =27 +iZ" =|Z|exp(id), (3.20)
Z| = V(Z')? + (Z7)?, (3.21)
¢ = arctan <%> : (3.22)

By using the program Visfit [77] it is possible to model circuit diagrams equivalent
to the measured data, and to explain the different contributions to the impedance
that occur by changing resistivity, inductivity or capacitiy. The resonant frequency

of each RC-element can be calculated under the condition:
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WRC = 1. (3.23)

In figure 3.11 the Nyquist plots for different equivalent circuits are shown. In
Figure 3.11a the plot for a capacitance is shown. There is no real part of the
impedance. The plot for a pure resistance (see figure 3.11¢) only has a real part and
the serial connection of a resistance and a capacitance produces a graph combined
which is shifted of the distance of the real part of the resistance(figure 3.11b).
The parallel connection of a resistance and a capacitance produces a semicircle.
Due to the frequency dispersion of the capacity which produces the semicircle
shown in figure 3.11e. By adding the so called Warburg impedance in series to
the parallel connection of a resistance and a capacitance, a semicircle with a tail
in the lower frequency region and with an angle of 45° is observed (figure 3.11f).
This behaviour is observed when « of the Warburg impedance is about 0.5 (see
details later). In figure 3.12 the schematic view of the particle network between
two electrodes is reported. The different resistivity contributions are described by
equivalent circuit elements. In order to model the particle-particle contacts (the
so called grain boundary) and the particle-electrode contact (Schottky contact)
an RC element is used. The resistance of the core itself is described by a single
resistor. The impedance function of a resistance R, capacitance C and inductance

L is described with the following equations:
Z = R (resistance R)

7 = capacitance C')

c (
Z =iwlL (inductance L).

In some system the phase deviates from +90°. In this case a mathematical model,
the CPE-element, is used. The CPE is defined by equation (3.24):

(3.24)

« = 0 (resistance R)
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N
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Figure 3.13: Graphical presentation of an impedance in the complex
plane.

o« =1 (capacitance ()
o« = —1 (inductance L)

a = 0.5 (Warburg impedance, typically seen for materials with diffusion

limited ionic conductivity).

In figure 3.12 the schematic view of the electrical transport processes within a
porous particle network can be seen. The overall conductivity of the material de-
pends on the surface reactivity (i.e. environmental condition) and on the charge

carrier transport processes particle-particle and particle-electrode. It is always pos-
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sible to have all three kinds of transport processes in one system. The resistivity of
the grain boundaries contributes to the overall conductivity when the particles are
small and not sintered togeher. Another contribution comes from partly depleted
necks between two particles. The mean free path of the free charge carriers in
this case is comparable with the size of the grains. Therefore, the number of col-
lisions by free charge carriers in the bulk area of the particles is comparable with
the number of surface collisions. Such equilibrium can be influenced by adsorbed

atoms, and additional scattering can take place.

3.4.2.1 Sample preparation for the impedance measurements for compacted
powders

All powders are compacted for the measurements except for the measurements of
films. The initital amount of particles depends on the material. For the zinc oxide
pellets about 9-10mg of ZnO nanoparticles are used, and for the silicon pellets
about 2-5mg are used. The powder is placed in a sample holder located between
two pressing plates having 5 mm diameter and polished surfaces shown in figure
3.14. The sample holder is placed in a hydraulic press and a compression force of
18 kN is applied for 30 min. This force is equivalent to a pressure of 1.02 GPa on
the 5mm pellets. SEM images of the resulting pellet can be seen in figure 3.14
(here for example a ZnO pellet) with a typical green density of 60% compared to
bulk ZnO.

3.4.2.2 Measurement metrology of compacted powder

The produced pellet is sandwiched between two spring-loaded platinum disks in
the measurement cell. The measurement cell is situated in a gas tight ceramic
tube with gas in- and outlet. A tube furnace heats the ceramic tube and the
measurement cell. For preventing short circuits between the platinum disks, their
diameter matches exactly with the diameter of the ZnO pellets. In figure 3.15 a
schematic view of the used measurement cell is presented. Changing the material
of the metal contact did not show any influence on the results and platinum con-

tacts were then used as the standard material. For the electrical characterization a
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Pressing plates

- o ARl
ey Wy %“'}: S A
ZnO Powder SEM picture of compacted ZnO powder
particles

Pressing Tool

Figure 3.14: On the left hand site ZnO nanoparticles before preparation.
In the middle the pressing tool for the compaction and on
the right site the resulting pellet after the compaction.

Figure 3.15: Schematic view of the used measurements cell. 1: thermo-
couple, 2: ceramic holder, 3: sample, 4: platinum disks and
platinum electrodes, 5: platinum wires, 6: spring.

Hewlett-Packard (HP4192A) impedance spectrometer was used. All samples have
been measured in the frequency range 10 Hz-10 MHz in logarithmic steps with 20
frequency points each decade. The first measurement took place at lowest tem-

perature (around room temperature or 50 °C) and then every 25 °C the impedance
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was measured until the final temperature (mostly 400 °C) was reached. The tem-
perature was stabilized for five minutes before the acquisition of every point to

allow a maximal temperature deviation of £0.5°C.

3.4.3 Scanning Electron Microscopy (SEM) and Electron Beam Lithography
(EBL)

One part of this work deals with the possibility of creating an ink-jet printed ZnO
film which may be attractive as hydrogen sensor. The used sensors are manufac-
tured by electron beam lithography (EBL). All the process steps are performed
in a clean room atmosphere to prevent any sample contamination of the samples.
Silicon substrates of 5 mm lenght and width and 0.4 mm thick was used. Before
measurement, the substrates were cleaned with analytical isopropanol. At the top
of the cleaned substrate an electron sensitive double resist is spin-coated (see figure
3.16a and 3.16b). During the first step a resist called 200K4% is spin coated at
the top of the substrate at 8000 rpm. Then the resist is tempered at 100 °C for
10min. After that, the second resist (950K1%) is spin coated at 8000 rpm and
tempered at 100°C for 5min. The substrate is placed in the scanning electron
microscope (SEM) with an attached EBL unit. In this work a SEM (LEO 1530
(Zeiss)) with an electron beam unit with a maximum accleration voltage of 20kV
is used (Elphy Plus). The prepared substrate is exposed to an electron beam of
20kV and a dose of 180 uC/cm? is needed (see figure 3.16¢). During the exposure,
the electrons in forward and backward scattering break the long polymer chains of
the resists at the area defined by the writing electron beam. The outcome of the
writing process depends on the area written and on the used resist; the necessary
resolution of the resulting structure is adjustable with the used dose and takes
about 16 h. After the writing process the substrate is removed from the SEM and
treated in a developer (Allresist AR600-56). This developer consists of a mixture
of 25% methylisobutylketon and 75% isopropanol. After 30s, the developing pro-
cess is stopped by putting the substrate into a stopper (AR600-60) for 10s (see
figure 3.16d). Further details of the resulting resist profiles can be found elsewhere
[78, 79]. After the developing and stopping process of the resist, the sample is

moved to a high vacuum coater. Here, a gold film of about 50 nm is evaporated
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o4 PVMMA
a) b)
Spin-coating Coating

Electronbeam

<) “ Exposed PMMA d)

Light exposure Development
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Vaporization with Au Lift-off

Figure 3.16: a) Spin coating of PMMA. b) Spin coated PMMA on the
surface of the SiO, substrate. ¢) The PMMA is exposed to
the electron beam on a defined structure. d) After develop-
ing step of the electron beam exposed part of the PMMA. e)
Evaporation of Au on the surface of the structure. f) After
the lift off process the Au-structure is left.

on the top of the substrate as shown in figure 3.16e. Then the substrate with the

evaporated gold is placed in a box with hot acetone (75°C) to remove the resist

34

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



3 Theory and experimental methologies

Figure 3.17: Picture taken with an optical camera. Nine interdigital
structures can be seen exemplarily for the interdigital struc-
tures used for the thin film measurements produced via ink-
jet printing.

(lift-off process). The gold film on the top of the resist is removed with this process
and only the structure from the layout of the electron beam process stays on the
subtrate (see figure 3.16f; here only one gold path is shown to make the drawing
simple). A picture of the resulting interdigital structure can be seen in picture
3.17.

3.4.4 Functionalization process for silicon nanoparticles

Silicon nanoparticles have a wide variety of unique properties which have been
successfully used to improve performances of solar cells, lasers and diodes [24, 26,
27, 40, 41]. Furthermore, Si is the second most common element in earth’s crust

[39], making it an ideal candidate for industrial applications: it is inexpensive,
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Figure 3.18: The functionalization process.

non-toxic and relatively easy to produce and define. Silicon nanoparticles have a
high specific surface and their oxide shell is characterized by a high defect con-
centration [42, 43]. For certain applications, the only drawback is the oxide shell
around the silicon core. This oxide shell decreases the electrical conductivity and
also the optical properties of silion nanoparticles [44—46, 58]. In this work an inves-
tigation on the electrical properties of Si nanoparticles is presented. By removing
the oxide shell via hydrosilylation, a step towards the production of stable surface
oxidation of silicon nanoparticles is made [47-49]. The main drawback of hydrosi-
lylation is the subsequent reoxidizing of the surface, therefore a method to prevent
the reoxidation has to be found [51]. The surface functionalization with organic
molecules is one of the most common answers to this problem, and it has been
performed by several groups before [52-56]. The outcoming silicon-carbon bonds
(Si-C) are strong and have a low electron polarisation due to the little difference
of elektronegativity between C and Si [48, 57]. The optical properties of these
functionalized silicon nanoparticles were already deeply investigated, but to the
best of our knowledge their electrical properties are unknown.

The Si nanoparticles used in this work are functionalized as follows. The oxide
layer covering the silicon nanoparticles is removed by etching in hydrofluoric acid.
The etching process takes part under controlled Ny atmosphere to avoid steady
surface re-oxidation. A suspension of 40mg of silicon nanoparticles in 4mL of
methanol is added to 10 mL of hydrofluoric acid (HF 50 wt%). The dispersion is
stirred for 5 min at room temperature and then filtered on a polyvinylidenfluorid

(PVDF) membrane filter with pore size of 100 nm. The functionalization is done on
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the freshly etched silicon nanoparticles by a thermally induced hydrosilylation pro-
cess by using the n-alkenes hexene (Cg), decene (Cyg), dodecene (Cys), tetradecene
(C14) and octadecene (Cig). The etched particles are dispersed in the respective
alkenes and are treated with an ultrasonic disperser. Then the dispersion is heated
up to 120°C (except Cg which is heated up to 60°C due to a low boiling point of
63°C) for 12h. In figure 3.18 the functionalization steps on silicon nanoparticles
is schematically shown. The dark grey core represents a Si nanoparticle, while
the light grey layer around the core represents the oxide shell. By etching the
oxide shell is removed and the silicon core surface is hydrogen terminated. By
functionalizing the etched silicon nanoparticle, the surface is covered with organic
alkenes in the derived lenght. The resulting dispersion of functionalized silicon
nanoparticles is finally centrifugated, washed and stored in vacuum condition for

receiving dry, functionalized silicon particles.
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The structural and electrical properties of the ZnO nanoparticles are character-
ized with regard to the influence of Al doping, the behavior in changing moisture
atmosphere and as ink-jet printed ZnO thin film. The influence of the Al doping
concentration is investigated as well as the difference of the electrical transport
properties of the ZnO nanoparticles in synthetic air and hydrogen atmosphere.
The investigation on the electrical properties in different moisture atmosphere sup-
ports the observed growing behavior of ZnO nanoparticles in moisture atmosphere
[32]. With the help of ink-jet printing, a ZnO thin film is printed and investigated

with a view on the possibility to use ink-jet printed ZnO films as hydrogen sensors.

4.1 Structural properties

The crystal structure of the ZnO nanoparticles is determined by XRD using a
PANalytical X-ray diffractometer with Ni-filtered Cu-K, (1.54 A) radiation. Fig-
ure 4.1 shows the XRD results for ZnO doped with different molar percentages
of Al (0%, 5.4%, 7.0%, 7.7%, 16.8%, and 37.6% of Al). The molar percentage
of Al represents the mole of Al to moles of Al and Zn atoms. The nanoparticles
have a spherical shape and a narrow size distribution observed from the trans-
mission electron microscopy (TEM) measurements. The synthesis parameters (i.e.
pressure and temperature) were kept constant for different Al molar percentages.
Figure 4.1 gives the information that the crystal structure of doped and undoped
ZnQO are of wurtzite type. Particulary, we found the wurtzite lattice with a doping
concentration of 37.6 %, which is in contrast with the finding of Nunes [80] and Lu
[35]. For thin films, the solubility limit of Al in ZnO is 2% only [35]. On the other
hand, the solubility limit of Al in ZnO prepared by magnetron sputtering [80] is
about 20 to 30%. The CVD process used in this work allows a much more efficient
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Figure 4.1: X-ray diffraction pattern of doped and undoped ZnO
nanoparticle samples synthesized via a hotwall reactor.

incorporation of aluminum atoms compared to both the magnetron sputtering [80]
and the wet chemical route [35]. By CVS a limit concentration of at least 37.6% of
Al in ZnO is reached. However, this result has to be taken carefully since at high
Al concentration a potentially formed Al;O3 is expected to be amorphous which
is not visible in the XRD pattern. In figure 4.1 the broadening in the XRD signals
for higher Al concentrations is clearly visible. The broadening of the XRD signal
occurs because of the decreasing of the crystallite size of the ZnO nanoparticles
with higher aluminum concentration. The crystallite size is calculated by Rietveld
refinement of the XRD data and the results can be seen in figure 4.2, where the
crystallite size is plotted as a function of the aluminum concentration. During
the synthesis process, the addition of Al-combining impurities might slow down
or even stop the coalescence step. Due to this effect and the existent impurity

drags the growth rate is delayed even more for the higher alumina concentrations.
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Figure 4.2: Crystallite size and degree of crystallinity as a function of the
molar percentage of Al calculated from Rietveld refinement.

In figure 4.1 one can see the decreasing crystallite size with increasing Al content.
The degree of crystallinity can be presented by the equation 4.1 where J represents
the XRD signal from coherent scattering and B presents the background signal
which comes from the incoherent scattering of the sample [81]:

= ﬂ (4.1)

[ (J+ B)do

The integration is performed in the range of 20° <20 <120°. Higher values of I"
indicate either the presence of a higher fraction of crystalline phases in the material
or a lower density of defects. In figure 4.2 one can see the degree of crystallinity and
the crystallite size as a function of the atomic percentage of Al. In this plot a clear

dependence of the crystallite size and the degree of crystallinity on the doping
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Figure 4.3: TEM image of ZnO nanoparticles with 5.4% of Al and a par-
ticle diameter of 7.4nm.This sample is thermophoretically
sampled directly from the reactor.

concentration is observed. The decrease in crystallinity has two reasons. First,
the incorporation of Al atoms in the crystal-lattice may form a separate phase of
amorphous alumina. Second, the generation of defects during the synthesis step
increases with higher aluminum content due to a higher incorporation of dopant
atoms. The TEM picture shown in figure 4.3 is an example of ZnO nanoparticles
doped with 5.4% Al. It shows that the particles are almost spherical with some
degree of agglomeration, and they exhibit a mean primary particle diameter of
7.4nm. The TEM size measurement is consistent with the size calculated from
the XRD signals. In figure 4.4 the lattice parameters a and c¢ are presented as a
function of the doping concentration. The small ionic radius of Al compared to
Zmn can account for the decrease of the lattice parameter ¢ and the increase of the
parameter a towards higher aluminum concentrations. The steep decrease of the
lattice parameters for a doping concentration higher then 7% may result from Al
atoms which are forced to occupy other lattice places, thus reaching the nominal

dopant concentration but occupying different sites.
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Figure 4.4: Influence of Al percentage on the lattice parameters a and ¢
of the ZnO nanoparticles.
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4.2 Electrical properties of ZnO nanoparticles

The results for ZnO nanoparticles are presented in this chapter. First, the influence
of the gaseous environment on the electrical properties of ZnO nanoparticles for
compacted powder is explained. Second, the electrical properties of aluminum
doped ZnO nanoparticles synthesized with a hotwall reactor are presented. The
last part in this chapter deals with the influence of moisture on the electrical

properties of undoped ZnO nanoparticles.

4.2.1 Zinc oxide nanoparticles in different gaseous environments

The electrical properties of ZnO nanoparticles change in different gaseous envi-
ronments. Especially the transport properties of ZnO nanoparticles in hydrogen
atmosphere changes dramatically for the different doping concentrations. In this
chapter the electrical properties of ZnO nanoparticles in synthetic air and in hydro-
gen atmosphere for different temperatures are presented. For the measurements
shown in this chapter, the first three cycles, (one cycle means all measurements
between 50 °C and 400 °C) are measured in hydrogen atmosphere and the following
three cycles are measured in synthetic air (20.5% O ultra high purity in Ny). Af-
ter reaching 400 °C after the third cycle in hydrogen atmosphere, the measurement
cell is cooled down in hydrogen atmosphere until the sample reaches room tem-
perature. Then, the gaseous environment is changed from hydrogen atmosphere

to synthetic air.

In figure 4.5 the Nyquist plot of one of the samples in hydrogen atmosphere
is shown. Only data for the real part of the impedance are found without any
frequency dispersion. The conductivity of all measured samples in hydrogen at-
mosphere is very high and shows pure ohmic behavior. In this data set the con-
tributions from contact or transfer resistances from cables are not eliminated. In
figure 4.6 the first cycle in hydrogen can be seen beside others. A strong increase in
conductivity with increasing temperature can be observed. Cycle two (not shown)
and three keeps the very high conductivity which is reached after the first cycle
and they also show identical conductivity values. The strong increase in conduc-

tivity during the first cycle measured in hydrogen atmosphere is attributed to an
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Figure 4.5: Nyquist plot for the measurements in hydrogen atmo-
sphere for a selection of temperatures (e.g.here undopes ZnO
nanoparticles). A pure ohmic transport behavior is observed.

annealing effect which is observed for all measured samples, even in synthetic air.

For this reason all shown data points and calculations are done from the third cycle
at each atmosphere to neglect any annealing effect or the influence on the doping
concentration and the gaseous environment. Back to the measurements in hydro-
gen atmosphere, the observed high conductivity has to be explained. The increase
in conductivity in hydrogen atmosphere is already well known from the literature.
The work of You et al. shows I-U measurements for ZnO nanoparticles treated
with a hydrogen plasma. They observed an increased current after the plasma
treatment [82]. Liu et al. also showed the increase of the conductivity of ZnO
films after annealing in hydrogen at different temperatures, and they explained it
as consequence of hydrogen diffusion and formation of a shallow donor during the
hydrogen treatment [40]. The increase in conductivity for the measurements in
hydrogen atmosphere results from the generation of free charge carriers following
the doping with hydrogen atoms. Our explanation of the underlying physics is
repeated below using Kroeger-Vink-Notation [83] (see equation (4.2)). Zinc atoms
on Zn sites (Zng,), oxygen atoms on oxygen lattice site (Op) in combination with

the provided hydrogen atoms and a bonding of the hydrogen (atoms) to the lattice
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Figure 4.6: Temperature behavior for the first and third cycle in each
atmosphere is shown. The measurements in hydrogen show a
significant higher conductivity than the measurement in syn-
thetic air (here as example the undoped ZnO nanoparticles).

oxygen result in hydroxyl groups on oxygen lattice sites (OHg) and free electrons
(e7). The electrons generated by this process give an important contribution to
the conductivity of the ZnO particles in hydrogen atmosphere compared to the

measurements in synthetic air.

Zny 4 208 + Ha(g) <=> Zny, + 20H, + 2¢ (4.2)

In synthetic air the Nyquist plots show semicircles (except 16.79% Al and

37.6%) which can be seen in figure 4.7. The presence of semicircles implies that
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Figure 4.7: Nyquist plot for a selection of temperature for the mea-
surements in synthetic air. An increase in conductivity
with increasing temperature is observed and semiconduct-
ing behavior is found (here as example the undoped ZnO
nanoparticles).

semiconducting transport processes are occuring in the system. The first cycle in
hydrogen atmosphere has always a higher resistivity than the following cycles in
the respective temperatures due to an annealing process which took place during
the first heating ramp (see figure 4.6). The conductivity is about six orders of
magnitude less compared to the measurements in hydrogen atmosphere. Other
groups also observed an increase in conductivity by implanting hydrogen in ZnO
thin films by five orders of magnitude [84]. Zhou et al. measured an increase of
conductivity up to four orders of magnitude for hydrogen-implanted disc-shaped
specimens [85] and theoretical calculations predict a shallow donor level in the
ZnO which causes an increase in conductivity after hydrogen implanting [86]. The
decrease in conductivity compared to the measurements in hydrogen atmosphere
results from the release of the hydrogen atoms during the heating of the sample in
synthetic air. This change in conductivity is observed for all undoped samples, as
well as doped ZnO nanoparticles. After changing the environment from hydrogen

atmosphere to synthetic air, the conductivity goes down some orders of magni-
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Figure 4.8: Conductivity for different doping concentrations of Al in ZnO
in hydrogen atmosphere and in synthetic air.

tude. The same behavior is also observed for ZnO single crystals but not for ZnO

nanoparticles so far [87].

The gaseous environment playes a big role in the transport process inside the
ZnO nanoparticles. In figure 4.8 the conductivity as a function of the doping
concentration at 400 °C is compared for the measurements in hydrogen atmosphere
and in synthetic air. In hydrogen atmosphere the conductivity lies about two orders

of magnitude higher than in synthetic air.
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Figure 4.9: Conductivity for the aluminum doped ZnO nanoparticles
in synthetic air (except the Al concentrations higher than
7.74%) as a function of the inverse temperature.

4.2.2 Influence of the aluminum doping of the ZnO nanoparticles

This chapter deals with the doping of ZnO nanoparticles with aluminum. The
effect of different doping concentrations on the electrical properties are investigated
in both, synthetic and hydrogen atmosphere, at different temperatures. In figure
4.10 the results for the measurements in hydrogen atmosphere are shown. The
conductivity decreases with rising aluminum concentration and the samples doped
with 16.79% and 37.63% of aluminum show conductivity values two orders of

magnitude lower then all other doped materials. ZnO nanoparticles consist of
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Figure 4.10: Conductivity as a function of the inverse temperature
for aluminum doped ZnO nanoparticles in hydrogen
atmosphere.

zinc and oxygen atoms at different lattice sites. A substitutional replacement
of zinc ions in the lattice by Al ions or the incorporation of Al interstitials are
possible. The incorporation of aluminum ions leads to the formation of free charge
carriers, which can be described with the Kroeger-Vink-Notations (4.3) and (4.4):

2A1,05— > 4Al; 4+ 40§ + Oo(g) + 4e” (4.3)
2A1,05— > 4AL" 4 30,(g) + 120 (4.4)

In hydrogen atmosphere the decrease of the overall conductivity with rising Al con-
tent is attributed to an increase in scattering processes at defects such as point de-

fects (Al atoms) and extended defects (surfaces and interfaces). The charge carriers
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Figure 4.11: Conductivity as a function of the doping concentration of
Al at 50°C in synthetic air.

resulting from the Al doping are thermally activated, and there are also charge car-
riers originating from the hydrogen doping in hydrogen atmosphere. In the lower
temperature regime (175 °C) a positive temperature coefficient (ptc)conduction be-
havior in hydrogen atmosphere can be observed similar to a metallic-like transport
behavior up to 7.7% of Al doping which comes from the hydrogen doping. Due to
thermally activated charge carriers from the Al doping, the temperature coefficient
switches, beginning from 175 °C and 37.6% Al the negative temperature coefficient
behavior can also be observed above 200°C. Additionally, their comparably poor
specific conductivity is caused by the strongly reduced crystallinity (see chapter
4.1).

In figure 4.9 the conductivity as a function of the temperature up to Al con-

centrations of 7.74% in synthetic air is shown. Doped ZnO nanoparticles with Al
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4 Results and discussion for ZnO nanoparticles

content as high as 7.74% show very poor conductivity, which is compared with the
low concentration doped ZnO nanoparticles in figure 4.11. This increase in con-
ductivity can be explained by the increase of charge carriers due to the aluminum
doping. The poor conductivity at higher Al contents is the result of a reduced
crystallinity of the ZnO naoparticles. The conductivity of the material in air ex-
hibits a distinct maximum at 5.39 - 7.74% of Al. A similar trend in conductivity
has been observed for Al-doped ZnO films at a maximum of 4% of Al [35]. If
one compares figures 4.4 and 4.11 the same trend can be seen. The smaller ionic
radius of Al compared to Zn might be responsible for the decrease of the value of
the lattice constant ¢ with increasing Al level. The trend of the lattice constant a
(first increases and then decreases) is more difficult to explain. Possibly, Al atoms
preferentially occupy particular lattice sites at lower Al doping concentrations.
The increase of Al concentration above a certain threshold limit (above 7.74%)
forces Al atoms to occupy other lattice sites [32]. The lattice parameter a and
the conductivity in synthetic air follow the same trend. The incorporation of Al
atoms into the ZnO lattice causes a change of the lattice constant a and therefore
a careful correlation between the site of the dopant atom and the conductivity can

be made.
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4 Results and discussion for ZnO nanoparticles

4.2.3 Influence of moisture

In this chapter the influence of moisture on the electrical properties of ZnO nano-
particles is presented. It is known, that ZnO nanoparticles synthesized in a hotwall
reactor grow in moisture atmosphere [32]. Its influence on the electrical conduc-
tivity of ZnO nanoparticles was investigated, but the reproducibility and long-
term measurements are not reported [88-91]. The thickness of the disks used for
the impedance measurements is about 0.12mm, and is handled like explained in
chapter 3.4.2.1 and 3.4.2.2 for the measurements of the aluminum doped ZnO
nanoparticles. The measurments are run under the same conditions as explained
in chapter 3.4.2.2. During the first ramp, the impedance data are measured in

argon atmosphere. Then the pellet is cooled down to 50 °C in argon atmosphere.

Qven

Humidity sensor

MFC

Measurement cell
HO  |«—Bubbler

Figure 4.12: Set-up for the measurements at different relative humidity.

Similarly, the second and the third ramp are performed under the same conditions.
Then the moisture is added using a water bubbler. An argon flow of 100 sccm is
directed first through the water bubbler and then into the chamber (see figure
4.12). By heating the water bubbler the moisture level can be changed and the
relative humidity (rH) is measured inside the chamber using a commercial humid-

ity sensor (Hygrosens FF-IND-20mA). Dry atmosphere is achieved bypassing the
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Figure 4.13: Nyquist plot for the measurements at different temperatures
at 74 %rh.

bubbler with a flow of 100 sccm of argon. The relative humidity is adjusted first
to 0% rH (for dry argon atmosphere) and then to 56 % rH, 74 % rH, 97 % rH and
100 % rH. When the measurements at 100 % rH are finished, the relative humidity
in the chamber is set to 69 % rH. The bubbler was disconnected from the water
bubbler after the measurements at 69 % rH were finished and dry argon atmo-
sphere with 0% rH is achieved in the chamber again. Then the conductivity is
measured again in dry argon atmosphere. The measured impedance spectra in
moisture and dry argon exhibit semi-circles which are typical for semiconductors
and expected for ZnO nanoparticles. In figure 4.13 selected Nyquist plots can be
seen from the measurements at 74 % rH. For all other humidity concentrations
and temperatures the same shape is observed. The Nyquist plot for the measure-
ments at different moisture levels at 200 celsius is shown in figure 4.14 as example
for all other moisture concentrations. In figure 4.15 the specific conductivity of
the ZnO samples is plotted as a function of the inverse temperature for different
moisture contents. The data are computed from the real part of the impedance
(Z’) measured between 10 Hz and 250 kHz. For the data points in figure 4.15 the

values of the impedance at 177 Hz are used (any other value between 10 Hz and
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Figure 4.14: Conductivity as a function of the temperature for aluminum
doped ZnO nanoparticles in hydrogen atmosphere.

250 Hz could be used due to the present DC-conductivity in this regime). In this
frequency range, a pure DC-conductivity is found. The conductivity is plotted as
a function of the inverse temperature for the different measured relative humidity
concentrations up to 100 % rH for the first time. The conductivity increases with
higher relative humidity due to the adsorption of water molecules on the surface
of the ZnO nanoparticles, which ultimately leads to the formation of Zn(OH)s.
Due to a dissociative chemisorption, a displaced double ionized oxygen atom from

the lattice reacts with protons originating from the dissociation of H,O molecules
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Figure 4.15: Conductivity as a function of the temperature for all mois-
ture concentrations.

leading to two hydroxyl groups and releasing two electrons as shown in equation

4.5. As a result, the conductivity increases due to the accumulation of electrons
at the surface [92].

200 + HQO <= > QOHO + 502 + 2e”. (45)

Additionally, it is known from literature, that the water molecules in the ph-
ysisorped monolayer form hydrogen bridge bonds with additional water molecules.
In the Grotthus chain reaction model [93], these water molecules can accept pro-

tons from the hydroxyl groups and the proton can move freely in the layer. This
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Figure 4.16: ZnO nanoparticles for different relative humidity. The con-
ductivity still rises after removing any moisture from the
system.

mechanism increases the proton conductivity and it enables for a further increase
in electronic conductivity as every proton released from a surface hydroxyl group

creates one electron.

By exposing the samples to 69 % rH after measuring at 100 % rH with high hu-
midity concentrations, a decrease in conductivity is expected. Instead, the opposite
behavior is observed. Figure 4.16 shows the conductivity for the different humidity
concentrations at 50°C as a function of the sequence of the measurements. The
measurements still show an increase in conductivity even after turning off the water
bubbler and decreasing the relative humidity down to zero. After measuring the
conductivity at the different moisture levels from 0% rH to 100 % rH, the relative
humidity is decreased down to 69 % rH and the sample is measured at this moisture

level. Then the water bubbler was disconnected and pure, dry argon was flowing
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4 Results and discussion for ZnO nanoparticles

through the measurement cell again. After reaching the 0% rH the conductivity
was measured again and surprisingly it was still increasing. After one day of dry
argon purging the conductivity was still increasing. A decrease of the conductivity
after decreasing the moisture level is expected but the conductivity is still increas-
ing. An explanation for this behavior could come from the XRD pattern from
the ZnO nanoparticles and from those annealed during the treatment in humid

atmosphere (see 4.17). The Bragg reflections and the effect of the narrower reflec-

t=17days

Intensity/ arb. units

30 40 50 60 70 80 90

20/ °

Figure 4.17: XRD pattern of ZnO nanoparticles before and after exposure
to humid atmosphere. The Bragg reflections are getting
narrower for the humidity exposed ZnO particles.

tions indicate an increase in crystallite size from Rietveld refinement from 13.3 nm
to 17.6nm [32]. Ali et al. found that the chemisorption of water molecules and
the generation of hydroxyl groups in combination with interstitial oxygen, oxy-
gen and zinc vacancies are responsible for the production of new ZnO layers and
therefore the growth of the ZnO nanoparticles. The highest mobility of the point
defects in the crystal structure have interstitial zinc atoms followed by interstitial
oxygen atoms, zinc vacancies and oxygen vacancies [94]. The diffusion energy for

the nanocrystals is lower compared to the diffusion energy for bulk ZnO, which
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4 Results and discussion for ZnO nanoparticles

makes the diffusion process possible at 50 °C. The coexistance of hydroxyl groups
and unprotonated oxygens may produce new ZnO layer. Related to the described
growing process, the observed electrical behavior at different moisture concentra-
tions can be explained as follows: due to the growth of the particles, the volume
to surface ratio is adjusted to less surface area compared to the volume of the ZnO
nanoparticles. The smaller surface area produces less and better particle-particle
contacts. The decreasing number of particle-particle contacts cause a decrease in
resistivity. After decreasing the humidity concentration the conductivity is still
increasing. The ZnO nanoparticles grow due to the physisorped water molecules.
In combination with zinc interstitials (Zn;), new ZnO layer can be produced as
described above. They show that the larger the particles, the smaller the volume
density of particle-particle contacts in the sample. The growing process and there-
fore the conductivity improvement saturates if the dissociation of water molecules

come to an end or the supply of defects is depleted.

58

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den personlichen Gebrauch.



5 Results and discussion for ZnO nanoparticle films

The previous findings obtained for the ZnO nanoparticles suggested the idea to
build a simple gas-sensitive thin film produced by ink-jet printing made of ZnO
nanoparticles synthesized with CVS. The main advantage of using ink-jet printing
techniques is the possibility to deposit a small volume of ink precisely on demand
without using a mask. The ink can also be handled without any extensive pre-
cautions. Some points have to be taken into account such as agglomerate size (for
preventing clogging cartridges) and time-stability over a long time period. Also,
drop spacing, firing voltage, frequency and plate temperature have to be optimized.
If the optimal parameters are found, the ink can be fabricated with low costs, and
the printing is very easy and fast to perform. In this chapter, the steps from the
production of a stable ZnO dispersion until the testing of the hydrogen sensitivity
of the ink-jet printed ZnO film is discussed.

5.1 Dispersion

The ink has to be stable as long as possible and must suit the structural require-
ments like particle size and agglomeration size to the nozzle of the printer. The
ZnO nanoparticles are synthesized by CVS, (see chapter 3.3.3). The crystallite
size measured by XRD is about 20 nm immediately after synthesis. Dispersions
consisting of water and 7wt% of ZnO are not stable, as it can be seen in figure
5.1c. In this figure the crystallite size given by the XRD measurements is also
shown. By dispersing the ZnO nanoparticles in water, the agglomeration size of
the particles increases up to 90 to 100 nm(DLS measurements). The agglomeration
size has to be smaller than 200 nm because of the possible cartridge nozzle clog-
ging. In figure 5.1c one can see the zeta-potential as a function of the pH. The zeta

potential of the dispersion only made from water has a low zeta-potential. Three
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Figure 5.1: a.) Agglomerate size of the particles (DLS measurements)
in the water-based dispersion and the crystallite size of the
Zn0O nanoparticles before the preparation of the dispersion.
b.) XRD pattern of the ink-jet printed ZnO film based on
the water dispersion with TEGO. ¢.) Zeta-potential of the
different dispersions. d.) Comparison of the agglomeration
size (DLS measurements) for the aquatic dispersion and the
dispersion with additional TEGO.

more zeta-potential measurements can be seen in this figure, and they consist of
Zn0O nanoparticles in water with different concentrations of some polymeric stabi-
lizer (5 wt%, 10 wt% and 20 wt% (TEGO (polyacrylic acid + sodium polyacrylate,
Degussa)). For these three dispersions a much higher zeta-potential is observed
and also the agglomeration size (shown in figure 5.1d) is decreased. The mean

particle size estimated after fitting the data turned out to be about 44 nm, while
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Figure 5.2: a.) Comparison of the agglomeration size of the dispersions
with TEGO for different sonication power. b.) Stability of
the dispersion (with 20 wt% of TEGO).

Figure 5.3: TEM picture for a dispersion produced with 20wt% of
TEGO.

the primary particle size estimated from XRD is about 20nm. The XRD pattern

can be seen in figure 5.1b. It clearly shows that the size of the particles in the ink
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is very close to the size of the primary particles. Using TEGO as stabilizer, the
dispersion is stable for several months (see figure 5.2) without any observable sedi-
mentation. The dispersions with TEGO and especially the resulting agglomerate
size is affected by the sonication power. The mixture of ZnO particles, water and
TEGO is sonicated for different times to get the best dispersion. In figure 5.2 three
different curves are shown which result from the difference of the used sonication
power. At least a sonication power of 30 W is necessary to get the desired particle
size. Also, the duration of the sonication process plays a role in the quality of the
dispersions as shown in figure 5.2b. A ZnO ink of high quality can be produced
as follows: the ZnO dispersions are produced from a mixture of 20 wt% of TEGO
in water added to the ZnO powder. The mixture has to be sonicated at least at
30 W for more than 2.5 hours, otherwise agglomerates like the one shown in figure
5.3 would form. The dispersions have to be filtered (200 nm pores) due to the

restricted diameter of the nozzle.

62

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den personlichen Gebrauch.



5 Results and discussion for ZnO nanoparticle films

Mag= 50221 EMI= K7 Aper lgn X Only = 35 % Dale 23 Dec 2008
tum Futsaasn WO= Smm r'ﬂ‘*" i Sig an 2 Aper Align ¥ Only= 9.4 % Time :14:30:48
Apertue Size= 000 pm S9N Speed =1 Aufnehemer Sonja Detocior = knLens

E N E BN . | = e

Figure 5.4: Enhanced SEM picture of a part of the interdigital structure.
5.2 Printing process and resulting sensor

The contacts of the interdigital capacitors consist of evaporated gold (for details see
3.4.3). The distance between the conductive paths is about 400 nm. In the SEM
picture 5.4 a part of the interdigital structure is shown. The conductive paths have
a spacing of about 600 nm and a width of almost 400 nm. The interdigital structure
(dark grey) consists of several gold fingers which are not connected to each others.
The SEM picture in figure 5.5 shows the whole interdigital structure where the
ink-jet film will be printed on.  The substrate where the film is to be printed
must be tested before the printing process in order to make its surface hydrophilic
and to remove all surface contanimations. This cleaning process is performed by
treatment in piranha solution followed by washing in deionized water. The drying

of the substrates is done with nitrogen. The printer device is a Dimatix 2800 ink-
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Figure 5.5: SEM picture of an interdigital structure on a SiO, substrate
used for printing.

jet printer. During the printing process a frequency of 3kHz and a firing voltage
of 30V are used. The substrate is placed on plates heated at 40 °C to remove the
remaining solvent. The dispersion is filtered (200 nm pores) and used to fill the
cartridge. The cartridge is filled with 1.5 mL and produces 10 pL droplets. The
so obtained films are smooth and crack free, and a thickness between 100 nm and
250 nm can be obtained. By using always the same printing parameters, a high
reproducibility of ink jet printed films can be achieved. The substrate with the
interdigital structures on top is placed in a chip carrier. With the help of this
chip carrier, the specific interdigital structures can be contacted via ultrasonic
bonding and measured in the measurement cell for thin films. The impedance
measurements are performed with a Solatron SI1255 in connection with a dielectric
interface. The impedance measurement are performed between 25°C and 200 °C

in ambient air and in hydrogen atmosphere in the frequency range from 10 Hz -
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10 MHz. The maximum temperature (200°C) is limited by the glue fixing the

substrate in the chip-carrier.
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5 Results and discussion for ZnO nanoparticle films

Figure 5.6: a) SEM picture of a part of the ink-jet printed film. One of
the Au-paths can be seen. The film is very smooth and crack-
free. b) SEM picture of the surface of the ink-jet printed film.

5.3 Hydrogen sensitivity of ink-jet printed ZnO films

The structural analyses after the ink-jet printing process shows a crystallite size
of 36 nm. This increase of crystallite size of the particles compared to the ini-
tial crystallite size (20nm) can be explained with a growing process of the ZnO
nanoparticles in moisture (chapter 4.2.3). The ink-jet printed ZnO films have a
high contact area and many particle-particle contacts which are required for elec-
tronic applications [95]. The film is very smooth and crack-free as it can be seen
in figure 5.6a. In figure 5.7 some of the Nyquist plots for different temperatures
in ambient atmosphere are reported. By increasing the temperature of the sam-
ple, the conductivity increases: this behavior is typical for semiconductors [59].
The increase in conductivity can be explained by a thermally-activated charge
carrier transport in the particles. In hydrogen atmosphere the same temperature
dependence is observed as it can be seen in figure 5.8. The activation energy of
the ink-jet printed films is calculated from the slope obtained from the Arrhenius

diagrams with the following relation in equation (5.1) where o is the conductivity,
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Figure 5.7: Nyquist plot of the measurements in ambient atmosphere at
different temperatures.
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Figure 5.8: Nyquist plot of the measurements in hydrogen atmosphere at
different temperatures.
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Figure 5.9: Conductivity as a function of the temperature in ambient and
hydrogen atmosphere.

kg is the Boltzmann constant, 7' the temperature and E, the resulting activation
energy:

o = opexp( /ﬁﬂé)' (5.1)

The activation energy of the sample at ambient atmosphere is about 101 meV, and
for the measurements in hydrogen an activation energy of 108 meV is observed.
In figure 5.9 the conductivity as a function of the temperature is plotted for the
measurements at ambient atmosphere and in hydrogen. The increase of the con-
ductivity in hydrogen atmosphere can be explained by a generation of free charge
carriers due to the doping-like process explained in more detail in chapter 4.2.1
[40, 82]. The same sample exhibits a four times higher conductivity for measure-
ments in hydrogen atmosphere compared to ambient atmosphere already at room

temperature. This behavior shows a high potential even for applications at room
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temperature. As sensing material, another very promising result is that no pre-
annealing of the film is required because the packaging of the nanoparticles after
the ink-jet printing process and the distance of the contact paths are already good
enough to perform sensor measurements. The whole process is also reversible,
except some very small differences after the first heating cycle attributed due to a

very small annealing processes in the particle film.
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6 Results and discussion for silicon nanoparticles

In this chapter, silicon nanoparticle powders synthesized in a microwave reactor
are investigated with respect to their electrical properties. The average size is
about 50 nm. The samples are investigated in air and in hydrogen atmosphere. As
the next step, the silicon nanoparticles are etched to remove their oxide shell. This
decreases the electrical resistivity and the conductivity rises up. The disadvantage
of Si is the reoxidation due to its affinity to oxygen. A method has to be found
to inhibit the etched silicon nanoparticles to reoxidize again. This is done by
surface functionalization with different alkenes. The influence of the alkenes on the
electrical properties of the particles is reported in this chapter. The discussion of
the transport mechanism of silicon nanoparticles based on Mott’s theory concludes

this work.

6.1 Electrical properties of as-prepared silicon nanoparticles

The silicon nanoparticles investigated in this work have a mean particle size of
50nm. In figure 6.1, the conductivity of undoped silicon nanoparticles as a function
of the inverse temperature can be seen. The samples are measured three times in
each atmosphere. For all conductivity plots and calculations of the activation
energy only the third cycles are used. The first cycle always shows an increase of
the conductivity which remains high when the sample is cooled down again. This
effect can be explained by an annealing effect during the first heating ramp. The
higher conductivity of the silicon nanoparticles compared to the untreated particles
is caused by an annealing process during the heating process. For the second and
the third cycle the same high conductivity is observed. Because the second and
the third cycles always show the same values, the values of the third cycles are

used for calculating for example the activation energy Ea of the material. For
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Figure 6.1: Nyquist plot of as-prepared silicon nanoparticles for a selec-
tion of temperatures in air.
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Figure 6.2: Arrhenius plot of as-prepared silicon nanoparticles with the
fit for the calculation of the activation energy Ex.

all measured as-prepared silicon nanoparticles the thermally activated transport

energy F, is about 272 meV as can be seen in figure 6.2. In figure 6.3 the real part
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Figure 6.3: Overview on the resistivity of as-prepared silicon nanopartic-
les measured in hydrogen atmosphere.

of the impedance is shown as a function of the frequency for several temperatures.
All these data points are extracted from the third measurement cycle as explained
before. In this graph the increase in conductivity with rising temperature can be
seen clearly. The conductivity for the measurement at 400 °C is about 15 times
higher compared to measurements at 100 °C. All following electrical measurements
on silicon nanoparticles, no matter if as-prepared, etched or functionalized, show

the same behavior as the example shown in figure 6.3.
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6.2 Electrical properties of etched silicon nanoparticles

In this chapter, the electrical properties of etched silicon nanoparticles are pre-
sented. The natural oxide shell at the surface of the silicon nanoparticles is re-
moved with hydrofluoric acid (HF). Afterwards, the surface is hydrogen termi-
nated. The etched particles are sensitive to ambient atmosphere and have to be
handled quickly in this environment to prevent a regrowing of an oxide shell. This
will be explained in this chapter more deeply. In figure 6.4, Fourier transformed in-
frared spectroscopy (FTIR) for as-prepared, freshly etched and aged etched silicon
nanoparticles are shown. For the as-prepared particles the asymmetric stretch-
ing peak SiO, between the wavenumbers 1075 and 1200 cm™! can be seen very
clearly. The stretching peaks of H-Si with silicon back banded to oxygen (H-Si-O-
Si) between 2200 and 2300 cm™! occur also due to the existing oxide shell around
the silicon particles. After the etching process, the freshly etched particles are
measured directly with the FITR to keep the reoxidation as small as possible.
The FTIR spectra for the freshly etched particles show no peaks coming from the
silicon-oxygen bonds anymore. The SiH, peaks occurring at 2100 cm~! come from
the hydrogen termination of silicon surface atoms back bonded to silicon (H-Si-Si)
as it is received by the etching process using HF. The etched particles are stored
in ambient atmosphere for one day and measured again using the FTIR to see any
reappearance of oxide which would give any information about a reoxidation of the
particles. The lowermost FTIR spectrum in figure 6.4 represents the measurement
on the silicon particles etched and stored in ambient atmosphere for one day. The
regrowing oxide shell is represented by the reappearing SiO, asymmetric stretching
peaks and a decrease of the intensity of the SiH, peaks from the hydrogen ter-
mination of the surface of the particles. The hydrogen termination of the silicon
nanoparticles decreases due to the fact that the oxide shell is regrowing around the
surface and replaces the hydrogen atoms. The results from the following electrical
measurements can be explained nicely with the results from the FTIR measure-
ments. In figure 6.5, the conductivity as a function of the inverse temperature can
be seen for etched silicon nanoparticles. To compare the different conductivities
of the (aged and) etched particles and as-prepared particles, the conductivities for

these samples are shown. The etched silicon nanoparticles show a more than three
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Figure 6.4: FTIR spectra of as-prepared and etched silicon nanoparti-
cles. The reoxidation of the particles is observed very clearly,
especially one day after the etching process took place.

orders of magnitude higher conductivity compared to the as-prepared particles.
By removing the oxide shell around the silicon core, the transport of the electrons
between the particles needs much less energy. The electrons do not have to pass
the oxide shell anymore. The disadvantage of the etched silicon nanoparticles is
the regrowth of the oxide shell in ambient atmosphere after the removal of the
oxide shell and the resulting lower electrical conductivity compared to the freshly
etched nanoparticles. In figure 6.5 the electrical measurements for the etched sili-
con nanoparticles 27 days and 188 days after the etching process can be seen. All
samples are etched at the same time but stored for different durations in ambient
atmosphere to see the influence of the regrowing oxide shell on the conductivity of
the particles. The measurement for the silicon particles 26 days after the etching

process shows a clear decrease in the conductivity compared to the freshly etched
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Figure 6.5: Conductivity for as-prepared and etched silicon nanoparti-
cles as a function of the inverse temperature in hydrogen
atmosphere.

particles. For the conductivity of the particles, which were stored in ambient
atmosphere for 188 days, an even more decreased conductivity compared to the
measurements of materials stored for 26 days can be observed. This behavior can
be explained by the regrowing oxide shell and the effect, that the oxide is increas-
ing in thickness over time [96]. The charge transport between the silicon particles
is disturbed by the oxide shell. The conductivity for the etched particles stored for
188 days in air is even worse due to the growth of the oxide shell compared to the
26 days old particles. These observations are also supported by the FTIR spectra
in figure 6.4. In this figure, the peaks from the oxide are reappearing again and
getting stronger over time in contrast to the decreasing SiH, peak from the hydro-
gen termination. The conductivity of the 188 day old sample is not reaching the

low conductivity of the as-prepared particles. The EPR signal for the as-prepared
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Figure 6.6: EPR measurement for as-prepared and etched silicon
nanoparticles.

particles in figure 6.6 shows the dangling bond signal known from theory [97, 98]
measured by electron paramagnetic resonance (EPR). For the measurements of
the etched particles a strongly decreased signal can be observed (see figure 6.6).
This behavior is correlated with a reduction of surface dangling bonds (Pb-centers)
taking place during the etching procedure and resulting in a hydrogen-terminated
particle surface. For the etched silicon nanoparticles no Pb-centers are observed
but this behavior has no influence on the D-centers. This may lead to an expla-
nation for the much higher conductivity for etched silicon nanoparticles because
the etching process removes the oxide shell around the particles. The shell of

as-synthesized particles has a high dangling bond concentration and hinders the
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electrons to take part in the transport process in as-prepared silicon particles. Pi
et. al [43] observed the opposite behavior for their etched silicon nanoparticles.
This difference may come from a different particle size and especially from the

different oxidation time after the etching process took place.

6.2.1 Explanation of the resistivity and capacity changes between
as-prepared and etched silicon nanoparticles.

Despite the reoxidation of the freshly etched silicon nanoparticles, it is possible
to distinguish between the different resistivity contributions of as-prepared and
etched silicon nanoparticles. In figure 6.8 the Nyquist plot for the as-prepared sili-
con nanoparticles for a selection of temperatures is shown. The line in each of the
semicircles represents the numerical fit to the measurements at the present temper-
ature with an equivalent circuit diagram model. For the as-prepared silicon parti-
cles an equivalent circuit diagram consisting of two serial connected RC-elements
(resistivity and capacity in parallel) and a single resistor was fitted. The mean
deviation of the fit for as-prepared particles for each data point is about 1.2%. In
figure 6.9 the Nyquist plot of a selection of measurement for etched particles can
be seen. The line in each of these semicircles represents also the result from the
fit. For the etched particles, an equivalent cirquit diagramm consisting of a single
resisitor and an RC-element (the resistivity and the capacitor of the RC-element
are in parallel) in series leads to the best it result.The mean deviation for this
model is about 0.9% for each data point. In figure 6.7, a schematic view of the
arrangement of silicon nanoparticles between the two contacts in the measurement
set-up can be seen. In figure 6.7a and ¢, the contributions to the overall resistivity
are shown for as-prepared silicon nanoparticles. The dark grey color represents the
core of the silicon particles and the light grey ring around the core represents the
oxide shell. The plates on each side in the pictures are the platinum contacts on
both sides of the sample. The different resistivity contributions for the as-prepared
silicon nanoparticles are fitted with the equivalent circuit diagram in 6.7c. The
different colors of the resistivities which are represented in the equivalent cirquit
show their electrical origin. The labels of the elements are as follows: ¢ = core,

p-p = particle-particle and p-e = particle-electrode contacts. In figure 6.7b, the
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Figure 6.7: Explanation of the different resistivity contributions which
occur before and after surface etching.

shematic view of the arrangement of etched silicon nanoparticles is shown which
is in principal the same as for the as-prepared particles except the missing oxide
shell around the particles. This arrangement could also be fitted with the same
equivalent circuit as for the as-prepared particles but the resulting values are dif-
ferent. The capacity C' of a parallel-plate capacitor is defined by equation (6.1)
where € is the permittivity constant and e, the material permittivity multiplied
with the area A and divided by the distance d of the particles [99]:

A
— e 1
C = ¢e 7 (6.1)

The permittivity of the silicon is an evidence for the energy storage of the elec-
tric field between the two particles. The permittivity of etched particles is much
bigger than that of the as-prepared particles due to the missing oxide shell. The

energy between the oxide shells is kind of storage area for the electric field. By
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Figure 6.8: Nyquist plot of as-prepared particles and the fit of the chosen
equivalent circuit diagram. The equivalent circuit diagram
consists of two serial connected resistivity-capacity elements
in parallel and one resistivity element.

etching the oxide shell this storage is possibly removed and the permittivity for
the etched silicon nanoparticles increases. The removal of the oxide of the parti-
cles decreases also the distance between the core of two silicon nanoparticles and
this increases the capacitiy of the material (C' o Cll) Both particle ensembles
(as-prepared and etched) are fitted with the same equivalent circuit diagram but
the resulting values change apparently for the resistivity-capacity element which
represents the particle-particle contacts. The change is coming mostly from the
changing permittivity and the reduced distance between the silicon cores compared
to the as-prepared particles. With this information it is possible to seperate the
contribution of the resistivity of silicon nanoensembles. In general, this means

that there is a substantial influence of the etching process that changes the elec-
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Figure 6.9: Nyquist plot of a selection of freshly etched silicon nanopar-
ticles in hydrogen atmosphere with the calculated fit of a
resistivity-capacity and one resistivity elements in series.

tric properties of silicon nanoparticles. The removal of the oxide shell decreases

remarkably the overall resistivity of the silicon nanoparticles.
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6.3 Transport properties of functionalized silicon nanoparticles

In chapter 6.2, the disadvantage of etched silicon nanoparticles were demonstrated
very clearly. The regrowing oxide shell decreases the conductivity directly after
the etching process rapidly. In this chapter, a method will be explained to avoid
regrowing of the oxide shell and with this, keeping the conductivity high. For this,
a diversity of organic alkenes with different lenghts are used for the functionaliza-
tion process. The success of this functionalization and the influence of the lengths

of the alkenes are explained. In figure 6.11, the conductivities of the silicon
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Figure 6.10: Conductivity as a function of the temperature for the sil-
icon nanoparticles functionalized with alkenes with carbon
lengths of Cq5 and longer in hydrogen atmosphere.

nanoparticles functionalized with the shorter alkene molecules (Cg, Cyp, Ci2) is
shown as a function of the inverse temperature. In figure 6.10, the conductivi-

ties for the silicon nanoparticles functionalized with longer organic alkenes (Cis,
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Figure 6.11: Conductivity as a function of the temperature for the sil-
icon nanoparticles functionalized with alkenes with carbon
lengths of Cy5 and shorter in hydrogen atmosphere.

Ci4, Cig) are shown as a function of the inverse temperature. By comparing the
particles functionalized with shorter alkenes to the values of the as-prepared and
freshly etched silicon nanoparticles it is obvious, that all values for the conductiv-
ity of functionalized silicon nanoparticles are lying between these two lines. The
particles functionalized with dodecene (Ci3) have the highest conductivity com-
pared to the hexene (Cg) and decene (Cyg) functionalized particles. For the silicon
nanoparticles with longer alkyl chains the conductivity is worse compared to sil-
icon particles functionalized with shorter alkyl chains. For the tetradecyl (Cyy4),

functionalized particles a conductivity a little higher compared to the as-prepared
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Figure 6.12: FTIR spectra of all functionalized Si-NPs directly after the
functionalization process.

particles is observed and for the octadecene (Cyg) functionalized particles the con-
ductivity is even worse than for the as-prepared particles (the conductivity appears
to be constant due to the effect that the conductivity is lower than the measure-
ment range of the impedance spectrometer). The decrease in conductivity for all
functionalized particles compared to the freshly etched ones can be explained by
the effect of the organic shell around the silicon core which increases the barrier
for the charge carrier transport between the particles. The particles functionalized
with Cy4 and Cig show the lowest conductivity of all functionalized particles and
are in the range of the conductivity of the as-prepared particles. The coverage of
the surface of these two types of particles is quite large due to a steric hindrance

of the carbon chains around the surface. This steric hindrance also allows a slight
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Figure 6.13: FTIR spectrum of Cg functionalized silicon nanoparticles.
The peaks which indicates the reoxidation can be clearly
seen.

reoxidation of the particles due to diffusion of oxygen atoms. In figure 6.12 the
FTIR spectra for all functionalized silicon particles are shown directly after the
functionalization process. In the FTIR spectra for the Cy4 and C;g functionalized
particles, a small HSiO3 peak is observed which reflects a regrowing of the oxide
shell [100]. The FTIR spectra for the particles functionalized with Cg and Cyy also
show the HSiO3 peak and in addition, a clearly visible Si-O-Si peak at 1100 cm™*
(also see figure 6.13 for Cg). This behavior explains the lower conductivity for the
Cio and Cg functionalized particles compared to the dodecene (Ciy) terminated
particles. The FTIR spectrum for the Cy5 functionalized particles is not showing
any Si-O-Si peak and also no HSiO3 peak (see figure 6.12 and 6.14). The function-
alization process seems to work very well for this lengths of organic alkenes (Ci2)

1

which can also be seen in the peaks between 1200 and 1900 cm ™", where the peaks
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Figure 6.14: FTIR spectrum of Cy5 functionalized silicon nanoparticles.
A clear peak of the alkylation process can be observed but
no oxide peak.

(C-CH,,) for the functionalization with alkenes are expected. In figure 6.15, the
conductivity of the freshly functionalized silicon nanoparticles with dodecyl and
the same particles 188 days after the functionalization procedure (during this time
they were stored in normal air) can be seen as a function of the inverse temper-
ature. This measurement shows the stability of the dodecene terminated silicon
nanoparticles which were stored in normal air for 188 days. The conductivity is de-
creased less than half an order of magnitude compared to the dodecene terminated
particles which are measured directly after functionalization. This functionaliza-
tion process using dodecene as organic alkene to prevent the reoxidation of the

silicon nanoparticles is the most promising functionalization type.
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Figure 6.15: Stability of the dodecene terminated silicon nanoparticles
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comparison to the conductivity of the unprepared silicon
nanoparticles.
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6.4 Variable range hopping and charge carrier transport in

silicon nanoparticles

The theory of Mott is used to explain the low temperature behavior of the re-
sistivity in disordered sytems with localized states. The possibility of hopping of
electrons between two energetic states is possible when the hopping energy Ejp, is
high enough in the system. This energy is given by the absorption of phonons and
the distance of the hopping between two energetic states. This is the so called hop-
ping distance Ry,p,. The hopping energy ranges normally between 0.1 and 0.2eV.
The modeling of the results with the theory of Mott is the most promising for
silicon nanoparticles even the measurements took place at much higher tempera-
tures than normally used for the explanation with Mott’s theory and with this the
existance of localized states in the system is different. At low temperatures, the
electrons prefer to take longer times for the hopping process and also travel longer
distances to find energetically lower levels. In figure 6.16, the plot of In(o /T
as a function of 7= can be seen. With the help of figure 6.16 and the theory
of Mott’s variable range hopping (VRH), it is possible to calculate the density of
the local states Ngrp and with this the hopping distance and the hopping energy
[61-66]. The slope m of the plots in figure 6.16 in combination with a dimension-
less constant Ay, the spatial extension o« of the wave function exp(-aR) and the
Boltzmann constant kp leads to equation (6.2) to calculate the density of the local

states:

AVrh 04

NEF =

k:Bm4 ’

(6.2)

The hopping distance Ry, and the hopping energy Eyop, are calculated with
the equations (6.3) and (6.4):

9
Ritop = (—— 0 )1/4 6.3
Hop (8kaTNEF) ’ (6.3)
3
Eiioy = . 6.4
Hop 47[(RH0p)3NEF ( )
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Figure 6.16: Plot of In(o v/T) as a function of 7-/* and the calculated
slopes for each sample.

According to the paper of Mott et al. [61], the dimensionless constant A, is set

to 16 and the degree of localization of a=1* 107cm~! . The calculated values for

the density of states are shown in table 6.1. In figure 6.18, the hopping distance

Table 6.1: Densitiy of states for the different samples.

Sample Density of states
Ner (7o7)
As-prepared | 7.34 - 107
Etched 6.26 - 1018
Cs 2.20 - 10*®
Cio 3.45- 10
Cio 5.26 - 10'8
Cia 2.89 - 10'8
Ci201a 3.99 - 1018
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Figure 6.17: Temperature dependence of the calculated hopping energies
for each sample.

as a function of the temperature can be seen. The longest hopping distances
are observed for the as-prepared silicon nanoparticles.  All other functionalized
particles show much shorter hopping distances. In figure 6.17, the hopping energy
is shown as a function of the temperature for all samples. With the influence of the
hopping distance, it is not surprising that the hopping energies for the as-prepared
particles are the highest. These results are in agreement with the postulation of
Davis and Mott [61], where the calculated values for the hopping energy must be
greater than kg7T'. The conductivity of the material depends on the amount of free
charge carriers and the mobility. The mobility is given by the hopping processes
while the charge carrier concentration depends on the amount of defects in the

material. For the as-prepared silicon nanoparticles the hopping distances and
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Figure 6.18: Hopping distance as a function of the temperature for as-
prepared, etched and the functionalized samples.

energies are the highest of all measured samples (see figure 6.17). The oxide shell
around the particles has a thickness of about 2nm and the amount of defects is
quite high. After the etching process the oxide shell and therefore the most defects
are removed and with this the hopping barrier is decreased which results in a higher
conductivity and lower hopping distances and energies. The hopping distances for
all functionalized particles are presented in figure 6.19 at 50°C. The hopping
distance for the as-prepared silicon nanoparticles is the highest with about 11 nm.
The distance itself is a contribution of the oxide shells of the two particles between
which the hopping process takes place. The hopping distance does not need to
be the shortest but the energetically lowest. This is the reason for the hopping
distance of 11 nm for as-prepared particles and not just the hopping distance of
the addition of the thickness of the oxide shell of the two particles. The etched
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Figure 6.19: Hopping distance of the silicon nanoparticles for the different
samples at 50°C

silicon nanoparticles have the lowest hopping distance of about 6.5 nm due to the
missing oxide shell around the surface of the silicon nanoparticles. If one compares
the hopping distances between as-prepared and etched silicon nanoparticles, it is
striking that the difference between them is the sum of the thickness of the two
oxide shells. All functionalized silicon nanoparticles have longer hopping distances
than the etched particles. The Cg, C19 and Cy4 functionalized particles have longer
hopping distances compared to the dodecene (Cy3) terminated particles. This effect
occurs because the oxide shell is regrowing for the particles which are functionalized
which alkenes (see figure 6.12). The hopping distances and energies are a little bit
higher for the dodecene functionalized particles stored half a year in normal air
(Ci201q) due to the coverage of the surface with dodecene. The increased hopping
distance of the Cjo terminated particles, which was measured after half a year

again, is a result of a very slow reoxidation process. The hopping energy is the
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same because it is only dependent on the calculated hopping distance (see equation

(6.4)).

92

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



7 Summary

Nanomaterials are investigated in detail due to their outstanding chemical and
physical properties compared to bulk material. Their properties can be tuned by,
e.g., changing their size or composition or by exposing them to different gases or
temperatures. This work deals with zinc oxide (ZnO) and silicon (Si) nanopar-
ticles, to show their possible applications in electronic devices. Transparent con-
ductive oxides (TCO) are optically transparent and electrically conductive. The
most often used TCO materials are indium tin oxide (ITO) and ZnO but indium
is expensive and it should be replaced by more abundant and thus less expen-
sive material. Aluminum-doped ZnO nanoparticles are a promising alternative for
ITO due to the already well-characterized optical properties. However, the elec-
tronic properties of ZnO nanoparticles as TCO have not been investigated in detail
before. Therefore, the electrical transport mechanism of ZnO nanoparticles was
investigated and a device made of ZnO nanoparticles via ink-jet printing was pro-
duced as a demonstrator for an electronic application. The electrical properties of
mechanically compacted pellets prepared from nanosized ZnO powders are inves-
tigated using impedance spectroscopy. The impedance of the samples is measured
in hydrogen and in synthetic air between room temperature and 400°C. In both
atmospheres, the measurements show two different electrical transport processes
depending on the temperature and the doping level. The resulting conductivity in
hydrogen atmosphere for undoped ZnO nanoparticles is two orders of magnitudes
higher than for the measurements in synthetic air. By investigating the doping
of the ZnO with Al, the best parameters can be found to replace ITO in the fu-
ture. Because of this, one part of this thesis deals with the electrical properties
of ZnO nanoparticles with varying Al-concentrations and in different atmospheric
conditions. In air, the ZnO particles show a lower conductivity than in hydrogen
atmosphere due to the generation of free electrons in hydrogen atmosphere. In air,

the electrical conductivity increases with rising Al concentrations between 5.39-

93

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den personlichen Gebrauch.



7 Summary

7.74% of Al. With higher Al concentrations, the conductivity goes down due to
a strongly decreased crystallinity of the ZnO particles. In hydrogen atmosphere
the conductivity of the doped ZnO nanoparticles decreases with higher Al con-
centrations. The decreasing conductivity for higher Al concentration in hydrogen
atmosphere results from strongly increased scattering processes between the charge

carriers due to high carrier concentration in the hydrogen atmosphere.

The influence of moisture in the environment was also investigated for the ZnO
nanoparticles. Increased conductivity with increasing moisture was already well
known, but the reversibility regarding the change of the surrounding atmosphere
has not been investigated before. It was found, however, that the conductivity of
Zn0O nanoparticles stays at high even after completely removing moisture from the
atmosphere. This effect can be described by a non-reversible growth of the ZnO
nanoparticles in the presence of moisture and this behavior is important to know
in the case of using ZnO nanoparticles in electronic application in non-vacuum

conditions.

To replace ITO in applications, transparent conductive layers with good electri-
cal and optical properties are required. ZnO dispersions are prepared and printed
on pre-structured substrates by ink-jet printing to investigate the electrical and
sensing properties of printed films. An ink-jet printed hydrogen sensor was fabri-
cated from a stable ZnO dispersion which showed a good sensitivity for hydrogen.
The resulting conductivity in hydrogen atmosphere is about five times higher al-
ready at room temperature (at 177 Hz (ohmic behavior)) compared to the measure-
ments in air. This simple fabricated ink-jet-printed sensor showed great potential

for applications as a hydrogen sensor.

Silicon is one of the most abundant material in the world and has the advan-
tage that it is already very well established in the microelectronics technology [23].
One of the major challenges with respect to these applications is to stabilize the
silicon particles against oxidation. Silicon nanoparticles have the big disadvantage
of a very poor conductivity due to the stable oxide shell around the Si core and
therefore, electrical investigations of Si nanoparticles are rare. Etched Si nanopar-
ticles have a much higher conductivity than the as-prepared material, but a stable

surface functionalization to avoid a reoxidation of the particles has not been found
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yet. Therefore, the main aim was to characterize the electrical properties of Si
nanoparticles with different surface modifications to find a good candidate for a
stable surface modification of the etched Si nanoparticles which electrical con-
ductivity is still well enough for electronic applications. When the native oxide
shell of the as-prepared Si nanoparticles is removed, a re-oxidation of the silicon
nanoparticles can be observed after a few hours from measurements of the electrical
properties. Surface functionalization with organic ligands can prevent or decrease
oxidation. A fast and efficient process to functionalize silicon nanoparticles with
n-alkenes was introduced in this work. The used Si nanoparticles were synthesized
from the gas phase in a microwave plasma-reactor and have an average size of
about 50 nm. The Si particles were etched in hydrofluoric acid and functionalized
with alkenes of various chain lengths. The electrical properties of these different Si
particles were investigated by using impedance spectroscopy. The etched Si par-
ticles have the highest conductivity and the C;g terminated and the as-prepared
particles the lowest conductivity. The chain length of the alkenes used for sur-
face functionalization varied between Cg (hexene) and Cig (octadecene). For the
functionalized Si nanoparticles, a dependence of the conductivity regarding the
lengths of the used alkenes could be observed. The particles functionalized with
alkenes longer than Ci5 showed poor conductivity. Obviously, in these cases, the
surface coverage becomes too thick for efficient transport of charge carriers and in
addition, a regrowing of the oxide shell after only one day was observed with FTIR
measurements. It seems that in the case for longer alkenes, steric hindrances of
the ligands occurs which allows for oxygen transport towards the surface possible.
For the Si particles functionalized with alkenes shorter than Cis, a reduced con-
ductivity compared to the particles functionalized with Ci5 was observed. FTIR
measurements showed a fast reoxidation of the Si particles functionalized with
Cg¢ and Cy¢ which results in the strongly reduced conductivity. The best results
showed the Si particles functionalized with Cy5 and compared to the conductivity
of the freshly etched Si particles, the conductivity is about one order of magni-
tude lower. The Cio-functionalized particles were stable for at least half a year
at ambient conditions which is a very promising result for the search of a surface
stabilization of Si nanoparticles. The transport processes in the silicon ensembles

can be described by a variable range hopping transport process and the hopping
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distances are calculated and compared with the thickness of the surface coverage
(oxide shell or organic alkenes), which are comparable with the hopping distances

of the charge carriers.

The electrical properties of the investigated ZnO and Si nanoparticles were
investigated successfully. The electrical properties of ZnO nanoparticles doped
with aluminum were shown. In atmosphere with variable hydrogen content, the
electrical conductivity can be tuned until the semiconducting behavior of the ZnO
reaches metallic transport behavior. The non-reversibility of conductivity and size
of ZnO nanoparticles in moist atmosphere must be considered when using ZnO
in applications where the material is exposed to moisture. An ink-jet-printed
Zn0 film on a sensor structure was prepared and tested successfully in air and in
hydrogen atmosphere and demonstrated the great potential to use ZnO films as

hydrogen sensors.

The characterization of the electrical properties of Si nanoparticles with differ-
ent surface modification was demonstrated and a surface modifications was found
to keep the conductivity of the particles high and prevent them from reoxidation.
A stable surface modification was received by etching the particles and function-
alize them with dodecene (Ci2). The dodecene-functionalized Si nanoparticles
showed the best long-term stability of more than half a year and the conductivity
remains high. Hence, this functionalization can be used to prevent aging of Si

nanoparticle-based electronic devices from oxidation.

The detailed investigation of the two nanomaterial systems provided in this
work significantly contributed to promote the applicability of nanoparticles in elec-

tronic applications.
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