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Abstract

Understanding the electronic properties of novel hybrid organic-inorganic nano materials is
essential on their way to electrical device applications. In this context, the development
of suitable measurement platforms allows their systematic electrical characterization on the
nanoscale. In this thesis, we present the fabrication and electrical characterization of all-silicon
electrode devices which served as platform to study the electronic properties both, of thin
films of functionalized silicon nanocrystals (SiNCs) and of self-assembled monolayers (SAMs)
of aromatic organophosphonate molecules. Planar, highly doped silicon (Si) electrodes were
fabricated from silicon-on-insulator (SOI) substrates, by either utilizing anisotropic etching in
potassium hydroxide (KOH) solution or by the combination of electron beam lithography (EBL)
and reactive ion etching (RIE).

Contact separations as small as 30 nm were achieved in case of the electrodes prepared by
EBL/RIE based on systematic optimization of etching parameters. The gaps between the elec-
trodes of height 110 nm were filled with thin films of either hexyl- (Hex-), phenyl- (Phen-) or
phenylacetylene- (PA-) functionalized SiNCs (diameter 3 nm) from colloidal dispersions, via a
pressure-transducing PDMS (polydimethylsiloxane) membrane. This novel approach allowed
the formation of homogeneous SiNC films with precise control of their thickness in the range
of 15 nm to 90 nm depending on the SiNC solution concentration, without any voids or cracks.
X-ray photoelectron spectroscopy (XPS) measurements showed a constant relative Si/Carbon
ratio for all investigated film thicknesses and almost no oxidation of the SiNCs after film prepa-
ration. The measured conductance of the highly resistive SiNC films at high bias voltages up to
60V scaled approximately linearly with gap width (5 to 50 um) and gap filling height, with little
device-to-device variance. We attribute the observed, pronounced hysteretic current-voltage
(I-V) characteristics to space-charge-limited current transport (SCLC), which - after about
twenty cycles - eventually blocked the current almost completely. Numerical kinetic Monte
Carlo (kMC) simulations matched the experimental /-V data well for randomly distributed,
energetically deep lying trap states with a trap density in the order of 1 x 10'7 cm™ in the
SiNC film. Charge transport was described by a hopping process of the charge carriers between
adjacent, weakly bound SiNCs by employing the Miller-Abrahams hopping rate. Additional
impedance measurements on planar, SiNC coated highly doped Si samples were realized by a
hanging mercury droplet electrode. For Hex-SiNC thin films, a relative permittivity of 4.43 was
determined by modeling the impedance data with an equivalent network of resistor-capacitor

circuits, indicating a rather close packing of the SiNCs in the film with an estimated volume
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fraction of 0.73.

Besides SiNCs, we coated the nanogaps with SAMs of 2-phosphono-9,10-diphenyl-anthracene
(PAphenyl) molecules. Water contact angle (CA) and atomic force microscopy (AFM) mea-
surements on planar SAM coated Si/SiO, reference samples revealed a uniform and dense
monolayer with a thickness of (1.22 + 0.34) nm obtained by an AFM nanolithography scratch-
ing method. Lateral conductance was greatly improved compared to an untreated device, and
distinct field-effect induced modulation of the source drain current was observed for negative
gate voltages which indicated p-type transport supported by finite element simulations of the
electrostatic characteristics of the nanogap. A first estimation of the mobility in the order of
1 x 10~* cm?/Vs for SAMs of PAphenyl was obtained.

The gaps fabricated by KOH, with accomplished contact separations in the range of 200 nm,
were coated with SAMs of 2,6-diphosphono-9,10-dianthracene anthracene (PAanthrac) and
1-hexadecanephosphonic acid (PAC16) molecules. SAM characterization by CA, AFM and
ellipsometry measurements revealed uniform and dense SAMs accordingly, with a measured
thickness of (1.12 + 0.22) nm for the PAanthrac SAM. The theoretical length of the PAanthrac
molecule in gas phase was determined as 1.29 nm by ab-initio calculations based on density
functional theory (DFT). The DFT simulations additionally revealed the anthracene sidegroups
of the molecule to be rotated by ~ 90° with respect to the molecule backbone and that the highest
occupied molecular orbital (HOMO) is mainly located at these sidegroups. The corresponding
HOMO-LUMO gap (LUMO: lowest unoccupied molecular orbital) was calculated as 3.05eV.
Electrical I-V characterization showed a significantly increased lateral conductance of PAan-
thrac SAMs compared to PAC16 SAMs as well as to the empty (as-fabricated) gap, possibly
due to the efficient overlap of the aromatic anthracene side groups of adjacent molecules.

We propose our demonstrated device scheme as prototype for charge transport investigations of

novel hybrid materials at the nanoscale, involving all-silicon contact electrodes.
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Zusammenfassung

Das grundlegende Verstindnis der elektronischen Eigenschaften neuartiger hybrider organisch-
anorganischer Nanomaterialien ist unerlésslich mit Blick auf deren zukiinftige Verwendung in
neuartigen elektrischen Bauelementen. In diesem Zusammenhang ermoglicht die Entwicklung
geeigneter Messplattformen deren systematische elektrische Charakterisierung im Nanobere-
ich.

In dieser Arbeit stellen wir die Herstellung und elektrische Charakterisierung von Siliz-
iumelektroden vor, die als Plattform zur Untersuchung der elektronischen Eigenschaften von
diinnen Schichten funktionalisierter Silizium-Nanokristalle (SiNCs) und von sich selbst or-
ganisierenden Monolagen (SAMs) von aromatischen Organophosphonatmolekiilen dienen.
Planare, hochdotierte Silizium (Si) Elektroden wurden aus Silizium-auf-Isolator (SOI) Sub-
straten hergestellt, entweder durch anisotropes Atzen in Kaliumhydroxid (KOH) Lésung oder
durch die Kombination von Elektronenstrahlithographie (EBL) und reaktivem Ionenétzen (RIE).
Kontaktabstinde von bis zu 30 nm wurden durch Optimierung der Atzparameter erreicht.

Die Griben zwischen den Elektroden wurden mit diinnen Filmen aus Hexyl- (Hex-), Phenyl-
(Phen-) oder Phenylacetylen- (PA-) funktionalisierten SiNCs (Durchmesser: 3 nm) aus kol-
loidalen Dispersionen tiiber eine druckiibertragende PDMS (Polydimethylsiloxan) Membran
gefiillt. Dieser neuartige Ansatz ermoglichte die Bildung homogener SiNC Schichten mit
exakter Kontrolle ihrer Dicken (15-90 nm), ohne Hohlrdume oder Risse. Rontgenphotoelektro-
nenspektroskopie (XPS) Messungen zeigten ein konstantes relatives Si/Kohlenstoff Verhéltnis
fiir alle Schichtdicken und nahezu keine Oxidation der SiNCs. Die Leitfahigkeit der hochohmi-
gen SiNC Schichten skalierte in etwa linear mit der Grabenbreite und der Fiillhohe. Wir fiihren
die beobachteten hysteretischen Strom-Spannungs Messungen (/-V) auf einen Raumladungs-
begrenzten Stromtransport (SCLC) zuriick, der den Strom schlieBlich fast vollstindig block-
ierte. Numerische kinetische Monte Carlo (kMC) Simulationen stimmten gut mit den experi-
mentellen /-V Daten iiberein unter der Annahme von zufillig verteilten, energetisch tief liegen-

den Storstellen mit einer Dichte von ca. 1 x 1017 em™3.

Der Ladungstransport wurde dabei
durch einen Sprungprozess der Ladungstriager zwischen benachbarten, schwach gebundenen
SiNCs beschrieben. Impedanzmessungen an planaren, SiNC beschichteten, hochdotierten Si
Proben wurden mit einer Quecksilbertropfen Elektrode durchgefiihrt. Fiir Hex-SiNC Schichten
wurde eine relative Dielektrizitdtskonstante von 4,43 bestimmt, was auf eine recht enge Pack-

ungsdichte der SiNC hinweist.
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Neben SiNCs haben wir die Si Elektroden mit SAMs bestehend aus 2-Phosphono-9,10-diphenyl-
anthracen (PAphenyl) Molekiilen beschichtet. Charakterisierungsmessungen ergaben eine gle-
ichmifBige und dichte Monolage mit einer Dicke von (1,22 + 0,34)nm. Die laterale Leit-
fahigkeit wurde im Vergleich zu unbehandelten Elektroden stark verbessert, und es wurde eine
ausgeprigte durch Feldeffekt induzierte Modulation des Stroms bei negativer Gatter Span-
nung beobachtet, die auf einen p-Typ Transport hindeutet. Die Mobilitdt wurde dabei auf
1 x 10~ cm?/Vs fiir SAMs aus PAphenyl geschiitzt.

Die mit Hilfe von KOH hergestellten Elektroden wurden mit SAMs bestehend aus 2,6-Diphosphono-
9,10-dianthracen-Anthracen (PAanthrac) und 1-Hexadecanphosphonséure (PAC16) Molekiilen
beschichtet. Die SAM Dicke betrug (1,12 + 0,22) nm fiir PAanthrac SAMs. Ergénzende Sim-
ulationen auf der Grundlage der Dichtefunktionaltheorie (DFT) ergaben, dass die Anthracen-
Seitengruppen um 90° verdreht sind, bezogen auf das Molekiilgeriist und das sich dort haupt-
sdchlich das hochstbesetzte Molekiilorbital (HOMO) befindet. Die elektrische Charakter-
isierung zeigte eine signifikant erhohte Leitfdhigkeit von PAanthrac SAMs im Vergleich zu
PAC16 SAMs sowie zu den leeren Griiben, mdglicherweise aufgrund der effizienten Uberlap-

pung der aromatischen Anthracen Seitengruppen benachbarter Molekiile.

Wir schlagen unser demonstrierten Si Elektroden als Prototyp fiir Ladungstransportunter-

suchungen neuartiger hybrider Materialien im Nanobereich vor.
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1 Introduction

The miniaturization of electronic devices in semiconductor technology is still ongoing and has
reached dimensions in the range of ~ 10 nm up to now. This development is characterized by
an empirical description of Gordon Moore which predicts that the device density in integrated
circuits would double roughly every one and a half year [1]. Until now, this prediction holds
quite well. However, it is clear that the continuous down scaling will eventually lead to funda-
mental limits. That is why new approaches and new technologies are necessary which may not
replace directly the existing bulk silicon based microtechnology, but rather complement it for
specialized purposes. Technologies beyond classical Si technology such as flexible, or trans-
parent electronics can offer completely new use cases which are likely impossible to cover by
conventional Si technology only. New devices like flexible screens or wearable electronics [2]
are appealing ideas which offer the possibility for, e.g., sensors to be placed directly on the
skin [3] or printable electronics which can even be realized directly on paper [4].

One major advantage of most of these techniques is, that they are not based on energy intensive
top-down fabrication processes but on processing from solutions. As a result, cost savings are

likely if fabrication processes such as roll-to-roll are possible.

In this context, new materials are extensively studied, ranging from fundamental studies on the
electrical transport phenomena as well towards future applications. One widely investigated
material class are semiconducting nanocrystals (NCs) [5]. Among a huge variety of different
materials, the most prominently studied semiconductor NC systems are compound systems
based on either group III-V (e.g. InP and GaAs), II-VI (e.g. CdSe and CdTe), or IV-VI (e.g.
PbS and PbSe) materials both, for fundamental research on nanocrystals as well as for different
applications such as solar cells [6-8], LEDs [9-11], lasers [12—14], sensors [15-17] and fluo-
rescent labels [18-20].

However, these materials have several disadvantages since they contain either rare materials
such as, e.g., indium and selenium or some of them contain toxic heavy metals as, e.g., ar-
senic, cadmium or lead. That is why there is an increasing effort to replace these materials
by non-toxic, abundant alternatives. Additionally, the utilization of some of these materials is
already banned from consumer products by law due to their toxicity. In the European Union
the Restriction of Hazardous Substances directive limits, e.g., the lead and cadmium content to
a maximum of 0.1 wt. % [21].

Among the variety of semiconductor materials under investigation, Si has adopted a particular
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role due to its dominating relevance in microelectronics, its abundance and low toxicity [22].
Silicon nanocrystals (SiNCs) show distinct optical properties such as size-tunable photolumi-
nescence (PL) in the visible range with high quantum yields when their size is reduced below
the Bohr radius of Si ( d < 5nm) [23-25]. For this reason, photoluminescent SiNCs have
evolved as promising material for electronic and optoelectronic applications. In order to pre-
vent oxidation of the SiNC surface as well as to control their (opto-) electronic properties, a
well-tailored surface functionalization is essential [26, 27]. Methods to synthesize SiNCs and
functionalize their surfaces with a variety of different molecules are well developed [28, 29],
as predominantly demonstrated in optical studies [30-32]. For electrical device applications
covering for example novel (ultra) thin film transistors, sensors or non-volatile memories, based
on hybrid inorganic-organic 2D or 3D networks of functionalized SiNCs, the characterization
and understanding of their electronic transport properties is mandatory [33, 34]. There are
several studies about the electrical characterization of networks of either hydrogen-terminated
SiNCs or oxidized SiNCs [35-42] but only a few reports about the electrical characterization
of functionalized SiNCs, mostly focusing on alkyl-functionalized, doped SiNC networks, ex-
ist [43].

Besides NCs, another widely studied material class in the context of novel electronic devices
are semiconducting organic molecules. There are early reports about conductivity in organic
molecules already from the beginning of the last century, but this topic came into major fo-
cus starting from the 1950’s [44, 45]. There is a huge class of well-known organic molecule
material systems which are well studied and used in device applications, such as thin films of
anthracene, pentacene or poly(3-hexylthiophene) (P3HT) and other related polymer molecules.
These molecules have been widely studied in, e.g., transistor devices [46—49]. In such organic
field effect transistors (OFET), the major contribution to the charge transport takes place in
close vicinity of the gate dielectric, namely within the first two monolayers [50]. In this sense,
the realization of a device with only one monolayer as active channel is the ultimate miniatur-
ization of an OFET [51]. One approach to realize such a device is to employ self-assembled
monolayers (SAMs) which intrinsically consists of only one molecular layer. This provides the
possibility of controlling the channel thickness to molecular dimensions. At the same time,
the high degree of molecular order in such SAMs may potentially lead to higher charge carrier
mobilities compared to traditional (polycrystalline) organic thin films. Such self-assembled
monolayer field effect transistors (SAMFETSs) based on, e.g., aromatic silanes have been the
subject of several recent studies [52, 53]. Due to their low temperature fabrication process,
SAMFET devices offer the opportunity of low cost production and large area applications on
rigid as well as on flexible substrates [54, 55]. Additionally, they may provide the basis for
novel sensing devices since its chemical behavior can be well controlled [56].

Interesting molecules that may serve as precursors for SAM formation are organophosphonic

acids [57]. They form well-ordered, strongly bound films (organophosphonate SAMs) with
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molecular densities close to those found in single crystals [58]. Additionally, they offer a similar
quality as thiol-based SAMs on gold but bind to many different oxide types (AgO, Al,Os3, ITO,
SiO;,, etc.) [59] which makes them excellent candidates for different applications in organic
electronics [60]. This includes in particular SAMFET devices to be directly incorporated into
silicon technology based integrated circuitry. Device architectures with channel length below
the average domain size of 2D-crystalline SAM areas are expected to reveal enhanced transis-
tor characteristics. Such phosphonates have previously found application, for example for the
growth of three-dimensional, stacked multilayer structures, or as efficient attenuating layers for

tunneling currents [61, 62].

In order to study the electrical properties of either thin films of SiNCs or organophosphonate
SAMs, a suitable test system is needed. The systematic investigation of undoped functionalized
SiNCs poses a particular challenge on the experimental realization: 1) Due to the high resis-
tance of the SiNCs films, the spacing between the electrical contacts needs to be small (100 nm
regime), 2) The space between the contacts (gap) needs to be filled with the SINC material in
a controlled, homogeneous and reproducible manner, and 3) the electrode contact material has
to be inert, both chemically and physically with respect to the high electric fields that need to
be applied.

For SAMs based on organophosphonate molecules, similar considerations are valid.

There are several approaches in the literature to study hybrid organic materials or molecules
on the nanoscale, e.g., mechanical break junctions [63, 64], nanogaps formed by metal electro-
migration [65], scanning tunneling microscopy [63] or vertical [66] as well as lateral nanogap
electrodes [67] and several more [68]. Most of these techniques use metal electrodes which may
suffer from artifacts arising from, e.g., electromigration of metal ions from the contacts into
the film [69]. Unlike commonly employed metals, semiconductors offer a wider range towards
tailored electronic properties, by choice of material, doping concentration and doping polarity.
This way, an optimal matching of energy levels between contact and molecular system may be
achieved. One strategy to integrate, e.g., SAMFETs seamlessly with silicon micro-technology
is to use the silicon, itself, to contact directly to the organic monolayer [66, 70-72].

Thus, silicon nanogap electrode devices are a promising platform to study both, thin films of

SiNCs as well as organophosphonate SAMs.

This thesis is structured as follows:

Chapter 2 gives a brief introduction about the main theoretical aspects of charge transport
related to Si nanocrystal networks as well as to charge transport in organic thin films.

In Chapter 3, an overview about the employed materials in this work as well about the main
fabrication and characterization techniques used in the course of this work is given.

Chapter 4 describes the fabrication process of silicon-on-insulator (SOI) based nanogap elec-

trode devices fabricated by either anisotropically etching in potassium hydroxide (KOH) solution
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or by a combination of electron beam lithography (EBL) and reactive ion etching (RIE). The
last section of the chapter describes in detail the outcome of several different coating methods,
which were investigated with the aim of reliably filling the fabricated nanogap devices with thin
films of functionalized SiNCs. This includes spin coating, drop casting, vertical evaporation
and a novel membrane based coating technique, particularly developed during the course of this
thesis.

Chapter 5 covers the electrical characterization of the Si nanogap devices, filled with thin films
of functionalized SiNCs. The electrical current-voltage (/-V) measurements are complemented
by kinetic Monte Carlo (kMC) simulations of the obtained /-V data to study the underlying
charge transport mechanisms in more detail. Additionally, the SiNC thin film composition is
studied via X-ray photoelectron spectroscopy (XPS) and impedance measurements.

In Chapter 6, the electrical characterization of Si nanogap devices fabricated by both, anisotrop-
ically etching in KOH solution as well as by EBL/RIE is reported. They are coated with in total
two different SAMs of aromatic organophosphonate molecules. The molecular structure of one
molecule is additionally investigated by density functional theory (DFT) simulations. In case of
nanogap devices fabricated by EBL/RIE, electrical characterization of the SAMs in field effect
operation is reported. For this purpose the electrical characterization of the nanogap devices is
complemented with finite element simulations of the electrostatic characteristics under applied
gate potential.

Chapter 7 summarizes this work and gives an outlook towards possible future experiments.



2 Theoretical background

2.1 Silicon nanocrystal optical properties

There is a growing interest in SiNCs due to several advantageous inherent properties. First
of all, Si is highly abundant unlike many other elements studied as nanocrystals such as, e.g.,
indium or selenium. Additionally, Si is non-toxic, even in the form of SiNCs [22] which makes
them an ideal candidate for life-science applications.

One of the most appealing properties of SiNCs is the fact, that unlike bulk Si, SiNCs show
luminescence due to the quantum confinement effect for small SiNCs. The emission properties
of SiNCs can be tuned via, e.g., changing the SiNC size, the SiNC shape or the SiNC doping.
Dasog et al. demonstrated photo-luminescence (PL) of SiNCs in the 3-4 nm (diameter) regime
which was tuned from blue to red via the functionalization with dodecylamine, acetal, dipheny-
lamine, trioctylphosphine oxide (TOPO), and dodecyl molecules. The corresponding PL quan-
tum yields were in the range of ~ 20 % and the underlying PL mechanism was studied in
detail [73].

Functionalization of the SiNCs with different surface groups can be achieved via a variety
of techniques thanks to the well studied chemistry of the Si surface [74]. Successful SiNC
functionalization has been realized via e.g. hydrosilylation reactions [75, 76], organolithium
reagents [77] or halogenated Si surfaces [78], and other methods.

The PL of the SiNCs can be also tuned by the SiNC size as shown by Ledoux et al. [23] for
SiNCs of diameter between 2.5nm to 8 nm. PL followed closely the quantum confinement

model with maximum PL quantum yields for SiNCs in the size range of 3 nm to 4 nm.

One additional advantage of SiNCs is the fact that they are in principle compatible with the
existing Si micro-fabrication processes and technologies which is beneficial towards future

application and integrated device development.

2.2 Charge transport in semiconductor nanocrystal networks

Unlike charge transport in inorganic semiconductors, there is no commonly accepted, complete
theory which covers all different aspects of charge transport in disordered, hybrid inorganic/or-
ganic systems such as SiNC networks. There are several charge transport models (e.g. space

charge limited, trap limited, hopping transport, Fowler-Nordheim tunneling, Pool-Frenkel con-
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duction etc.) which can describe these systems in various regimes. A detailed discussion of
these processes can be found, e.g., in the book of Kohler and Béssler [79]. In the following
sections, the main aspects of the corresponding models will be introduced, as related to the

discussion of the experimental data.

2.2.1 Charge injection mechanisms

Since the NCs are undoped in this work, all mobile charge carriers need to be injected from
the electrodes to the NC film. The key parameter which controls mainly the injection is the
height of the barrier between electrode and NC film. This barrier needs to be overcome by
the injected charge carriers, either by thermal activation or by tunneling. The barrier height is
mainly determined by the difference in the work-functions of the materials. There are several

charge injection mechanism known, two of them are briefly presented in the following.

Fowler-Nordheim tunneling

In the presence of a strong electric field, the barrier exhibits a triangular shape instead of a
rectangular one. Thus, charge carriers can tunnel through this barrier at an enhanced tunnel rate
since the effective barrier thickness is decreased because of the changed shape. The injection

current density j depends therefore on the applied electric field F [79]:

4~2meq D3
3heF

jEN = F2exp 2.1

where me is the effective mass of the charge carrier, @ the barrier height, 7 the reduced Planck

constant and e the elementary charge.

Richardson-Schottky thermionic injection

For the Richardson-Schottky thermionic injection, a charge carrier gets thermally excited from
the Fermi level of the electrode material. This charge induces an image charge at an equal
distance at the opposite side of the barrier which lowers eventually the barrier. As a result the

charge carrier can overcome the barrier and will be injected in the transport material.

b — Ea - \/Fe3/7rso£r

kpT

jrs = T*exp| - (2.2)

with temperature T, electron affinity of the transport material (semiconductor) E,, &, the rela-

tive permittivity of the material, g is the vacuum permittivity and kp the Boltzmann constant.
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2.2.2 Space charge limited current

If the current is not limited by injection effects at the electrodes, it is the charge transport
material itself which ultimately limits the current. The total charge carried by all charge
carriers traversing the material builds up a space charge. This space charge shields the external
electric field which is applied between the injecting electrodes. As a consequence, the external
field is attenuated and hence charge transport is limited by the charge carriers themselves. This
mechanism is known as space charge limited current (SCLC) transport. It is expressed by the
Mott-Gurney equation or Child’s law [79]:
9 V2

Jj= §8r80ﬂ1_3 (2.3)

Here, &, is the relative permittivity of the material, gy is the vacuum permittivity, u the
mobility of the charge carriers, V the applied voltage and [ the distance between the electrodes
which enclose the active material.

Equation 2.3 is only valid for materials without any traps. This is in most cases not realistic,
most disordered systems such as NC films contain usually a substantial amount of trap sites. In
this case, u is rather an effective mobility which depends on the trap density and their energy
levels in the material. If the energy levels of all trap states are equal, then the main relation of
Equation 2.3 still holds. However, this is almost certainly not the case for disordered systems
such as NC films which are expected to rather show a distribution of energies for the trap states.

In case of an exponential distribution of the trap energies, it can be expressed as [80]:

N; E;
n(Ey) = ———exp| - 24

(Et) kpT, P( kTC) (2.4)
where T, is related to the steepness of the distribution, N; is the total density of traps, kp is
the Boltzmann constant and E; is the energy level of the traps. For such a distribution, it was

shown that the general dependence of j can be expressed as

k+1
V) e (2.5)
with
T.

where 7T is the temperature. As a consequence, j increases faster with increasing V compared
to the Mott-Gurney equation without traps. For other energy trap distributions besides the
discussed exponential one, as e.g. Gaussian trap distributions, there is no exact solution and j

needs to be solved numerically.
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2.2.3 Hopping transport

NCs indisordered films are usually only weakly coupled by e.g. van der Waals forces. Therefore,
a band-like transport model can not describe charge transport in these systems. There are most
certainly numerous trap states present due to defects in the NCs or at the interface to the
organic shell. Additionally, the (small) SiNCs themselves, surrounded by an organic shell, form
a potential well with localized states. That means, that charge carriers need to overcome a
potential barrier (e.g. the organic shell) by a phonon-assisted process which is called hopping
transport. There are several descriptions of the hopping process, for several experimental
conditions [81-85]. Disordered systems are mostly described with an incoherent hopping
process which takes static energy disorder into account. That means, if a charge carrier gains
energy AE;; while jumping from site i to an adjacent site j, the jump back would require energy.

This scenario is frequently described through the Miller-Abrahams (MA) hopping rate [85]:

1 for AE;; <0
iE) fOI’AEij >0

L]
BT

A" = q exp(—2yrij) (2.7)

v

exp(-

with the hopping prefactor ag, the inverse of the localization length y, Boltzmann constant kg,
and the jump distance r;;.

We use this hopping rate in the kinetic Monte Carlo (kMC) simulations in Section 5.3.

2.3 Charge transport in organic thin films

In the following the main aspects of charge transport in molecules and organic films are briefly

discussed. A detailed discussion can be found in [79] or [86].

2.3.1 Conjugated organic molecules

An organic molecule contains per definition carbon atoms which usually act as the backbone
of the organic molecule. A single carbon atom has 6 electrons which fill the atomic orbitals
according to the well known electron configuration of carbon atoms with a maximum of 2
electrons of opposite spin per orbital according to the Pauli principle: 1s22s22p)1(2p;. The
shape and energy levels of the orbitals are determined by solving Schrédinger’s equation for the
electron wave function . The probability density |¥|? is then a measure of the location of the
corresponding electron. The resulting shape for the s- and p-orbitals is schematically depicted
in Fig. 2.1(a) (s-orbital) and (b) (p,-orbital). The s-orbital is spherically symmetric, whereas
the p-orbital is dumb-bell shaped. Since the p-orbital is not spherically symmetric, there are 3
different variants, px, py and p,, one alongside each space coordinate.

However, if carbon atoms bond to each other or to different atoms while forming a molecule, the

description of the new molecule by the single atom orbitals loses its validity. For carbon in this
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(a) (c)

(b) 8
P
(e) 8
Figure 2.1 Sketch of the geometrical shape of different orbitals. The red/green orbitals represent the
unchanged atomic orbitals and the blue orbitals are the hybrid orbitals. (a) s-orbital; (b) p,-orbital; (c)

hybridization of s- and p-orbital; (d) spatial arrangement of hybrid sp-orbitals; (e) spatial arrangement
of hybrid sp? orbitals and (f) spatial arrangement of sp> orbitals.

case, it is energetically more favorable to generate new orbitals by mixing the existing s- and
p-orbitals. This process is called hybridization. The energy level of the new hybrid orbitals is
between those of the original s- and p-orbitals. The shape of such a hybrid sp-orbital has a dis-
torted dumb-bell form as schematically shown in Fig. 2.1(c). If only one of the three p-orbitals
(e.g. px) is mixed with the s-orbital, two hybrid sp-orbitals are formed, while leaving the other
two p-orbitals (py, p,) unchanged. If two p-orbitals participate in the hybridization process,
there are three sp> hybrid orbitals and one unchanged p, orbital. If finally all three p-orbitals
mix with the s-orbital, they are transformed into 4 hybrid sp> orbitals. The hybridization of the
orbitals has important consequences for the spatial distribution of the orbitals and as a conse-
quence also for the bonding process while forming molecules. All orbitals will maximize their
distance to each other to achieve the energetical most favorable state. Fig. 2.1(d)-(f) shows the
spatial distribution for all three hybridization cases: the two sp-orbitals will arrange themselves
in opposite direction, enclosing an angle of 180° to each other while standing perpendicular to
the plane of the remaining two p-orbitals (py, p,) (d). The three sp” orbitals lie in one plane
while enclosing an angle of 120°, respectively. The non-hybrid orbital p, stands perpendicular
to this plane (e). In case of the sp> hybridization, there are only hybrid orbitals available. Thus,
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the energetically best distribution of the orbitals is a tetrahedral arrangement, where all sp’

orbitals enclose an angle of 109.5° to each other.

(a) (b)

o bond

(c) (d)

/ o bond -

Tt bond

Figure 2.2 Schematic of (a) o-bond and (b) 7-bond. (c) Structure of a double carbon bond in ethene
and (d) the corresponding molecular orbital diagram for the p, orbitals.

In principle there are two major bonding types present in organic molecules. If the (hybrid)
orbitals bond along their major geometrical axis, a so called o-bond is formed as depicted in
Fig. 2.2(a) for the case of two hybrid orbitals. Because of its spherical geometry, this is the
only possible bond type if an s-orbital is involved. For non-spherically symmetric orbitals, as
e.g. the hybrid orbitals, there is a second bond type possible, the m-bond. In this case, the
bond is between the parallel main axis of the corresponding orbitals as shown in Fig. 2.2(b).
Generally, the o-bond is the stronger bond compared to the w-bond. If carbon forms a double
bond two a second carbon atom in a molecule, the first bond is a o-bond and the second one
is a m-bond. Organic molecules consist often of a sequence of carbon atoms which alternately
bond with one or two bonds to each other. The carbon atoms in these so-called conjugated
molecules have therefore 3 o-bonds and are thus sp? hybridized. Fig. 2.2(c) shows the example
of the simple molecule ethene which has two carbon atoms which are double bonded: the first
bond is a o-bond between the sp? orbitals, one of each carbon atom. This bond is rather strong
and keeps the molecule together. Due to the large overlap of the corresponding orbitals the
resulting splitting of the energy levels is large. The second bond is a 7-bond between the not
hybridized p, which are oriented perpendicular to the plane of the sp? orbitals. Because of this
geometry, the overlap of the p, is not as large as for the o--bond and as a consequence, the energy

splitting of the corresponding levels is less. Because of this weaker bonding and because of the
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alternating structure of the double bonds, the electrons can move between the atoms and are
therefore delocalized. This delocalization is the origin of (semi)conducting organic molecules.
The energy levels of the molecular orbitals can be calculated via a variety of methods such as the
valence-bond (VB) method or density functional theory (DFT). For larger molecules this can
be only solved numerically. One common approach is to calculate the molecular orbitals by the
linear combination of atomic orbitals (LCAO) method. According to LCAO, molecular orbitals
can be classified in bonding orbitals with lower energies and antibonding orbitals with higher
energies. The corresponding schematic of the molecular orbital diagram of the p, orbitals (in
case of ethene) is shown in Fig. 2.2(d). The m-bond leads to an occupied molecular bonding x
orbital and a corresponding unoccupied molecular 7* orbital. Since the 7 orbital is the energetic
highest occupied molecular orbital this is referred to as HOMO. On the other side the 7* orbital is
referred to as the lowest unoccupied molecular orbital (LUMO). These two molecular orbitals
largely determine the electronic properties of the molecule and are therefore often seen in
analogy to the conduction and valence band in inorganic semiconductors. For cyclic organic
molecules such as phenyl or anthracene, the m-bonds lead to delocalized electrons all over the
cyclic ring. Such systems are therefore also called 7 systems and are the main building blocks

of electrically active organic molecules.

2.3.2 Self-assembled monolayers

The general aspects of self-assembled monolayers (SAMs) are discussed briefly. A detailed
introduction can be found in [87].

SAMs consist of molecules which bond to a substrate typically from solutions via a functional
group. The general structure of self-assembling molecule is depicted in Fig. 2.3(a). They
consist of a head group which forms a covalent bond to the substrate, a spacer and an end group.
Hence, the head group determines to which substrates the molecule can bond. Fig. 2.3(b)
schematically shows the process of self-assembly: molecules are bonding via the head group
to the substrate. The main driving force of the spontaneous formation of SAMs is the affinity
of the head group to bond to the substrate. Due to intermolecular interactions between adjacent
molecules and molecule-solvent interactions there is a self-organization of the molecules to
achieve the energetically most favorable state. This leads to the highly ordered structure of a
SAM. For this reason, the molecules are typically tilted by the tilting angle ® with respect to the
surface normal. As a consequence, the SAM thickness is different from the molecule length.
Fig. 2.3(c) schematically shows the molecules of an organophosphonate SAM bonded to a SiO;

substrate via two oxygen atoms.
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Figure 2.3 (a) Schematic of a molecule used for SAMs. (b) Schematic which shows the self-assmbly
process on a solid substrate. ® is the tilting angle of the corresponding molecules in the SAM. (c)
Schematic of organophosphonate molecules forming a SAM on a SiO, substrate.
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2.3.3 Theory of organic field-effect transistors

In contrast to inorganic field-effect transistors (FET) as e.g. the metal oxide semiconductor FET
(MOSFET), organic FETs (OFETs) are operated in a different mode. MOSFETs benefit from a
high density of charge carriers which are typically available through doping of the bulk material.
The charge carrier density is then modulated by creating depletion zones in the vicinity of the
electrodes via the gate potential. A MOSFET is thus operated in inversion mode. The density
of free charge carriers is typically low in organic semiconductors since they have a large band
gap and are usually undoped. Charge carriers need to be injected from the electrodes and charge
carrier density is modulated by accumulating them at the interface to the gate oxide. OFETs
are therefore operated in the accumulation mode. A good introduction to the general principles
of OFET operation is given in [79, ch. 4.4.1] and [88].

OFETs are characterized electrically by measuring their output characteristics (source-drain
current Ips vs. source-drain voltage Vpg) at fixed gate voltages Vs and by measuring their
transfer characteristics (Ips vs. Vigs). The output characteristics of an ideal OFET operated
in accumulation regime starts with a linear increase in Ipg while increasing Vpg if Vg is
greater than the corresponding threshold voltage V;j,: The first injected charge carriers from the
electrodes need to fill any charge traps present in the organic semiconductor or at the interface
to the gate dielectric before an accumulation layer of mobile charge carriers is created. That
means that as long as Vps < Vs — Vi (absolute voltages), the linear regime of the output
characteristics can be observed. However, if Vpjs is increased sufficiently (Vps ~ Vs —Vin), the
channel is pinched-off at the drain electrode and a depletion region is formed. Charge carriers
are now pulled through the depletion region by the electric field between the pinch-off point
and the drain electrode. While increasing Vpg further, the pinch-off point is shifted towards
the source electrode. The OFET is now operated in the saturation regime, that is, /pg does not
change for an increased Vps because Ipg is controlled by the potential drop from the source
contact to the pinch-off point in the channel which is constant for a fixed V5.

In the gradual channel approximation (electric field of gate Fgs > Vps/i), the I-V relations for

the linear and saturation regime are given by:

w \%

IDs.lin = T,LtC (VGS - Vin — %) Vbs (2.3)
w

Ips sar = 7;HC(Vas = Vin)? (2.9)

u is the mobility of the charge carriers and C the gate insulator ( SiO;) capacitance. Equation 2.8
holds for the linear regime and Equation 2.9 holds for the saturation regime.

From the slope g (transconductance)

(2.10)
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of the transfer characteristics in the linear regime, we can then calculate u

_ &l
~ WCVps

u 2.11)

2.3.4 Charge transport in monolayers

As discussed in Section 2.3.1 charge transport in molecules benefit from a m-system of delo-
calized electrons. Charge can then be transported via the delocalized charge carriers through
the corresponding molecule. Aromatic moieties such as phenyl or anthracene are examples of
such m-systems. For lateral charge transport in SAMs, an efficient transport between adjacent
molecules is necessary. In principle charge carriers may be transferred from one molecule to
the adjacent one by several processes such as hopping or tunneling as discussed in Section 2.2
if the distance of the adjacent molecules is not too far. The packing density and the order of the
molecules is therefore a crucial parameter for lateral transport in SAMs. Charge transport can
be enhanced through the interaction of m-systems of adjacent molecules [89]. These interac-
tions can lead to a splitting of the HOMO and LUMO levels depending on the inter molecular
distance [90-92]. The splitting is dominant for the interaction of overlapping m-systems as
e.g. phenyl rings. For an ideal dense and ordered SAM consisting of molecules with aromatic
moieties, this - stacking may lead to the formation of HOMO/LUMO bands similar to bands
in inorganic semiconductors [93]. However, the exact nature of the m-interactions depends on
the specific molecular situation [94]. In real SAMs, there are often defects, grain boundaries
or variations in the packing density present which impairs charge transport. In real devices,
charge transport might be therefore rather a combination of delocalized charge carriers and

hopping/tunneling processes over existing barriers which depend on the SAM quality.
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3 Materials and Methods

In this chapter, all materials, fabrication techniques and major characterization methods are

introduced which were employed during this work.

3.1 Materials

3.1.1 Silicon-on-insulator wafer

The starting wafer material for the fabrication of all Si nanogap electrodes in this work was
silicon-on-insulator (SOI). Generally, a SOI wafer consists of a Si device layer at the top
separated by a buried silicon dioxide (SiO;) layer from the Si handle wafer at the bottom.
In this work, SOI wafers with two different specifications were used. For the fabrication of
nanogap samples by reactive ion etching (RIE) as described in Section 4.2, we used a SOI wafer
from Soitec, France with a d = (110.0 = 7.5) nm thick Si device layer (100) and a (200 = 5) nm
thick buried SiO; layer (Fig. 3.1(a)). While the Si top layer and the Si handle wafer were
originally p-doped (Boron, resistivity ca. 15 cm), the top Si layer was additionally heavily
p-doped by ion implantation (p*, Boron, doping concentration ca. 5 x 10!° cm™3).

The second SOI wafer material (Si-Mat, Germany) was used for all nanogap samples fabricated
by anisotropically etching in KOH (cf. Section 4.1). As schematically shown in Fig. 3.1(b), it
consists of a d = (3.0 £ 0.5) um thick Si device layer (100) and a (8.0 = 0.4) nm thin buried
SiO, layer. The Si device layer (100) as well as the Si handle wafer were analogously highly
p-doped (Boron, 9 x 10'8 cm™3).

(a) (b)

-Si

d= 110 nm p+

200 nm S|02
p-Si

8 nm buried SiO,

Figure 3.1 Schematic showing the silicon-on-insulator (SOI) wafer material used for the fabrication of
Si nanogap samples by (a) RIE and by (b) anisotropically etching in KOH.
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3.1.2 Functionalized silicon nanocrystals

All functionalized SiNCs used in this work were provided by Dr. Arzu Angi and Marc Kloberg
from the Wacker-Chair of Macromulecular Chemistry (TUM, Prof. Bernhard Rieger) in the
framework of the “Alberta/Technical University of Munich International Graduate School for
Funcional Hybrid Materials (ATUMS)” collaboration.

The electrical characterization of thin films of SiNCs presented in this work focused mainly
on SiNCs whose surfaces are functionalized with hexyl groups (Hex-SiNCs) as schematically
depicted in 3.2(a). Additionally, thin films of SiNCs functionalized with phenyl groups (Phen-
SiNCs) and phenylacetylene groups (PA-SiNCs) were investigated (Fig. 3.2(b) and (c)). The
respective organic groups cover the whole surface of the SiNCs after functionalization and
form thus an organic shell (monolayer) around the SiNCs, differently to the simplified sketches
of Fig. 3.2. The preparation of SiNCs is based on embedded SiNCs in a SiO;-like matrix

Figure 3.2 SiNCs functionalized with (a) hexyl, (b) phenyl and (c) phenylacetylene groups. Surface
functionalization was realized using organolithium reagents. All SiNCs had a diameter of ~ 3 nm.

which is prepared by the synthesis of polymeric hydrogen silsesquioxane (HSQ), based on a
literature-known procedure [95]. To obtain free-standing hydride-terminated SiNCs, a synthetic
procedure based on the thermolysis of HSQ was applied which was first shown by Veinot et
al. [96] and recently reviewed in detail [28]. The surface functionalization of the obtained
hydride-terminated SiNCs with hexyl, phenyl or phenylacetylene groups was realized with
organolithium reagents as described in [77]. A more detailed description of the synthesis and

functionalization of the SiNCs as well as their characterization can be found in the Appendix A.1.

3.1.3 Organophosphonate molecules

All SAMs considered in this work are based on organophosphonate molecules because of their
ability to covalently bond to metal oxides and SiO; due to their phosphonic acid group [97,
98]. Three different organophosphonate molecules were used in this work as schematically
shown in Fig. 3.3: two aromatic organophosphonates, namely (a) 2-phosphono-9,10-diphenyl-
anthracene (PAphenyl) and (b) 2,6-diphosphono-9,10-dianthracene anthracene (PAanthrac),
and one aliphatic organophosphonate, (c) 1-hexadecanephosphonic acid (PAC16) which was
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used as reference molecule in the electrical measurements. PAC16 was purchased from Strem
Chemistry. All aromatic organophosphonates were synthesized by Dr. Kung-Ching Liao at Prof.
Jeffrey Schwartz’s lab (Princeton university). PAphenyl is a mono-organophosphonate molecule
which contains only one phosphonic acid group, whereas PAanthrac is a bis-organophosphonate
molecule which contains two phosphonic acid groups, one on each side of the anthracene

backbone.

P
/2N
d OH

Figure 3.3 Lewis structures of organophosphonate molecules used for SAMs. (a) 2-phosphono-9,10-
diphenyl-anthracene (PAphenyl), (b) 2,6-diphosphono-9,10-dianthracene anthracene (PAanthrac) and
(c) 1-hexadecanephosphonic acid (PAC16).

3.2 Fabrication methods

Several fabrication methods have been applied for the fabrication of the Si nanogap electrode

samples. The most important ones are briefly explained in the following.

3.2.1 Photolithography

Photolithography is a well known standard process both in lab scale as well as in industry to
generate mask patterns on samples for either (metal) deposition or etch purposes. Throughout
this work, sample patterning by photolithography was used for both purposes. In general, a flat
surface of a sample is first coated by a photosensitive polymer thin film (photoresist) via e.g.
spin coating and exposed to UV light through a patterned mask with a specific exposure dose.
The UV light changes the photosensitive polymer layer chemically at those areas that are not

covered by the mask. The locally changed chemical properties of the photoresist are utilized in
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a subsequent developing step when the exposed sample is immersed in a developer bath. The
developer dissolves then locally the photoresist and transfers as a result the mask pattern in the
photoresist layer. Depending on the typ of photoresist, either the exposed or masked parts of
the photoresist layer are dissolved: in case of a positive tone photoresist, only the exposed areas
of the photoresist are developed. All other parts withstand the developing bath and vice versa
in case of a negative tone photoresist.

Most of the photolithography tasks in this work were done with the image reversal resist
AZ5214E (MicroChemicals) as positive tone resist. Typical film thickness after spin coating
was ~ 1.6 um. We used the developer AZ351B (MicroChemicals, 1 : 4 diluted with DI H,0).
In some cases the adhesion of the photoresist layer to the sample surface was insufficient which
resulted in areas of misplaced photoresist patterns on the sample surface after developing,
probably because of the high aspect ratios of some mask features. If thorough surface cleaning
with organic solvents and oxygen plasma right before resist coating could not improve the
adhesion, the adhesion promoter hexamethyldisilazane (HMDS, Aldrich Chemistry) was spin
coated right before the photoresist coating.

After the subsequent processing step such as metal deposition or etching, we immersed the
samples consecutively in the organic solvents acetone and isopropanol to remove the photoresist

layer of the sample (lift-off step in case of metal deposition).

3.2.2 Electron-beam lithography

Electron-beam lithography (EBL) is in principal similar to photolithography. A suitable polymer
thin film is coated as an electron beam (ebeam) resist layer on the sample surface which is then
exposed and subsequently developed similiar to photolithography. However, there are two major
differences: First, the exposure is not realized by UV light through a mask but directly by a
focused ebeam. The ebeam is typically produced by an ebeam gun via field electron emission
at high electric fields, typically at acceleration voltages in the order of 10kV to 100kV under
ultra high vacuum conditions. The ebeam is focused via magnetic lenses on the sample surface.
Since the wavelength of electrons is much smaller compared to that of UV light, the resolution
limit is much smaller than in optical photolithography. As a result, very small pattern features
in the order of 10 nm or below [99] can be in principal resolved via EBL. Secondly, no mask
is required for exposure since in EBL the ebeam is sequentially moved over the sample surface
line by line to expose the areas of interest. The required energy dose to fully expose the resist
layer determines the dwell time of the ebeam at each exposure pixel. The pattern is designed
with the help of standard CAD software. An introduction to EBL can be found e.g. in [100]
One drawback of EBL is the comparably slow overall exposure time per sample due to the
sequential nature of the exposure which limits the throughput of samples and the associated
high costs per sample. That is why EBL is rather suitable for lab scale developing purposes
than for large scale chip production.

In this work, a positive-tone EBL resist (AR-P 6200, Allresist) was used with a thickness of
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~ 80 nm after spin coating. The samples were exposed in an EBL system (30 kV acceleration
voltage, e_LINE, Raith) with an aperture of 10 um and a typical ebeam dose in the range of
80 uC/cm? to 100 uC/cm?. Development time was 60 's (developer: AR 600-546, Allresist).

3.2.3 Reactive ion etching

One method to transfer the lithographically defined nanogap pattern after developing into the
top Si device layer is reactive ion etching (RIE). RIE is a dry chemical etch process. We used the
inductively coupled plasma reactive ion etcher (ICP-RIE) Plasma Lab 80 Plus from OXFORD
Instruments. A good overview about RIE and especially ICP-RIE can be found in [101].

The sample is placed in an evacuated chamber on a temperature controlled stage. Typical
chamber pressures are below ~ 1 x 107> mbar. The chamber is then filled with the process
gases. For Si etch purposes, a combination of SF¢ and C4Fg gases was used. To ionize the gas
mixture and hence create a plasma, energy needs to be provided. This excitation of the plasma
in an ICP-RIE is realized via a time-varying radio frequency (RF) source which is inductively
coupled to the plasma via a coil wrapped around the plasma chamber. Since electrons move
faster than the heavy ions in the plasma, they cause further ionization through collisions with
the slow moving ions. For the same reason, more electrons will be lost to the grounded side
walls of the chamber, leaving slightly more ions than electrons in the plasma. As a result, the
ICP coupling controls to some extent the ion density in the plasma. The positive ions react
both, chemically and physically with the sample surface. Chemically, because they initiate a
chemical etch process with the atoms of the sample surface and physically, since they knock-off
(sputter) atoms from the sample surface. Depending on the plasma conditions also the reverse
process, deposition of material is possible. Careful adjustment of the plasma parameters is
therefore necessary. Additionally to the ICP mechanism, the RIE is equipped with a capacitive
coupled plasma (CCP) power source which is in principal a capacitor realized by the stage as
one capacitor plate and the chamber itself as the counter plate. The CCP power source is often
referred to as the “forward power” since it mainly controls the physical sputter component of
the RIE process. On the other hand, since the ICP power source controls among others the ion
density one can think of the ICP source controlling mainly the chemical part of the RIE. One
big advantage of the ICP-RIE is therefore the almost independent control of ion density and
bias voltage which can result in very anisotropcal etch profiles.

3.2.4 Anisotropically etching in potassium hydroxide

Si can be chemically and anisotropically wet-etched in potassium hydroxide (KOH) due to
the different etch rates of the Si crystal planes in KOH. The {111} planes are etched more
slowly than the {100} planes. This results in etching features which comprise the character-
istic angle of 54.7° between (100) and (111) planes as schematically shown in Fig. 3.4(a).
Etch rates and selectivity to e.g. SiO; depend strongly on the concentration of KOH and
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the temperature. As mask material, typically SiO,, nitride layers or metal masks such as gold
are used [102, Ch. 20]. An introduction to anisotropically etching in KOH can be found in [103].

In this work, a simple KOH etch setup was used as depicted in Fig. 3.4(b). 80ml KOH
solution was filled in a 100 ml beaker and continually stirred by a magnetic stir bar to minimize
local OH™ concentration gradients. The beaker was placed on top of a hotplate to maintain a
constant etch temperature. Up to 4 samples were etched simultaneously in one KOH etch run
by carefully clamping them with tweezers and immersing them in the KOH solution. We used
typically a KOH concentration of 9 % (in DI H,O) and a nominal temperature of the hotplate
of 45 °C which resulted in a stable temperature of the KOH solution of 7 = 32 °C.

(a) (b)
Cr/Au

l 1 (100)

KOH solution

Hotplate

Figure 3.4 (a) Schematic showing the anisotropical, crystal direction dependent etching behaviour of
silicon in KOH solutions. Due to different etch rates in (111) and (100) directions, a characteristic angle
of 54.7° between the (100) and (111) planes can be observed. (b) Image of KOH etch setup. Image
adapted from [104].

3.2.5 Metal deposition

Metal layer deposition was done via physical vapor deposition (PVD). The metal, placed in a
crucible, is heated in a vacuum chamber (typical pressure values are < 1 X 10~ mbar) in one
of two ways: Either thermally by resistive heating by driving high currents through the crucible
or directly via local heating by an ebeam. In both cases, metal atoms are released once the
vapor pressure of the metal is reached. The sample is mounted in the vacuum chamber above
the crucible with its surface facing towards the metal source. The metal atoms impinge on the
sample surface and are eventually adsorbed once the shutter is opened which initially prevents
the sample surface from uncontrolled metal deposition. Because of the high vacuum in the
chamber, collisions of the metal atoms with residual gas atoms are negligible. It is possible to
monitor the deposition rate of the metal atoms on the sample surface via the frequency change
of an oscillating quartz crystal, placed in vicinity of the sample so that it is exposed to the same
amount of the released metal atoms as the target sample. The metal evaporation rate can then
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be adjusted by controlling the heating of the metal source.
For most of the samples in this work, metal deposition was done by ebeam PVD (Leybold
L560). Typical evaporation rates were max. 2 A/s for gold, and max. 1A/s for titanium and

chromium.

3.2.6 Functionalization with self-assembled monolayers

We functionalized our samples with SAMs of organophosphonate molecules. The function-
alization process depend strongly on the substrate material. In our case SiO, is used. For
organophosphonate SAM growth on SiO;, there is a well established deposition protocol de-
veloped by Hanson et al. called “Tethering By Aggregation and Growth” (T-BAG) [98] as
schematically depicted in Fig.3.5. A sample placed on a teflon holder is vertically immersed in
a solution of dissolved organophosphonate molecules far below their critical micelle concentra-
tion. While the solvent slowly evaporates, molecules aggregate to some extent at the solvent/air
interface and are transferred to the sample surface in an almost inverse way to the Langmuir-
Blodgett method. In a last step, the molecule coated samples need to be annealed to covalently
bond the organophosphonate molecules to the SiO, surface. Several washing steps with or-
ganic solvents remove finally any additional deposited molecules which are not bonded to the
sample surface, resulting ideally in a monolayer of organophosphonate molecules on the SiO,

substrate. A detailed description of the experimental parameters used for the functionalization

(a) (b)

T-BAG

solvent

Dissolved
organophosphonates

Figure 3.5 Schematic showing the first step of the tethering by aggregation and growth (T-BAG) process.
(a) The sample is immersed vertically in a solution of dissolved organophosphonate molecules. While
the solvent slowly evaporates, the organophosphonate molecules are adsorbed on the sample surface (b).
At last, samples are heated to covalently bond a monolayer of the adsorbed molecules to the surface (not
shown).

of SiO; samples with organophosphonate SAMs can be found in the Appendix D.1.
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3.3 Characterization techniques

In the following, the most important characterization methods which were used during the

course of this work are briefly described.

3.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) uses a focused ebeam similar as described for EBL (cf.
Section 3.2.2) to scan a sample surface sequentially line by line to image the topography of
a sample surface due to the interaction of the electrons of the ebeam with the sample atoms.
Images generated by a SEM have a large depth of field which makes them useful to inspect the
surface characteristic of a sample over a large magnification range. The whole system is placed
in a vacuum chamber to minimize scatter events of the electrons with atmospheric gas atoms.
A introduction to SEM can be found in [105].

A high voltage electron source generates the electrons typically by field emission at voltages
in the range of 1kV to 30kV. The resulting ebeam is shaped and focused in the adjacent
beam column which consist of various electron lenses and coils to condense and deflect the
ebeam. The electrons of the ebeam are scattered to some extend inelastically at the sample
atoms eventually generating secondary electrons. A detector generates then an image of the
sample topography based on the intensity of these secondary electrons. There a various types
of detectors used in SEM. A common one is the in-lense detector which is located directly in
the ebeam column and detects low energy back scattered secondary electrons. These secondary
electrons originate from an interaction volume close to the sample surface which give rise to a
high resolution image of the sample surface topography in the order of a few nm. Other detector
types detect secondary electrons at a specific angle to the ebeam column or detect elastically
back scattered primary electrons.

During the course of this work two different SEMs were used. A NVision 40 Dual Beam and a
SEM Evo both from Zeiss. Typical used acceleration voltages were in the range of 3kV to 5kV

and mainly the in-lense detector was used.

3.3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopy technique which
reveals information about the binding energies of electrons. It utilizes the photoelectric effect.
In brief, a sample is placed in an ultra high vacuum chamber (~ 1 x 10~ mbar) and illumi-
nated with monochromatic X-rays (energy of X-ray photons > 1keV). The X-rays are used to
excite electrons of the sample atoms from their atomic core orbitals above the vacuum level.
The kinetic energy of the released electrons are then spectroscopically analyzed in an electron
detector. Excited electrons from atoms deep below the sample surface are mainly scattered
inelastically and lose therefore kinetic energy. Contributions from those electrons are measured

as background signal. Only the excited electrons from atoms in a volume in close vicinity of the
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surface lead to sharp peaks in the energy spectrum. As a result, XPS is very surface sensitive.
Since the binding energies of the electrons are dependent on the element type and the atomic
charge distribution of the surface atoms, it is possible to extract information about the elemental
composition and the chemical state of the surface atoms from the energy spectrum.

A more detailed introduction to XPS can be found in [106] and [107].

The XPS measurements were carried out in a home-built setup (parts from SPECS Surface
Nano Analysis) under ultra-high vacuum (~ 6 x 10" mbar). The setup is equipped with an XR
50 X-ray source and a Phoibos 100 hemispherical electron analyzer. An aluminum anode was
utilized, generating X-ray photons of the energy of the Al K, edge (E = 1486.6eV). The X-ray
source was operated at a voltage of 12.50kV and an emission current of 20 mA. Photoelectron
spectra were acquired at an energy resolution of 0.1 eV and a dwell time of 1s and averaged
over two to four scan repetitions. A pass energy of 30 eV was used universally. XPS data were
analyzed with CasaXPS software ( Casa Software Ltd, charge referencing, background subtrac-
tion and elemental analysis) and Origin (OriginLab, intensity normalization and plotting).

The XPS spectra were charge-referenced with respect to the C 1s hydrocarbon peak at 284.8 eV
and corrected for analyzer transmission and photoelectron escape depth. For quantitative
analysis and normalization, relative sensitivity factors (Scofield cross-sections [108]) for each
peak were retrieved from the CasaXPS library, accounting for the effective photoionization

cross-section of the associated electronic transition.

3.3.3 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful tool to image accurately the topography of
sample surfaces. While the lateral resolution is in the order of a couple of 10 nm, the resolution
in height can be in the range of 1 nm. An introduction to AFM can be found in [109]

AFM utilizes the interaction of a sharp tip with the atoms of a sample surface. These in-
teractions can be attractive or repulsive depending on the distance of the tip to the sample
surface. A general AFM setup consists of a tip attached to a cantilever that oscillates close to its
eigenfrequency driven by piezoelectric crystals. With the help of a laser beam which is reflected
at the backside of the cantilever, a four quadrant photo detector can detect small changes in the
amplitude. A electronic feedback loop adjusts the driving voltage of the piezoelectric crystals
to maintain a constant oscillating amplitude of the cantilever. The information gained from
the feedback loop is then typically processed to a height image of the sample topography. By
moving the tip over the sample surface line by line, it is possible to generate a height image of
the sample topography.

Beside this non-contact operation mode, there is also the possibility to operate the AFM in
contact mode. For this purpose, the tip is brought in contact with the sample surface via a

controlled bending of the cantilever through the piezoelectric crystals. Changes in the sample
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topography lead then to force changes of the tip to the sample surface which are detected via the
feedback loop by adjusting the bending of cantilever to maintain a constant tip-sample force.
AFM images were taken with a Dimension V from Bruker/Veeco. The AFM was mostly
operated in tapping mode equipped with a silicon tip which was coated with a diamond-like-
carbon-coating (TAP190DLC, BudgetSensors). Scan rate was typically 1 Hz. Images were
analyzed using the NanoScope Analysis 1.5 software from Bruker.

AFM nanolithography scratching

For SAM functionalized samples, AFM nanolithography scratching [110] was used to determine
the thickness of the SAM. First, a 5 x 5 um? area of the reference sample functionalized with
the SAM was scanned in tapping mode. Afterwards, a 1 x 1 um? area was scanned in contact
mode without moving the sample. We adjusted the deflection set point of the cantilever to keep
the applied force of the tip to the sample surface constant. The force value was chosen that the
tip removed the SAM from the surface but did not scratch into the SiO; substrate. The scan
size was increased again to an area of 5 x 5um? and the sample was subsequently scanned in

tapping mode revealing the topography of the scratched area.

3.3.4 Current voltage spectroscopy with probe station

The nanogap samples were electrically characterized using a vacuum probe station (TTPX,
Lakeshore) as shown in Fig. 3.6(a). The probe station is equipped with 4 probe arms which
comprise micro manipulators for precise movement of the attached probe tips in x, y and
z-direction. We used typically beryllium-copper or tungsten probe tips. The samples are
placed in a vacuum chamber and a turbo pumping system is used to achieve pressures down
to ~ 5 x 10~® mbar in the vacuum chamber. This allowed stable measurement conditions,
especially for oxygen-sensitive samples. During chamber opening for sample exchange, the
chamber is continuously flushed with dry Nj gas to maintain good vacuum conditions in the
chamber. A camera system on top of the viewing window of the vacuum chamber allowed the
exact monitoring of the probe tip landing on the sample surface. Fig. 3.6(b) shows an otical
image from that camera system showing two probe tips landed on Au pads of a device under
test (DUT).

External measurement equipment such as source measure units (SMU) are connected to the
probe arms via low noise triax connectors and cables. Triax cables comprise an additional
conductor (in total: 3 conductors) between the signal conductor and the outer ground layer
compared to BNC cables. This additional middle conductor guards the signal conductor by
applying the same potential to the guard conductor as to the signal conductor. As a result, there
is no voltage difference between the inner two conductors and hence no leakage current which
reduces the electrical noise and makes triax cables and connectors suitable for low current

measurements.
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Figure 3.6 (a) Image of the vacuum probe station setup equipped with 4 probe arms. A camera system
on top of the viewing window of the vacuum chamber allows the exact monitoring of the probe tip
landing on the sample surface. External measurement equipment such as source measure units are
connected to the probe arms via low noise triax connectors and cables. A turbo pumping system allowed
pressures down to ~ 5 x 107 mbar in the vacuum chamber. (b) Optical image (top-view) taken via the
camera system, showing two probe tips which are positioned on the Au contact pads of the device under
investigation inside the vacuum chamber of the probe station.

The vacuum chamber encloses a second chamber which is used as radiation shield to minimize
electrical noise as schematically depicted in Fig. 3.7. Two-terminal /-V measurements are
typically realized by landing the probe tips to the top contacts of the sample and connecting
the external measurement circuitry via the triax connectors of the probe arms. We used
source measure units (SMU) manufactured by Keithley (Keithley 2635B) which allowed the
simultaneous application of a voltage while measuring the current signal. For three-terminal
measurements, a second SMU is connected additionally to the triax sample stage. This way,
a global gate potential is applied to the back side of the sample with respect to the source top
contact (signal ground).

If not stated otherwise, all measurements were conducted at room temperature and in darkness
by covering the viewing window of the vacuum chamber during measurements. DC /-V curves
were typically measured at a scan rate of about 150 mV/s by controlling all SMUs by a PC
(Matlab software) via GPIB.
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Figure 3.7 Schematic cross-section of the probe station and typical used electrical circuitry. The sample
is placed on a triax stage which serves as global back contact. Probe tips contact the device under test
on the sample surface and are electrically connected via the probe arms and the triax connectors with
the external measurement circuitry. The sample is enclosed in two chambers which are both electrically
grounded (not shown). The inner one acts as additional radiation shield to minimize electrical noise.
The outer one is used as vacuum chamber. Electrical connections are typically made via triax cables
and Keithley 2635B SMUs were used for two and three terminal /-V measurements. All measurements
were controlled via a Matlab program on a PC.
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3.3.5 Current voltage spectroscopy with hanging mercury droplet electrode

Planar, unstructured samples were characterized electrically with a hanging mercury droplet
electrode setup. Hg is a liquid metal at room temperature. Due to the high surface tension
of Hg, it is possible to apply a very gentle and soft top contact with a Hg droplet on top of
fragile sample surfaces and measure e.g. the /-V characterization vertically through the sample.

Fig. 3.8 depicts the general setup of the hanging Hg droplet electrode. A hanging droplet of

‘ Hg reservoir \
capillary J Keithley
Hg

SMU

drop

Sample

_qm_

N2 atmosphere

Figure 3.8 Schematic of hanging mercury droplet electrode setup. A hanging droplet of mercury
with defined volume is formed at the lower end of a capillary which is connected at the upper part
to a mercury reservoir. The sample is placed on a copper stage below the hanging Hg droplet and
slowly driven upwards until the Hg droplet wets the sample surface. Electrical connections for vertical
measurements through the sample are made via the sample copper stage and from the other side via a
metallic ring contact around the Hg reservoir. Typically a Keithley 2635 SMU was used for DC [-V
measurements. The whole setup is operated in a N> filled glovebox to achieve stable Hg contacts on the
sample surface.

Hg with defined volume is formed at the lower end of a capillary which is connected at the
upper part to a mercury reservoir. The droplet stays hanging at the capillary end due to the
high surface tension of Hg. The sample is placed on a copper stage which can be moved in X,y
and z-direction by micro-manipulators. The sample backside is typically coated with a metal
layer, e.g. Ti/Au and glued with silver paint to an additional copper plate to ensure a good
electric contact to the copper stage. The sample surface and the hanging Hg droplet can be
monitored by a camera system which is placed perpendicular to the capillary end in front of the

stage. The stage is moved slowly upwards until the Hg droplet gets into contact with the sample
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surface as shown in Fig. 3.9. Electrical connections are made at the backside of the sample via
the copper stage and by a metallic ringlike contact around the Hg reservoir which is connected
via the Hg column in the capillary and the Hg droplet to the sample surface. The vertical DC
I-V characteristic of the sample is measured with a Keithley 2635 SMU controlled via a PC
(Matlab program). The whole setup is operated in a glovebox filled with N, to avoid moisture
contamination on the sample surface and to keep the oxygen level low in order to achieve stable

electrical contacts of the Hg droplet with the sample surface. Mostly samples with non-metallic

Figure 3.9 Optical image (side view) showing a Hg droplet at the end of the capillary in contact with
a SiO; surface. The image was taken with the camera system which is used to monitor the sample
approaching the hanging Hg droplet.

surfaces can be used with the hanging Hg droplet since most metals form an amalgam with Hg
which destroys the Hg droplet and can contaminate the Hg capillary and the sample itself.

We used a controlled growth mercury electrode (CGME) manufactured by Bioanalytical Sys-
tems, USA which comprises the Hg reservoir, the capillary and an electronically controlled Hg
dispenser in a customized glovebox from PlasLabs, USA equipped with a load lock. A home
made control system comprising a standard lab pump and a feedback pressure sensor circuitry

keep a constant and slight N, overpressure in the glovebox.

3.3.6 Impedance spectroscopy

Impedance spectroscopy is an AC technique which measures the complex impedance Z repre-
sented by its magnitude | Z| and the corresponding phase angle ® between an applied sinusodial

voltage and the measured current response over a broad frequency range.
Z =|Z|e/® (3.1

The measured current response is typically presented in Bode plots which show the frequency
dependence of Z and ®. The power of impedance spectroscopy is that the frequency-dependent
measurement signals can be fitted according to suitable equivalent circuit models. If the fit is

carefully adjusted to the measurement data, information of single components of the sample
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can be extracted even for complex multi layer systems.

During the course of this work impedance spectroscopy was done with the help of an ivium
compactstat (Ivium Technologies) in a two terminal configuration. The hanging Hg droplet
setup was used to contact planar samples electrically (cf. Section 3.3.5). No DC bias was used
and typical AC voltages were in the range of 100mV to 150 mV with frequencies in the range
of 1 Hz to 1 x 10% Hz. Equivalent circuit fitting was done with the ivium software.
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4 Silicon nanogap electrode fabrication,
characterization and nanogap filling

4.1 Nanogap fabrication by anisotropically etching in potassium
hydroxide

This Section is partly based on the published conference proceeding: A nanogap electrode
platform for organic monolayer-film devices [70] (Simon Pfaehler et al., 2016 IEEE 16th Inter-
national Conference on Nanotechnology (IEEE-NANO) (Sendai, Japan). IEEE, 2016, 842-844,
DOI: 10.1109/NANO.2016.7751507.)!

4.1.1 Device design and sample layout

We used an evaporated metal pattern as etching mask for the nanogap electrodes. The device
design utilizes the anisotropical etching behaviour of silicon in KOH regarding its crystal planes
as described in chapter 3.2.4. The {111} planes are etched far slower than the {100} planes
which results eventually in inverted triangular shaped trenches [111]. This anisotropy results
in Si gaps at the bottom of the converging {111} planes once the tip of the inverted triangle
reached the buried SiO, layer since the SiO; acts as an effective etch stop. The resulting Si
gaps are smaller than those of the metal mask. Fig. 4.1 shows schematically the design concept
with all relevant geometrical parameters: w is the width of the gap, d is the thickness of the Si
device layer, L is the distance between two metal pads and [/ is the resulting nanogap length at
the bottom of the gap. Beside the etch time, [ depends on L and d and can be geometrically

calculated by
2d

=L fanGa4) @b

with @ = 54.74° as the characteristic angle between the silicon {111} and {100} planes.

1Reprinted (adapted) with permission from [70]. Copyright (2016) IEEE. Most of the experimental work on the
fabrication of anisotropically etched silicon nanogaps in KOH presented in this Section was obtained in close
collaboration with Kevin Keim as part of his master’s thesis [104].
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(b)

Cr/Au

Figure 4.1 Schematic showing the nanogap dimensions after KOH etching. (a) top view and (b) side
view.
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4.1.2 Nanogap fabrication

We used SOI wafer pieces consisting of a (3.0 + 0.5) um thick, highly p-doped Si device layer
(Boron, 9 x 10" cm™3, (100)), separated from the handle wafer (analogously doped) by an
(8.0 + 0.4) nm thick buried silicon dioxide layer (cf. Fig. 4.2).

SOl wafer Photolithography, HF and KOH wet
(@) metal evaporation () etching
8 nm buried SiO,

3.2 —5.2 um = m— 200 nm =1 pum (111)

3 um p* Si (100) —
5 »

Figure 4.2 Schematic showing the fabrication process of the nanogap electrodes. A patterned metal
film is evaporated on top of an SOI substrate with a 3 um thick p* Si (100) device layer; it serves as the
etching mask as well as the electrical contact pads. The typical spacing between two metal pads was
in the range 3 pm to 5 um. Subsequent anisotropic etching in KOH solution resulted in characteristic,
triangular shaped nanogap structures. Reprinted (adapted) with permission from [70]. Copyright (2016)
IEEE.

An evaporated metal thin film of Cr/Au (10/100 nm) was patterned by standard photolithog-
raphy methods and was used as the etching mask as well as a contact pad for eventual electrical
measurements. After mask preparation, all samples were dipped in aqueous hydrofluoric acid
(HF, 5%) to remove the native silicon oxide layer, and were subsequently etched in aqueous
potassium hydroxide (KOH, 9%, 32 °C) for 210 min. Special attention was paid to the align-
ment of the lithographically defined pattern along one of the [110] crystallographic directions
to optimize anisotropic etching. In this way, the micrometer-spaced gaps of the metal mask
were translated to the oxide interface: Our etch mask pattern comprises electrode metal pairs
with spacing L = 3.2 um to 5.2 um which resulted in gap electrode distances on the order of

[ =200nm - 1 um. Fig. 4.3(a) shows an optical microscope image of a part of a sample chip

Figure 4.3 (a) Optical microscope image of a part of a sample chip with several gaps arranged in line,
pairwise sharing electrical contacts before KOH etching. Gap width is w = 50 pm and gap length is
L = 4.2 pm (top row) and L = 4.3 um (bottom row). (b) SEM image taken at a viewing angle of 80°,
showing a silicon nanogap after etching in KOH for 210 min.
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after metal PVD and lift-off but before KOH etching. The gaps are arranged in lines sharing
pairwise electrical contacts. The top row comprises gaps with L = 4.2 um and the bottom row
with L = 4.3 um. One chip comprises 150 electrode pairs. Fig. 4.3(b) shows a SEM image
taken at a viewing angle of 80° of a finished nanogap after etching in KOH for 210 min. The
trapezoidal structure of the nanogap crossection is clearly visible. The metal pads on top of the
Si device layer are slightly under-etched since the etching rate of the {111} plane is small but
not negligible. At the edges of the nanogap, etching of the {110} planes is possible and visible
in the SEM image which leads to a tapered shape at the nanogap edges. We fabricated therefore
only nanogaps with w > 20 um which is far broader than the observed etching of the {110}
planes at the nanogap edges.

In order to achieve the best possible control of the etch process for our samples and etch
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Figure 4.4 KOH etch depth versus etching time of (a) Si and (b) SiO; for 9 % KOH at 32 °C. The dashed
lines are linear fits to the data. The error bars represent the standard deviation of 5 measurements.

setup, we determined the etch rates in KOH for Si(j09y and SiO,. Samples with a simple
Cr/Au pattern were used and the top of the Cr/Au layer served as height reference for etch depth
measurements, carried out with a profilometer. All samples were etched in aqueous potassium
hydroxide (KOH, 9%, 32°C). All Si samples were dipped in aqueous hydrofluoric acid (HF,
5%) right before the KOH etching to remove the native silicon oxide layer. To investigate the
etch rate of SiO;, Si/SiO;, samples with a 100 nm thick thermal SiO; layer were used. Since
the etch rate is much smaller for SiO,, the etch depth was measured with an AFM for the SiO;
samples. The measured etch depth with respect to the etch time is depicted in Fig. 4.4 (Si: (a)
and SiO,: (b)). The dashed lines are linear fits to the data. The etch rates » are determined
from the slope of the fits. For Si, an etch rate of rs; = (33.3 = 1.7) nm/min is determined which
is about half of the literature value of rs; ;;; = 53.8 nm/min for 10 % KOH at 30 °C [112]. One
possible reason is the high doping concentration of the Si device layer which decreases the
etch rate [112]. For SiO,, an etch rate of rgj0, = (2.3 £0.6)nm/h was determined which is
roughly a factor of 2 greater than the literature value of rsio, ;i = 1.2nm/h for 10 % KOH at
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30°C [112], possibly due to our slightly higher etch temperature. The resulting etch selectivity

of ISigio0) 1O 7'Si0, 18
TSi(100y
—— =860+ 220
r'sio,
which is smaller than the literature value of 2634 [112] mainly because of the smaller measured
etch rate of Si as already discussed. As a result, the 8 nm thick buried SiO; layer of the SOI
wafer should withstand the KOH etch for ca. 3.5 h based on the experimentally determined etch
rate selectivity.

The 3 um thick Si device layer of the SOI wafer should be completely etched down to the buried

Figure 4.5 SEM images at a viewing angle of 80°, showing the silicon nanogap etch evolution in KOH
in [100] direction with time from 30 min (top left) to 240 min (lower right).

SiO; in = 90 min according to the experimentally determined etch rate of Si (c.f. Fig. 4.4(a)).
However, this is true for planar samples without any geometrical constraints. If the inclining
Si {111} planes of the gap patterned samples meet before the buried SiO, layer is reached and
while the gap is opening at the SiO, interface, etching occurs mainly in (111} direction which
is much slower. Small variations in L of the metal pad spacing lead therefore to variations in
the observed etching times in case of the nanogap etching process. Nanogap samples etched
for + =30 min to 240 min in 9 % KOH at 32 °C were therefore investigated by SEM to estimate
the best etch time to achieve narrow but open nanogaps. Fig. 4.5 shows the SEM images taken
at a viewing angle of 80° for the nanogap etch series. For r < 120 min, small residuals next to
the gap area are present which might be small residual Si pyramids with {111} planes [113].
At t > 120min all Si residuals outside the gap area are etched away, revealing the smooth
surface of the SiO, layer (rms roughness: 0.163 nm, measured by AFM) while the gap is not
yet completely etched down to the SiO; layer. The best result was obtained for an etch time of
t = 210 min which produced a narrow but open gap without residuals. Etch times longer than
t = 210 min lead to an increase in gap length /.

The {111} planes forming the sidewalls of the gaps exhibit a certain roughness, visible as

alternating pattern of darker and lighter areas in Fig.4.3(b) and Fig. 4.5 which results in a
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certain edge roughness along the gap at the bottom. The exact origin of this edge roughness
is not fully clear. In the literature, it is reported that the KOH etch process can be locally
masked by the formation of H, gas bubbles which originate from the etch process itself and
hence results in an increased roughness [114]. Another possible reason could be the slight
misalignment of the surface orientation which also leads generally to an increased roughness
as described in [115].

4.2 Nanogap fabrication by e-beam lithography and reactive ion
etching

We used a second approach for the fabrication of Si nanogaps beside the concept of anisotrop-
ically etching in KOH. The main difference is the use of ebeam lithography to define the etch
pattern and transferring it via RIE into the Si device layer instead of chemical wet etching in
KOH.

4.2.1 Nanogap fabrication

The following Section is based on the published article: Space charge-limited current transport
in thin films of alkyl-functionalized silicon nanocrystals [116] (Simon Pfaehler et al., Nanotech-
nology, 30(39) (2019), 395201, DOI: 10.1088/1361-6528/ab2c28)>.

The process of Si nanogap device fabrication is outlined in Fig. 4.6. Silicon electrodes were
fabricated from SOI wafers (Soitec, France), composed of a d = (110 + 7.5) nm thin silicon
device layer (100) separated by a (200 + 5) nm buried silicon dioxide (SiO;) layer from the
silicon handle wafer (100). The top silicon layer was heavily p-doped by ion implantation (p*,
Boron, doping concentration ca. 5 X 10" ¢cm™3) (a). The SOI wafers were diced in 8 x 8 mm?
sample chips. For the fabrication of an array of electrode pairs (cf. Fig 4.7(a)), the SOI sample
chips were first cleaned by sonicating them in acetone (VLSI Selectipur, BASF), subsequent
sonicating them in isopropanol (VLSI Selectipur, BASF) and blowing them dry under a stream
of N, followed by an additional cleaning step in oxygen plasma (18s, 400 W, 50Pa). We
used conventional photo-lithography to pattern the etching mask for the mesa-structure of
the electrodes array: At first, an adhesion promoter hexamethyldisilazane (HMDS, Aldrich
Chemistry) and a positive-tone photo resist (AZ5214E, MicroChemicals) were deposited by
spin-coating (film thickness: 1.6 um). Following resist development (AZ351B, 1 : 4 diluted
with DI H,O, MicroChemicals) and an additional oxygen plasma treatment to remove adhesion
promoter and resist residues (18 s, 400 W, 50 Pa), the mesa-structure was etched in the top silicon
device layer down to the buried oxide by RIE ( SF¢/ C4Fg plasma, OXFORD Instruments, Plasma

ZReprinted (adapted) from [116]. Copyright (2019) IOP Publishing Ltd, Creative Commons BY 3.0 license
(http://creativecommons.org/licenses/by/3.0)
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4.2 Nanogap fabrication by e-beam lithography and reactive ion etching

Ebeam lithography,
Photo lithography, (© Reactive ion etching
metal evaporation Ebeam ¢ 1

resist 3
d =110 nm p*-Si :
200 nm SiO, » (T)
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Figure 4.6 Schematic showing the fabrication process of the silicon nanogap electrodes based on a SOI
wafer (a). (b) Metal contact pads (yellow) are fabricated using photo lithography, metal evaporation and
lift-off. The metal pads are located far away from the gap (um distance, sketch not to scale). (c) The
nanogap separating the Si electrodes is fabricated using EBL (positive tone resist) and RIE. (d) Finished
nanogap electrode device, / denotes the nanogap length and w the nanogap electrode width. Reprinted
(adapted) with permission from [117]. Copyright (2019) IEEE.

Lab 80 Plus). In that way, we produced an electrically conductive lead structure comprising
an array of ten top silicon layer bars of widths w ranging from 5 pm to 200 um, which are
electrically separated from each other and act as the basis for the later fabricated electrode
arrays. After the RIE step, the remaining resist was removed in a subsequent ultrasonic bath of
acetone, followed by rinsing in isopropanol and dry-blowing with N;. To provide ohmic contact
to the highly doped Si lead structures we fabricated a row of Ti/Au metallic contact pads on top
of the Si layer (Fig. 4.6 (b)). These pads of area 200 x 200 um? were prepared by a combination
of photo-lithography (positive photo resist AZ5214E, MicroChemicals), a short dip in diluted
HF (5%, 30s) to remove the native oxide, and subsequent PVD of 10/100 nm Ti/Au (Leybold
L560, max 0.2nm/s), followed by lift-off in an acetone bath, rinsing in isopropanol and dry-
blowing with N,. EBL was used to prepare the etching mask for gap fabrication. After cleaning
the samples by sonication in acetone (10 min), followed by sonicating them in isopropanol and
dry-blowing with N», and an additional cleaning step in oxygen plasma (60s, 400 W, 50 Pa)
the sample chips were coated with positive-tone EBL resist (90 nm, AR-P 6200, Allresist) and
exposed in an EBL system (30 kV acceleration voltage, e_LINE, Raith). After developing (60s,
AR 600-546, Allresist) the samples were baked on a hotplate at 130 °C for 60 s to improve the
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etching stability of the EBL resist. The resulting resist gap pattern was transferred into the top
Si layer by RIE as previously described, eventually resulting in gaps in the silicon mesa (cf.
Fig. 4.6(c) and 4.7(a), one between each pair of metal pads). The remaining e-beam resist was
removed by subsequent sonication in acetone and isopropanol plus the additional application
of an oxygen plasma (5 min, 400 W). The resulting nanogap electrode device with nanogap
channel length [ and electrode width w is shown in Fig. 4.6(d). In this way, each top silicon
layer bar of the mesa was split in ten electrode pairs resulting in an array of 100 electrode pairs
in total, on each sample. Fig. 4.7(a) shows an optical microscope imgage (top-view) of a part
of such a nanogap electrode array sample chip. The nanogap is clearly visible as a dark line

in-between contact areas in the inset magnification. Fig. 4.7(b) shows a SEM image (top-view)

of a part of a [ = 40 nm long single nanogap with sharp and clearly defined edges.

Figure 4.7 (a) Optical microscope image of a part of a sample chip with several gaps arranged in line,
pairwise sharing electrical contacts. Gap widths vary from 20 um to 5 um in the image (top to bottom
row). Magnification: The gap can be recognized as a dark line in-between contact areas. (b) SEM image
(top-view) of part of a single nanogap with / ~ 40 nm after RIE etching.

4.2.2 Optimization of nanogap etch depth and channel length

This Section is based on the published conference proceeding: Silicon Nanogap Electrode
Engineering for Organic Monolayer Field Effect Transistors [117] (Simon Pfaehler et al., 2019
IEEE 19th International Conference on Nanotechnology (IEEE-NANO) (Macao, China). IEEE,
2019, 521-525, DOI: 10.1109/NANO46743.2019.8993870.)°

We studied the RIE depth of the Si nanogap electrodes by controlling the etching time ¢ while

keeping all other parameters constant. Having precise control over the etch depth is a key factor

3Reprinted (adapted) with permission from [117]. Copyright (2019) IEEE.
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4.2 Nanogap fabrication by e-beam lithography and reactive ion etching

for the successful fabrication of the nanogap devices besides e.g. the geometry of the etch
profile. On the one hand, Si must be completely etched away in the gap area to completely
separate the electrodes. On the other hand, the buried SiO; should be etched as little as
possible to align the bottom of the nanogap with the lower edge of the Si device layer. This
way, an optimal charge injection from the Si electrodes into the later filled-in materials under
investigation in the nanogap may be expected (particularly in case of SAMs). The etch rate
of the EBL resist limits the applicable maximum etch time. We measured the etch depth on
reference samples which are fabricated as described above but using a pattern of big squares
(90 x 90 pmz) and additional wide trenches (w: mm scale) with same channel lengths / as the

nanogap electrode devices. Fig. 4.8 summarizes the etch depth for ¢t = 10s — 40 in Si (black)
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Figure 4.8 Etch series of the Si top layer and of the EBL resist layer using a SF¢/ C4Fg based RIE
plasma, with measured etch rates. Reprinted (adapted) with permission from [117]. Copyright (2019)
IEEE.

and in the EBL resist (red), measured with a profilometer. There is only little increase in the
etch depth for ¢ longer than ~ 35 s, because most of the Si is already etched and the buried oxide
is etched much slower due to the different etch rates. This is also visible in the SEM images in
Fig. 4.9: at t = 30s (b) almost all Si is etched but at = 40s (c) only very little of the buried
SiO; is etched. On the other hand, etch times in the range of ¢ = 20 s (a) are cleary too short to
etch the nanogap down to the buried SiO, layer. The dashed lines in Fig. 4.8 are linear fits to
the data. From the slopes, measured etch rates are for Si rg; = 3.6 nm/s and for the EBL resist

rpe200 = 1.4 nm/s, respectively, resulting in an etch selectivity of

rsi

'P6200

~ 2.6

Hence, the ~ 90 nm thick resist used is sufficient to withstand etching up to ~ 60's.
Another relevant fabrication parameter besides the etch depth is the nanogap length which
defines directly the channel length / of the Si nanogap electrode device. We adjusted [ by

carefully controlling the EBL parameters. Fig. 4.10 shows the cross-sectional SEM images of
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Figure 4.9 SEM cross section images of / = 100 nm long nanogaps which are etched for 20s, 30 s and
40s ((a), (b) and (¢)), respectively, into the Si top layer. Reprinted (adapted) with permission from [117].
Copyright (2019) IEEE.

nanogap reference samples, fabricated as described above with wide trenches but same / as the
nanogap electrode devices. While in Fig. 4.10 (a) and (b) the EBL resist layer was already
removed after etching, it is still present in (c) and (d) as indicated on top of the Si device layer.
As visible in Fig. 4.10, our RIE process generally resulted in a vey good anisotropic etch profile.
Fig 4.10 (a)—(c) show nanogaps with / =200 nm, 100 nm and 60 nm which were exposed using

Ebeam resist

Figure 4.10 SEM cross section images of Si nanogap electrodes with different channel length / fabricated
by ebeam lithography and reactive ion etching. (a) / = 200nm, (b) [ = 100nm, (c) / = 60nm, (d)
[ = 30nm. All scale bars are 100nm. Reprinted (adapted) with permission from [117]. Copyright
(2019) IEEE.

an EBL exposure dose of 200 pC/ cm? ((a), (b)) and 110 ucC/ cm? (¢) respectively and a RIE time
of t = 40s. We used an EBL write field size of 200 x 200 um? and the area exposure mode of
the EBL system that uses multiple parallel lines of e-beam exposure to achieve the lithography
pattern. In this way we were able to successfully fabricate nanogaps with / > 60 nm. However,
nanogaps with [ < 60nm could be only achieved using the single pixel line (SPL) mode of

40



4.2 Nanogap fabrication by e-beam lithography and reactive ion etching

the EBL system which in contrast to the area mode exposes only a single line pixel per pixel.
The nanogap length is therefore not controlled by the number of exposure lines and hence the
geometry of the area pattern but directly by the exposure dose of a single pixel. We achieved
nanogaps as small as / = 30 nm using the SPL. mode and an ebeam exposure dose of 400 pC/cm
as shown in Fig. 4.10 (d). In this case we used a RIE time of t = 455, since we observed
slightly slower etching rates of Si for these small nanogaps, presumably because of less efficient

transport of etched material due to the increased aspect ratio d/I.
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4.3 Filling the nanogap electrodes with silicon nanocrystals

We devoted much effort to the controlled and reproducible filling of the nanogap with SiNCs.
Few procedures have been reported in the literature, demonstrating the filling of (metallic)
nanoscale trenches by different approaches [67, 118]. We tried several alternative methods,
such as spin coating, drop casting or solvent evaporation to fill the nanogaps. However, none of
these techniques led to satisfying filling with a homogeneous thin film of SiNCs. By far, the best
results were obtained by mechanically pressing the SiNCs from solution into the gap, employing
a pressure-transducing PDMS membrane. This novel approach, particularly developed for this
purpose, turned out to enable the formation of homogeneous SiNCs thin films with precise
control of thickness.

4.3.1 Nanogap filling by spincoating
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Figure 4.11 (a) AFM image of a SiNC thin film on top of a Si substrate, spin coated from toluene
solution. (b) Corresponding height profile along the path indicated as white dashed line in (a). (¢)SEM
top-view image of the same sample as in (a) and corresponding cross sectional SEM image of the SiINC
thin film (d).
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Spin coating is one of the well known standard methods to fabricate uniform thin films on planar
substrates, e.g., for photo resist layers in lithography processes. Thin films of NCs were also
fabricated successfully by spin coating [119-121]. We tried therefore to fabricate homogeneous
thin films of SiNCs by spin coating to fill the nanogaps reliably. Fig. 4.11(a) shows an AFM
image of such a SiNC thin film spin coated from a ¢ = 5mg/ml SiNC solution (toluene) at
600 rpm for + = 90s. No homogeneous thin film is observed because of several circular holes
in the film with diameters ranging from a couple of 10 nm up to several 100 nm, as it is also
visible in the corresponding SEM top-view image in Fig. 4.11(b). The depth of these holes is
comparable to the thin film thickness as it can be seen in the AFM height profile Fig. 4.11(c)
for a line scan along the indicated white dashed line in (a) and also in the cross-sectional SEM
image in Fig. 4.11(d). We tried several different spin coating speeds in the range of 350 rpm to
2500 rpm without achieving a homogeneous and continuous thin film, which is not beneficial to

fill all gaps of our nanogap electrode array which are distributed over the whole sample surface.

4.3.2 Nanogap filling by drop casting

Figure 4.12 (a) Optical microscope image of a drop casted SiNC thin film on top of a SOI sample. (b)
Cross-sectional SEM image of a 200 nm long nanogap filled with SiNCs via drop casting.

Another approach to fill the nanogaps with thin films of SiNCs is to simply drop cast the SINC
solution on the sample surface, using a pipette and let the solvent evaporate. As it can be seen
in the optical microscope image in Fig. 4.12(a) the drop casted thin film exhibits rather a hilly,
ring like surface morphology than a homogeneous and flat surface. These ring structure of the
droplet originated most likely from the coffee ring effect [122]. While the solvent of the SINC
solution droplet evaporates, the dissolved SiNCs are transported to the perimeter of the droplet.
As a result, the ring like structure is formed on the sample surface. More importantly, the drop
casted thin film is not homogeneously filling the nanogaps as visible in the cross-sectional SEM
image in Fig. 4.12(b). At the right sidewall, there is a void between the film and the Si wall
which impairs reliable charge carrier injection from the Si electrode into the SiNC thin film.
Similar observations have been made for dip-coated thin films where the samples were dipped
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perpendicular for a couple of seconds in the SiNC solution and subsequently taken out of the

solution.

4.3.3 Nanogap filling by vertical evaporation

Since dip-coated films produced very thin films (in the order of 10nm or less), we tried the
reverse process: keeping the perpendicular sample at a fixed height position in the SiNC solution
and waiting until the solvent was evaporated as schematically shown in Fig. 4.13(a). The solvent
evaporation needed typically = 24 h until the solvent level was below the sample. The complete
coating process was done in a glovebox to prevent the SiNCs from oxidation. The finished
SiNC thin film surface showed a repeating thickness variation pattern, visible as alternating
stripes in the optical microscope image of Fig. 4.13(b). Most likely these thickness pattern
originates from mechanical vibrations, introduced by the glovebox pump which regulates the
pressure of the inert atmosphere in the glovebox in regular time intervals. A control sample
coated by vertical evaporation outside the glovebox in a fume hood did not show the stripe like
thickness pattern on the surface. The vertical evaporation method produced thick SiNC films of
the order of 1 pm as shown in the cross-sectional SEM image of a filled nanogap (! = 200 nm)
in Fig. 4.13(c) with visible cracks in the film. Furthermore, in the nanogap itself, there are
voids in the vicinity of the Si sidewalls, similar to the drop casting coating method as described
in Section 4.3.2.

Vertical evaporation

(in glovebox) <

24h solvent
evaporation

(a)

=T

~SiNC solution - |

Figure 4.13 (a) Schematic of the coating process by vertical evaporation: The sample is vertically placed
in the SiNC solution and coated while the solvent slowly evaporates. (b) Optical microscope image of
sample surface after coating by vertical evaporation. (c) Cross-sectional SEM image of a nanogap
sample coated with a film of SiNC by vertical evaporation.

44



4.3 Filling the nanogap electrodes with silicon nanocrystals

4.3.4 Nanogap filling via a pressure-transducing PDMS membrane

The following Section is based on the published article: Space charge-limited current transport
in thin films of alkyl-functionalized silicon nanocrystals [116] (Simon Pfaehler et al., Nanotech-
nology, 30(39) (2019), 395201, DOI: 10.1088/1361-6528/ab2c28)*.

By far the best coating results were obtained by mechanically pressing the SiNCs from solution
into the gap, employing a pressure-transducing PDMS membrane. This filling process of the
active gap region between the contacts with a thin film of SiNCs is outlined in Fig. 4.14 in the
case of Hex-SiNCs. This novel approach, particularly developed for this purpose, turned out to
enable the formation of homogeneous Hex-SiNCs thin films with precise control of thickness,
without any voids or cracks in-between the Si electrodes.
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Figure 4.14 Schematic representation of nanogap filling with Hex-SiNCs. (a)-(c) Filling the gap between
electrodes with a thin film of Hex-SiNCs by mechanically pressing the Hex-SiNCs from solution via
a pressure-transducing PDMS membrane. (d) Final device structure for electrical characterization.
Dimensions of the film are indicated as w (width), / (length) and & (height). Reprinted (adapted) from
[116]. Copyright (2019) IOP Publishing Ltd, CC BY 3.0 license.

To achieve this, the samples were first cleaned by sonication in acetone (10 min, VLSI Selectipur,
BASF), subsequent sonication in isopropanol (VLSI Selectipur, BASF) and dry-blowing with
N, followed by a short dip in diluted HF (2%, 30 s) to remove the native oxide from the silicon
electrodes’ surface, right before the coating with Hex-SiNCs solution. Next, about 70 pl Hex-
SiNCs solution was immediately drop-casted onto the sample covering the complete surface

“4Reprinted (adapted) from [116]. Copyright (2019) IOP Publishing Ltd, Creative Commons BY 3.0 license
(http://creativecommons.org/licenses/by/3.0)
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(Fig. 4.14(a)). We used a custom-made device originally designed for nano-imprint lithography
to mechanically press the Hex-SiNC solution via a pressure-transducing PDMS membrane into
the gaps (Fig. 4.14(b)). The membrane was fabricated by mixing base and curing agent (Sylgard
184 silicon elastomer kit, Dow Corning) in a weight ratio of 5 : 1, evacuating the mixture in
a desiccator to remove air bubbles and curing it for 48 hours at room temperature. In order
to mechanically press the Hex-SiNC solution into the gaps, the volume between the PDMS
membrane and the wetted sample surface was evacuated by a standard membrane vacuum
pump, such that the PDMS membrane got into close contact with the sample surface. Thus, the
solvent of the drop-casted Hex-SiNC solution on the sample was removed mainly by pumping
but also to a little amount by being soaked by the PDMS membrane while mechanically pressing
the Hex-SiNCs as a thin film into the gap separating the electrodes. No remaining solvent could
be observed after 4 min of evacuation and having carefully released the PDMS membrane from
the sample surface (Fig. 4.14(c)). For every sample we used a newly prepared, fresh piece of
the same PDMS membrane. After release, the samples were heated on a hotplate to 100 °C for
60 s to evaporate remaining residues of the solvent. To investigate the quality and filling height
of the Hex-SiNC thin film in the gap between electrodes, we used reference samples based on
the same SOI material and fabricated a set of six very wide (w = 7mm) gaps per reference
sample by EBL and RIE using the same fabrication and PDMS membrane coating protocol as
for the gap electrodes array samples described before. All reference samples were coated with
Hex-SiNCs solutions from the same batch that was used for the coating of the gap electrode

samples.

Multilayer approach

In order to gain control over the thin film thickness &, we first tried to repeat the SiNC coating
cycle multiple times to increase h. Fig. 4.15 shows SEM cross-section images of nanogap
test structures (I = 100 nm) filled with multiple layers of Hex-SiNCs from the same solution
(¢ = 5mg/ml) as described before using our PDMS membrane technique. Each layer was

pressed into the gap with a fresh piece of the same PDMS membrane.

h=(11+2) nm 1 Layer Le h=(43+8) nm 10 Layer

p*Si p*Si
Sio,

200 nm

SiNC film

Figure 4.15 SEM cross section images of Si nanogaps (/ = 100 nm) filled with thin films of Hex-SiNC
prepared by multiple successive coating layers from a solution with concentration ¢ = 5 mg/ml. Indicated
thin film thicknesses are based on at least six measured test structures. (a) 1 layer: £ = (11 +2) nm, (b)
5layers: h = (43 £ 7)nm and (c) 10 layers: & = (43 + 8) nm.
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In general, the film shape adopted a concave form inside the gap. Here, we determined the
(minimum) film thicknesses # from measuring in the middle of the cross section of the gap, as
depicted in Fig. 4.14(d). For the sample with 5 coating layers (Fig. 4.15(b)), a thin film thickness
of hsy, = (43 = 7)nm is measured which is about half the hight of the nanogap. Compared to
the case of only one coating layer (k1. = (11 + 2) nm, Fig. 4.15(a)), this is a clear increase in /.
But as visible in Fig. 4.15(c), about the same thickness of &g, = (43 = 8) nm is measured for
10 coating layers. We measured large variations of 4 for several samples in different coating
runs with multiple coating layers without clear trend and without gaining precise control over
the thin film thickness. Since the same solvent (toluene) was used for every coating layer, it is
likely that the solvent dissolved to some extent SiNCs from the surface of the previously coated

layer in the nanogap which circumvents control over the overall thin film thickness.

SiNC solution concentration approach

Instead of using a fixed concentration and repeating the SiNC coating multiple times, the level
of gap filling can be efficiently adjusted by the concentration of SiNCs in solution. As shown
in the SEM cross-sectional images of Fig. 4.16, the thin film thickness (#) in the gap increases
monotonically with the solution concentration of the Hex-SiNCs, which was varied from
¢ = 5,10,15 to 20 mg/ml (Fig. 4.16(b)—(e), respectively). Fig. 4.16(a) was treated according
to the same coating protocol, but with the pure solvent without any Hex-SiNCs. No Hex-SiNC
thin film could be observed in this case which shows that the otherwise observed thin films
consist of Hex-SiNCs.

SINCfilm 5 me/ml T 10mg/ml

B \ Y S

Figure 4.16 (a)-(e) SEM cross section images of Si nanogaps filled with thin films of Hex-SiNC
prepared from increasing solution concentrations, resulting in increasing thin film thicknesses. Reprinted
(adapted) from [116]. Copyright (2019) IOP Publishing Ltd, CC BY 3.0 license.
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Fig. 4.17 summarizes the measured film thickness as function of Hex-SiNC solution concentra-
tion, starting from a thin film with 4 =~ (15 + 3) nm up to an almost completely filled gap with
h = (92 £ 8)nm. All resulting Hex-SiNC thin films filled the gap in a homogeneous manner,
free from voids or cracks in the film or close to the interface to the electrodes. This is an

important requirement for stable and reproducible electrical measurements.
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Figure 4.17 Averaged thin film thicknesses as a function of Hex-SiNC concentration, measured in filled
200 nm gaps. All film thicknesses were obtained from averaging the measurement results of at least
six test structures comprising wide (mm scale) trenches, for each Hex-SiNC solution concentration.
Reprinted (adapted) from [116]. Copyright (2019) IOP Publishing Ltd, CC BY 3.0 license.

The PDMS concentration-dependent coating method produced homogeneous thin films over a
large part of the sample surfaces as shown in the optical microscope images of Fig. 4.18. For
all concentrations of 5 mg/ml, 10 mg/ml, 15 mg/ml and 20 mg/ml (Fig. 4.18 (a)—(d)), there is
a homogeneous part of the Hex-SiNC thin film in the middle of the sample surrounded by a hill
like boundary which originates directly from the PDMS coating process: While the pump is
evacuating the space above the the sample surface, the PDMS membrane is bended downwards
due to the decreased pressure and reaches the sample surface directly in the middle of the sur-
face, rolling subsequently to the sample edges which piles up the SiNCs at the edges. For this
reason, only nanogap electrode devices in the middle part of each sample were used electrically
to ensure consistent thin film quality and a controlled filling of the nanogap electrode devices
as it is demonstrated in the AFM image of Fig. 4.19, showing a nanogap coated with Hex-SiNC

from a 20 mg/ml solution.
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15 mg/ml Hex-SiNC ¢ C

Figure 4.18 Stitched optical microscope images of nanogap sample chips coated with Hex-SiNCs from
solution of various concentration via a pressure transducing PDMS membrane. (a) ¢ = 5mg/ml, (b)
¢ = 10mg/ml, (c) ¢ = 15mg/ml and (d) ¢ = 20 mg/ml. The black stripes are image errors due to the
stitching process and not related to the samples.

Figure 4.19 AFM image of a nanogap (w = 5um, / = 200 nm), filled with Hex-SiNCs from 20 mg/ml
solution via a pressure transducing PDMS membrane.
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5 Current transport in thin films of
functionalized silicon nanocrystals

In the following Chapter, current transport through thin films of functionalized SiNCs is studied.
In the first two Sections, the obtained current-voltage (/-V) data of the Si nanogaps coated with
functionalized SiNCs is presented and discussed. We complement our data with a kinetic Monte
Carlo simulation of the obtained charge transport process in the third Section. The Chapter is
concluded with the discussion of additional /-V measurements on planar samples coated with
SiNCs by using a hanging Hg droplet electrode, as well as impedance measurements and the

presentation of the obtained film composition via XPS measurements.

In this Chapter, Sections 5.1, 5.2 and 5.6 are based on the published article: Space charge-
limited current transport in thin films of alkyl-functionalized silicon nanocrystals [116] (Simon
Pfaehler et al., Nanotechnology, 30(39) (2019), 395201, DOI: 10.1088/1361-6528/ab2c28)".

5.1 Current voltage spectroscopy on SiNC thin films filled in Si
nanogap electrodes

We characterized the prepared SiNC films of different filling height 4 electrically, by measuring
the DC [I-V characteristics across the filled nanogaps. We measured in total 116 nanogap
devices on several samples coated via the pressure transducing PDMS membrane technique
with thin films of Hex-SiNC, PA-SiNC and Phen-SiNC, prepared form solution concentrations of
5 mg/ml to 20 mg/ml from several SINC batches. The nanogap channel length / of all measured
nanogap devices was in the range of (39 + 2)nm to (215 + 7) nm, while their widths w varied
from 5 um to 50 um. Before measuring the coated samples, all devices were pre-characterized
in their as-fabricated state, i.e., without any SiNC film filling. Only those fabricated devices
with measured currents less than 1 pA at an applied voltage of 30V (i.e., with insulating gap)
were taken into further consideration for filling with SiNC films (see Fig. 5.1(a), grey curve, for

such a reference measurement).

IReprinted (adapted) from [116]. Copyright (2019) IOP Publishing Ltd, Creative Commons BY 3.0 license
(http://creativecommons.org/licenses/by/3.0)
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Figure 5.1 (a) I-V characteristics for nanogap devices with w = 20um and / = (206 + 11) nm, filled
with films of Hex-SiNCs that were prepared from different solution concentrations. Data shows the first
bias scan from zero to 35V, averaged over two individual devices. (b) Current at 35V as function of
Hex-SiNC thin film thickness for devices with widths 5 um, 10 um, 20 pm and 50 um. The dashed lines
are linear fits to the data points. (c) Current at 35V as function of gap widths for different Hex-SiNC
film thicknesses. The dashed lines are linear fits to the data points. Reprinted (adapted) from [116].
Copyright (2019) IOP Publishing Ltd, CC BY 3.0 license.

Fig. 5.1(a) shows the I-V characteristics of w = 20um broad nanogap devices with [ =
(206 + 11) nm and filled with Hex-SiNC films, prepared from different solution concentrations
of 5mg/ml, 10 mg/ml and 20 mg/ml that resulted in thin film thicknesses of about 4 =15 nm,
23 nm and 92 nm, respectively. After filling the gaps with these thin films, all devices showed
a pronounced non-linear increase in current with increasing voltage, when compared to the
empty, insulating device directly after fabrication. With increasing thin film thickness, a larger
current was measured over the entire voltage range. By evaluating the first-scan data from 24
gap devices in total, we could determine the dependence of current as function of film thickness
and channel width as shown in Figs. 5.1(b) and (c). Measured currents increased monotonically,
roughly linearly as a function of film thickness and channel width, suggesting the well-defined,
homogeneous filling of the gaps up to their edges.

We note that the displayed curves are all averages from the very first bias scans from zero to
35 V. The reason for this choice of first curves was a pronounced hysteretic /-V behavior, which
was observed for all investigated samples. By selecting the same (first) traces, all samples
with different filling could be compared. The hysteretic behavior led to notable differences for
consecutive forward and backward scans, carried out between the minimal (0 V) and maximal
applied voltage. Fig. 5.2(a) shows the /-V traces of three subsequent scans as an example. As
additionally apparent, for subsequent bias scanning cycles the overall reached maximum cur-
rents successively decreased, until typically after some twenty cycles the currents had already
dropped by ~ 80 % (cf., 5.2(b)).
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5.1 Current voltage spectroscopy on SiNC thin films filled in Si nanogap electrodes

We note that all measured currents correspond to a very low conductance regime, with values
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Figure 5.2 (a) Three consecutive -V scans measured for a Hex-SiNC coated device with [ = 200 nm and
w = 20 um, prepared with a 5 mg/ml Hex-SiNC solution. The black arrows indicate the scan direction
for the example of the first scan. (b) Maximal measured currents at V = 60 V of each consecutive voltage
scan of the same device as in (a).

in the range of 10 pA or below, at 35 V. Yet, our study revealing the monotonic, approximately
linear dependence of current as a function of film thickness and gap width indicates that charge
transport presumably takes place homogeneously through the Hex-SiNC layer.

Generally, we observed the decreasing current phenomenon for all measured samples and SiNC
types. A 100 nm long and 5 um broad nanogap device which was filled with Hex-SiNCs from
a 20 mg/ml solution was used to measure directly the time-dependent decreasing current ex-
emplarily. The voltage was first increased from 0V to 25V and subsequently kept constant
at 25V while at the same time, the time-dependent current signal was measured for ~ 1h,
represented by the black curve in Fig. 5.3. Afterwards, the voltage was further increased to
30V (red curve) and 35 V (green curve) while measuring the time dependence of the current for
~ 1 h respectively. In all cases, the current decreased rather exponentially without pronounced

saturation during the measured time interval.

Beside thin films of Hex-SiNCs, we measured additionally PA-SiNC and Phen-SiNC coated
nanogap devices of different gap length. Fig. 5.4 gives an overview about the obtained /-V
curves and the dependence of I on the channel length for all SiNC types. Here, all /-V data
correspond to nanogap devices with w = 5 um and SiNC coatings from 20 mg/ml solution
concentration. Fig. 5.4(a) depicts the I-V curves for Hex-SiNC filled nanogap devices with
nominal channel lengths of 40 nm, 100 nm and 200 nm. The presented /-V curves are averaged
curves from the first voltage scans for at least 3 devices respectively. As clearly visible from
the plot, with decreasing channel length, a larger current was measured over the entire voltage
range. The same trend was observed in case of the PA-SiNC and Phen-SiNC coated nanogap

devices as depicted in Fig. 5.4(b). The longer the channel, the lower the observed current.
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Figure 5.3 Time-dependent current signals after increasing the bias voltage to a fixed value of 25V,
30V and 35V for a Hex-SiNC (¢ = 20 mg/ml) coated nanogap device with / = 100nm and w = 5 um.

We see no considerable difference in the /-V curves of same / when comparing PA-SiNC and
Phen-SiNC. However, there is a significant difference of about one order of magnitude of these
curves compared to the corresponding Hex-SiNC measurements. This is clearly visible in
Fig. 5.4(c) and (d) which show the same data as (a) and (b) but depict the current density j
instead if /. The low currents in case of PA-SiNC and Phen-SiNC are somehow surprising,
since their aromatic moieties are not expected to limit charge transport but rather supporting it
in comparison to the alkyl chains of Hex-SiNC. On the other hand there are multiple reasons
which can limit the current transport in these films. Besides the film thickness and the spatial
arrangement of the SiNCs in the thin film also their coupling to the electrodes as well as the
overall film homogeneity are important factors, among others. In fact, we observed generally a
poor film quality for PA-SiNC and Phen-SiNC compared to the Hex-SiNC films during SEM
inspection: The nanogaps are less filled and the films showed generally more inhomogeneities
(cf. Appendix A.2), possibly due to a poorer SiNC solution quality beause of a poorer solubility
of PA-SiNC and Phen-SiNC in toluene.
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Figure 5.4 Averaged I-V curves from the first voltage scans of at least 3 devices respectively as function
of nominal channel length and SiNC type with w = 5um and ¢ = 20mg/ml. Error bars correspond to
the standard error. (a) Hex-SiNC coated nanogap devices (! =40 nm, 100 nm and 200 nm). (b) /-V data
of PA-SiNC and Phen-SiNC coated nanogap devices (! =100 nm and 200 nm). (c) same data as in (a)

represented with corresponding current density. (d) same data as in (b) represented with corresponding
current density.
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The obtained channel length dependent /-V data of Hex-SiNC in Fig. 5.4(a) can be used to
roughly estimate the specific conductivity in our Hex-SiNC thin films by using a simplified
transmission line model (TLM) [123]. Fig. 5.5 depicts the resistance values, calculated for
fixed voltages of 15V, 17.5V and 20V versus [/ A with the effective electrode area A which is
calculated as A = h-w (with & obtained from cross-sectional SEM measurements). The inverse
slope of the linear fits to the data (dashed lines) gives an estimation of the specific conductivity
and is calculated in the range of 1 x 1072 Q' cm™" to 1 x 108 Q™! cm™!, hence can be roughly
compared with conductivities of materials such as intrinsic wide-band-gap semiconductors or
insulators.

However, it needs to be noted that the measured /-V curves are highly non-linear which limits
the correct application of the TLM. Hence, the extracted values can be only taken with care and
can only serve as a rough approximation.

The intercept of the linear fit with the y-axis can be used as a rough estimation of the contact
resistance of the nanogap device according to the TLM. As evident in Fig. 5.5, the resulting
intercept values are negative which is due to the discussed limitations of applying the TLM
model to our data. Nevertheless, the absence of a significant positive intercept value in our
evaluation suggests, that our nanogap devices are not affected by substantial contact resistance

effects.

40F e v=Tsy o |
@ V=175V e
30| V=20V , |
//
_ . °
7 _
EZO' // ’/ T
—" 7 ,’
m /, ’/,
4 s
10+ ///,/ i
/ -
e
2z
ok \ < o i
\//7,
Z L L 1
0 2000 4000 6000 8000
VA (cm™)

Figure 5.5 Resistance as function of effective electrode area A devided by [/ for constant voltages,
respectively. The dashed lines are linear fits to the data.
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5.2 Space charge limited current in thin films of hexyl
functionalized SiNCs

Our charge transport medium consists of a randomly ordered network of (undoped) SiNCs which
are separated in the case of Hex-SiNCs by surface bound hexyl molecules. The hexyl molecule
thickness sets the SiNC-to-SiNC distance to a minimum of roughly 1.6 nm, assuming dense
packing. This organic, insulating spacer represents a barrier for charge carriers to be transferred
from SiNC to SiNC. For the traveling of charges over the total distance of the channel length,
percolation paths across the randomly connected network of SiNCs are likely [36, 40, 120,
124]. The transport along these paths may involve a hopping-type of charge transport [125],
Fowler-Nordheim tunneling [42], Pool-Frenkel conduction [43] or space-charge-limited-current
(SCLC) transport [40]. If localized charges trapped within the semiconductor SiNCs may build
up gradually with time under applied bias and continuous injection from the source, the overall
resulting space-charge layer in the SiNC material will increasingly block subsequent charge
injection. As a consequence, the resulting current at a fixed bias decreases with time. In fact,
such a behavior has been observed for networks of oxidized or hydrogen-terminated SiNCs and
explained within this framework [126]. The observed hysteretic behavior and particularly the
successive degradation of current upon cyclic voltage ramping qualitatively agree with such
SCLC mechanism, and first quantitative parameters may be extracted from the data. Fig. 5.6
displays the I-V traces of Fig. 5.1(a) in a double-log plot. In this representation, two voltage
ranges can be identified with disparate slopes, corresponding to a current-voltage dependence
of the form

I=aV+bvV" (5.1

with a, b,m being fitting parameters adjusted to the experimental data. In the SCLC theory,

the first (linear) term refers to the low-bias regime where mostly quasi-free charge carriers
would contribute. In this regime, the parameter a corresponds to the Ohmic conductance
whereas for higher voltages the second term with the power law coefficient m dominates [127,
128]. In fact, from fitting our data to a general / ~ V" dependence at medium bias, we obtain
exponents in the range n = 0.8 — 1.6, which is in reasonable agreement with dominating Ohmic
conductance. At low bias (below 5 V) no current could be resolved above our experimental
resolution limit. At higher bias, our measured currents follow a distinct super-linear increase
with voltage. According to previous reports, m = 2 would correspond to the absence of traps
(Mott-Gurney law [129]), while m > 2 would indicate the presence of traps. Exponents of
m = 2 — 3 have been reported for hydrogen-terminated SiNCs [36], while values of uptom ~ 5
were observed for oxidized SiNCs [126] and amorphous silicon [130]. The analysis of our
data in the high-bias regime yields high values of n = 5.9 — 8.6. We assign this finding to a
potentially high density of trap centers [127].
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Figure 5.6 [-V characteristics of Fig. 5.1(a) in a log-log plot. Dashed lines are linear fits to the curves,
with extracted exponents n listed next to the data. Blue and black color refers to the medium and
high-bias regime, respectively. Inset: Schematic of trapped charges, limiting transport in a network
of Hex-SiNCs: charge carriers are initially injected in the SiNC network which leads to the current /;
(upper panel). Some of these carriers are trapped and build up a space charge layer(lower panel) which
reduces the external electric field. This eventually leads to a lower current /5. Reprinted (adapted) from
[116]. Copyright (2019) IOP Publishing Ltd, CC BY 3.0 license.

Ginger et al. observed a similar decreasing behavior of the current (cf. Fig. 5.2 and Fig. 5.3) ata
fixed bias voltage in disordered films of tri-n-octylphosphine oxide (TOPO) cadmium-selenide
(CdSe) nanocrystals which they explained by SCLC in the presence of deep trap states [131].
They used a stretched exponential fit to their data according to:

t\B

1(0) = Iy exp(— (;) ) (5.2)

together with a numerical model based on the semiconductor drift-diffusion equations with an
additional extension which accounts for energetically deep laying trap states. This way, they
could fit their data with Eq. 5.2 and relate the fitting parameters Iy, 7 and S to the electronic
properties of their CdSe thin films. According to the authors, I is related to the mobility of
the charge carriers in the film, 7 is a characteristic time scale of the system and the stretching
exponent S is related to the trap density.

We used Eq. 5.2 to fit our data in an analog way. The resulting fit matches our data well as
it is depicted in Fig. 5.7 exemplary for the decreasing current at V = 25V in Fig. 5.3. From
the fit, we extracted Iy = 1.22 x 10719 A, 7 = 169.28 sec and B = 0.41. In [131], the authors
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determined similar values for § in the range of 0.2 to 0.5 which they relate to a corresponding
trap density of n, ~ 2 x 10'®cm™3 from comparison with the best solution of their numerical
model to the data. Since our obtained S value is in the same range, this trap density can be

considered as a first estimation of the trap density in our SiNC film as well.
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Figure 5.7 Time-dependent current for a fixed voltage of V = 25V for the Hex-SiNC nanogap device
with [ = 100nm, w = 5 um and ¢ = 20 mg/ml (cf. Fig 5.3).

5.3 Kinetic Monte-Carlo simulation

We conducted numerical simulations to study the charge transport in more detail within the Si
nanogap electrode devices which were filled with thin films of Hex-SiNCs. We implemented
a kinetic Monte Carlo (kMC) model as it has been done e.g. for SiNCs embedded in a SiO,
matrix by Lepage et al. [132] to study the charge transport within the nanogaps.

The kMC simulations during the course of this work were conducted by Waldemar Kaiser from
the Professorship of Simulation of Nanosystems for Energy Conversion at TUM (Prof. Alessio
Gagliardi).

Simulation model

A schematic of the simulation box is presented in Fig. 5.8. The simulation box - representing
the nanogap - consists of SiNCs separated by a distance of 1.6 nm, which is twice the length of
the organic hexyl chains. The highly doped Si electrodes are used as boundary conditions of the

nanogap. Periodic boundary conditions are placed along the nanogap, while open boundaries
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are used perpendicular to the substrate. Charge carriers can be injected from both electrodes
into the SiNCs. The charges move then through the SiNC network by a hopping mechanism

and can be collected from both electrodes .

Open boundaries Periodic boundaries

Figure 5.8 Schematic of the simulation box used for the kMC model of Hex-SiNCs filled in the nanogap
with boundary conditions. The arrows symbolize the boundary conditions of the simulation box.

Charge transport is described by the Miller-Abrahams (MA) hopping rate which is a valid
description of the current as the SiNCs are weakly coupled due to the separation by the hexyl
chains. The current density j is then determined by counting charge extraction events at the
electrodes for an averaged time period during the kMC simulation. The MA-rate a?j(.)p describes
a thermally activated incoherent transport (cf., eg. 2.7). The energy difference AE;; experienced

by the charge carriers moving between nanocrystals i and j is given by
AE;; = AE); + AEj; + AE];. (5.3)

The first term accounts for the difference in the HOMO energies including the quantum con-
finement
AE) = Ej - E;. (5.4)

The molecular energies depend on the SiNC-radius R, which determines the change in bandgap

by [133] -

ABs = R jmm)® ©

(5.5
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which splits between a shift in valence and conduction band by AVB/ACB = 2/1 [134].The
second term AES’ gives the electrostatic energy difference arising from the self-charging energies
of the nanocrystals, polarization effects, and the Coulomb interactions with the other charge
carriers in the system:

AEf =%, - Z; + qAVj; . (5.6)

The self-energies are computed using [135]

2 2

1 1 in —

SR = —J— | — = — |+ 047 L [Sn"Souw) (5.7)
8meyR \ €ut € drepenR \ €n + Eut

In SiNCs (radius R in nm), the static permittivity €, differs strongly from the bulk value of
silicon [136]

en(R) =1+ (5.8)

where e5; = 11.7. The difference due to the electrostatic interaction is AV;; = V; — V;, where V;
is the potential created at the NC i by the charges outside of the NC, the charges in the periodic
replicas of the simulation box, and the image charges induced by the contacts. We compute V;
using the Ewald summation [137]. The final term AEI.FJ. is related to the applied bias voltage
Vbias

AEE, = Vo (5.9)

Zsize

where zg,. gives the distance between the electrodes.

The injection of charge carriers is modeled using the thermionic injection model as described
by Wollff et al. [138]. For each site of both electrodes, we compute the injection rate into the
adjacent nanocrystals using the Miller-Abrahams rate (cf. Eq. 2.7 in Section 2.2.3). For each
electrode, the injection rates of all contact sites to their respective neighbor nanocrystals is
summed up to a common injection rate aj,j. Charge collection is treated as the inverse process
of injection.

One main property of interest is the impact of the trap density n, on the current density j.
Traps are included on random locations in the simulation box. We assume deep mid-gap traps
with an energy of Eyp = (Enomo + ELumo)/2. In addition, we add higher quantized states as
available states where the charge carriers can hop on. The energy levels of the quantized states

are computed using a quantum mechanical spherical potential well.

Simulation results

The diameter of the Hex-SiNCs is determined from TEM inspections as (3.1 = 0.2) nm (cf.
Appendix A.1). A permittivity of €, = 3.79 is obtained by the Maxwell-Garnett effective
medium approximation [139] with the assumption of a closed packing of nanocrystals. The
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inverse localization length is chosen as y = (1.5 nm)~! which means a full delocalization across

the SiNC. Simulations are performed using ap = 1 x 10%s™! and 7 = 298 K.
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Figure 5.9 Simulated j-V curve (blue) and measurement data (red) of the Si nanogaps filled with Hex-
SiNCs and using a trap density of 7, = 10'7 cm™. The measurement data is taken from the averaged
first voltage scans of nanogap devices with / = 100 nm and w = 5 pm. Hex-SiNC solution concentration
was ¢ = 20 mg/ml.

The comparison between resulting current density obtained by the kMC simulation and the
experimental data as a function of the applied bias voltage is shown in Fig. 5.9. The current
signal < 5V was below the experimental resolution limit. At higher voltages, the simulated
curve fits the measurement data well for an implemented trap density of n, = 107 cm™3. The
exponential increase of j in the region up to 20 V is controlled by the interplay of the injection of
charge carriers and is trap-limited. For higher voltages, we observe indeed a SCLC as discussed
in Section 5.2. Regions of high densities of space charges are formed which limits the further
increase in current density. Remarkably, the simulated curve deviates from the measurement
data for voltages above ~ 25V. The simulated j increases less than the measured current
density. One possible reason is that only a single occupation of the SiNCs by the charge carriers
was permitted in our kMC model. Thus, the extension of our kMC model with an implementa-
tion of multiple charge carrier occupations per SiNC while considering the resulting Coulomb
repulsion of multiple charges on a single SiNC could potentially lead to a stronger increase of

Jj for high voltages and hence fit the measured data even better in the high voltage regime.

The fitting of our /-V data according to 5.1 indicated SCLC as the dominating charge transport
mechanism (cf. Fig. 5.6). The kMC simulation as well as the comparison to the model of
Ginger et al. suggests also that SCLC is the dominating charge transport mechanism in our
SiNC network. Additionally, the trap density 7, = 10!” cm~3 obtained by the kMC simulations

is close to the estimated value of the trap density by comparison to the model of Ginger et al.
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(2 x 10 cm™3). While this can not be considered as complete confirmation of SCLC as the
dominating charge transport process, we think that the above discussed arguments are a strong

indication that SCLC plays a major role in our SiNCs networks.

5.4 Current voltage spectroscopy on planar SiNC thin films

In comparison to the conducted /-V measurements of the functionalized SiNC films filled in the
Si nanogap electrodes, we measured planar Si samples (ABC GmbH, resistivity: 0.005 Qcm,
doped with Boron), coated with the same SiNCs with a hanging Hg droplet electrode. The
samples were coated via the PDMS membrane technique with thin films of Hex-SiNCs, Phen-
SiNCs and PA-SiNCs from a solution concentration of ¢ = 20 mg/ml. This resulted in film
thicknesses of ~ (18 + 3) nm (Hex-SiNC), ~ (27 + 2) nm (PA-SiNC) and ~ (30 + 4) nm (Phen-
SiNC) determined via cross-sectional SEM inspections. Additionally, two reference samples
were measured: one bare Si sample (Ref-NoHF) which was not treated with HF and one Si
sample which was treated with HF (Ref-HF) in the same way as the SiNC samples right before

the coating process. All samples were measured right after fabrication without delay.
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Figure 5.10 Averaged /-V curves of planar Si samples, coated with thin films of functionalized SiNCs
and measured with a hanging Hg droplet electrode. Error bars are the corresponding standard errors.

We measured for each SiNC type in total 6 spots on 2 samples with at least 3 full voltage cycles
on each spot from —0.5 V to 0.5 V. The resulting averaged I-V curves are depicted in Fig. 5.10.
The reference sample which was treated with HF before measurement showed a higher current
than the reference sample which was not treated with HF. This is reasonable since a native oxide
layer with a thickness of ~ 2 nm is expected on the Ref-NoHF sample and a short oxygen plasma

was applied additionally before measurement. On the contrary, the HF treatment should remove
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the native oxide layer from the Ref-NoHF sample and therefore higher currents can be expected
due to the missing insulating barrier on top of the sample. There might be a very thin residual
oxide layer present even for the Ref-HF sample, since all samples need to be transported to
the measurement glovebox and were thus shortly exposed to air. Additionally, a small residual
amount of oxygen is also present in the glovebox.

Due to the different voltage regimes, a quantitative comparison to the data of the nanogap
samples is not possible but we observed qualitatively the same trend for the SiNC samples as
for the nanogap samples: Hex-SiNC showed the highest currents, but less then the reference
samples and PA-SiNC and Phen-SiNC are at the lower range of the measured current regime.
As already discussed, we expect the poor film quality which was also present for the planar
samples in case of PA-SiNC and Phen-SiNC to be the major reason for the lower observed

currents.

5.5 Impedance measurements on planar SiNC thin films

We used the hanging Hg drop electrode and the same planar Si samples coated with thin films
of functionalized SiNCs as in Section 5.4 to conduct additionally impedance measurements.
We measured samples coated with thin films of Hex-SiNCs, Phen-SiNCs and PA-SiNCs and
additional the two reference samples Ref-NoHF which was not treated with HF and one Si
sample which was treated with HF (Ref-HF) in the same way as the SiNC samples right
before the coating process. All samples were measured right after fabrication without delay.
Fig. 5.11(a) shows the obtained Bode plot for |Z| and
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Figure 5.11 Bode representation of the complex impedance showing (a) |Z| and (b) the corresponding
phase ® of the measured planar Si samples coated with thin films of functionalized SiNCs using the
hanging Hg drop electrode setup.

Fig. 5.11(b) shows the Bode plot for the corresponding phase © for all measured samples. |Z|
was lowest for the two reference samples and increased in case of the Hex-SiNC, PA-SiNC and

Phen-SiNC samples. Generally, |Z| was constant at frequencies below ~ 1 kHz and decreased
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towards higher frequencies. The corresponding phase showed a similar behavior: no phase
shift below ~ 1 kHz and a decreasing phase up to ~ —90° for higher frequencies. The PA-SiNC
sample deviates from the generally described trend as |Z| is not saturating at low frequencies
and the data points of the corresponding phase are distributed over a broad range without clear
trend which is attributed to the inhomogeneity in the Phen-SiNC film observed during SEM
inspection.

The general observed characteristics in the Bode plots suggests to employ mainly resistors and
capacitors in an equivalent circuit model for the modeling of the impedance data.

We used a series resistor together with a parallel RC element as depicted in Fig. 5.12(a) to
model both reference samples without SiNC coating. The series resistor R; accounts for all
setup related resistances as e.g. contact and lead resistances as well as for the resistance of the
Si substrate. The RC element ( Ryx and Coy) represents a “leaky” capacitor which models the
response of an oxide layer on top of the Si substrate which allows current transport through the
oxide layer. In case of the Ref-NoHF sample, there is certainly a native oxide layer present and
also for the Ref-HF sample a thin oxide layer can not be totally excluded, despite all efforts to

minimize exposure to air after the HF treatment.
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Figure 5.12 Equivalent circuit models employed for the evaluation of the impedance data for: (a) the
reference samples without SiNC coating (Si space charge layer is neglected); (b) all SiINC coated samples.

The impedance data of Ref-NoHF is depicted in Fig. 5.13(a) and the impedance data of Ref-HF
is shown in Fig. 5.13(b). The straight line represents the obtained fit according to the discussed
equivalent circuit model in Fig. 5.12(a). The model matches the impedance data of the reference
samples well. The extracted values for R;, Rox and Cu are given in Tab. 5.1. We can use the
obtained (normalized) values for Cy to test the fitting model by calculating the oxide thickness

d from the obtained capacitance values via
Cox = €08oxd ™" (5.10)

with the vacuum permittivity &y and the permittivity of SiO; eox = 3.9. The resulting thick-
nesses are drer—NoHr = 2.31 nm and dgres—pgr = 0.18 nm. These values meet the expectation for

a Si sample with native oxide layer together with a short oxygen plasma treatment (~ 2 nm) as
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well of a HF-treated Si sample which removes the oxide layer. The short exposure to air while
transporting the sample to the measurement glovebox after HF treatment accounts for the very

thin calculated residual oxide layer.
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Figure 5.13 Bode plots showing the impedance data of the Si reference samples Ref-NoHF (a) and
Ref-HF (b) together with the model fit (straight lines) corresponding to the equivalent circuit model
shown in Fig. 5.12(a).

sample R (Qcm?) Ry (Qcm?)  Cox (WF/cm?)  doy (nm)
Ref-HF 0.04 0.19 18.7 0.18
Ref-NoHF  0.04 1.40 1.50 2.31

Table 5.1 Extracted values from the equivalent circuit fits to the impedance data of the Si reference
samples according to Fig. 5.12(a) together with the calculated oxide layer thicknesses dox.

A similar approach was chosen to fit the impedance data of the SiNC coated samples by an
equivalent circuit model. We expanded the applied model for the oxide reference samples with
an additional RC element as depicted in Fig. 5.12(b). The extracted parameters R|, R,x and
Cox from the model fit of the Ref-HF sample were chosen as fixed input parameters for the
model fit of the SiNC coated samples, since we treated all Si samples with HF right before the
SiNC coating. Fig. 5.14 shows the impedance data of the SiNC coated samples together with
the resulting model fits (straight lines). The obtained fit curves match the impedance data of
Hex-SiNC and PA-SiNC well. The Phen-SiNC data was only fitted for frequencies f > 1kHz
as discussed before. However, the fit matches the phase data of Phen-SiNC poorly for high
frequencies. The extracted values Rsinc and Csine according to the applied equivalent circuit
model are given in Tab. 5.2.

Since the thicknesses of the SiNC thin films were estimated by SEM inspections as dyex—siNnc =
17.8 nm, dpa-sinc = 26.7 nm and dppep—sinc = 29.7 nm, it is possible to calculate the relative
permittivity &, of the SiNC thin films by using the obtained values of Csinc from the equivalent

circuit model and Eq. 5.10. The resulting permittivity values are given in Tab. 5.2. However, it
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Figure 5.14 Bode plots showing the impedance data of the SiNC coated samples together with the model
fit curves (straight lines) corresponding to the equivalent circuit model shown in Fig. 5.12(b).

sample Rsine (Qcm?)  Csine (UF/cm?) &,

Hex-SiNC  37.35 0.22 4.43
PA-SiNC 612.10 0.25 7.41
Phen-SiNC  1.64 x 10° 0.08 2.78

Table 5.2 Extracted values from the equivalent circuit fits to the impedance data of the SiNC coated
samples according to Fig. 5.12(b).

needs to be noted, that only the Hex-SiNC thin film was truly homogeneous according to SEM
characterization. In case of the PA-SiNC and Phen-SiNC thin films, a rough surface and locally
varying film thicknesses led only to a rough estimation of the (average) film thicknesses. For
the same reason the impedance measurements of these films might be affected because of the
worse film quality compared to Hex-SiNC as already discussed in case of Phen-SiNC. Thus,
we believe that the obtained relative permittivity values in case of Phen-SiNC and PA-SiNC
can be only considered as a rough approximation whereas the calculated permittivity value of
Hex-SiNC should be more reliable.

If the calculated &, = eyig = 4.43 of Hex-SiNC is considered in the context of the Maxwell-
Garnett effective medium approximation, the volume fraction v of the SiNC and hence the thin

film density in case of Hex-SiNC can be estimated by [139]:

6(1+2v)—e(2v-2)

a2+v)+6(l-v) (5.11)

emG(v) = &

Here, epg is the relative permittivity of the effective medium, ¢, the relative permittivity of the
host matrix and ¢ the relative permittivity of the inclusions in the host matrix. If we neglect
the influence of the hexyl molecules (e, = 1) and take the adjusted permittivity for SiNCs with

a diameter of 3.1 nm as determined by Eq. 5.8 as ¢ = 9.05, we calculate a volume fraction for
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the Hex-SiNC thin film of vyex—sinc = 0.73 which is close to a closed packing of the Hex-SiNC
(vep = 0.74 [140]). The volume fraction should become somewhat smaller if the influence
of the hexyl molecules is additional considered, likely down to the range of random closed
packing (vrcp = 0.64 [141]) which would rather match the expectations of our unordered thin
film. Nevertheless, since vyex—sinc can be considered as an upper estimate of the SiNC volume

fraction, the Hex-SiNC thin films can be rather considered as a homogeneous and dense film.

5.6 Thin film composition of SiNC thin films

One important aspect in the electrical analysis of our measured SiNC networks is the com-
position of the thin films since it directly affects the charge transport properties. We studied
the film composition for Hex-SiNC thin films of different thicknesses, using XPS. The XPS
measurements during the course of this work were done by Domenikos Chryssikos from the
chair of Prof. Stutzmann at WSI, TUM.

In order to obtain insight into the Hex-SiNC film composition, we measured the relative ra-
tios of Si to carbon in the Hex-SiNC thin films on planar surfaces. Planar silicon substrates
covered with ~ 100 nm titanium oxide (TiOx) were used as reference samples for the XPS
measurements. They were coated with Hex-SiNC thin films by mechanically pressing via a
pressure-transducing PDMS membrane from different solution concentrations, analog to the
nanogap separated Si electrode samples (cf. Section 4.3.4).

Fig. 5.15(a)-(d) shows the obtained XPS spectra for Cls, Ti 2p, Si 2p and O 1s, respectively.
The black lines correspond to a bare TiOy substrate which was not in contact with a PDMS
membrane, the blue lines to a substrate after applying a PDMS membrane together with pure
toluene without Hex-SiNCs, and the red, olive, magenta, and turquoise lines to Hex-SiNC
thin films prepared from solutions with a concentration of 5 mg/ml, 10 mg/ml, 15 mg/ml and
20 mg/ml, respectively.

The visible peak doublets in the Ti 2p signal (Fig. 5.15(b)) are assigned to TiO, . The peak
at lower binding energies in the Si 2p signal (Fig. 5.15(c)) is assigned to elemental Si which
originates from the SiNCs since there is no peak visible for the bare TiOy reference sample.
Due to its binding energy of 101.9eV to 102.5eV, we associate the second peak at higher
binding energies in the Si 2p signal with PDMS (literature value: (102.3 +0.5)eV [142]).
Similarly, the peak at higher binding energies in the O 1s signal (Fig. 5.15(d)) can be associated
with PDMS (literature value: (532.6 + 0.4)eV), whereas the peak at lower binding energies
would belong to TiO, (literature value: (530.0 +=0.2)eV). The C 1s (Fig. 5.15(a)) and Si
2p signals increase with increasing Hex-SiNC solution concentration, while the Ti 2p signal
decreases. This confirms qualitatively the increase in Hex-SiNC film thickness with solution
concentration. The PDMS peaks in the Si 2p and O 1s signals indicate minor residuals from
the membrane-based preparation process. Peak areas do not change with Hex-SiNC solution

concentration, suggesting same residual amounts, presumably located at the surface of the
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Figure 5.15 XPS spectra for Hex-SiNC reference thin films on TiOy substrates, fabricated by mechani-
cally pressing via a pressure-transducing PDMS membrane from different solution concentrations analog

to the coating of the nanogap separated Si electrode samples. (a) Cls, (b) Ti 2p, (c) Si 2p and (d) O 1s.
BE: binding energy.

Hex-SiNC films which would therefore not affect the charge transport properties of the Hex-
SiNCs networks. The absence of a pronounced SiO; peak in the Si 2p signal at 103.5eV [142]
indicates that the Hex-SiNC are at most very little oxidized, owing to the (protective) surface
hexyl functionalization.

For all films prepared from different solution concentrations, the measured Si-to-C ratios
were in the range 87 % to 91 % (cf. Tab. 5.3), hence showed very little variation. While
a comparison of SiNC density for the different films cannot be derived from these results
alone, still the composition of the organically functionalized SiNCs within each film neither did
change as function of concentration nor was affected by the filling process, which is essential

for comparing films of different thickness in the electrical characterization.
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Ref Tol+PDMS 5mg/ml 10mg/ml 15mg/ml  20mg/ml
Si/C ratio (£5 %) 0.43 +0.02 0.87+0.04 090+0.04 0.88+0.04 0.91+0.05

Table 5.3 Relative Si/carbon ratios taken from the normalized XPS peak areas (C 1s, Si 2p, cf. Fig.5.15(a)
and (c)). The ratio is about the same for all investigated Hex-SiNC solution concentrations suggesting
that the Hex-SiNC film composition does not change for different film thicknesses.

5.7 Summary

In this chapter, we studied current transport through thin films of functionalized SiNCs. Conduc-
tance in the filled Si nanogaps was significantly enhanced compared to untreated devices. The
obtained /-V characteristics showed the anticipated scaling with channel width, ranging from
5 umto 50 um, and with film thickness, ranging from 15 nm to 92 nm in case of the Hex-SiNCs.
A strongly hysteretic /-V dependence together with a successive decrease of current with time
or with the number of /-V cycles can be assigned to SCLC-transport, with the functionalized
SiNCs providing efficient charge trap centers. Estimated conductivity values for Hex-SiNC

thin films are in the range of 1 x 107°Q'em™ to 1 x 108 Q' em™!

. An implemented ki-
netic Monte Carlo model suggests, that a Miller-Abrahams hopping process of charge carriers
between adjacent SiNCs model our /-V data well and lead indeed to a SCLC as experimentally
observed. Calculated trap densities are accordingly in the range of n, = 1 x 10" cm™. An
effective medium approximation of the relative permittivity value of eg.x_sinc = 4.43 of the
Hex-SiNC layer was determined by impedance measurements on planar SiNC coated samples
as well as a rather dense packing density of the SiNC thin films. XPS indicated a constant film
composition in the case of changed SiNC solution concentrations as well as only minor PDMS
residuals present originating from the membrane preparation process, likely at the surface of

the coated SiNC films.
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6 Electrical characterization of
organophosphonate monolayer nanogap
devices

6.1 Organophosphonate functionalized nanogaps prepared by
anisotropic KOH etching

This Section is partly based on the published conference proceeding: A nanogap electrode
platform for organic monolayer-film devices [70] (Simon Pfaehler et al., 2016 IEEE 16th Inter-
national Conference on Nanotechnology (IEEE-NANO) (Sendai, Japan). IEEE, 2016, 842-844,
DOI: 10.1109/NANO.2016.7751507.)!

We used the KOH-etched Si gap devices as a test system to study the electrical properties of
organophosphonate based SAMs. SAMs of two different organophophonate based molecules
were chosen: PAanthrac and PAC16. Generally, there is the expectation that PAanthrac has a
higher electrical conductance due to the aromatic constituents in the anthracene backbone and
side groups compared to PAC16 that comprise only an alkyl chain and no aromatic groups.
SAMs of PAC16 are therefore used as reference system in the electrical characterization of the
functionalized Si gap devices.

In the first section, the results of the investigations on the SAM quality by means of water
contact angle, ellipsometry and AFM measurements on planar reference samples are presented.
Before the electrical characterization of the SAM-functionalized gap electrodes is presented,
the structure and properties of the PAanthrac molecule is briefly discussed based on density

functional theory simulations of the molecule.

6.1.1 Monolayer characterization

Nanogap samples prepared by KOH etching as well as planar Si samples were functionalized
with SAMs of PAC16 and PAanthrac using the T-BAG process described in Section 3.2.6.
Since the SAMs grown in the Si gaps were hardly accessible with the common characterization

1Reprinted (adapted) with permission from [70]. Copyright (2016) IEEE. Results of the present Section on
the characterization of functionalized anisotropically etched silicon nanogaps in KOH were obtained in close
collaboration with Kevin Keim as part of his master’s thesis [104].

71


https://doi.org/10.1109/NANO.2016.7751507

Electrical characterization of organophosphonate monolayer nanogap devices

techniques, the planar Si samples acted as reference samples to investigate the quality of the
SAMs, e.g., if a smooth and dense monolayer is achieved by the functionalization process
without the formation of multilayers. The detailed parameters of the functionalization process

can be found in the Appendix D.1.

(a) Il No THF (b) ﬂ THF (c) l PAanthrac

(34£5)°

(3415)° (76£3)°

Figure 6.1 Optical images of water contact angle (#) measurements of 3 differently surface treated
samples. (a) The sample has a SiO, surface and was not immersed in THF, hence represents a
cleaned and pre-treated reference sample without applying the T-BAG process; (b) Second reference
sample which was treated with the complete T-BAG process but without dissolved molecules and (c)
PAanthrac functionalized sample via T-BAG. The contact angles were measured at 5 locations per sample
respectively and averaged. The given error is the corresponding standard deviation.

We first characterized the SAMs by water contact angle (CA) measurements. A small droplet
of DI H,O is gently placed on top of the SAM surface and the resulting contact angle of the
water droplet to the SAM surface is measured. CA measurements were done with a Contact
Angle System OCA 15+ from Dataphysics.

Fig. 6.1 shows the optical images of a water droplet placed on 3 different samples: the sample
in (a) has a SiO, surface and was not immersed in tetrahydrofuran (THF), hence represents
a cleaned and pre-treated reference sample without applying the T-BAG process; the second
reference sample in (b) was treated with the complete T-BAG process but without dissolved
molecules and the sample in (c) was functionalized with PAanthrac. There was no difference
in the contact angle ((34 + 5)°) between the two reference samples which can be seen as a first
indication that there were no THF residuals present on the surface after the T-BAG process. On
the other hand, there is a significant difference in the contact angle compared to the PAanthrac
functionalized sample ((76 + 3)°) as evident from Fig. 6.1(c).

Since the droplet consists of water, the contact angle is a measure of how hydrophobic/hy-
drophilic the sample surfaces are. The reference samples are expected to be mainly terminated
by polar OH groups due to the application of oxygen plasma and piranha treatment. Thus,
small water contact angles should be measured as it is the case for the reference samples in
Fig. 6.1(a)-(b). However even smaller contact angles somewhat < 10° are expected for an
ideally OH-terminated SiO, surface. We attribute the slightly higher contact angles of the
SiO; reference samples to additionally adsorbed molecules from the laboratory environment
which possibly contaminated the sample surface in the time between sample preparation and
contact angle measurements. From the larger contact angle of (76 + 3)° in case of the PAanthrac

functionalized sample, we conclude that the PAanthrac SAM surface is more hydrophobic than
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the not functionalized reference samples. PAanthrac contains a phosphorus group at the top
of the anthracene backbone which is less polar than the OH groups of the SiO,/Si reference
samples which results in the observed increased contact angle. Additionally, the molecules in
SAMs are known to self-assemble in a certain tilt angle which increases the probability that
parts of the backbone with its carbon/hydrogen regions are exposed to the water droplet [143].
These rather non-polar moieties can additionally contribute to the overall more hydrophobic
behaviour of the PAanthrac SAM.

Ellipsometry measurements were used to determine the thickness of the PAanthrac SAM. The
measurements were conducted with a ELX-02C ellipsometer from DRE-Dr.Riss Ellipsometer-
bau GmbH equipped with a He-Ne laser with 632.8 nm wavelength. The modeling of the
ellipsometry data was done with the corresponding software. First, the thickness of the SiO»
layer was determined with the help of the reference sample immersed in THF. We used the
reactive indices and extinction coefficients given in Tab. 6.1 to model the sample based on the
obtained ellipsometry data. The reference sample was modeled as a layer stack of Air/ SiO,/Si
while Si was assumed to be opaque. We obtained a SiO, thickness of (1.39 + 0.07) nm based on
at least 5 measurements at different spots on the sample. This thickness seems to be reasonable
for a native oxide combined with a short oxygen plasma treatment.

The modeled thickness of SiO, was then used to model the thickness of the PAanthrac SAM.
Thus, in case of the PAanthrac sample we used a layer stack of Air/SAM/ SiO,/Si to determine
the SAM thickness of h.11ips = (1.27 £ 0.10) nm.

material n k
SiO, 1.54 0
PAanthrac SAM [62] 1.50 O

Table 6.1 Refractive indices and extinction coefficients used to model the SAM/SiO; layer during
ellipsometry measurements.

We characterized the SAM of PAanthrac additionally by AFM. Fig. 6.2(b)-(d) show tapping
mode AFM images of a PAanthrac SAM at different steps during the functionalization process.
Fig.6.2(a) shows a tapping mode image of the Si/SiO; reference sample immersed in THF.
Besides distinct small particles, visible as white spots with a height > 5 nm which we identified
as unintentional contamination particles of the sample surface after sample preparation, possibly
originating from the lab environment, there is a relatively smooth surface. The root mean square
(RMS) roughness is determined as 0.38 nm based on a 1 x 1 um? scan area without contamination
particles.

Fig. 6.2(b) shows an AFM image of a PAanthrac functionalized sample right after the third T-
BAG process but before the last cleaning step. As apparent from the image, there are new larger
features visible with lateral dimensions of ~ 500 nm. Height profile scans (not shown) revealed

a thickness of 1 nm to 2nm. Due to the thickness it is likely that these features are additional
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layers on top of the SAM. This is supported by Fig. 6.2(c) which shows the same sample after
the last multilayer removal step (sonication in ethanol). As it can be seen, the features which
are attributed to multilayers are almost completely vanished. The RMS roughness of the three
times PAanthrac functionalized sample is determined as 0.31 nm based on a 1 x 1 um? scan
area. The relatively comparable roughness values of the reference sample and the PAanthrac
functionalized samples indicate the formation of a uniform and dense SAM.

Fig. 6.2(d) shows the same PAanthrac functionalized sample after AFM scratching of a 1 x 1 um?

area to determine the thickness of the SAM. The averaged step height is determined over

Figure 6.2 AFM images of PAanthrac SAM functionalized samples. (a) Reference sample immersed
in THF without PAanthrac molecules. (b) PAanthrac SAM functionalized sample after third T-BAG
process. (c) Same sample as in (b) after additional ethanol/sonication cleaning step. (d) PAanthrac SAM
functionalized sample after AFM scratching of a 1 x 1 um? area. All scale barsa 1 pm.
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a sketched area as indicated in Fig. 6.3(a) and the corresponding averaged height profile is
depicted in Fig. 6.3(b). From the height profile, a PAanthrac SAM thickness of

hAFM = (1.12 + 0.22) nm

is determined which, is in agreement with the SAM thickness obtained from ellipsometry
measurements and slightly below the calculated theoretical length of the PAanthrac molecule
(cf. Section 6.1.2), as expected.

Since the ellipsometry model relies on the refractive index of the SAM which was only estimated
and not known exactly to determine the PAanthrac SAM thickness, we consider the thickness

of the PAanthrac SAM obtained by AFM nanolithography scratching to be more reliable.
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Figure 6.3 (a) Same AFM image as in Fig. 6.2(d) with indicated area for SAM thickness determination.
(b) Averaged height profile of area indicated in (a).

6.1.2 Density functional theory simulation

To study the structural and electrical properties of the PAanthrac molecule more in detail,
ab-initio quantum calculations were conducted based on density functional theory (DFT). We
used the software Gaussian 09 (Gaussian Inc.). The exchange energy functional was described
by the Kohn-Sham orbitals and the exchange correlation functional B3LYP and the Gaussian
basis set 6 — 311 + +g(d) were used [144—146]. The scope of the calculations was to optimize
the geometry of an isolated PAanthrac molecule in gas phase. The simulation was conducted
with the support of Dr. Achyut Bora from the professorship of molecular electronics at TUM.
The basic principle of the ab-initio quantum calculations is to minimize the total energy of the
PAanthrac molecule by iteratively changing the relative positions of the molecules’ atomic nuclei

and electron densities. The resulting simulated molecular structure of PAanthrac is depicted

75



Electrical characterization of organophosphonate monolayer nanogap devices

in Fig. 6.4. Carbon atoms are represented in grey, hydrogen atoms in white, phosphorus
atoms in orange and oxygen atoms in red. The anthracene backbone is terminated by the two
phosphonate groups, one at the top and one at the bottom of the molecule as already expected
from the Lewis structure of the molecule. Interestingly, the two anthracene side groups are
parallel aligned in the same plane which is tilted by 90° to the anthracene backbone. The length
of the molecule, considered as the distance between the most distant atomic nuclei of the top

and bottom phosphonate group respectively, is determined as Iprr = 1.29 nm.

Anthracene side group

Phosphonate group

Anthracene backbone

Figure 6.4 Molecular structure of PAanthrac in gas phase calculated by ab-initio quantum calculations
based on DFT (Gaussian 09 software). Carbon atoms are represented in grey, hydrogen atoms in white,
phosphor atoms in orange and oxygen atoms in red. PAanthrac consists of an anthracene backbone
terminated by phosphonate groups on each side and two anthracene side groups.

With the length of the PAanthrac molecule determined by ab-initio calculations it is possible
to estimate the tilting angle a with respect to the surface normal of the molecules in a SAM
by taking the SAM thickness harps = (1.12 + 0.22) nm into account which was determined by
AFM scratching (cf. Section 6.1.1):

M

har
@ = arccos

) ~ 29° 6.1)
DFT

In this context, it is necessary to point out that the simulation of the molecular structure was
conducted for an isolated PAanthrac molecule in the gas phase. The length of a surface bond
PAanthrac molecule as part of a SAM might therefore be slightly different, but we consider our
obtained results as a good starting point and as a first approximation of the molecule length. To
our knowledge there are no reports about the tilting angle of molecules in SAMs of PAanthrac.
Cattani-Scholz et al. measured the monolayers of similar organophosphonate molecules and

found greater tilting angles of about 45° for a 2, 6-diphosphono-anthracene molecule without any
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6.1 Organophosphonate functionalized nanogaps prepared by anisotropic KOH etching

sidegroups [62]. The existence of the anthracene sidegroups in PAanthrac could possibly explain
the smaller calculated tilting angle. Due to the sidegroups, PAanthrac requires laterally more

space which prevents the PAanthrac molecules from stronger tilting during SAM formation.

(a) HOMO (b) LUMO

Figure 6.5 Spatial distribution of molecular orbital isosurfaces of (a) highest occupied molecular orbital
(HOMO), and (b) lowest unoccupied molecular orbital (LUMO) of PAanthrac, calculated by ab-initio
quantum calculations (Gaussian 09 software). Red represents a positive and green a negative corre-
sponding wave function sign.

Besides the structural conformation of PAanthrac, the simulation provides additional informa-
tion about the distribution and energies of the molecular orbitals. Fig. 6.5(a) shows the spatial
distribution of isosurfaces of the highest occupied molecular orbital (HOMO), and Fig. 6.5(b)
of the lowest unoccupied molecular orbital (LUMO) of PAanthrac. In this figure, red represent
areas with a positive and green areas with a negative corresponding wave function sign. The
HOMO is mainly located along the anthracene side groups and it extends only to a small amount
to the middle part of the anthracene backbone. At the phosphonate groups and outer ends of the
anthracene backbone, no HOMO is visible. On the contrary, the LUMO extends mainly to the
anthracene backbone and there is almost no LUMO distribution at the anthracene side groups
as visible in Fig. 6.5(b).

The spatial distribution of the HOMO and LUMO can lead to first assumptions about the
charge transport behavior on the molecular scale. The concentration of the HOMO to the
tilted anthracene side groups might point to efficient lateral charge transport through a SAM of
PAanthrac molecules if 7-stacking of the anthracene side groups is considered. However, such
overlapping m — 7 orbitals would lead to a splitting of the HOMO and LUMO levels and hence
change the calculated energy levels [90, 91].
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The energy levels of the HOMO and LUMO are obtained from the ab-initio calculations. They
are determined as:

EHOMO =-5.70eV
ELUMO =-2.65eV

with respect to the vacuum level. The corresponding HOMO-LUMO energy gap is then
calculated as Egoymo-rumo = 3.05¢eV.

0.9 0.9

~ PAanthrac
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Figure 6.6 Proposed energy diagram of a functionalized nanogap electrode device with PAanthrac in
equilibrium without applied voltage and with respect to the vacuum level. Energy values for Si and SiO,
are taken from [147], HOMO/LUMO energy values are taken from the ab-initio quantum calculations
of PAanthrac. Charging, interface states and band bending in Si is neglected.

We used the obtained energy levels Egoaro and Er o of the PAanthrac molecule to consider
the general energy level alignment of a functionalized nanogap device. Fig. 6.6 shows the
proposed energy diagram for a Si nanogap device functionalized with a SAM of PAanthrac
with respect to the vacuum level. Si has an electron affinity of ys; = 4.05eV and a band gap of
Egap,si = 1.12eV which determines the conduction band edge Ec and the valence band edge
Ey energies [147]. Due to the oxygen plasma and Piranha treatment there is a thin SiO, layer
(1.39nm) on top of both Si electrodes as measured by ellipsometry (cf. Section 6.1.1). The
electron affinity of SiO; is ysio, = 0.9€V and its band gap is Eqqp, sio, = 9€V [147]. The
Fermi energy EF of degenerately p-doped semiconductors can be estimated by [147]

Ey — Ep ~ kT [m(Ni) + 2—3/2Ni = —24.8 meV 6.2)

\% \4
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Here, k is the Boltzmann constant and 7 is the temperature (room temperature). Ny =
2.65 x 10" cm™3 is the effective density of states in Si and p = 9 x 10'® cm™3 is the doping
density of the Si top layer.

The Fermi energy level is right above Ey of Si and lies in the HOMO-LUMO gap of PAanthrac.
Due to the large band gap of SiO,, charge carriers need to overcome a high energy barrier if
injected from the Si electrodes into the molecules of the SAM. It is rather likely that charge
carriers tunnel through the SiO; barrier due to the very small thickness of the SiO, layer. The
energy barrier offset between the HOMO level and Ef is ¢gomo = 0.57 eV and between Ep
and the LUMO level ¢rypo = 2.48eV. It is therefore rather likely that charge transport is
mainly conducted via the HOMO level driven by holes. However, it needs to be noted that the
HOMO/LUMO levels are based on a simulation of the isolated PAanthrac molecule in gas phase.
The energy levels change for molecules in a SAM due to splitting and broadening effects of the
HOMO/LUMO levels [90, 92]. Additionally the influence of the coupling of the molecules to
the Si/ SiO; electrodes is neglected as well as possible interface states at the Si/ SiO>-molecule
interface, but we consider the given energy diagram as a good first approximation of the energy

levels in our nanogap devices.

6.1.3 Current-voltage characterization of functionalized nanogaps

We characterized the Si nanogap electrode devices functionalized with organophosphosphonate
SAMs electrically by measuring their /-V characteristics in a 2-terminal configuration by con-
tacting the metal pads of a single Si nanogap device with the probes of a vacuum probestation
(p ~ 5 x 107 mbar) at room temperature in darkness. Gate-dependent measurements via the
Si substrate as global back gate suffered from substantial leakage currents from the substrate to
the source contact (electrical reference point), most likely because of the very thin SiO, layer
(8 nm). That is why all /-V measurements were conducted in a floating gate configuration.
One sample chip comprised 150 electrode pairs. Four out of 9 nanogap sample chips contained
completely etched nanogap electrode devices. According to SEM inspection, 28 gap devices in
total were completely etched down to the buried oxide with gap electrode distances in the order
of / = 200nm - 1 um and 8 of them were electrically insulating and therefore taken into further
consideration for the evaluation of the /-V characteristics of PAanthrac SAMs.

All nanogap samples were first electrically pre-characterized by measuring the /-V character-
istics of all empty nanogap electrode devices right after their fabrication. Only those showing
complete electrical insulating behavior for an applied voltage in the range of -1 Vto 1V, i.e.,
no visible increase in current and a resistance in the TQ regime, were taken into account for the
electrical characterization after SAM functionalization. After these reference measurements of
the as-fabricated empty nanogap devices, all nanogap samples were functionalized with SAMs
of PAanthrac and subsequently electrically characterized by -V spectroscopy. In a last step,
we removed the PAanthrac SAM by applying an oxygen plasma (200 W, 2 min, 1.4 mbar) and
functionalized all samples again with an aliphatic SAM of PAC16 molecules and measured
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their /-V characteristic as a second reference. SAMs of PAC16 are expected to be electrically

less conductive because of the absence of any w-conjugated groups.
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Figure 6.7 (a) I-V curves of a single nanogap device showing the bare reference measurement after gap
fabrication as well as the measurements after functionalization with a PAanthrac SAM and a PAC16
respectively. (b) Histogram of the order of magnitude of the measured absolute currents at an applied
voltage of V = 0.5 V for all studied nanogap devices and functionalization cases.

Fig. 6.7(a) shows exemplarily the /-V characteristics of one single silicon nanogap device with
applied voltages in the range of —1V to 1 V. The red curve represents the /-V curve of the
empty, as-fabricated nanogap device which shows no increase in current while scanning the
voltage from —1 V to 1 V. The black /-V curve represents the same device after PAanthrac func-
tionalization. There is a clear increase in conductance and a non-linear /-V curve visible. The
blue curve represents the /-V curve of the same device under consideration after SAM removal
and the second functionalization step with PAC16. The conductance decreased compared to
the PAanthrac case, but is slightly higher compared to the as-fabricated empty nanogap device.
We measured all /-V characteristics for all nanogap devices in all SAM/reference cases.
Fig. 6.7(b) shows a histogram showing the order of magnitude of the measured absolute currents
at an applied voltage of V = 0.5V for all studied nanogap devices and functionalization cases.
Nanogap devices showed an increase in current after PAanthrac SAM deposition which varied
over 5 orders of magnitude. We attribute this range over the 8 devices studied to measured
differences in channel lengths /, and to possible variation in SAM local order and coupling to
the electrodes.

The increased current of the PAanthrac functionalized devices becomes more evident by evalu-
ating the /-V curves averaged over all measured nanogap devices as depicted in Fig. 6.8, which
shows the averaged /-V curves for an applied bias between OV to 0.6 V which was taken at
both positive and negative voltages. The standard error of the average data points is included as
error bars. We find significantly higher conductance of the PAanthrac devices with respect to
both reference systems (bare, and with PAC16 SAM). Since the less conductive PAC16 func-

tionalized nanogap devices were measured after the PAanthrac functionalization, we conclude
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Figure 6.8 Averaged current as function of source-drain bias, for all eight measured nanogap electrode
devices of different gap length /, ranging from 200 nm to 1 pm. The standard error of the average data
points is included as error bars. The data show an enhanced conductance for the devices functionalized
with PAanthrac SAM compared to those with PAC16 SAM and to the bare, unfunctionalized nanogap
electrode devices. The average was taken over both positive and negative voltages. Inserts: Schematic
of two terminal /-V measurement configuration, molecular structures of PAanthrac (black) and PAC16
(blue). Reprinted (adapted) with permission from [70]. Copyright (2016) IEEE.

that the increase in conductance originates from an enhanced charge transport because of the
PAanthrac functionalization. Electrical effects originating from the functionalization process
itself (e.g. treatments with organic solvents etc) can be therefore excluded. We attribute the
higher average lateral conductance of the PAanthrac SAM to the aromatic substituents of the
PAanthrac molecules, in particular to the possible overlap of anthracene side groups of adjacent
molecules (r-stacking) as discussed in Section 6.1.2. A sketch of such overlapping anthracene
side groups is depicted in Fig. 6.9.

6.1.4 Summary

In this section, we studied the electrical characteristics of silicon nanogap electrodes function-
alized with a SAM of PAanthrac. The SAM quality was investigated by analyzing the SAM
surface morphology. We found that our self-assembly functionalization protocol gave rise to
the formation of a uniform and dense SAM as has been characterized by water CA, ellipsometry
and AFM measurements. DFT simulations revealed the molecular structure of PAanthrac with
its 90° tilted anthracene side groups as well as the energy levels of the corresponding HOMO

and LUMO. [-V spectroscopy showed a significantly increased conductance of the Si nanogap
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Figure 6.9 Sketch of possible molecular confirmation of PAanthrac molecules in a SAM (composed of
molecules which are obtained by single molecule DFT calculations, cf. Fig. 6.5(a)), exhibiting m-stacking
of their anthracene side groups which might lead to enhanced lateral conductance.

electrodes functionalized with a SAM of PAanthrac compared to the bare reference nanogap
and a PAC16 SAM functionalized nanogap. We attribute this increase in lateral conductance
of the PAanthrac SAM to the aromatic substituents of the PAanthrac molecules, in particular to

the possible overlap of anthracene side groups of adjacent molecules (r-stacking).

6.2 Organic monolayer field effect transistor

The following Section is based on the published conference proceeding: Silicon Nanogap Elec-
trode Engineering for Organic Monolayer Field Effect Transistors [117] (Simon Pfaehler et al.,
2019 IEEE 19th International Conference on Nanotechnology (IEEE-NANO) (Macao, China).
IEEE, 2019, 521-525, DOI: 10.1109/NANO46743.2019.8993870.)>

We used the Si nanogap electrode devices prepared by EBL and RIE (cf. Section 4.2) as test
system to study the electrical properties of SAMs of the organophophonate based molecule
PAphenyl in a field effect transistor (three terminal) configuration.

In the first section, finite element simulations of the electrostatics of the nanogap electrode
devices are studied while the Si handle layer of the SOI sample is used as a global back gate.
The following sections cover the investigation of the SAM quality on planar reference samples
by means of water CA and AFM measurements and the electrical characterization of the SAM

functionalized nanogap electrodes.

6.2.1 Electrostatic simulation of three terminal nanogap device

We investigated the electrostatic characteristics of the Si nanogap electrodes fabricated by EBL
and RIE by finite element simulations. The SOI material which was used as the basis wafer
material for the fabrication of the nanogap devices, has the benefit of a 200 nm thick buried SiO,

layer which enabled the use of the bottom Si handle layer as a global back gate for the nanogap

ZReprinted (adapted) with permission from [117]. Copyright (2019) IEEE.
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electrode devices. We used the software Comsol multiphysics 5.4 with the electrostatics module
for the simulation of the electrostatic potential distribution in the nanogap channel with applied
gate voltages. A single empty nanogap electrode device was modeled in air with channel length
[ = 200nm and reduced width (w = 1 um) to minimize the calculation time. This change
compared to the real device is practically not supposed to influence the obtained results, since
we mainly focused our evaluation in the middle of the nanogap, far away from the edges. We
used the relative permittivity values shown in Tab. 6.2 from the internal material database of

Comsol. The source electrode acted as reference potential and was grounded. We neglected

material &

SiO; 4.2

Si 11.7

Table 6.2 Relative permittivity values used in finite element simulations.

the electrostatics in the electrodes themselves, that means that the sidewalls of the nanogap
were chosen to define the boundary condition for the applied source-drain voltage as well as the
bottom plane of the SiO; layer for the applied gate potential. For a real device there is certainly
a small voltage drop from the metal contact pads to the Si electrodes, but we consider this as
negligible because of the degenerate doping of the Si top layer.

Fig. 6.10 shows exemplarily the 3D image of the resulting potential distribution in the simulated

nanogap for an applied Vps = 1.3V and Vs = -5 V.

Figure 6.10 Spatial electrostatic potential distribution of the simulated nanogap for Vps = 1.3V and
Ves = -5 V.
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Figure 6.11 Spatial electrostatic potential distribution at the bottom of the nanogap (z = 0) directly at
the SiO, interface for Vps = 1.3V and (a) Vgs =0V and (b) Vgs = -8 V.

N
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Figure 6.12 Evolution of the spatial electrostatic potential distribution in a cross sectional xz plane in
the middle of the nanogap (y = 0) for Vps = 1.3V as indicated by the white dashed line in Fig. 6.11(b).
@Ves=0V,(b)Vgs =-2V,(c) Vgs = -5V, (d) Vgs = -8 V. Reprinted (adapted) with permission
from [117]. Copyright (2019) IEEE.
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Since the nanogap is afterwards functionalized with a SAM, the potential distribution in the
gap at the SiO, interface is of interest which is depicted in Fig. 6.11 and shows the 2D plane at
the bottom of the nanogap directly at the SiO; surface (z = 0, cf. Fig. 6.10 for the definition of
the coordinate system). In Fig. 6.11(a) the potential is shown for Vs = 0V and in Fig. 6.11(b)
for Vgs = —8 V while applying Vps = 1.3 V. As visible in the images, the potential in the gap
reaches ~ -2V to-3VatVgg=-8V.

Fig. 6.12(a)-(d) shows for the same applied Vps = 1.3V the evolution of the electrostatic
potential while increasing Vs from OV to —8 V in the crossectional xz plane in the middle of
the nanogap (y = 0) as indicated by the white dashed line in Fig. 6.11(b). From Vgs ~ -5V
on, there is a rather continuous potential < -2V at the bottom of the nanogap channel.

This is even better visible if the potential is plotted along the white dashed lines in Fig. 6.12(d)
which is depicted in Fig.6.13. Fig. 6.13(b) shows the potential curves along the gap height (z)
for x = 100nm and y = 0, so in the middle of the channel in both, x and y. As expected, the
greatest change in the potential occurs directly at the SiO, interface, at the bottom of the gap
and is decreased to the top of the gap since the gate contact is more distant. Since we studied
monolayers in the nanogap, the potential close to the SiO, interface is most relevant.
Fig.6.13(a) shows the potential at the SiO, interface in the middle of the gap (y = z = 0) along
the channel length (x) from the source to the drain electrode for Vs from OV to -8V at Vpg
= 1.3V. The potential in the gap is continuously lowered up to ~ —=2.5V in the middle of
the channel for Vg = —8 V. With increasing V5 the slope of the potential curves becomes
significantly greater which results in an increased electrical field at the electrodes. This might
lead to an enhanced injection of charge carriers into the SAM.

This becomes clearer with the energy diagram of a functionalized nanogap electrode. Fig.6.14
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Figure 6.13 Electrostatic potential in the middle of the nanogap (y = 0) at Vpg = 1.3V as function of
Vis as indicated by the white dashed lines in Fig. 6.12(d); (a) in x-direction along the nanogap length
(z = 0) and (b) in z-direction along the nanogap height (x = 0). Reprinted (adapted) with permission
from [117]. Copyright (2019) IEEE.

shows the proposed simplified energy diagram of a PAphenyl SAM in the nanogap electrode in
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close analogy to Fig. 6.6. With the doping level of the Si electrodes, we calculate Ey — Er =
34 meV according to 6.1.2. The HOMO/LUMO levels are taken from [148].

0.9 0.9

PAphenyl
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Q
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Figure 6.14 Proposed energy diagram of a functionalized nanogap electrode device with PAphenyl in
equilibrium without applied voltage and with respect to the vacuum level. Energy values for Si and SiO,
are taken from [147], HOMO/LUMO energy values are taken from [148]. Charging, interface states and
band bending in Si is neglected.

Due to the alignment of the energy levels, there is a smaller offset between the HOMO level and
Fermi level than between the LUMO level and the Fermi level. The HOMO offset is estimated
as dgomo =~ 540meV. Hence, the potential change at the Si electrodes due to the applied
VGs up to —8V should possibly enhance the charge transport through the PAphenyl SAM.
However it needs to be noted that several simplifications are considered in this picture since the
HOMO/LUMO levels were determined for an isolated molecule in gas phase and not as part of
a SAM which changes the energy levels. We also neglected the influence of the SiO, layers

and any further coupling of the molecules with the Si electrodes itself.

6.2.2 Monolayer characterization

Si nanogap electrode devices fabricated by RIE and EBL were used to study the electrical
properties of SAMs of PAphenyl. The SAMs were grown using the T-BAG method (cf. 3.2.6)
on a wafer chip comprising an array of Si nanogap electrodes and on planar, p*-Si/SiO,
reference samples for surface analysis. The detailed parameters of the functionalization process
can be found in the Appendix D.2.

We first characterized the SAMs by CA measurements. SAM-functionalized samples were
more hydrophobic (contact angle: ~ 88°) compared to the bare SiO; surface (~ 23°) after the
Piranha treatment step which is ascribed to the presence of aromatic groups, similar as discussed
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in Section 6.1.1. The greater CA indicated that the SAM functionalization was successful.

Ellipsometry measurements were used to determine the thickness of the SiO, layer of the
reference sample after the Piranha treatment and before the SAM functionalization. We used
the reactive index and extinction coefficient given in Tab. 6.1 to model the sample based on the
obtained ellipsometry data. The reference sample was modeled as a layer stack of Air/ SiO,/Si
while Si was assumed to be opaque. We obtained a SiO; thickness of (1.55 + 0.01) nm based
on 5 measurements on the sample. The obtained SiO; thickness is close to the SiO, thickness
measured in Section 6.1.1 ((1.39 + 0.07) nm) and is in the expected thickness range for a native

SiO; layer (1 nm to 2 nm).

0o 1 _ 2 3 4
Distance (um)

Figure 6.15 AFM images of PAphenyl SAM functionalized samples. (a) SiO,/Si reference sample

before SAM deposition. (b) PAphenyl SAM functionalized sample after second T-BAG process. (c)

Same sample as in (b) after AFM scratching of a 1 x 1 um? area. (d) Averaged height profile of scratched
region in (c). Reprinted (adapted) with permission from [117]. Copyright (2019) IEEE.
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We characterized the SAM of PAphenyl additionally by AFM. Fig. 6.15(a) shows a tapping
mode AFM image of the Si/ SiO, reference sample. Besides distinct small particles, visible as
white spots with a height > 10 nm which we identified as unintentional contamination particles
of the sample surface after sample preparation, originating possibly from the lab environment,
there is a relatively smooth surface. The RMS roughness is determined as 0.2 nm based on a
1 X 1 um? scan area without contamination particles. Fig. 6.15(b)-(c) show tapping mode AFM
images of the PAphenyl SAM. A small RMS roughness of 0.3 nm was measured, comparable
to the bare Si/ SiO, reference sample which indicates also the formation of a uniform and dense
SAM and agrees well with literature values for a PAphenyl SAM [148].

We used AFM nanolithography scratching to determine the thickness of the PAphenyl SAM (cf.
Fig. 6.15(c)). Fig. 6.15(d) shows the obtained averaged height profile of one scratched SAM
area. We measured the step height at 3 spots on the sample which determines the thickness of
the PAphenyl SAM to d = (1.22 + 0.34) nm, which is in good agreement with the expectation
(estimated molecule length ~ 1 nm by ChemSketch/ACDlabs software) as well as with literature

which gives additionally the corresponding tilting angle of ~ 32° for a PAphenyl SAM [148].

6.2.3 Electrical characterization of functionalized three terminal nanogap
devices

We characterized the Si nanogap electrode devices functionalized with organophosphosphonate
SAMs electrically by measuring their /-V characteristics in a 3-terminal configuration by
contacting the metal pads of a single Si nanogap device with the probes of a vacuum probestation
(p ~ 5x 107 mbar) at room temperature in darkness. Thanks to the thicker SiO, layer of
200 nm compared to Section 6.1.3 gate-dependent measurements were possible. The global
back gate was contacted via the triax sample stage.

We electrically characterized a wafer chip containing an array of 100 Si nanogap electrode
devices. All nanogap devices were first electrically pre-characterized by measuring the /-V
characteristics of all empty nanogap electrode devices right after their fabrication. Only those
showing complete electrical insulating behavior, i. e., no visible increase in current and a
resistance in the TQ) regime, were taken into account for the electrical characterization after
SAM functionalization. 19 devices were not completely etched and discarded. After these
reference measurements of the as-fabricated empty nanogap devices, all nanogap samples were
functionalized with SAMs of PAphenyl and subsequently electrically characterized. While
most devices did not show conductance above the noise level after SAM functionalization, two
structures revealed a pronounced nonlinear increase in conductance.

Fig. 6.16(a) shows the output characteristics of one device (I = 200nm, w = 200 um). Mea-
sured currents /pgs were in the nA range and were clearly dependent on the applied gate voltage
Vs, up to —8 V, consistent with field-effect transistor operation. The measured devices showed
only small corresponding gate leakage currents /s which were 2-3 order of magnitudes less

then Ips. The modulation of Ips was only achieved for negative V5, indicating p-type trans-
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Figure 6.16 (a) Output and (b) transfer characteristic of a SAM-functionalized Si nanogap electrode
device, as function of gate voltage; channel length: / = 200 nm; electrode width: w = 200 pum. Igs
denotes the measured gate (leakage) current. Inset (b): sketch of PAphenyl. (c) Output and (d) transfer
characteristic of a SAM-functionalized Si nanogap electrode device, as function of gate voltage; channel
length: I = 200nm; electrode width: w = 100um. Inset: electrical measurement configuration.
Reprinted (adapted) with permission from [117]. Copyright (2019) IEEE.

port in the SAM as anticipated for anthracene-based organic semiconductors. The transfer
characteristics (Fig. 6.16(b)) show IpsVis sweeps for gate voltages down to Vgs = =15V for
Vps between 0.5V to 1.3 V. We observed no saturation of Ipg in the output characteristics for
the applied Vigs. This might be attributed to a non-ideal electrical contact from the electrodes
to the SAM [53] and additionally to short channel effects owing to the small aspect ratio of the
transistor device of //d = 1 (d: gate oxide thickness).

Fig. 6.16(c) and (d) shows the output and transfer characteristics of a device with / = 200 nm
and w = 100 um. The general behavior is similar to the w = 200 um device, there is a modu-
lation of Ipg for negative gate voltages. Remarkably, the overall current values in the output
characteristics are roughly comparable between (a) and (c). Since in (c) the electrode width
is smaller, the general expectation is that also Ipg is smaller. A possible explanation could

be that the current is not equally flowing over the whole width of the electrodes but rather
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at distinct areas which would explain the missing scaling with electrode width. Also local
defects in the SAM could lead to this behavior. Nevertheless, due to the clear modulation with
Vs, quantitative transistor parameters can be estimated using the equation for the linear region
of the output characteristics (cf. Eq. 2.8). From the slope of the transfer characteristics we
calculate the mobility to be 4 ~ 1 x 10~*cm?/Vs which is comparable to reported mobility
values for phosphonate based SAMFETs [149, 150] but less than the highest reported values for
SAMFETs [151, 152] in general. These mobility values are the first reported values for SAMs
of 2-phosphono-9,10-diphenyl-anthracene to the best of our knowledge. Calculated threshold
voltages vary with Vpgs and are V;, =—11.34V, —=8.63 V and —-3.96 V for Vps =0.5V, 09V
and 1.3V, respectively, in case of the w = 200 um device and V;;, =-9.37V, —6.89V and
—6.78 V for Vps =0.5V,0.9V and 1.3V in case of the w = 100 um device.

It needs to be noted, that the nanogap channel lengths of / = 200nm in combination with
the 200 nm thick SiO, gate insulating layer is rather too short in the context of the gradual
channel approximation which is assumed in Eq. 2.8. Also the absence of the saturation
regime requires care while evaluating the linear approximation of the /-V curves in the transfer
characteristics. Nevertheless, we consider the order of magnitude of the obtained mobility as

good first estimation for SAMs of PAphenyl.

6.2.4 Summary

In this section, we studied the electrical OFET characteristics of silicon nanogap electrodes
functionalized with a SAM of PAphenyl. Finite element simulations of the empty nanogap
device indicated significant electrostatic potential changes, sufficient for field effect modulation
of a PAphenyl SAM in the nanogap while applying gate voltages up to —8 V. The SAM quality
was investigated by analyzing the SAM surface morphology. We found that our self-assembly
functionalization protocol gave rise to the formation of a uniform and dense SAM as has been
characterized by water CA and AFM measurements. Electrical characterization showed a clear
modulation of Ips with negative gate voltages up to —8 V which indicates p-type transport. A
first estimation of the mobility in the order of u ~ 1 x 10™*Vs/cm? for SAMs of PAphenyl was

obtained.
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7 Conclusion & Outlook

In this work, we have presented the development and electrical characterization of all-silicon
electrode devices which were employed to study the electrical transport through thin films
of novel organic and hybrid organic/inorganic materials on the nanoscale. In particular, the
gaps between the electrodes were filled with thin films of functionalized SiNCs and SAMs of
organophosphonate molecules.

We fabricated the planar, highly doped Si nanogap electrodes from silicon-on-insulator sub-
strates by either utilizing anisotropical etching in potassium hydroxide (KOH) solution or by
the combination of electron beam lithography (EBL) and reactive ion etching (RIE). Contact
separations in the range of 200 nm were realized for the KOH etched gaps and nanogaps as
small as 30 nm were achieved in case of the electrodes prepared by EBL/RIE, by optimizing

the EBL and etching parameters.

Nanogaps filled with SiNCs

The gaps prepared by EBL/RIE between the electrodes of height 110 nm were filled with thin
films of either hexyl- (Hex-), phenyl- (Phen-) or phenylacetylene- (PA-) functionalized SiNCs
(diameter 3 nm) from colloidal dispersions. A key factor to succeed in reliable measurements
of these films in the high-resistance regime was a novel technique of filling the space between
electrodes from solution, via a pressure-transducing PDMS membrane. This procedure led to
homogeneous and dense thin films without any cracks or voids, and with precise control of
the film thickness. The film composition was studied for thin films of Hex-SiNCs by X-ray
photoelectron spectroscopy (XPS) measurements which showed a constant relative Si/Carbon
ratio for all investigated film thicknesses and almost no oxidation of the SiNCs after film
preparation. This indicated, that our PDMS membrane based coating technique is suitable to
fabricate comparable thin films of SiNCs of different film thicknesses without change in film
composition. The volume fraction of the Hex-SiNCs in the film was estimated as 0.73 via the
Maxwell-Garnett effective medium approximation which indicated a rather dense packing of
the SiNCs in the film. We derived this estimation from impedance measurements of SiNCs on
planar Si samples which were modeled with an equivalent network of resistor-capacitor circuits.
The corresponding relative permittivity of the Hex-SiNC thin film was determined as 4.43.

The electrical functionality of our devices was demonstrated for thin films of functional-

ized SiNCs of various thicknesses, filled into the 40 nm to 200 nm trenches separating the Si
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electrodes. Conductance was significantly enhanced compared to untreated devices and esti-
mated conductivity values for Hex-SiNC thin films were in the range of 1 x 1072 Q™' ecm™! to
1x 108 Q'em™!. The obtained current-voltage (I-V) characteristics showed the anticipated
scaling with channel width, ranging from 5 um to 50 um, and with film thickness, ranging from
15nm to 92 nm. A strongly hysteretic /-V dependence together with a successive decrease of
current with time or with the number of /-V cycles can be assigned to SCLC-transport, with
the functionalized SiNCs providing efficient charge trap centers. The interpretation in terms
of SCLC transport was supported by numerical kinetic Monte Carlo (kMC) simulations which
modeled the experimental /-V data well. For the kMC simulations, randomly distributed, ener-
getically deep lying trap states with a trap density in the order of 1 x 10!” cm™ in the SiNC film
were assumed. Charge transport was then described by a hopping process of the charge carriers

between adjacent, weakly bound SiNCs by employing the Miller-Abrahams hopping rate.

Future studies should focus on a detailed microscopic understanding of this transport including
the influence of the nature of different surface bound organic molecules which can be varied over
a wide range. For this purpose, temperature-dependent measurements over a large temperature
range would be beneficial towards further insight in the charge transport processes through the
SiNC films. A key factor is the improvement of the film quality in the case of PA-SiNCs and
Phen-SiNCs. One possible starting point is the systematic study of different SiNC solvents
besides toluene which might lead to an enhanced dispersion of the SiNCs. This could improve
the film quality for the PDMS membrane based coating process and lead to similar homogeneous
SiNC thin films in the nanogaps as it was presented for Hex-SiNCs in this work. As an alternative
coating method, spray coating can be taken into account which was already demonstrated as a
reliable coating technique for planar films of hydrogen terminated SiNCs [36].

In view of potential electrical device applications, it would be necessary to enhance the overall
conductivity of the highly resistive SiNC thin films. One possibility is enhancing the charge
carrier density via doping of the SiNCs [153—-155]. In addition, the influence of the electrodes
regarding doping type (n-doping, p-doping), doping level and contact resistance are interesting
and necessary topics for further investigations.

In summary, we have demonstrated that all-silicon electrode devices may serve as platform for

the electrical characterization of thin films of functionalized, undoped silicon nanocrystals.

Nanogaps bridged with organophosphonate SAMs

Nanogaps prepared by both fabrication methods, EBL/RIE and anisotropical etching in KOH
solutions, were coated with self-assembled monolayers (SAMs) of aromatic organophospho-
nate molecules. The gaps prepared by KOH were coated with 2-phosphono-9,10-diphenyl-
anthracene (PAphenyl) molecules as well as with 1-hexadecanphosphonic acid (PAC16) molecules

as an aliphatic reference molecule, without any aromatic moieties. Water contact angle (CA),
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atomic force microscopy (AFM) and ellipsometry characterization measurements on planar
SAM coated Si/ SiO; samples showed uniform and dense SAMs. We used an AFM nanolithog-
raphy scratching technique to measure the thickness of the SAM as (1.12 + 0.22) nm in case
of PAanthrac which was in agreement with ellipsometry. We conducted ab-initio calculations
of the PAanthrac molecule in gas phase based on density functional theory (DFT) to reveal
its molecular structure as well as its electronic properties. The DFT simulations showed that
the anthracene side groups of the molecule are rotated by ~ 90° with respect to the molecule
backbone. These side groups are also the place where the highest occupied molecular orbital
(HOMO) is located whereas the lowest unoccupied molecular orbital (LUMO) is mainly located
at the molecule backbone. The corresponding HOMO-LUMO gap was calculated as 3.05eV.
The theoretical length of the PAanthrac molecule in gas phase was determined by DFT as
1.29nm. Electrical I-V characterization showed a significantly increased lateral conductance
of PAanthrac SAMs compared to PAC16 SAMs as well as to the empty (as-fabricated) gap. We
attributed this increase in lateral conductance of the PAanthrac SAM to the aromatic substituents
of the PAanthrac molecules, in particular to the possible overlap of anthracene side groups of
adjacent molecules (-7-stacking).

The gaps prepared by EBL/RIE were coated with SAMs of 2-phosphono-9,10-diphenyl-
anthracene (PAphenyl) molecules. CA and AFM measurements on planar SAM coated Si/ SiO»
reference samples revealed a uniform and dense monolayer with a thickness of (1.22 + 0.34) nm.
These devices were characterized electrically as field effect transistors, and the measurements
were supported by finite element simulations of the electrostatic characteristics of the nanogap.
Lateral conductance was greatly improved compared to an untreated device and we observed
only low gate leakage currents which were at least 2-3 orders of magnitude smaller compared to
the source-drain current. A distinct field-effect induced modulation of the source drain current
was observed for negative gate voltages which indicated p-type transport. A first estimation of
the mobility in the order of 1 x 107 cm?/Vs for SAMs of PAphenyl molecules was extracted

from the measurement data.

Future studies should focus on a detailed investigation of the lateral charge transport in SAMs
of aromatic organophosphonate molecules. A detailed understanding of the possible overlap
of adjacent aromatic moieties of the molecules could lead to an enhanced transistor operation
towards a self-assembled field effect transistor (SAMFET). For this purpose, molecules with
different side groups could be of interest. Temperature-dependent measurements would be also
in this case advantageous to achieve a better understanding of the microscopic nature of charge
transport. Furthermore, the doping level as well as the nature of doping of the SOI substrates
could be modified. This would change the corresponding work function of the electrodes and
provide another parameter to engineer the electrical characteristics of the device.

The KOH based fabrication process could be used with SOI wafers incorporating a thicker

buried oxide layer. This would certainly reduce the gate leakage currents and enable field-effect
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measurements also for these nanogap devices. It would be interesting to see if the different ge-
ometries of the nanogap cross-section which are related to the fabrication process, influence the
electronic coupling of the molecules of the SAM to the electrodes. Additionally, the exchange
of KOH with tetramethylammonium hydroxide (TMAH) could lead to an improved nanogap
quality, since TMAH can produce smooth sidewalls [156, 157].

In summary, we have demonstrated that our Si nanogap electrode devices fabricated by either
EBL/RIE or anisotropical etching in KOH solution, can serve as an electrical base structure
for the lateral electrical characterization of organophosphonate SAMs. We have additionally
demonstrated field-effect transistor operation of an all-Si nanogap electrode device functional-
ized with an aromatic phosphonate monolayer. Possible future applications of the demonstrated
devices could be, e.g., in the field of sensing applications with the surface of the SAM as active

detector area.

In conclusion, we suggest our planar, all-silicon device architecture and functionalization
methodology as platform for investigations of the electrical transport properties of thin films of
various novel hybrid materials, in particular in the high-resistivity range. Beyond our demon-
strated networks of functionalized nanocrystals and aromatic monolayers, this may include

biomolecules, nanowires, carbon based nano composites and novel 2D materials.
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A Functionalized SiNCs

A.1 Fabrication and characterization of functionalized SiNCs

The following Section is based on the published article: Space charge-limited current transport
in thin films of alkyl-functionalized silicon nanocrystals [116] (Simon Pfaehler et al., Nanotech-
nology, 30(39) (2019), 395201, DOI: 10.1088/1361-6528/ab2c28)".

Functionalization of SINCs

The functionalization of SiNCs is described exemplary for hexyl functionalized SiNCs [27,
116, 158]:

Freshly etched hydride-terminated SiNCs (from 300 mg Si/ SiO, composite) were dispersed in
2ml dry toluene and transferred to a Schlenk flask equipped with a stir bar. The dispersion
was degassed via three freeze-thaw cycles. n-hexyllithium (0.2 mmol), from 2.3 M solution
in hexane) was added. Upon addition of n-hexyllithium, the color of the reaction mixture
turned dark brown. The reaction mixture was stirred at room temperature for 15 hours under
argon atmosphere. Functionalized SiNCs were precipitated in Sml 1 : 1 ethanol-methanol
mixture, acidified with HCI conc. (0.2 ml) to terminate the reaction. SiNCs were centrifuged
at 9000 rpm for 5 min and the sediment was redispersed in minimum amount of toluene. The
precipitation-centrifugation-redispersion cycle was repeated two more times from toluene and
ethanol-methanol. At the end of purification steps, functionalized Hex-SiNCs were dispersed
in 2ml toluene and filtered through a 0.45 um PTFE syringe filter. This method assures a
controlled, less dense monolayer coverage on the SiNC surface, unlike many other conventional

surface functionalization techniques [159].

Characterization of functionalized SiNCs

Upon surface functionalization, presence of hexyl groups on the SiNCs’ surface was observed
via Fourier-Transform Infrared spectroscopy (FTIR). Fig. A.1(a) shows the observed FTIR
spectrum. Presence of alkyl peaks between 2850 cm™! t0 2955 cm~! (CH, and CH3 v-stretching)

and at ~ 1462 cm™! and ~ 1378 cm~! (CH §-deformation) is a good indication for a successful

IReprinted (adapted) from [116]. Copyright (2019) IOP Publishing Ltd, Creative Commons BY 3.0 license
(http://creativecommons.org/licenses/by/3.0)
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reaction [77]. The spectrum also shows signals assigned for Si-H groups at ~2100cm™!,
906 cm™! and 660 cm™!, together with minor oxidation evidenced by the Si-O band at 1050 cm™".
Transmission electron microscopy (TEM) revealed an average SiNC size (diameter) of d =
(3.1 £0.2)nm (cf. Fig. A.1(b)). A histogram showing the size distribution is provided in
Fig. A.1(c). The mean and standard deviation was calculated by measuring the size of 300
SiNCs. The FTIR spectrum was collected with a Bruker Vertex 70 FTIR using a Platinum ATR
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Figure A.1 (a) FTIR plot of Hex-SiNCs (in solution). (b) TEM image of drop-casted Hex-SiNC thin
film. (c) Hex-SiNC size histogram, showing a Hex-SiNC diameter of d = (3.1 + 0.2) nm.

from Bruker. Bright field TEM images were obtained using a JEOL-2012 electron microscope
equipped with a LaB6 filament and operated at an acceleration voltage of 200 kV.
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A.2 SEM characterization of nanogaps filled with functionalized SiNCs

A.2 SEM characterization of nanogaps filled with functionalized
SiNCs

Si nanogap electrode devices were filled with thin films of PA-SiNCs and Phen-SiNC as
described in Section 4.3.4. Unlike the nanogap filling with Hex-SiNCs, the PA-SiNCs and
Phen-SiNCs formed inferior films in the nanogap devices as can be seen in the cross-sectional
SEM images of Fig. A.2 for nanogaps with / = 100 nm filled with PA-SiNCs (Fig. A.2(a)) and
Phen-SiNCs (Fig. A.2(b)) from ¢ = 20 mg/ml solution concentration, respectively. Possibly
this originates from less dispersed solutions in case of PA-SiNCs and Phen-SiNCs compared
to the nicely film forming Hex-SiNCs solutions. As a consequence, aggregates of SiNCs might

have formed in the solutions which prevented homogeneous film formation.

Figure A.2 Cross sectional SEM images of / = 100nm nanogaps filled with (a) PA-SiNC and (b)
Phen-SiNC thin films from a ¢ = 20 mg/ml solution. Scale bar is valid for (a) and (b).
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A.3 Influence of gate potential on functionalized SiNCs thin films

We used the highly p-doped Si substrate of our nanogap electrode samples as a global back
gate for nanogap devices filled with SiNCs. Fig. A.3 shows the gate-dependent measurements
on a nanogap device with / = 100nm and w = 5um, filled with Hex-SiNCs from a solution
with ¢ = 20mg/ml. Solid lines show the source drain current /pg and dashed lines show the
corresponding gate leakage current /gs. First, Ips was measured at an applied gate voltage
Vgs = OV (black curve), then at Vgs = 100V (red), Vgs = —100V (green) and finally at
Vgs = 0V (blue) again. As apparent from the figure, there is no significant difference in the
source-current visible except for Vgs = —100V. But in this case, the leakage current Igs is
about the same as Ips. No significant gate-dependent effect could therefore be measured. The
high leakage current is possibly rather related to the measurement circuitry for the sample, since

it is not present for positive gate voltages.

1010} — Vgs= OV (Ips) 7
Vs = +100V (/ps)
Vs =-100V (/pg)
Ves= OV (Ips)
— —Vgs= 0V (gs)
— — Vs =+100V (/gs)
Vs =-100V (/gs)
10ME|= = Ves= OV (Jgs)

|current| (A)

source-drain voltage (V)

Figure A.3 Gate-dependent measurements of a nanogap device (! = 100nm, w = 5um) filled with
Hex-SiNCs from a ¢ = 20 mg/ml solution.

98



A.4 Influence of light on current-voltage characteristics of functionalized SiNCs

A.4 Influence of light on current-voltage characteristics of
functionalized SiNCs

We illuminated a nanogap device (/ = 100nm, w = 5um) filled with Hex-SiNCs from a
¢ = 20 mg/ml solution with an ultraviolet torch light (wavelength: ~ 450 nm) from Ril Chemie
while keeping the device at a fixed bias of 35 V. The time-dependent current signal is depicted
in Fig. A.4 for a series of switching the light on and off. There was a response visible of the
device once the light source was switched on as well once it was switched off. The current
increased about 60 % when the light was switched on. This light sensitive behavior may be

worth to consider for potential sensor applications, although the overall currents are low.
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Figure A.4 Influence of UV illumination on the current of a nanogap device (/ = 100nm, w = 5 um) at
V =35V filled with Hex-SiNCs from a ¢ = 20 mg/ml solution.
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A.5 Influence of temperature on functionalized SiNC thin films

We measured temperature-dependent /-V curves for a nanogap device (I = 40nm, w = 5 um)
filled with Hex-SiNCs from solution (¢ = 20mg/ml). For every different temperature, we
used a fresh device and only the first voltage scans of the devices are presented in Fig. A.5.
We increased the temperature from room temperature up to a maximum of 7 = 475K and
decreased the temperature finally again to room temperature. As visible in the figure, there is
no clear trend with temperature visible for the measured /-V curves. One reason could be that
the sample was not sufficiently in thermal contact with the stage (no thermal grease was used),
thus the real temperature of the sample deviated possibly from the applied temperature. It would
be interesting to measure the temperature dependency over a broader range, in particularly also
at low temperatures.
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Figure A.S Influence of temperature (first voltage scans) on a nanogap device (! = 40nm, w = 5 um)
filled with Hex-SiNCs from solution (¢ = 20 mg/ml).
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A.6 Photoluminescence spectroscopy on planar thin films of functionalized SiNCs

A.6 Photoluminescence spectroscopy on planar thin films of
functionalized SiNCs

We measured PL on planar Hex-SiNC thin films which were coated on fused silica glass (semi-
conductor grade, Plan Optik AG) substrates using the same PDMS technique as on the Si
nanogap samples (cf., Section 4.3.4). All PL. measurements were conducted in Prof. Dr. Frank
Hegmann’s lab at the University of Alberta (Edmonton, Canada) with the support of Mary
Narreto.

All measurements were conducted with a 250 kHz pulsed excitation laser at a wavelength of
400nm. Fig. A.6 shows the temperature series of the PL measurements for Hex-SiNC films
(liquid N; cooling) which were conducted with a laser power of 190 uW. There is a red shift

of the peak wavelength visible with increasing temperature.
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Figure A.6 PL signal of Hex-SiNC thin film as function of temperature.

We additionally conducted time resolved PL measurements at different temperatures ranging
from 77 K to 300 K. For these measurements, we used a single photon avalanche detector in
combination with an oscilloscope. As depicted in Fig. A.7 the general behavior is a slow decay

of the PL signal, with time scales in the ps regime.
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Figure A.7 Time resolved PL signal of Hex-SiNC thin film as function of temperature.
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B Ferroelectric polymer PVDF-TrFE

All measurements related to PVDF-TrFE were conducted in Prof. Dr. Jillian Buriak’s lab at
the University of Alberta (Edmonton/Canada) with the support of Mahmoud Almadhoun.

B.1 PVDF-TrFE capacitor with shadow evaporated Au top contact

We measured a capacitor diode consisting of a shadow evaporated gold contact on top of a layer
of the ferroelectric polymer PVDF-TrFE (thickness: ~ 200 nm) which was spin-coated on a
highly p-doped Si substrate. The device showed the typical butterfly shaped capacitance-voltage

characteristics [160].
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Figure B.1 Capacitance-voltage measurement of a p-Si/PVDF-TrFE/Au device with shadow evaporated
Au contact of size 25 x 25 um?.
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B.2 PVDF-TrFE in silicon nanogap electrode device

We coated our nanogap electrode devices with the 200 nm thick PVDF-TrFE film via spin
coating. One device showed a similar capacitance-voltage curve as the previously discussed
capacitor diodes, as depicted in Fig. B.2. Although the curve is distorted, the characteristic

butterfly shape of the ferroelectric polymer is still visible.
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Figure B.2 Capacitance-voltage measurement of a silicon nanogap (! = 50 nm, w = 200 um) filled with
PVDF-TrFE.
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C Transfer printed metal contacts on planar
organophosphonate based SAMs

We used transfer printing to achieve gold top contacts on organophosphonate SAMs which
were grown on aluminium-oxide/aluminium layers'. The detailed fabrication process is well
described in [162]. Fig. C.1 shows the obtained /-V curves for SAMs fom alkyl organophos-
phonate molecules of different chain length (C4-C12) as well as for two reference samples, one
aluminium oxide/Al sample without SAM and a second aluminium oxide/Al sample which was
additionally immersed in ethanol (without molecules). In general, the longer the carbon chain,
the lower the current which fits to the anticipation, that longer alkyl molecules should lead to
a thicker tunneling barrier. However, the C8 sample is not following this trend. Possibly, the

SAM quality was not sufficient, or multilayers lead to a thicker molecular film.
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Figure C.1 I-V curves of transfer printed gold contacts (size: 80 x 80um?) on top of SAMs of alkyl
organophosphonate molecules of different chain length. Apparent plateaus at low bias: measurement
artifact (resolution limit).

I'The experimental work on the transfer printed metal contacts on organophosphonate SAMs presented in this
Section was obtained in collaboration with Aykut Turfanda as part of his master’s thesis [161].
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D Functionalization parameters for
organophosphonate SAMs on silicon oxide

D.1 Nanogap samples prepared by KOH etching

Pre-cleaning of samples

The samples were pre-cleaned by immersing them successively in the following solvents while

sonicating them for 5 min at 37 kHz respectively:
1. DI H,O
2. isopropanol
3. acetone

4. isopropanol

The samples were finally dry-blown with N, gas.

Pre-functionalization treatments
1. Oxygen plasma (200 W, 5 min, 1.4 mbar, 100-E Technics Plasma System)
2. Basic piranha (5 : 1 : 1 ratio of H,O : NH4OH : H,0;, 10 min, 110 °C)
3. Sonication for 10 min, immersed in DI H,O
4. Nj dry-blow

5. Heated in N, atmosphere (120 °C, 5 min)

Functionalization by T-BAG process

The following T-BAG procedure and mutilayer removal procedure was repeated twice in case

of PAC16 and three times in case of PAanthrac.

* PAanthrac: 2.5 uM in tetrahydrofuran (THF)
* PAC16: 25 uM in tetrahydrofuran (THF)

* Heating the samples in N, atmosphere at 120 °C for 16 h
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Functionalization parameters for organophosphonate SAMs on silicon oxide

Removing multilayers

The samples were immersed in different solvents and sonicated at 37 kHz.

Samples functionalized with PAanthrac:

1. 2x ethanol/toluene (1 : 1, 10 min)

2. ethanol for 20 min
Samples functionalized with PAC16:

1. 2% ethanol, 5 min
2. DI H,O/THF (10 : 3, 10 min)
3. DI H,0, 10 min

4. ethanol, 20 min

The samples are then dry-blown with N, and heated in an oven at 120 °C for Smin in N,

atmosphere.

D.2 Nanogap samples prepared by RIE etching

Pre-cleaning of samples

The samples were pre-cleaned by immersing them successively in the following solvents while

sonicating them for 5 min at 37 kHz respectively:

1. acetone

2. isopropanol

The samples were finally dry-blown with N, gas.

Pre-functionalization treatments
1. Basic piranha (5 : 1 : 1 ratio of H,O : NH4OH : H,0;, 10 min, 75 °C)
2. Thoroughly rinsing with DI H,O

3. Nj dry-blow

Functionalization by T-BAG process

The following T-BAG procedure and mutilayer removal procedure was repeated twice in case
of PAphenyl.

* PAphenyl: 20 uM in tetrahydrofuran (THF)

* Heating the samples in N, atmosphere at 140 °C for 24 h
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D.2 Nanogap samples prepared by RIE etching

Removing multilayers

The samples were successively immersed in different solvents and sonicated at 37 kHz. If

necessary, this procedure was repeated twice:

1. 2x methanol/THF (1 : 1, 5min)
2. isopropanol for 10 min

The samples were finally dry-blown with N, gas.
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