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Introduction
At the beginning of the current millennium, silicon nanowires (SiNWs) were brought
into focus of science as a promising candidate for future nanoelectronic devices [1].
By scaling down a metal-catalyzed silicon crystal synthesis procedure discovered in
the 1960’s [2, 3], a new way of assembling nanoscale silicon structures was developed
in the hope of advancing the miniaturization in electronics to follow the famous pre-
diction known as Moore’s Law [4]. Furthermore, the novel and unique synthesis of
the SiNWs even opened up an entirely new path in micro- and nanofabrication: the
bottom-up paradigm [5], which relies on self-assembly of silicon structures instead of
conventional top-down processing.

Up to now, this concept has been expanded on nanowires made of a wide variety
of other materials, including (only to mention a few) germanium, composite III-V and
II-VI semiconductors as well as many metals and insulating materials. Even regarding
only nanowires made of silicon, the reported applications span over for instance elec-
trical devices like field-effect transistors [6], (bio-)sensors for liquid [7–11] and gaseous
species [12, 13], to battery anodes [14] and solar cells [15, 16].

Although lots of SiNW-based devices were shown so far, there are still many per-
sisting research challenges even regarding fundamental aspects of SiNW growth and
bottom-up synthesis. Also, efficient integration of bottom-up synthesized SiNWs in
devices or in fabrication processes and the achievement of reproducible or predictable
properties remain an issue especially with respect to industrial production and subse-
quent commercial exploitation [17].

A promising scope of application for nanowires are sensing applications, as they
require only a smaller number of integrated nanowires than integrated circuits or even
processors [17, 18] as primarily targeted in the pursuit of Moore’s Law. Fabrication
of sensors, especially for the detection of chemical and biological species, is of great
interest throughout various scientific disciplines. The usage of nanowires as building
blocks for sensor devices makes use of their nanoscale size to achieve not only small
and portable devices for point-of-care diagnostics, but also allows interfacing of liv-
ing cells and the fabrication of sensors with low limits of detection [19–23]. For these
devices, the utilization of SiNWs bears the advantages that silicon is amongst the best
investigated materials for electronics; it is easily available, non-toxic, and there exists
already a large number of applications, that allow for the SiNWs partly a fallback on
already established methods and processes.

Despite the persisting challenges, their unique properties and their enormous po-
tential [24] already secured nanowires and related nanomaterials an interdisciplinary
position in today’s science.
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Objective and Content of the Thesis
This thesis pursues the objective to advance and enhance existing achievements made
in the field of nanowire-based sensing by studying new approaches for sensor design
aiming both at a facilitation of device assembly and at an expansion of their applica-
tion area. For that purpose, different technologies are combined to establish sensor
concepts that profit from the emerging synergies.

A combination of bottom-up nanowire synthesis and beam-induced material de-
position is investigated in order to make it useful for the assembly of silicon nanowire
(SiNW)-based sensing devices by circumventing certain obstacles in nanowire integra-
tion and device assembly. In particular, platinum (Pt) catalysts are chosen for SiNW
synthesis because of the opportunity to create Pt structures by beam-induced deposi-
tion. The feasibility of this approach is shown by using it successfully for the modifi-
cation of atomic force microscopy probes.

From the insights gained during the investigation of the underlaying Pt-catalyzed
SiNW growth mechanism, a second sensing application of Pt-catalyzed SiNWs is de-
rived in form of single nanowire electrode arrays. These arrays can be fabricated with
minimal technological effort by utilizing peculiarities of the Pt-catalyzed growth. Ad-
ditional to these device assembly strategies, the electrical properties and the sensing
abilities of the Pt-catalyzed SiNWs are determined.

Corresponding to existing SiNW-based lab-on-chip sensor designs, a silicon nano-
tube (SiNT)-based biosensing concept is investigated. Therefore, also the synthesis
of SiNTs from radial germanium/silicon heterostructures is studied. The synthesized
structures are characterized electrically and their eligibility as biosensor is examined.
In addition to the determination of their properties, a technological platform for the
integration of the SiNTs is designed that allows both individual electrical and fluidical
connections in an analyte flow-through configuration. The study on the suitability of
this approach is completed by a brief experimental study of fluidic transport in and
through SiNTs.

All approaches are unified by the ambition to make use of the respective silicon
nanostructures’ unique properties in sensing by simultaneously reducing the techno-
logical effort of the device assembly.

As the synthesis of nanowires and nanotubes depends strongly on process para-
meters, the appendix contains all relevant data to ensure and facilitate reproduction.
Also, as a significant part of the experiments involve steps of microfabrication, all rel-
evant processing details are listed and summarized there as well.
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Part I

State of the Art

1 Nanowire Synthesis

1.1 The Vapor-Liquid-Solid Growth Mechanism

The vapor-liquid-solid (VLS) growth mechanism was discovered and named by WAG-
NER and ELLIS in 1964 [2]. The terms vapor, liquid, and solid refer to the states of the
involved materials: a gaseous semiconductor precursor, a liquid metal-semiconductor
alloy, and a solid semiconductor structure as resulting object. It was used primarily
for the growth of microscopic silicon crystals, often referred to as silicon whiskers. In
1992, the growth of InAs nanowires using VLS method could be shown [25]. Five years
later, also the growth of silicon nanowires (SiNWs) was reported [26]. The publication
of MORALES and LIEBER in 1998 [27] led to a rapid increase in nanowire research [28].

Nowadays, VLS is the most commonly used synthesis method for self-assembled
semiconductor nanowires, as the process can be easily scaled since the diameter of the
synthesized crystals only depends on the size on primarily deposited catalyst particles
[29].1 In the last years, the VLS growth mode has been shown for a wide variety of
catalysts [30, 31] and nanowire materials like many of the II-VI and III-V compound
semiconductors [32] as well as for non-semiconducting materials like SiO2, Al2O3, and
many more [33, 34].

Basically, this process can be regarded as a localized and catalyst-driven adsorp-
tion of atoms from gaseous state. For a given catalyst/nanowire material system, there
are many ways how a VLS growth can be achieved, mainly differentiated by the way
providing the gaseous precursor: chemical vapor deposition (CVD), molecular beam
epitaxy, laser ablation, or annealing in a reactive atmosphere. An overview of the dif-
ferent methods and their intrinsic advantages and disadvantages for SiNW synthesis
can be found in two review articles by SCHMIDT et al. [31, 35].

Synthesis of SiNWs with the CVD method and gold as catalyst corresponds to the
first experiment of WAGNER and ELLIS [2] and is still frequently used [31]. It describes
well the fundamental mechanics that are applicable to both the CVD Pt-catalyzed
SiNW growth described in chapter II and the CVD SiNT synthesis involving germa-
nium nanowires (GeNW) in chapter III. Therefore, it will serve as an example for the
explanations throughout this chapter.

Figure 1.1 depicts a schematic of the VLS growth process. As substrate, pristine

1 Normally, the term nanowire defines a high aspect-ratio structure with a diameter below 100 nm,
but for the sake of convenience the term will be used in this work also to describe structures with larger
diameters of up to 250 nm. However, nanowires with a diameter that exceeds 100 nm can not be treated
as one-dimensional structure anymore.
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(111)-Si is assumed. The first step shows the formation of a liquid AuSi eutectic out of
a previously deposited Au colloid (Fig. 1.1, step 1). A gaseous silicon precursor, for ex-
ample monosilane (SiH4), is introduced in the reactor at a temperature equal or higher
than the respective Au-Si eutectic temperature of 363 °C [36]. The corresponding phase
diagram of the Au-Si material system is shown in Fig. 1.2 a. By thermal cracking of
silane [37], silicon from the gas phase dissolves in the gold catalyst under the release of
hydrogen (H2) forming a Au-Si alloy [3]. Once this alloy supersaturates, the silicon be-
gins to precipitate at a crystallographic step at the liquid-solid interface (Fig. 1.1, step 2)
[3, 38]. This reaction comprises three kinetic steps whose combination establishes the
SiNW growth rate: the silane decomposition at the surface (R1), the diffusion of silicon
through the catalyst alloy (R2), and the precipitation of Si at the growth interface (R3)
[38]. Once one layer of Si has been formed at the interface by rapid ledge propagation
[39], a new nucleus is formed at the triple phase boundary (Fig. 1.1, step 3). For SiNW
with diameters larger than 25 nm, the favored growth direction is <111> and so the
newly formed SiNW will maintain the crystal orientation of the (111)-Si substrate by
growing epitaxially [38].

Figure 1.1: Schemtaic of the VLS growth mechanism. (1): A gold catalyst particle forms a
Au-Si alloy with Si provided by a gaseous precursor. (2): Once the alloy oversaturates, excess
Si begins to precipitate at the liquid/solid interface. (3): Continuous precipitation leads to the
growth of a SiNW. (4): Si deposition from thermally cracked gas molecules leads to tapering of
the SiNW stem. Based on [30, 38].

For (111)-Si, this leads to the growth of vertically aligned SiNWs (Fig. 1.2 b). Usage
of other substrates will result in SiNW growth under the angles between <111> direc-
tion and the respective substrate orientation, like for instance an angle of 54.7° in case
of a (100)-Si substrate [40]. Notably, the commonly present native Si oxide layer has
to be removed from the substrate prior to the SiNW growth. Otherwise, establishing
an epitaxial relationship between nanowire and substrate is not possible due to the
amorphous structure of the silicon oxide.
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Figure 1.2: (a): The Au-Si phase diagram (source: [36]). The system has one eutectic point at
363± 3 °C and 18.6± 0.5 at.% Si in Au. (b): Gold catalyzed SiNWs grown vertically on their
(111)-Si substrate. The spherical Au caps of the SiNWs appear brighter than their Si stems. A
dewetted 5 nm layer of Au was used as catalyst (image provided by S. Jäger, Ulm University).

During the entire growth procedure, the catalyst droplet stays on top of the nano-
wire and defines its diameter [38]. The growth of high-aspect-ratio SiNWs occurs be-
cause of a higher reactive sticking probability of the precursor gas on the catalyst sur-
face than on the substrate [41]. Adsorption of gaseous silicon to the sidewalls of the
SiNW can increase the diameter subsequently. Most of the silicon adsorbs to the oldest
parts of the SiNW, which are located at the bottom of the SiNW, resulting in a cone
shape of the SiNW (Fig. 1.1, step 4). This phenomenon is called tapering.

The degree of tapering depends on catalyst type, precursor gas, and growth condi-
tions. Au-catalyzed SiNWs grown from silane are usually only slightly tapered [35],
but other material systems can exhibit stronger tapering of the SiNW, which then can
often be suppressed by a lowering of the growth temperature [42, 43]. Incorporation
of catalyst material in the nanowire during the growth causes also tapering, as the di-
ameter of the catalyst droplet decreases continuously [44]. This is reported to happen
especially at higher growth temperatures between 750 °C and 850 °C [44].

The main parameters influencing the SiNW growth are the growth temperature Tg,
the growth time tg, and the precursor gas partial pressure px, where x denotes the
respective gas molecule.2

2 Please note that all partial pressures in this work are determined according to Dalton’s Law founded
on the assumption of ideal gases [45].
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1.2 Other Types of SiNW Synthesis

Besides the standard VLS method, there are other ways also leading to nanowire syn-
thesis. In the following, three of them are explained more in detail.

Vapor-Solid-Solid Growth

Vapor-Solid-Solid Growth (VSS) and VLS are similar in many aspects [28]. As the
name indicates, the catalyst in VSS growth remains solid instead of liquid resulting in
growth temperatures below the respective eutectic points. Compared to VLS growth,
the growth rates are lower as the silicon diffusion through the solid catalyst is slower
than through a liquid one.

Sub-eutectic Nanowire VLS Growth

Not for all types of VLS growth, a growth temperature above the eutectic point is
needed. GeNW growth is often reported for temperatures far below the Au-Ge eutectic
point [46–48]. Contrary to VSS growth, the catalyst in sub-eutectic VLS growth may
become liquid, depending on the process procedure and parameters like the precursor
gas partial pressure [48].

The bulk eutectic temperature of the AuGe-system is 360 °C and therefore close to
the eutectic temperature of the Au-Si system. The respective phase diagram is depicted
in Fig. 1.3 a. For colloidal gold, the eutectic temperature becomes lower for smaller
colloid diameters and is reported as 349 °C for 40 nm Au colloids and 318 °C for 10 nm
Au colloids [47]. Nevertheless, ADHIKARI et al. report GeNW VLS growth at 250 °C
and a germane partial pressure pGeH4 of 1.38 mbar. A growth of Au-catalyzed SiNWs
at comparable parameters is not possible.

Calculations of the chemical potential of germane in gaseous state, catalyst, and
nanowire lead to the assumption that the Au-Ge alloy remains liquid for tempera-
tures below the eutectic point, if the germane partial pressure is high enough [47].
This GeNW growth can be distinguished as VLS growth because its growth rates are
much higher than the growth rates expectable for VSS growth. As an other reason for
sub-eutectical VLS growth, the lower decomposition temperature of approximately
280 °C for monogermane is discussed, as it is below the eutectic point whereas the de-
composition temperature of monosilane is with around 600 °C more than 200 K above
the respective Au-Si eutectic temperature [30]. GeNWs grown at Tg = 305 °C and
pGeH4 = 8 mbar are shown in Fig. 1.3 b.
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Figure 1.3: (a): The gold-germanium phase diagram. Although the course of the liquidus
line and the eutectic temperature are similar to the Au-Si system, GeNW can be grown at
significantly lower temperatures (source: [49]). (b): GeNWs grown from randomly distributed
50 nm Au colloids on a silicon substrate. Due to the native oxide layer on the substrate, there
is no epitaxial relationship and the GeNWs grow under arbitrary angles.

Top-down Etching

Instead of bottom-up, nanowires can be synthesized also by common top-down tech-
nologies, for example by using a mask and an anisotropic etching step like reactive
ion etching [50] or crystallographic orientation-dependent wet etching techniques [10].
Unlike in VLS synthesis, the obtained nanowires can be either vertical [50] or horizon-
tal [10, 51] with respect to the substrate surface. In contrast to the bottom-up nano-
wires, top-down fabricated are made out of the substrate material. The advantages of
these top-down etched nanowires are their uniformity in size and the ability to scale
the synthesis process easily on wafer level. Also, electrical contacts can be added with
less technological effort to horizontally etched nanowires than to as-grown vertical
nanowires like it has been shown for instance by SCHMIDT et al. [52] or GOLDBERGER

et al. [53]. However, due to the need for an etching step, the fabrication of high aspect-
ratio structures is more difficult than with bottom-up growth. Also, the fabrication of
axial and radial heterostructures, like pn-junctions or core/shell structures, becomes
more complex and is handicapped by the materials that are available as wafer or thin
film substrates [54]. If bottom-up synthezised nanowires are transferred from their
growth substrate to a device substrate, electrical contacting can be achieved equally to
horizontal nanowires from top-down fabrication.
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1.3 Catalyst Patterning and Localized Growth

Bottom-up nanowires grow obviously at the place of the catalyst particle. The previ-
ously shown, vertical SiNWs (Fig. 1.2 b) were grown from a Au thin film. During heat-
ing to the growth temperature, the Au layer dewets into separated droplets of varying,
log-normal distributed diameters which results subsequently in the growth of SiNWs
with equally varying diameters. This variation can be circumvented by using colloidal
gold nanoparticles exhibiting a more narrow size distribution as catalyst, as shown for
the GeNW growth in Fig. 1.3 b.

However, for many applications, it is desirable not to grow nanowires all over a
substrate, but to confine the growth to selected areas. There are various techniques re-
ported, which address this issue leading to a localized growth of nanowires. The most
straight forward one is patterning of the catalyst material which restricts the growth
of nanowires due to the localized availability of the catalyst. As a result, nanowires
that are grown from those catalyst even maintain its pattern and are therefore grown
exclusively where the catalyst material was deposited. Common techniques of catalyst
patterning reported so far include:

Photo-, Electron-beam, and Nanoimprint Lithography

Lithography is the standard procedure in microfabrication for patterning. Both photo-
and electron-beam lithography enable arbitrary patterning of a photoresist layer. Due
to this resist layer, these techniques are restricted to planar substrates, as, in most
cases, the resist layer is created by spin-coating of a resist/solvent mixture prior to
solvent evaporation. Very small substrates as well as substrates that exhibit a dis-
tinct surface texture are hardly accessible for resist spin-coating. This is also valid for
nanoimprint lithography, where a stamp is used to pattern a mold layer on the sub-
strate surface. Then, in combination with an etching step, highly ordered nanowire
arrays can be grown from catalysts patterned by nanoimprint lithography [55]. Be-
sides the restriction arising from the resist or mold layer, respectively, especially photo
and nanoimprint lithography are capable of creating large-scale nanowire arrays with
a high through-put [56].

Nanosphere Lithography and Masking by Porous Material

Nanosphere lithography describes the process of self-organization of spherical sub-
micrometer particles, like silica or polystyrene spheres, into an ordered monolayer [56].
These monolayers can be used as shadow masks for catalyst metal deposition. Similar
deposition results can be achieved using a layer of porous material like for instance
alumina [57, 58]. However, for both techniques, an arbitrarily shaped deposition is not
possible as the amount of achievable patterns is restricted by the size distribution of
the spheres or the properties of the porous material, respectively.
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Manipulation of Catalyst Nanoparticles

Catalyst nanoparticles can be brought easily to the surface of the substrate, for example
in form of a suspension. By rearranging these particles with an atomic force microscope
(AFM), individual patterns can be created as reported for example by OHLSSON et al.
[59]. The growth location of single nanowires can be chosen with the accuracy of AFM
without being restricted to certain substrates. The main drawback of this technique is
its large expenditure of time that limits the output of readily assembled nanodevices
[56].

Other Types of Growth Localization

Other approaches aiming for patterned nanowire growth have to localize any other
aspect of the growth procedure, for instance the temperature by heating only the areas
where nanowires should grow. This was realized for instance by either using a laser for
heating [60] or growing nanowires on a resistor structure, which was heated electrically
while the rest of the substrate was kept cold [61]. These procedures require either
sophisticated growth reactors in the case of using a laser or a pre-processing of the
growth substrates through fabrication of resistor structures. Despite this effort, both
approaches are capable of growing arbitrarily shaped arrays of bottom-up nanowires.

1.4 Platinum as a Catalyst for SiNW Growth

The usage of Pt as catalyst material for vapor-liquid-solid (VLS) synthesis of silicon
nanowires (SiNW) can be traced back to the mid 1960’s being among the first mate-
rials discovered as catalyst for VLS growth [2]. Surprisingly, up to now, the number
of publications concerning Pt catalysts is still rather limited, although Pt may exhibit
some advantages compared to the most frequently used Au catalyst. For example, Pt-
catalyzed SiNWs provide an extended diameter range, in which they grow in <110>
instead of a <111> direction, making them interesting for studies that require differ-
ently oriented SiNWs, like for instance reported by [62]. It is also discussed that Pt
forms less near-midgap traps in silicon than Au making it potentially advantageous
for a usage in microelectronics [63, 64].

The reason for the small number of publications concerning Pt-catalyzed SiNW
growth might be found in the Pt-Si phase diagram: compared to Au-Si, it is more
complex exhibiting several silicide phases of different compositions and three eutectic
points (Fig. 1.4). Regarding the eutectic points of the phase diagram (842 °C at 22 at.%
Si in Pt, 1008 °C at 39 at.% Si in Pt, and 974 °C at 65 at.% Si in Pt), it is obvious that
Pt-catalyzed SiNW growth must take place potentially at significantly higher synthe-
sis temperatures than an Au-catalyzed process. Such high synthesis temperatures are
certainly a disadvantage, as they limit the amount of available growth substrates to
materials that can withstand these elevated temperatures.
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Figure 1.4: The Pt-Si phase diagram. It comprises three eutectic points: 842 °C at 22 at.% Si
in Pt, 1008 °C at 39 at.% Si in Pt, and 974 °C at 65 at.% Si in Pt. The most silicon-rich silicide
phase PtSi has a melting point of 1232 °C (source: [65]).

Table 1.1 summarizes previously published studies on Pt-catalyzed SiNW growth
specifying the Pt catalyst configuration, growth conditions, and the resulting SiNW
morphologies of each study. Besides differences in sample preparation and growth
conditions in the listed studies, also the complexity of the Pt-Si phase diagram as well
as the strongly ambient-dependent Pt silicide formation might cause the partially in-
consistent results in SiNW growth.
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Year
Pub-
lished

Pt Catalyst
Preparation

Diameter and
Growth Direction

Growth
Temperature

Precursor
Gas

Ref.

1964 particles 100 nm to 200 nm;
<111>

950 °C SiCl4 / H2 [2]

1975 N/A 100 nm to 1 µm;
<111>

900-1200 °C SiCl4 / H2 [66]

2006 thin film 30 nm; <100> 500-700 °C SiH4 / H2 [64]
2006 thin film 50 nm to 350 nm;

<110>
900 °C SiCl4 [62]

2007 9.3 nm colloids 10 nm; <111> 805 °C SiCl4 / H2 [67]
2008 5 nm thin film 100 nm; N/A 1000 °C SiCl4 / H2 [68]
2010 galvanic 20 nm to 40 nm;

<110> and >100 nm;
<111>

970 °C SiCl4 / H2 [69]

2011 30 nm particles N/A 1050 °C without gas
usage

[70]

Table 1.1: Overview on publications reporting Pt-catalyzed SiNW growth. The Pt catalyst
preparation method, the reported SiNW diameters with their respective crystal growth direc-
tion, the growth temperature, and the precursor gas composition are listed. N/A means that the
respective information is not available.

The lowest reported growth temperature is 500 °C with a growth rate of 5 nm/min
in a VSS process [64]. The majority of experiments was done in a temperature range
between 700 °C and 1000 °C using either SiCl4 or SiH4 as precursor gas (see Table 1.1).

1.5 Nanowire Transfer and Integration

One of the persisting challenges for the usage of bottom-up grown nanowires in func-
tional devices, is their proper and reliable integration into a working device [71]. Basi-
cally, there are two different methods for integration: “growth-and-place” and “growth-
in-place” [54]. For growth-and-place, the nanowires have to be removed from their
growth substrate without being destroyed and transferred to the device substrate.
This transfer can be done for instance by transfer of a solvent with suspendend nano-
wires. Such a nanowire suspension can be created for example by ultrasonication of
the growth substrate immersed in a solvent like water or isopropyl alcohol. The ultra-
sonication causes a release of the nanowires from their substrate to the solvent. The
solvent containing the released nanowires can than be dropped on a device substrate.
After evaporation of the solvent, the nanowires are arranged randomly on the surface
of the device substrate (Fig. 1.5 a). The advantage of this method is its simplicity and
the possibility to adjust the nanowire density, either by repeating the deposition to in-
crease the number of nanowires on the substrate or to reduce it by further dilution of
the suspension. An intrinsic disadvantage of this method is the random orientation
of the nanowires on the device substrate. In principle, this can be overcome by com-
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bining this transfer technique with some nanowire alignment strategies like shown for
instance by the use of dielectrophoresis [72–74]. However, as additional electrodes are
needed for dielectrophoresis and by the fact that nanowires align in between two of
those electrodes (Fig. 1.5 b), this strategy is not suitable for all types of application.

Another transfer technique is the so-called contact printing, where the growth sub-
strate is brushed over the device substrate in order to shear off the nanowires [75, 76]
(Fig. 1.5 c). Contact printing can be enhanced by modifying the device substrate with
photoresist [77] or metal structures [78] that lead to localized precipitation of the nano-
wires. Nevertheless, all growth-and-place methods still lack the precision for large-
scale assembly and for future mass production of devices based on single nanowires
as discussed in Ref. [54].

(a)

(b)

(c)

ultrasonication

Figure 1.5: Schematic depicting different growth-and-place techniques. (a): Suspension trans-
fer. Nanowires are suspended into a solvent and transferred to a device substrate. After evapo-
ration of the solvent, the nanowires are randomly oriented. (b): Dielectrophoresis. By applying
alternating current between the contact pairs, the nanowires align in between them. (c): Con-
tact printing. The growth substrate is pressed on the device substrate and moved parallel to
it. The nanowires are sheared off the growth substrate and arrange in parallel on the device
substrate.
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On the other hand, growth-in-place describes a group of methods, where the nano-
wires are grown directly at specific locations on the growth substrate making a nano-
wire transfer unnecessary. A very basic way to localize any nanowire growth is the use
of the aforementioned catalyst patterning techniques. By growing nanowires directly
at the point of their intended use, subsequent steps of nanowire integration become
obsolete. The main issue with these as-grown nanowires is their subsequent electrical
contacting, as fabrication of metal contacts to 3-dimensional structures remains diffi-
cult using standard microfabrication techniques [52, 79]. By respective modification
of the substrate, it is possible to grow bottom-up nanowires parallel to the surface to
facilitate their electrical integration [80, 81].

In summary, a wide variety of techniques for nanowire integration with and with-
out transfer have been investigated so far. However, up to now none of them is ca-
pable of reaching the precision, scalability, and the yield of common top-down fabri-
cation techniques that are required for industrial applications [54]. Consequently, the
effective integration of nanowires still remains one of the persisting challenges in this
research field.
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2 Electrical Properties of Nanowires

2.1 Nanowires as Field-Effect Transistors

The basic idea behind the nanowire sensing concept is their use as nanowire field-effect
transistors (NWFETs). Principally, they can be used in the same manner as conven-
tional field-effect transistors (FETs). Three different ways of gating a NWFET and the
operational mode of a NWFET as ion-sensitive field-effect transistor (ISFET) are shown
in Fig. 2.1. For a top-gated NWFET (Fig. 2.1 a), the gate potential is applied at a metal
top gate contact located on top of the gate region between drain and source contacts
in analogy to planar FET devices. Also, for a back-gated NWFET, the metal contact is
located at the backside of the structure (Fig. 2.1 b). Instead of using a metal contact, the
gate voltage can be applied also by using an electrolyte and an electrode as liquid top
gate (Fig. 2.1 c) [82]. Also, a combination of such a liquid top gate with a metal back
gate has been shown [83].

Similar to classic ISFET configuration (Fig. 2.1 d), the gate potential can be also in-
duced by a change in the chemical potential at the surface instead of applying a gate-
source voltage VGS at a gate contact. In contrast to the aforementioned liquid top gate
configuration, the additional insulating layer is not protecting the gate area from being
exposed to the electrolyte solution.

Figure 2.1: Schematic depicting three different ways of NWFET gating. (a): Top gating. Between top
gate contact and nanowire has to be an insulating layer (gate oxide). (b): Back gating. The gate contact
is located at the backside of the substrate. (c): Liquid gating. Instead of a metal contact, an electrolyte
and an electrode are used to apply a gate potential. The gate area as well as the source and the drain
contacts must be insulated from the electrolyte. (d): ISFET configuration. Unlike for liquid gating, the
electrolyte is not insulated from the gate area. Instead of a gate voltage, drain current ID is varied by the
electrolytes pH value. Electrolyte potential is kept constant at Eref using a reference electrode.

The linear region of a MOSFET is defined as the operational mode, in which

VGS ≥ Vth and (VGS −Vth) > VDS (2.1)

with VDS denoting the drain-source voltage and Vth the threshold voltage. In this linear
region, the drain current ID can be calculated as

ID = C�
oxµ

W
L

[
(VGS −Vth)VDS −

1
2

V2
DS

]
(2.2)
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where C�
ox is the oxide capacity per unit area, µ is the charge carrier mobility, and

W and L are the width and the length of the channel, respectively [84].
For an ISFET, equation 2.2 is also valid, and the ISFET threshold voltage Vth can be

written as
Vth = Eref − ψ + χsol −

ΦSi

q
− (Qox + Qss + QB)

C�
ox ·W · L

+ 2φF (2.3)

with the constant reference electrode potential Eref, the pH-dependent interfacial
potential ψ, the constant surface dipole potential of the solvent χsol, the silicon work-
function ΦSi, the accumulated charges in the oxide Qox, at the oxide-silicon interface
Qss, the depletion charge in silicon QB, and the Fermi-Potential φF [84, 85]. Combining
equations 2.2 and 2.3, one obtains

ID = C�
oxµ

W
L

[(
VGS − Eref + ψ− χsol +

ΦSi

q
+

Qtot

C�
ox ·W · L

− 2φF

)
VDS −

1
2

V2
DS

]
(2.4)

with the sum of charges Qtot = Qox + Qss + QB [86]. Equation 2.4 shows all de-
pendencies of ID. Without applying a gate voltage VGS, and holding constant Eref and
VDS, drain current ID depends only on the pH-dependent interfacial potential ψ when
assuming that all charges Qtot are also constant. Therefore, an ISFET can be used as a
pH-sensor device [84].

It is to mention that these equations were deduced for planar FETs significantly
larger than NWFETs and that they do not cover any phenomena related to the nano-
scale. For instance, the equations could be amended by using a size dependent mobil-
ity µ to include effects like charge carrier surface scattering. Besides that, they remain
principally valid also for NWFETs and show nicely the basic dependencies and the
influence of the respective quantities.

2.2 Sensing with Nanowires

Silicon Nanowires can be used as ISFETs in the same way as planar transistors and their
behavior can be described correspondingly using 2.4. A SiNW sensor used for pH-
dependent measurements is shown in Fig. 2.2 a. The entire sample including source
and drain contacts is passivated and insulated by a silicon nitride layer, only a part of
the gate region between source and drain remains uncovered. The exposed part of the
SiNW appears brighter in SEM than the surrounding silicon nitride (Fig. 2.2 b).
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Figure 2.2: (a): Schematic of a SiNW-based ISFET. The green areas symbolize an insulating
material separating source and drain contacts from the liquid droplet. (b): SiNW with two
metal contacts embedded in a silicon nitride passivation. The silicon nitride at the gate area
of the SiNW has been removed. The bare SiNW appears brighter than the surrounding silicon
nitride. When exposed to an electrolyte, the SiNW works as an ISFET and could be used for
instance as a pH-sensor.

If a constant VDS is applied and the SiNW sensor is exposed to liquids with different
pH values, the drain current depends exponentially on the pH value [7]. The exponen-
tial dependence is originated in the definition of the pH, as it is already a logarithmic
measure of ion concentration, which physically influences the surface potential. Like
reported by CUI et al., this exponential sensor response behavior can be altered by us-
ing an appropriate chemical functionalization of the SiNW surface resulting in a linear
ID dependency of the SiNW-based ISFET [7].

2.3 AFM Probe Tip Modification

Atomic force microscopy (AFM) has advanced to an indispensable and versatile tool
in numerous scientific disciplines as it is can be used for imaging and a wide variety
of measurements at the same time. One special field of interest is the fabrication of
cantilevers with a tip aspect ratio as high as possible [87]. Hereby, the aspect ratio is
defined as the length of the tip divided by its width. A high aspect ratio tip is beneficial
for measurements performed on samples that exhibit high-aspect ratio structures on its
surface like deep trenches used for example as optical gratings.

Approaches to fabricate these high-aspect ratio tips involve for instance manual
attachment of carbon nanotubes [87, 88], direct growth of carbon nanotubes on AFM
probes [89–91], manual pick-up of diamond nanowires [92], or tungsten nanowire for-
mation using a field-emission process [93]. Also SiNWs have been grown on tipless
cantilever beams by using Au-catalyzed VLS growth [94].
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2.4 Nanowire Electrode Arrays

Nanoscale electrode arrays can be used to record and stimulate the activity of sin-
gle cells combining intracellular measurements using nanoelectrodes with the scala-
bility of extracellular microelectrode arrays [95]. Furthermore, arrays based on silicon
nanostructures have been used successfully for drug delivery into living cells [96–99].
For intracellular measurements, nanoscale electrodes are required [100, 101], whereas
solely extracellular stimulations or measurements can be performed using arrays of
larger electrodes (with a diameter of several hundreds of nanometers) [102, 103]. Fig-
ure 2.3 shows two examples of vertical nanowire electrode arrays (VNEA) illustrating
both their appearance and their application.

Figure 2.3: (a): Optical image showing multiple pads with five platinum nanopillar electrodes
as shown in (b). Insulation is provided by a silicon nitride layer which is protruded by the
platinum nanopillars as depicted in the inset. (a) and (b) source: [100].
(c): VNEA of nine silicon nanowires. False coloring shows the metal coated tips as gray and
the silicon dioxide insulation layer as blue. The scale bar is 1 µm. (d): Rat cortical cell (false
color green) on the VNEA (false color blue) and SiNWs interfacing the cell membrane (inset).
Both scale bars are 2.5 µm. (c) and (d) source: [101].

Besides using metallic electrodes like platinum nanopillars (Fig. 2.3 a and b) [100],
these arrays capable of intracellular measurements have also been fabricated using
SiNWs [101]. For approaches that perform intracellular measurements by using one
single nanostructure instead of an array, also kinked SiNWFETs [104, 105] and silicon
nanotubes [106, 107] were used successfully.

To achieve the best flexibility for applications in science and research, electrode ar-
rays should comprise both nanoscale electrodes with individual electrical contacts and
scalable, arbitrarily large arrays. However, the reported devices either lack individual
contacting of the electrodes [96–99], or, if individually contacted, the ability to pene-
trate a cell [102, 103], or the device assembly involves serial production techniques like
focused ion-beam (FIB) [100] or electron-beam lithography [101], which affect scalabil-
ity adversely.
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3 Silicon Nanotubes and Fluidics

3.1 From Silicon Nanowires to Nanotubes

One part of this thesis deals with the investigation of the idea to expand the SiNW
sensor concept on hollow silicon nanowires, so-called silicon nanotubes (SiNTs). Just
like nanowires, SiNTs are intended to be implemented as ISFETs, but with the addition
of constraining the fluid under test3 to their inner cavity. Although the gate region is
now at the inner surface of the tube, the basic mechanism of operation remains the
same. A schematic of the proposed SiNT-based ISFET is depicted in Fig. 3.1. Instead of
the depicted sensing process involving selective analyte binding and immobilization,
also a non-specific pH measurement is possible like shown previously for the SiNWs.

Figure 3.1: Schematic of a SiNT-based ISFET sensor. (a): A silicon nanotube with two exter-
nal contacts (source and drain) and a functionalized inner surface is filled by a fluid containing
specific analytes. (b): After purging the nanotube, the binding of the analytes to the function-
alization molecules immobilizes them at the inner wall and changes the surface potential of the
gate region and therefore the drain current (image provided by S. Strehle, Ulm University).

SiNTs share some of the advantages of SiNWs like their easy bottom-up fabrication
with high and tunable aspect ratios, their easy integration in common silicon electron-
ics, and the compatibility to well-known silicon technology including processing tech-
niques and chemical surface modifications. Due to their hollow nature, they exhibit
some additional advantages for the usage as biosensors:

• due to their small inner cavity, they give access to minimal sample volumes and
offer a larger surface-to-volume ratio,

3 The term “fluid” is used in this thesis to refer substances in both gaseous and liquid state. Nev-
ertheless, the exeriments and the microfluidic set-up as well as the chip design are made for liquids
only.
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• with two open ends, they can be used as flow-through devices allowing the ex-
change of the fluid inside,

• in an ISFET configuration, SiNTs directly transduce properties of the fluidics into
electronics and can be used as an interface between (bio-)chemical systems and
integrated circuits [108],

• as they are made of silicon, the silicon dioxide formed at their inner walls has the
potential to insulate the semiconducting silicon part from the fluid. Furthermore,
silicon dioxide is already hydrophilic and can be further functionalized using
standard and established methods,

• SiNTs are 2D-nanochannels, as both axes of the cross section are in the nanometer
region making them interesting as a basis for the investigation of nanofluidic
behavior in general [109].

Unfortunately, the major drawbacks of efficient and reproducible transfer and inte-
gration of SiNWs still apply for SiNTs. Reported usage of SiNTs include SiNTs with
electrical contacts mounted on cantilevers fabricated out of SU-8 for a use as intracellu-
lar sensors [106]. With the upward bended cantilevers, the action potentials of beating
cardiomyocytes could be recorded. Other reported applications of SiNTs is their use as
anodes for lithium-ion batteries [110, 111].

An interesting experiment proving that both a functionalization of an inner sur-
face and molecular transport through nanotubes are possible, was reported by LARD

et al. [112], who used Al2O3 nanotubes with an inner diameter of 80 nm and a myosin
functionalization to successfully transport actin molecules through the cavity. The ob-
served transport was one order of magnitude faster than what could be expected from
a transport driven by diffusion only. However, an electrical read-out or an operation
as FET is not possible as Al2O3 lacks the semiconducting abilities of silicon.

3.2 Synthesis of Silicon Nanotubes

There are several techniques available for SiNT synthesis both with and without sacri-
fical templates serving as a frame for a silicon shell growth [113]. Template-free SiNTs
have been grown directly, for example on porous alumina [114, 115]. SiNT growth
with a sacrificial template includes the growth of coaxial core/shell structures, which
can be achieved by growing first a nanowire and then overcoat it by shell material de-
position [116]. By removal of core material covered by Si, a SiNT can be formed by the
persisting Si shell material. Core/shell structures for SiNT synthesis can be realized
either as homostructure, where both the core and the shell are made of Si (i.e. Si/Si
core/shell structure like described for instance in [15]) or as heterostructure, where
the core is made of a different material than the Si shell. The latter one bears the ad-
vantage that the core removal can be done using material-selective etching to avoid
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damage to the Si shell. A feasible realization is the usage of a GeNW as core yield-
ing Ge/Si core/shell structures [108, 117–119]. As pointed out before, GeNWs can be
grown in VLS-mode, so that the size of the utilized catalyst particles determines the
GeNW diameter and therefore the inner diameter of the SiNT. Also the shell thickness
simply depends on the duration of the Si CVD. Additionally, a shell grown around a
monocrystalline GeNW core has a smooth inner face and can be doped directly during
CVD by dopant gas admixture. Hydrogen peroxide (H2O2) is a suitable etchant for
core removal because of its high etch rate for Ge and its nearly zero etch rate for Si
[120] enabeling a high selectivity.

Just as SiNWs, SiNTs can be produced in large quantities with this method allowing
a fallback on the same catalyst patterning and integration strategies used for SiNWs. In
priciple, SiNT could be fabricated also using other materials for the core. However, for
this work, germanium is a good choice, as both the GeNW growth and the subsequent
Si CVD can be conducted in the available reactor.

3.3 Diffusion Laws

One possible transport mechanism through a SiNT is diffusion. For description of
diffusion that occurs to reduce a present concentration gradient, three-dimensional
Fick’s second law with isotropic diffusion coefficient

∂ci

∂t
= Di∇2ci (3.1)

can be used, with ci denoting the concentration, t the time, Di the isotropic4 diffu-
sion coefficient. Solving this equation, one obtains for the concentration in dependence
of time t and distance x [45]

ci(t, x) =
c0

8 (πDit)
3
2
· exp

(
−x2

4Dit

)
(3.2)

with c0 denoting the maximal ion concentration at x = 0. The diffusion coefficient
Di can be written as

Di =
kBT

6πηR0
(3.3)

comprising the Boltzmann constant kB, temperature T, the solvent viscosity η, and
the hydrodynamic ion radius R0 of the diffusing species [45].

4 An isotropic diffusion coefficient has an equal value in x, y, and z direction.
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3.4 Conductance of Electrolytes and Ionic Strength

By measuring the conductance of an electrolyte, its ion concentration can be deter-
mined. In analogy to a solid state resistor, the resistance Re of an electrolyte sample
measured in between two contacts is given by

Re =
1
κ
· l

A
(3.4)

where l is the length of the sample, A its respective cross-sectional area, and κ the
specific conductance (or conductivity) of the electrolyte which can be rewritten as

κ =
l

Re · A
=

C
Re

(3.5)

introducing the cell constant C = l
A . Both cations and anions contribute to the

specific conductance in dependence on their respective charge and their concentration.
To address the latter, the molar conductivity

Λm =
κ

c
(3.6)

can be introduced with molar concentration c of the electrolyte. The molar conduc-
tance depends on the concentration of the electrolyte and their degree of dependence
separates electrolytes in two classes: strong and weak electrolytes. For strong elec-
trolytes, the molar conductivity at small concentrations is described by Kohlrausch’s
Law as

Λm = Λ0
m − K

√
c (3.7)

with the limiting molar conductivity Λ0
m and an empirical constant K. Note that

the molar conductance decreases for increasing concentrations. Λ0
m can be expressed

as the sum of the contribution of all ions in the electrolyte

Λ0
m = ν+λ+ + ν−λ− (3.8)

where ν+ and ν− express the number of cations and anions which are present in a
molecule of the electrolyte (i.e. NaCl: ν+ = ν− = 1) and λ+ as well as λ− the limiting
molar conductivity of cations and anions, respectively. [121]

The ionic strength of an electrolyte is defined as

I =
1
2∑

i
z2

i mi (3.9)

comprising the sum of all types of ions i in the solution, each with a charge number
of zi and a molality mi, respectively. For an electrolyte consisting of two types of ions
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at molalities m+ and m−, eq. 3.9 can be written as

I =
1
2

(
m+z2

+ + m−z2
−

)
. (3.10)

3.5 The Electrical Double Layer

In order to describe the behavior of an ionic solution in a nanochannel like a SiNT, the
phenomenon of electrical double layer formation must be considered. An electrical
double layer appears in all aqueous solutions being in contact with a charged surface.
In nanofluidics, the properties of the fluid are mainly determined by this layer, if the
size of the fluid confining cavity is in the range of the double layer’s thickness. It
is called double layer, because it was originally describing two layers of charges: the
surface charge of the wall and a layer of ions charged oppositely to the surface, which
are tightly bound to it, named the Helmholtz plane [121]. However, it does not consist
of immobilized counter ions only, there are diffusive ions in the liquid as well. In
nanochannels, both layers contribute differently to the channel’s conductance.

The thickness of the entire double layer is in the range of the Debye length λD,
which can be calculated as

λD =

√
εrε0kBT
2ρNAe2 I

, (3.11)

comprising the relative permittivity εr, the vacuum permittivity ε0, Boltzmann con-
stant kB, temperature T, electrolyte density ρ, Avogadro constant NA, elemental charge
e, and the ionic strength I of the electrolyte [121]. The Debye length describes the dis-
tance in which the surface is screened from electrostatic interactions in the solution or,
in other words, when the liquid has a net neutral charge. For instance, assuming a com-
pletely dissociated (1,1)-electrolyte (z+ = 1 and z− = −1) with m+ = m− = 1 mol/kg,
εr = 78.545, and ρ = 1 kg/L, one obtains at T = 25 °C a Debye length of λD ≈ 0.3 nm
using eqs. 3.10 and 3.11. Assuming a lower molality of m+ = m− = 0.01 mol/kg and
keeping all other values constant, the Debye length extends to λD ≈ 3 nm.

As charge neutrality is required, the number of counter ions in the liquid depends
on the surface charge inside the channel. This is analog to a FET, where the channel
conductance depends on the gate charge [122]. In a nanochannel, it is also possible to
modulate the conductance by changing the surface charge, for example by silica sur-
face charge neutralization [123] or gate electrodes [124]. This means that inside a SiNT
with a radius in the range of the Debye length, the ionic concentration in the SiNT can
be modified using an external gate voltage and the ionic solution is charged. If the
dimensions inside the SiNT are several times larger instead, the ionic concentration
cannot be influenced significantly by applying a gate voltage and most of the solution
inside the SiNT is neutral. In a nanochannel, the number of counter ions is much higher
than the number of co-ions. CORRY et al. found out that both Poisson-Boltzmann

5 A relative permittivity of εr = 78.54 corresponds to the relative permittivity of water at 25 °C [121].
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and Poisson-Nernst-Planck continuum theories largely overestimate shielding effects
in nanopores, when the pore radius is smaller than two Debye lengths and therefore
considered these theories as inappropriate for the description of the behavior of elec-
trolytes in nanopores [125]. Simulation performed by NAIR and ALAM [126] have
shown that at an ion concentration of 1 mM approx. 50% of a test charge (Z = 1,
1.7 Å radius, 2 nm distance from a SiNW) are screened. At high ionic concentrations,
the number of ions in the channel is much higher than the number of ions forming the
double layer and therefore the bulk ionic concentration governs the conductance of the
nanochannel. However, at low ionic concentrations, the counter ions in the Helmholtz
layer that are bound to the surface have a significant effect on the conductance as ob-
served by Stein et al. [123]. When an electrical field is applied parallel to the surface,
a force is acting on the counter ions leading to their movement. This phenomenon is
called electro-osmotic flow. These consideration show that for experiments involving
ionic solutions, effects arising from the nanoscale size of its confinement have to be
considered.
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Part II

Experimental Methods

4 Nanostructure Growth

4.1 Growth Substrate Preparation

For the experiments conducted in this thesis, two types of substrates were used: a
growth substrate, on which the nanowires were grown, and a device substrate, to
which the nanowires or nanotubes were transferred for subsequent integration.

As substrates for SiNW and SiNT growth, a material has to be chosen that is able to
withstand the temperatures of the synthesis procedure. Therefore, either silicon or sap-
phire were used to prepare the samples during this thesis. Silicon offers the possibility
to grow SiNWs epitaxially, if the silicon oxide layer on the silicon is removed prior to
catalyst deposition. Vice versa, sapphire (Al2O3) was used to rule out any epitaxial
relation between substrate and nanostructures. Furthermore, as sapphire contains no
silicon, a comparison between silicon and sapphire substrates allows an evaluation of
the influence of silicon from the substrate on nanowire growth.

The growth substrates were cut to a rectangular standard size of 3 mm x 15 mm and
thoroughly cleaned using a standard cleanroom procedure (see Appendix B for de-
tails). If necessary, the native oxide layer was removed prior to catalyst deposition
using 2 % buffered hydrofluoric acid (BHF).

4.2 Catalyst Layer and Colloid Deposition

For catalyst material deposition, both thin films and nanocolloids of the respective ma-
terial were used. The thin films of Au or Pt used here were deposited by electron beam
evaporation under high vacuum conditions with a standard film thickness of 5 nm.
The deposited films covered the entire surface of the growth substrates and the de-
position height could be altered arbitrarily. A separation in distinct catalyst particles
occurs during the preliminary heating of the nanowire growth procedure as the thin
film dewets into nanoscale droplets. The density of droplets as well as their size distri-
bution depends amongst others both on the initial thin film thickness, annealing time,
and the temperature to which the sample is heated before nanowire growth begins, as
discussed using gold for instance in [40, 127] or regarding platinum thin films in [128].
As a result of the catalyst diameter distribution, the grown nanowires also exhibit a
log-normal distribution in diameter.

Instead of thin film dewetting, colloidal nanoparticles of the desired material and
diameter can be deposited directly on the growth substrates. The Au colloids were
commercially available (BBI Solutions, Cardiff, UK) and were used in a variety of di-
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ameters between 50 nm and 250 nm. As the diameter distribution of the colloids is
very narrow around the nominal value, nanowires grown from colloids exhibit less
diameter deviation than those grown from a dewetted thin film. In order to achieve a
homogeneous Au colloid density on the substrate surface, poly-L-lysin (Ted Pella Inc.,
Redding, CA, USA) was used as a electrostatic linker between colloids and substrate
[129] (see Appendix B for procedure details).

The ligand-free Pt colloids had an average diameter of 10 nm and were both made
and provided by Dr. Philipp Wagener from the University of Duisburg-Essen, Ger-
many. For the preparation of the samples with colloidal Pt, no linker was utilized.

4.3 The Beam-induced Deposition of Pt

A method for catalyst deposition not described for SiNW growth so far, is the beam-
induced deposition of Pt. Its suitability for SiNW synthesis was investigated within
this work. Beam-induced deposition of metals represents a technology that is able to
overcome the limitations of the aforementioned catalyst patterning techniques. It can
be realized either with an electron beam (EBID, electron beam-induced deposition) or
an ion beam (IBID, ion beam-induced deposition). Either type of beam is used for
local decomposition of organometallic precursor gas molecules containing atoms of
the metal to be deposited.

For the beam-induced deposition of platinum performed during this work, gaseous
(methylcyclopentadienyl)trimethylplatinum served as organometallic precursor in a
Quanta 3D FEG system (FEI, Eindhoven, NL) at the Focused Ion Beam Center, Ulm
University (Fig. 4.1 a). The advantage of the dual-beam system is the availability of
both an electron and an ion beam for deposition and sample imaging in the same spec-
imen chamber.

A schematic of the deposition procedure is shown in Fig. 4.1 b. The precursor gas
is introduced into the specimen chamber through a gas nozzle (1), which is positioned
in close proximity to the substrate. Either an electron beam or an ion beam (2) is used
to locally decompose the precursor molecules. This leads to a patterned precipitation
of Pt to the substrate surface (3) and to a release of volatile organic compounds from
the organic parts of the precursor molecules. The technique does not need a masking
layer and can, for EBID, achieve a spatial resolution below 2 nm [130, 131].

It is known that, due to the organometallic nature of the precursor, a large co-
deposition of carbon takes place, so that rather a PtC compound material is deposited
than pure Pt. The carbon content of the deposited material varies between 55-65 at%
[132] and 70-80 at% [133] for IBID and EBID, respectively. In case of IBID, there is also
the possibility of Ga ion implantation into the substrate during Pt deposition. Nev-
ertheless, the ability of arbitrary patterning has a great potential for an application of
beam-deposited Pt in SiNW-based device assembly, but the possibility of an influence
from both the carbon content and the implanted gallium from IBID have to be investi-
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gated and considered.

Figure 4.1: (a): The dual-beam system used for beam-deposition. (b): A schematic of the beam-
induced deposition procedure. The organometallic precursor gas is introduced in the chamber
via a gas nozzle (1). Either an electron beam or an ion beam (2) locally decomposes the precusor
molecules leading to a patterned precipitation of Pt (3). (Image (a) by Focused Ion Beam Center,
Ulm University, image (b) provided by S. Strehle, Ulm University).

4.4 The NWCVD Reactor

Both the SiNW and the SiNT used in this work were synthesized in a nanowire chem-
ical vapor deposition reactor (NWCVD).6 A photography of the NWCVD is shown in
Fig. 4.2 a and a schematic showing the process gas flow through all relevant compo-
nents is depicted in Fig. 4.2 b.

Figure 4.2: (a): Photography of the NWCVD. The computer and the pump are not shown.
(b): Schematic of the NWCVD depicting the process gas flow and all functional components.

6 The NWCVD has been constructed at the Institute of Electron Devices and Circuits, Ulm University,
and it was optimized by S.T. Jäger within his doctorate. More detailed information on the setup can be
found in his dissertation [134].
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It comprises a quartz tube furnace as main reaction chamber. Seven different pro-
cess gases can be deployed to the chamber, either as semiconductor precursor (disilane
Si2H6, monosilane SiH4 2% in helium (He), monogermane GeH4 2% in He), as dopant
gas (phosphine PH3 200 ppm in He and diborane B2H6 100 ppm in He), for dilution
(argon Ar) or for side-wall passivation (hydrogen H2). The nitrogen (N2) is used only
for venting of the chamber. The inlet process gas mixture is provided by mass-flow
controllers (type MF1, MKS Instruments, Inc., Andover, MA, USA), one for each gas
except N2. The gas fluxes are controlled by a 8-channel flow control (type 647C, MKS
Instruments, Inc.).

Growth substrates can be loaded inside the quartz tube via a load lock. During
nanostructure growth, the total pressure inside the chamber can be regulated by a but-
terfly valve (type 653B, MKS Instruments, Inc.) and a pressure controller (type 651C,
MKS Instruments, Inc.). The working pressure during synthesis is supervised via a ca-
pacitive manometer (type Baratron, MKS Instruments, Inc.). A Pirani manometer (type
SuperBee, InstruTech, Inc., Longmont, CO, USA) is used to monitor the base pressure
at evacuated or stand-by states, typically around 0.08 mbar. Prior to the pump inlet, a
hot-filament afterburner (operating temperature 600 °C) is installed to protect the ro-
tary pump by cracking remaining process gas molecules. The entire system is set up
in a way that all relevant parameters like the respective process gas fluxes, total pres-
sure, and furnace temperature can be read out and set by a computer, which allows
the automation of growth processes. This enables synthesis procedures comprising a
large number of steps and fast switching of parameters as well as an accurate repro-
ducibility of the processes. The entire reactor (with exception of the rotary pump and
the computer) is stored inside a laboratory fume-hood.
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5 SiNT Functional Integration and Experimental

5.1 Device Substrate Preparation and Nanowire Transfer

As device substrates, silicon or sapphire wafer pieces of varying sizes were used. To
establish insulation, an additional 500 nm thick SiO2-layer was deposited on the silicon
by plasma-enhanced chemical vapor deposition (PECVD). To conduct all experiments
efficiently, two different types of functional integration were used: single SiNT inte-
gration for combined electrical and fluidic measurements and multi SiNW or SiNT
devices for electrical measurements. The least included structures for individual flu-
idic and electrical connection of a single SiNT, whereas the latter contained a large
number of SiNWs or SiNTs on one substrate with individual electrical contacts only to
facilitate electrical characterization. The assembly of the devices is explained briefly in
the following. A step-by-step listing of all individual process parameters can be found
in appendix B.

Single SiNT Lab-on-Chip Design

For building a sensor device, a SiNT has to be integrated to both the electrical mea-
surement circuit and to the peripheral fluidic supplies. Therefore, at least two electrical
contacts are needed and the two ends of the SiNT should be connected separately to
the fluidics. A schematic of the set-up for one single SiNT is shown in Fig. 5.1 a.

The as-grown core/shell heterostructures were released from the growth substrate
and suspended in ethanol by ultrasonication. During ultrasonication, the nanostruc-
tures break into pieces of typically 20 µm in length. Then, the suspended fragments
were transferred to the respective lab-on-chip substrates. If the sensor was dedicated
to an application that needs transparency of the substrate, sapphire instead of sili-
con was used. Electrical connections to each single structure were then made from
an evaporated titanium/aluminum/nickel/gold film stack patterned by lithography
and a resist lift-off process. The total thickness of the metal stack was commonly cho-
sen to be double the structure outer diameter to ensure proper electrical contacts. For
the combined electrical and fluidic integration, optical lithography was used yielding
finally only one SiNT per chip due to their random arrangement.

The contact passivation as well as the microfluidic reservoirs feeding the SiNT were
realized subsequently with SU-8 photoresist. To achieve both a good resolution at the
openings and a reservoir height of several micrometers, a two-step SU-8 layer process
was inspired by MATA et al. [135]. As first step, a 600 nm thick SU-8 resist layer was
used to properly contact the SiNT ends to the reservoirs. In a second step, a 13 µm thick
layer was applied to grant sufficient height of the reservoirs. The integrated core/shell
structure was then turned into a SiNT by etching the entire sample for 24 h in H2O2 in
order to remove the Ge core. An image of a fully integrated and SU-8 embedded SiNT
is shown in Fig. 5.1 b.
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Figure 5.1: (a): Schematic of the used SiNT devices depicting all relevant components. (b):
Image of an integrated SiNT showing the SiNT, three metal contacts, and their protection by
a SU-8 passivation and reservoir layer. The two open ends of the SiNT are exposed to the
microfluidic reservoirs to enable ion diffusion from one reservoir into the other. The metal
contacts are passivated in all areas to avoid their exposure to the fluid. The image shows the
sample without the PDMS cap.

A polydimethylsiloxane (PDMS) cover was fabricated by molding liquid PDMS
on a stamp substrate with SU-8 patterns. During solidifying, the SU-8 patterns from
the substrate form inversely shaped channel structures in the PDMS which were then
punctuated with a hollow needle connected by teflon tubes to the periphery. The sep-
arately fabricated PDMS cover was finally covalently bond onto the SU-8 by using
3-aminopropyl-dimethoxy-silane in a process similar to Refs. [136] and [137]. This
bonding is irreversible and watertight as no diffusion was observed by using a fluores-
cent dye in one reservoir (Fig. 5.2).

The U-shaped reservoirs shown in Fig. 5.1 b had two connections on both sides
each, whereas the straight reservoirs as depicted in Fig. 5.2 had only one one per side.
Two connections on both sides allowed the usage of one inlet and one outlet per side
which has shown an improved functionality as air bubbles inside the channel could be
removed easily to one side by establishing a flow. With only one connection, this is not
possible and air bubbles easily clog the microfluidic channel. Therefore, the design of
the reservoirs was updated in the course of this work, but without having an influence
on other experimental results.
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Figure 5.2: (a): A Si nanostructure in between two separated reservoirs. The upper one is
filled with an aqueous solution containing a fluorescent dye. A PDMS cover had been bond
covalently onto the reservoirs made of SU-8. (b): After 30 min, no diffusion of the fluorescent
dye could be observed proving the watertightness of the reservoir separation. An additional
SEM investigation of the Si nanostructure revealed that it was not a proper SiNT, so that an
expected diffusion through its inner cavity was not possible. Both images have been taken from
the backside of the sample through the transparent sapphire substrate.

Multi-SiNT/SiNW Chips for Electrical Measurements

To facilitate electrical measurements, samples with more than one contacted nano-
structure were prepared using electron beam lithography. Therefore, a marker field
had to be deposited on top of the substrate’s insulating oxide layer to serve as co-
ordinate system. These marker fields consist of four identical quadrants and were
prepared by electron beam lithography themselves, the markers consisted of electron
beam evaporated 5 nm Ti and 45 nm Au (Fig. 5.3 a). The nanostructures were trans-
ferred in the previously discussed manner to the substrates until an adequate concen-
tration of nanowires in each quadrant was reached (Fig. 5.3 b).

Figure 5.3: (a): Marker field setting up a coordinate system used for electron beam lithography.
(b): Quadrant of marker field after nanostructure transfer containing several nanostructures.
(c): A SiNW contacted by two metal pads for measurements using a needle probe station. The
scale bar is 20 µm.
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Then, photographs were taken of each quadrant and electron beam patterns were
created based on these images. SiNWs or SiNTs on samples dedicated for electrical
measurements only were contacted using two metal pads as shown in Fig. 5.3 c so that
up to 20 structures per quadrant become individually contacted. The size of the contact
pads allowed their contacting by needles using a probe station.

If the experiments involved also a liquid, the contacts have to be passivated in or-
der to avoid an electrical connection between liquid and contact metal. Therefore, these
samples were additionally equipped with 32 electrical contacts placed around the four
quadrants as shown in Fig. 5.4 a as so-called outer contacts. By using these outer con-
tacts, the center of the sample can be covered by a passivation layer while maintaining
the ability to contact the nanostructures using probe station needles. As passivation, a
PMMA layer was chosen that allows lithographic structuring in order to expose either
gate region in between the electrical contacts (Fig. 5.4 b) or of the SiNT ends (Fig. 5.4 c)
to a liquid under test. With an exposed gate region, an operation as ISFET is possible,
for instance as pH-sensor7 or for evaluating the influence of gate region surface modi-
fications for both SiNWs and SiNTs. In contrast, SiNTs with opened ends would enable
their use in a flow-through configuration or liquid inner gating. Furthermore, this kind
of passivation was used during the etching of the Ge core to protect the contact metal.

Figure 5.4: (a): 32 external contact pads placed around the markerfield for electron beam litho-
graphy in the center. (b): SiNWs with individual electrical contacts passivated by a PMMA
layer. The gate areas in between source and drain contact have been opened to enable their direct
exposure to a liquid (gate region exposed). (c): SiNT with source and drain contact and PMMA
passivation except at the SiNT ends (flow-through configuration).

7 Compared to the silicon nitride passivation, the range in which the pH value can be measured is
limited when using PMMA as it is less stable in acidic or alcalic environments than the silicon nitride.
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In contrast to the single SiNT lab-on-chip design, the nanostructures have no in-
dividual reservoirs, so that they are exposed all at once to the fluid allowing for ex-
ample liquid gate measurements on multiple structures. An identical passivation with
openings at the end of core/shell structures was used also during the removal of the
germanium cores. It avoids on one hand the etching of the aluminum from the contact
metallization and on the other hand it avoids the catalyzed decomposition of hydrogen
peroxide at the gold surfaces.

5.2 Experimental Set-up, Measurement Equipment, and Simulations

For electrical measurements, a Keithley 4200 SCS parameter analyzer (Keithley Instru-
ments Inc., Cleveland, OH) was used. The samples were contacted by using a probe
station with needles mounted on micromanipulators. Fluidical samples were deliv-
ered using a Cetoni neMESYS syringe pump (Cetoni GmbH, Korbußen, Germany) and
polytetrafluoroethylene (PTFE) tubes as connection to the PDMS cap of the samples.

Figure 5.5: (a): Probe station with three micromanipulators carrying needles for electrical
contacting. (b): Syringe pumps (four channels) for fluid delivery.

Microscopes used for Imaging, Beam-induced Deposition

Scanning electron microscopy (SEM) images of the samples were taken using a Hitachi
S-4000 microscope (Hitachi, Tokio, Japan). Transmission electron microscopy (TEM)
images were taking using the equipment of the Central Facility of Electron Microscopy
at Ulm University. The shown optical microscope images of the samples as well as
the images that were used during the sample fabrication were taken using a Keyence
VK-9710 Color 3D Laser Microscope (Keyence, Itasca, IL, USA).

The beam-induced Pt deposition and the focused-ion beam milling was done using
a Quanta 3D FEG dual beam system (FEI, Eindhoven, Netherlands). The same system
was also used for SEM imaging of the cantilever samples in section 7.

Height profile measurements were performed by a Bruker Dektak XT surface pro-
filometer (Bruker, Billerica, MA, USA).
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Photoemission Spectroscopy and Kelvin Probe

Ambient Pressure Photoemission Spectroscopy (APS) data for measurements of the
valence band maxima alongside single point Kelvin Probe Contact Potential Difference
(CPD) data for measurements of valence band and Fermi level [138] of the samples
were provided by KP Technology, Wick, Scotland. The data was measured using a KP
Technology APS02 system.

APS uses incident light on a semiconductor or a metal to liberate electrons from
the surface of the material, if the energy of the photons in high enough (a famous
phenomenon known as photoelectric effect). The amount of energy, which is needed
to release an electron from a metal is given by the material’s work function and for
a semiconductor by its electron affinity (i.e. the difference between the vacuum level
and the conduction band). However, as most of the charge carrier are located in the va-
lence band, rather the difference between vacuum level and valence band is detected.
It can be measured using incident light with varying photon energy while detecting the
amount of released photoelectrons and from the respective plots, the surface valence
band energy can be extrapolated. The surface workfunction and the surface valence
band energy of a semiconductor are dependent for instance on a surface oxide, ad-
sorbed layers or purposely applied surface modifications.

Kelvin Probe Contact Potential Difference is used to determine the Fermi level of
a material. The vibrating probe is placed in close proximity to the sample so that its
tip and the sample surface behave like the two plates of a capacitor. From a measure-
ment in darkness, the potential difference between the probe tip and the Fermi level of
the material is gained by evaluation of time-dependent current influenced by the tip
vibration. By calibration of the probe tip to a material with a known workfunction,
the workfunction of the tip can be determined and from the relative contact potential
difference, the Fermi level of the material under test can be calculated [138].

Numerical Simulations

To compare results obtained from experiments to the predictions of theory, numeri-
cal simulations were performed using COMSOL multiphysics software (Comsol AB,
Stockholm, Sweden). The usage of this finite-element-based differential equation solver
allows to calculate results of various physical laws using a geometry equivalent to the
experimental situation. All relevant sizes of the nanostructures were measured prior
to the simulation using electron microscopy to calculate corresponding results. Never-
theless, phenomena that appear uniquely at the nanoscale and that are not governed
by the underlaying formulas were not considered in the simulation. Their particular
influence will be discussed individually in the respective experimental parts.
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Part III

Platinum as Catalyst for SiNW Growth
Compared to the known catalyst preparation and patterning methods, beam-induced
deposition of Pt offers unique advantages for growth-in-place nanowires. It can be
used to deposit arbitrary catalyst patterns on almost every substrate without a need
for lithography masks or resist layers. As no resist layer is needed, a deposition on
free-standing and 3D-objects is enabled, which are otherwise not accessible by pho-
toresist spin-coating or similar technologies. The aforementioned methods (see part
1.3) for catalyst patterning each exhibit an intrinsic limitation, which can be circum-
vented by using beam-deposition of catalysts, as it enables both arbitrary patterning of
the deposits without the need for any resist layer.

Using beam-deposited Pt as catalyst allows the growth of readily integrated SiNWs,
as they can be grown directly at the dedicated place of their intended application. This
can be used for instance to modify AFM cantilever tips by growing SiNWs onto the
apex of their tip. Important parameters, like the length of the SiNWs, can be deter-
mined by their growth time allowing a tunable aspect ratio of the tip.

This chapter will first explore and discuss the mechanisms of Pt-catalyzed SiNW
synthesis in general, as this is a prerequisite for the effective application of beam-
induced deposited Pt catalysts. Then, the successful modification of AFM probe tips
using the beam-deposited Pt is shown. Based on the insights gained during the in-
vestigation of the growth process, a second application of Pt-catalyzed SiNWs for the
facile assembly of vertical nanowire arrays is deduced and presented.

6 Pt-catalyzed SiNW Growth

This part includes material and results which have been published in

• N. Hibst, P. Knittel, C. Kranz, B. Mizaikoff, and S. Strehle, Beam-Deposited Platinum
as Versatile Catalyst for bottom-up Silicon Nanowire Synthesis, Appl. Phys. Lett. 105,
15, 153110 (2014) [139]

• N. Hibst, P. Knittel, J. Biskupek, C. Kranz, B. Mizaikoff, and S. Strehle, The Mechanisms
of Platinum-Catalyzed Silicon Nanowire Growth, Semicond. Sci. Tech. 31, 2, 25005
(2016) [140]

The SiNW growth experiments on Pt-catalyzed SiNW growth were conducted in the
NWCVD growth reactor described in section 4.4. The temperature profile is shown in
Fig. 6.1. The initial heating step to 800 °C was adapted from BARON et al. [64] and was
kept constant in all growth experiments to achieve comparable results.
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Figure 6.1: Diagram depicting the temperature over time curve for all Pt-catalyzed SiNW
growth experiments in this chapter. The process begins with approximately 80 min heating to
800 °C, followed by a cooling down to the respective growth temperature Tg (red area). After the
growth period tg (blue area), the furnace was switched off and cooled down to room temperature.

6.1 Catalyst Behavior at the Early Growth Stages

The VLS growth of SiNWs strongly depends on the appearance of the catalyst prior
to the growth. Therefore, it is crucial to understand what happens to the Pt catalyst
during heating to the required growth temperatures. To examine the influence of the
catalyst preparation method, three different types of Pt catalyst were used: a 5 nm
thick electron beam evaporated Pt thin film, ligand-free Pt nanocolloids with 10 nm in
diameter, and beam-deposited PtC of various thicknesses.

A 5 nm Pt film deposited on the native silicon oxide layer of a (100)-Si substrate
will dewet during the initial heating procedure to 800 °C and form liquid Pt droplets
as shown in Fig. 6.2 a with a droplet density of approximately 66 droplets per square
micron. Droplet size and spacing depend significantly on the initial Pt thin film thick-
ness and the annealing temperature like shown for various parameters in STROBEL et
al. [128]. For the 5 nm Pt thin film, a measured droplet diameter distribution is given
in Fig. 6.2 b. A corresponding droplet formation was also seen for 5 nm Pt thin films
on silicon nitride and silicon-free sapphire substrates. If 10 nm Pt particles are used as
catalyst instead, the appearance of similar Pt droplet sizes like from a 5 nm thin film
can be observed in areas of high colloid concentration (Fig. 6.2 c). This indicates that
the density of droplets depends on the amount of available Pt and that this size distri-
bution is favored at 800 °C, governed by Pt surface diffusion and thermomigration of
Pt particles [141].
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Figure 6.2: (a): Pt droplet formation from a 5 nm Pt thin film after heating to 800 °C. Its corre-
sponding droplet equivalent diameter distribution determined in an area of 2.3 µm x 1.4 µm is
shown in tableau (b). The equivalent diameter was determined by measurement of the droplet
area and the assumption of a circular shape. (c): Pt droplet formation from 10 nm Pt colloids
after heating to 800 °C. Both scale bars in the SEM images are 500 nm.

If pristine Si is used as a substrate, Pt can form platinum silicide with the under-
laying substrate instead of forming droplets [142]. This should be avoided, as distinct
catalyst particles are needed for SiNW growth. The formation of platinum silicides
takes place in different steps. In the absence of oxygen, first a Pt2Si phase is formed at
temperatures between 200 °C [143] and 300 °C [144] until all Pt is consumed, then the
PtSi phase begins to form [143, 145]. In the presence of oxygen, all three phases (Pt,
Pt2Si, and PtSi) may even coexist [143]. In chambers that operate above an ultra-high
vacuum, like the utilized NWCVD, the presence of oxygen can be generally assumed.
Therefore, the catalyst phase is denominated as Pt silicide in the following, as its stoi-
chiometric composition is unknown, although a PtSi phase might dominate due to the
excess supply of silicon. Silicide formation is reported to be diffusion-limited and in-
dependent of the crystal orientation of the Si substrate but strongly dependent on the
Pt film thickness [146–148]. On substrate other than crystalline silicon, like the probed
silicon oxide, silicon nitride, and sapphire, no platinum silicide formation with the
substrate occurs and pure Pt droplets are formed. Here, a silicide formation can take
place only if additional silicon is supplied, as it is the case during SiNW growth, when
a gaseous silicon precursor is used. For monosilane (SiH4), which was used through-
out the experiments, a platinum silicide formation is reported in the temperature range
between 250 °C and 400 °C [148]. At 700 °C, the formation of a silicide can be seen for
a growth time of 30 s creating a network structure on the substrate (Fig. 6.3 a). After
60 s of growth (Fig. 6.3 b), incipient SiNW growth can be observed. To achieve SiNW
growth, it is indispensable that the Pt catalyst has been deposited on a silicon sub-
strate with at least a native oxide layer. For illustration, 5 nm Pt thin films deposited



40 6 PT-CATALYZED SINW GROWTH

on (100)-Si with native oxide layer (Fig. 6.3 c) and without oxide layer (Fig. 6.3 d) are
shown after 10 s of growth. Whereas on native oxide the onset of silicide formation
leads to the growth of grains and to an increase of the surface roughness, on the oxide-
free substrate, the alloying of the Pt droplets into the silicon substrate can be seen.
From the latter, no SiNWs can be grown, regardless of the growth time.

Figure 6.3: SEM images illustrating the catalyst evolution at the beginning of the growth. For
all samples, a 5 nm electron-beam evaporated Pt layer has been used. (a): 30 s of SiNW growth,
(b): 60 s of SiNW growth, and (c): 10 s of growth on the native oxide layer of the underlaying
(100)-Si. (d): 10 s of growth on oxide-free (100)-Si. The scale bars for pictures and insets are (a)
and (b): 500 nm, (c) and (d): 600 nm. The SiNW growth occurred at Tg =700 °C, 100 mbar,
2%-SiH4 in He flux of 30 sccm, and H2 flux of 270 sccm.

6.2 SiNW Appearances

Based on the VLS theory (as described in section 1.1), SiNWs grown bottom-up are ex-
pected to exhibit a cylindrical or tapered morphology depending on gas composition,
partial pressures, growth temperature, and the state of the catalyst. After the growth,
catalyst particles are expected to be located exclusively at the nanowire tip. However,
SiNWs grown from Pt show a second morphology that deviates from this appearance.
Both morphologies occur parallel to each other on the same sample.
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Figure 6.4: TEM images of the different SiNW appearances. (a): Single-crystalline SiNW
with distinguishable Pt catalyst tip. Both Si stem and Pt silicide catalyst exhibt a surrounding
oxide layer (marked by the arrow). The scale bar represents 100 nm. (b): Single-crystalline
SiNW with polycrystalline Si tip instead of a Pt catalyst. Scale bar: 100 nm. (c): SiNW with
single-crystalline stem and large polycrystalline top segment with decreasing diameter. The Pt
catalyst present at the tip is indicated by the arrow. Scale bar: 1 µm.

The first type of SiNWs exhibits the shape expected for nanowires synthesized by
the VLS method. They are long and tapered with diameters of 70 to 90 nm and have
their catalyst at the tip (Fig. 6.4 a). In contrast, the SiNWs of the second type are signifi-
cantly shorter and hardly tapered with a blunt polycrystalline tip instead of a Pt silicide
catalyst. They are also thicker with diameters in the range between 100 nm and 1 µm
(Fig. 6.4 b). Both types of SiNWs can be attributed to a different growth mode. The
mode for single-crystalline SiNWs with the catalyst tip is expected to follow the VSS
instead of the VLS growth with a Pt silicide catalyst. Most likely, the Pt silicide catalyst
remains solid instead of liquid during the growth, hence PtSi, as the most silicon-rich
silicide phase, is the only one that is able to precipitate excess Si as pure Si phase resem-
bling the SiNW stem. The growth temperatures in the range of 700 °C are significantly
below both the PtSi melting point of 1229 °C and the most silicon-rich eutectic point
at 979 °C at 67 at% Si. Nevertheless, at growth temperatures around 700 °C, the funda-
mental diffusion processes for SiNW growth are fast enough to achieve SiNW growth
rates around 1 µm/min even with a solid catalyst in VSS.

The silicide nature of the catalyst is indicated by an approximately 3.5 nm thick
amorphous SiO2 layer at the catalyst surface, which is similarly present at the entire
nanowire surface (Fig. 6.4 a, marked by an arrow) and which is consistent with results
from Refs. [144] and [149]. Therefore, this type of nanowire is denoted as VSS-SiNWs
in the following.
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The Pt silicide catalysts of the VSS-SiNWs are of hemispherical shape throughout
the experiments. The average diameter decrease over length (or the tapering rate) of
the VSS-SiNWs is determined to 15 nm/µm. Some VSS-SiNWs exhibit a crooked and
strongly tapered polycrystalline segment at their top as shown exemplarily in Fig. 6.4 c.
The tapering of these polycrystalline regions is more distinct than in the single crys-
talline part and the growth direction within this parts changes frequently. This could
be originated in an ongoing Pt incorporation during the growth of this tip segment
as the remaining catalyst tip diameter is much smaller than the diameter of the sin-
gle crystalline SiNW stem. As these polycrystalline parts appear only at the tip of the
VSS-SiNWs, their formation might be triggered by the drop of temperature and SiH4

partial pressure inside the chamber at the end of the growth sequence. However, these
parts can only be observed by a fraction of the VSS-SiNWs.

In contrast to the VSS-SiNWs, the growth of SiNWs of the second type cannot fol-
low a VLS- or VSS-based mechanism due to the lack of a catalyst particle at the tip,
although single-crystalline SiNWs are obtained. Instead of a Pt silicide catalyst, only
a polycrystalline Si top section with variable length from about 100 nm up to 1 µm is
observable at their tip. In contrast to the VSS-SiNW tip, where both Pt and Si can be de-
tected using energy-dispersive X-ray analysis (EDX) in TEM (Fig. 6.5 a), no Pt is found
in this kind of SiNW, neither at the polycrystalline tip segment of the nanowire nor at
the interface between poly- and single crystalline part (Fig. 6.5 b). Contrary to the VSS-
SiNWs, some SiNWs of this kind also exhibit polycrystalline intermediate sections,
also without any detectable Pt (Fig. 6.5 c).
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Figure 6.5: TEM images of the tip region and local point EDX spectra from the indicated
area (dashed circles) at (a): a Pt silicide catalyst particle, (b): a polycrystalline and Pt-free tip
segment, and (c): a polycrystalline kink within a SiNW similar to the one shown in B. The
only area where Pt is detectable is the VSS-SiNW tip as shown in (a). The Cu signal present in
all spectra originates from the used TEM copper grids. (Images and data by J. Biskupek, Ulm
University). First publication of TEM images: [140], supplementary information.

However, TEM/EDX investigations of cross sectional samples of the growth sub-
strate (see Appendix A for their preparation) reveal that a significant amount of Pt
remains at the interface between substrate and that a polycrystalline Si layer develops
during SiNW growth (Fig. 6.6 d). At the given growth temperatures, a non-catalytic
CVD deposition of Si may occur due to thermal cracking of SiH4 molecules and Si
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adsorption. Nevertheless, at Tg = 700°C and a silane partial pressure of 0.2 mbar, neg-
ligible growth rates of about 1 nm/min can be expected regarding the results reported
for silane-based CVD of Si by BEERS and BLOEM [150]. The poly-Si layer on the growth
substrates is with 2.0 µm for 60 minutes of growth much thicker (corresponding growth
rate would be approximately 33 nm/min). Unlike CVD deposition, it exhibits further-
more a non-linear thickness over time behavior. After ten minutes of growth, it al-
ready averages a thickness of 820 nm (Fig. 6.6 b) and after one hour 2 µm (Fig. 6.6 c).
Due to the cavities (Fig. 6.6 c) revealed by investigation of a FIB-milled cross section
(see Appendix A for preparation), the polycrystalline Si layer is probably formed by
coalescence of SiNWs during their growth.

Due to the surplus of Si, the Pt at the interface is present most likely in form of a
PtSi layer. Additional Pt or PtSi can be found incorporated in the polycrystalline Si
layer (Fig. 6.6 a).

Figure 6.6: (a): TEM image of the cross section of a growth substrate showing Pt at the
substrate/SiNW interface and Pt or Pt silicide (PtxSiy) enclosures in the polycrystalline Si
layer. (b): SiNWs grown for 10 min. and(c): FIB-cross section of SiNWs grown for 1 h. In both
images, the Pt layer can be seen as bright line (marked by the arrow). The scale bars are (a):
50 nm, (b): 3 µm, and (c): 1 µm. The SiNW growth occurred at Tg =700 °C, pSiH4 = 0.2 mbar,
and pH2 = 90 mbar.

Similar SiNW appearances and growth characteristics were reported for a titanium
catalyst by KAMINS et al., but without stating a growth model [151].

Generally, the growth of crystalline silicon from an amorphous silicon deposit in
the presence of a silicide shows similarities to palladium [152] and NiSi2 [153] silicide
mediated crystallization (SMC). SMC can be utilized for instance to transform amor-
phous silicon films into polycrystalline films by diffusion of the amorphous Si through
a solid silicide phase. In the following, this second type of SiNWs is therefore denoted
as SMC-SiNWs to distinguish it from the VSS-SiNWs, notably although even a VSS-
based SiNW growth can be explained as an SMC-based process [41].
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6.3 The Mechanisms of Pt-catalyzed SiNW Growth

Although both types of SiNWs are single-crystalline, the differences in their appear-
ance and the lack of a PtSi catalyst tip by the SMC-SiNWs evidence that they are grown
by two different mechanisms. A schematic of a growth model for both classes de-
duced from the previously discussed experimental observations is depicted in Fig. 6.7.
The model emanates from Pt droplets (a), which form crystalline Pt silicide particles
on the substrate surface during the initial growth stages with Si provided by gaseous
silane (b). PtSi forms orthorhombic crystals with lattice constants of a = 0.5939 nm,
b = 0.5596 nm, and c = 0.3604 nm (the crystallographic orientation relationships between
Si and PtSi are reported to be Si[11̄0]//PtSi[010] and Si(111)//PtSi(101) ) [154]. Excess
silicon deposited on the substrate can diffuse on the surface and into these Pt silicide
crystals to get precipitated at preferred sites of the orthorhombic catalyst. Depending
on its orientation, this can be either side of the catalyst particle (c). This mechanism
forms both the Pt silicide network, that could be seen after 30 s of growth (c.f. Fig. 6.3),
and the two types of SiNWs. A precipitation of Si underneath the catalyst causes the
growth of VSS-SiNWs, whereas a precipitation at the top facet leads to the growth of
SMC-SiNWs. The network-like structure finally arises from precipitation through the
sidewalls.

Figure 6.7: Schematic illustration depicting the proposed SMC-growth mechanism for VSS-
and SCM-SiNWs. (a): Pt droplet formation on the surface, (b): Pt silicide formation and
thermally induced Si deposition on the substrate due to SiH4 inlet, (c): silicide dependent
Si crystal precipitation leading to VSS-SiNW (left), SMC-SiNWs with a polycrystalline tip
(center) and unstable SiNW growth (right), and (d): single-crystalline elongation of VSS- as
well as SMC-SiNWs and termination of SiNW growth in the Si overgrowth. First publication:
[140]

The Si crystals formed thereof are polycrystalline until their growth direction rep-
resents the favored orientation. Then, the growth velocity increases and a single crys-
talline SiNW is formed fed continuously by either SiH4 flow or by Si diffusion from the
surrounding (d). Depending on orientation and shape of the PtSi, the SiNWs appear
either underneath the catalyst as VSS-SiNW or above it as SMC-SiNW.

VSS-SiNWs that do not grow straight away from the surface in the favored growth
direction form the polycrystalline Si overgrowth. The incorporated Pt silicide found in
the overgrowth is the remaining catalyst of those SiNWs. Depending on the density of
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the SiNWs, void formation in between the coalesced SiNW may occur (c.f. Fig. 6.6).
As the Pt silicide catalyst of the SMC-SiNWs is always located at the bottom, the

polycrystalline part, as the first grown SiNW section, stays at the tip of the SiNW. The
catalyst feeds the SiNW growth from the bottom by mediating the diffusive conversion
of polycrystalline Si into single-crystalline Si. As pointed out both for Pd silicide cat-
alyzed SiNWs [41] and PtSi droplets on a silicon surface [155, 156] the silicide/silicon
interface is highly dynamic and may reshape to lower the surface free energy or to
reach an energetically favored silicide/silicon interface state.

Similar SiNW growth regimes with catalysts staying at the bottom of the nanowire
have been observed also for other silicide forming catalyst metals such as Ti [43, 151]
and Ni [153, 157]. Besides the polycrystalline tip, some SMC-SiNWs develop addi-
tional polycrystalline segments within the stem of the SiNW (Fig. 6.8 a), which can be
referred to an instable growth causing a temporal loss of the favored crystal orienta-
tion.

Figure 6.8: (a): SMC-SiNW with a polycrystalline intermediate part. The SiNW stem below
and above this part is single-crystalline. (b): SiNW growth for TG = 800 °C. No SiNWs are
grown and the Pt silicide crystallites are entirely coated in thermally deposited Si.

To verify that SiH4 from the gas phase forming the thermal overgrowth acts as sili-
con source and to rule out any influence of silicon from the substrate, a growth exper-
iment without SiH4 was performed keeping all other parameters constant. Regardless
of the growth time, no SiNW growth at all occurred. Vice versa, in presence of SiH4 and
using silicon-free sapphire as substrate, SiNWs grow equivalently to silicon-based sub-
strates proving that the silicon from the substrate is not involved in the SiNW growth
process.

The precipitation and formation of the favored crystal orientation must be balanced
with the rate of thermal silicon deposition, which can otherwise fully cover the Pt
silicide catalyst and suppress any SiNW nucleation, which can be observed for instance
at growth temperature of 800 °C (Fig. 6.8 b).
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6.4 Influence of Pt-Catalyst Thickness

To evaluate the influence of the initial Pt thickness on SiNW growth, beam-deposited
PtC was used to create a chessboard-like pattern.8 Due to the fixed position of the gas
nozzle during fabrication, a gradient in PtC thickness is created. In Fig. 6.9 a, the gas
nozzle was located at the lower left corner of the deposited chessboard pattern. The
higher concentration of precursor gas molecules in the vicinity of the gas nozzle causes
the chessboard tiles to exhibit a height gradient although their nominal height (or the
deposition time, respectively) was equal for all tiles. The heights given in Fig. 6.9 as
well as the heights mentioned in the following have been measured using AFM and
refer to the as-deposited PtC height without considering that the true Pt content is only
about 35-45 at.% [132]. Figure 6.9 b depicts the sample from (a) after SiNW growth re-
vealing a strong dependency of SiNW growth modes from PtC thickness. For a PtC de-
posit thickness of 4.3 nm and below, only SMC-SiNW growth can be observed, whereas
on the higher PtC tiles, both SMC and VSS-SiNWs occur. Also, the length of the SiNWs
increases significantly with increasing PtC thickness. Consequently, using a PtC pat-
tern with heights increasing from about 2 nm to 3 nm, exclusively SMC-SiNWs can be
observed on the entire chessboard (Fig. 6.9 c), whereas heights increasing from 6 nm to
13 nm support only the co-appearance of both types of SiNW as shown in (Fig. 6.9 d).
Furthermore, a length dependency of the SiNWs is not observable for the latter two
cases. All three chessboard patterns were deposited on the same growth substrate and
therefore underwent an identical SiNW growth procedure.

8 All PtC depositions by IBID and EBID were done by Peter Knittel at the Institute of Analytical and
Bioanalytical Chemistry, Ulm University.
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Figure 6.9: (a): PtC-chessboard pattern deposited by IBID. The height of the tiles exhibits a
gradient due to the positioning of the precursor gas inlet nozzle in the lower left corner. The
indicated heights (in nm) were measured by AFM and represent the average thickness of the
PtC tile. (b): SiNWs grown from the pattern shown in (a). All samples are oriented equally,
so that they have their thinnest tile in the upper right corner and their thickest in the lower left
corner. SiNW growth from a PtC chessboard pattern with deposition thickness ranging from
(c): 2.3 nm to 3.0 nm and (d): from 6.0 nm to 13 nm. (c) and (d) are recorded under 52° tilt
angle and all scale bars are 20 µm. First publication: (a) and (b) [139], (c) and (d) [140]

An equivalent thickness dependency is seen by using pure Pt layers deposited by
evaporation as catalyst (Fig. 6.10). For a thin layer of 0.5 nm thickness, mainly SMC-
SiNWs are grown (Fig. 6.10 a). These SMC-SiNWs are shorter than those grown from
a 5 nm Pt thin film, where they appear together with VSS-SiNWs (Fig. 6.10 b). If the
Pt thickness is further increased to 50 nm, no additional changes can be seen as the
resulting SiNW growth is similar to the 5 nm deposit.
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Figure 6.10: SiNWs grown from electron-beam evaporated Pt thin films of (a): 0.5 nm, (b):
5 nm, and (c): 50 nm thickness. From the 0.5 nm thick layer, only a few VSS-SiNWs are
grown, whereas the densities of VSS-SiNWs for the 5 nm and the 50 nm layer are approximately
equal. In image (c), the Pt remaining at the interface between substrate and the polycrystalline
overgrowth can be seen (marked with an arrow).

VSS-SiNWs need larger initial catalysts, whose formation requires more Pt than the
amount needed for the Pt silicide catalyzing the SMC-SiNWs. As already discussed,
the number and size of the droplets formed during heating, depends besides the tem-
perature also on the amount of the Pt. This Pt thickness dependency of the growth
modes can be used to grow specifically SMC-SiNWs from both beam-induced PtC and
evaporated Pt by using correspondingly small amounts of Pt. For IBID PtC, this thick-
ness dependency is subject to restrictions, as for thicker IBID Pt deposits a significant
increase in the growth of crooked SiNWs can be observed (Fig. 6.11 ). There appear-
ance could be attributed either to the damage, that is inflicted by the Ga+-ions [158],
or to implanted Ga+-ions, which could trigger SiNW growth themselves like reported
in Refs. [159] and [160]. The amount of damage and of implanted ions intrinsically
correlates with deposition time or deposition thickness, respectively. To study the in-
fluence of deposition time, circular PtC spots with varying thickness were deposited on
a substrate using both IBID (1 nm to 10 nm nominal thickness in 1 nm steps) and EBID
(7 nm to 13 nm nominal thickness in 1 nm steps). The substrate was then exposed to
a standard SiNW growth procedure, so that the SiNWs from each PtC spot are grown
simultaneously ruling out fluctuations of the growth process.

For a 1 nm IBID PtC catalyst deposit (Fig. 6.11 a and b), no crooked SiNWs can be
observed and mainly SMC-SiNWs are grown. Increasing the PtC thickness to 8 nm
(Fig. 6.11 c and d), a significant amount of crooked SiNWs can be seen (Fig. 6.11 d inset)
alongside an increased amount of VSS-SiNWs and SMC-SiNWs. The crooked SiNWs
appear first for a 2 nm thick deposit and their number increases with increasing thick-
ness.
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Figure 6.11: SiNWs grown from different circular beam-induced PtC deposits shown under
52° tilt angle (top row) and in top view (bottom row). (a) and (b): 1 nm IBID, (c) and (d): 8 nm
IBID, (e) and (f): 8 nm EBID. Both IBID spots have a diameter of 20 µm, the EBID spot has a
diameter of 5 µm. The inset in (d) depicts crooked SiNWs from the center of the spot in detail,
its scale bar is 2.5 µm. (Images taken by P. Knittel, Ulm University).

Notably, these crooked SiNWs do not appear using EBID PtC catalysts of any thick-
ness (8 nm EBID PtC catalyst is shown in Fig. 6.11 e and f), so that one can exclude the
possibility that their growth is triggered solely by the carbon content of the PtC deposit.
It is remarkable that for IBID PtC chessboard patterns shown in Fig. 6.9 no crooked
SiNW growth was observed, although the deposited thickness is in an equal range.
Both IBID occurred using an ion acceleration voltage of 30 kV, the only difference was
the ion current during deposition, which was 30 pA for the chessboards and 50 pA for
the circular deposits shown in Fig. 6.11.9 However, the crooked SiNW growth seems
to be related to damage in the crystal lattice or the implanted Ga ions themselves and
can be circumvented by using EBID. Since the growth of the crooked SiNWs was not
an issue for the application of beam-induced deposited Pt (which will be discussed in
section 7), the origin of this phenomenon was not investigated in further detail.

9 The EBID occurred with an acceleration voltage of 5 kV and an ion current of 53 pA.
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6.5 Influence of Growth Parameters

Of course, the SiNW growth depends not only on the amount and the state of the
catalyst, but also temperature and SiH4 partial pressure influence the effectiveness of
the growth and may alter the balance between thermal Si overgrowth and nanowire
nucleation. Changing the growth temperature from 700 °C to 800 °C in steps of 20 K
revealed that the overall density of SiNWs is highest around 720 °C resulting in the
longest VSS-SiNWs with 15 µm in average (Fig. 6.12 a). With increasing temperature,
the VSS mechanism appears to be hampered, so that at 780 °C the SMC-SiNWs are the
dominating species and almost no VSS-SiNWs are present anymore (Fig. 6.12 b). As
already mentioned before, at 800 °C, SiNW nucleation is finally fully suppressed by
the thermal Si overcoating (Fig. 6.12 c).

The SiH4 precursor partial pressure represents the available amount of Si in the
gas phase and affects both the growth rate of the SiNWs and the thermal overgrowth
simultaneously. Consistently, a reduction of the SiH4 partial pressure at 720 °C from
0.14 mbar down to about 0.01 mbar leads to less VSS-SiNWs and the length of the
SiNWs decreases about one order of magnitude (Fig. 6.12 d). An increase of the SiH4

partial pressure from 1.1 · 10−2 mbar by a factor of two (Fig. 6.12 e) or six (Fig. 6.12 f)
leads to increased SiNW growth rates and presumably to a slight increase in the num-
ber of VSS-SiNWs.

Figure 6.12: SiNWs grown at different temperatures, SiH4 partial pressures, and growth
times. For the samples shown in (a) to (c), the temperature was varied as indicated at a SiH4
partial pressure of 0.14 mbar and a diborane partial pressure of 4.70·10-4 mbar. The SiNWs
shown in (d) to (f) were grown at a constant temperature of 720 °C at the indicated SiH4
partial pressure and diborane partial pressures of (d): 4.1·10-5 mbar, (e): 8.1·10-5 mbar, and
(f): 2.4·10-4 mbar. The growth times are 60 min in (a) to (e) and 30 min in (f). The scale bars
are 10 µm in (a) and 3 µm in (b) to (f).
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Within the range of parameters available in the NWCVD, only the growth of SMC-
SiNWs can be specifically targeted by lowering the SiH4 partial pressure. The VSS-
SiNWs co-appear only with the SMC-SiNWs, an isolated VSS-SiNW growth was not
achieved. In contrast, besides by adjusting the growth parameters, a second strategy of
targeting SMC-SiNWs is also available by reduction of the catalyst amount. The latter
benefits from faster growth rates as the SiH4 partial pressure can be kept at higher
levels.

6.6 Doping & Electrical Properties

With emphasis to an implementation of SiNWs in electronic devices, control over both
the SiNW morphology and their electronic properties is a prerequisite. The admixture
of diborane (B2H6) as a boron precursor was successfully used for p-type doping of
Pt-catalyzed SiNWs. Boron-doped SiNW synthesis, using a silicon:boron gas phase
ratio of 200:3, was realized without any observable impact on growth mechanisms or
on the morphologies of the SiNWs compared to intrinsic SiNWs for both VSS- and
SMC-SiNWs.

Figure 6.13: ID/VDS curves of both undoped (a) and boron doped (b) VSS-SiNWs. The con-
ductivity of the doped SiNWs is about six orders of magnitude higher than the undoped SiNW
conductance. The respective contact spacing is denoted for each curve. Inset in (a): the tapering
of the VSS-SiNWs leads to varying SiNW diameters in between the two contacts. The inset
scale bar represents 10 µm.

The dopant admixture during the SiNW synthesis leads to an increase in the SiNW
conductivity about six orders of magnitude as it can be seen comparing ID/VDS plots of
undoped and doped SiNWs (Fig. 6.13). The respective spacing of the contacts is speci-
fied. However, the respective resistivities of single SiNWs of equal spacing differ. From
a sample containing 38 p-doped SiNWs, resistivities ρSiNW between 1.7 · 104 Ωmm2

m and
91 · 104 Ωmm2

m with an average of 2.1 · 104 Ωmm2

m are determined from their resistances
and their individual geometrical properties which were determined using SEM. This
large spread is typical for SiNWs with unpassivated surface defect states in a compara-
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ble back-gated set-up [161]. Furthermore, it is recognizable that different SiNW exhibit
either ohmic or Schottky contacts, although all samples have an identical contact met-
allization of 10 nm Ti and 200 nm Al. Besides the contact metal work function, the
energetic barrier height of the metal/semiconductor contact depends also on doping
type and concentration of the semiconductor as well as on surface states. Regarding
the dopant concentration and assuming a bulk Si hole mobility of µh = 450 cm2

Vs , the
corresponding charge carrier densities nh can be estimated from the resistivities using

nh =
1

e · ρSiNW · µh

with elemental charge e and are in between 1.5 · 1016 1
cm3 and 8 · 1017 1

cm3 with an
average of 6.6 · 1017 1

cm3 . However, the actual hole mobility in the SiNWs is unknown
and was reported as both higher and lower than the bulk value [161, 162].

Additional influence on the individual resistivities and therefore a source of errors
could principally arise from the tapering of the VSS-SiNWs because depending on the
longitudinal position of the contacts, the diameter of the SiNW may change in the gate
area (Fig. 6.13 a inset). However, this effect was not accounted in the calculations, as
the gate lengths are between 1 µm and 3 µm and the influence of the tapering on the
cross-sectional area is small. The diameter was therefore assumed constant in the entire
gate region.

While the admixture of B2H6 successfully created a p-type doping of the SiNWs,
corresponding n-type doping by PH3 admixture could not be achieved, as the pres-
ence of PH3 inhibited the SiNW growth totally. This negative influence of the phos-
phine can be linked to the fact that phosphorus atoms accumulate at the Pt silicide/Si
interface [163] where they may alter or suppress the SiNW nucleation process taking
place exclusively at this interface. In contrast, such a pile-up effect is not reported for
boron [164]. As an alternative for n-type doping by precursor gas admixture during
growth, arsine (AsH3) could be investigated as it was reported already as n-dopant for
Au-catalyzed SiNW synthesis [165].

Fig. 6.14 a depicts transconductance curves of p-doped SiNWs measured in back-
gated configuration for different gate lengths. As expected for a p-type semiconductor,
a negative gate voltage leads to an accumulation of charge carriers and therefore for an
increased conductance (“on”-state). Vice versa, a positive gate voltage leads to a deple-
tion of charge carriers and and for a decrease in conductance (“off”-state). All curves
in Fig. 6.14 a were recorded for VDS = 2 V and the back-gate voltage VBG was applied to
a contact on the backside of the conductive substrate. The SiNWs were insulated from
the substrate by a 500 nm thick SiO2 layer. The measured gate leakage current IG was
dependent on VBG with values not exceeding 20 nA and therefore between two and
three orders of magnitude smaller than the drain current ID. The conductance ID/VDS

depends approximately linearly on the gate length with SiNWs having a shorter gate
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length exhibiting a larger conductance.

Figure 6.14: (a): Transconductance of several back-gated Pt-catalyzed SiNWs for different gate
lengths (indicated). All these measurements were performed with VDS = 2 V. (b): Back-gated
SiNW (gate length 7.5 µm) transconductance measured before and after a SU-8 passivation,
both at VDS = 0.7 V. There is nearly no change in the Ion/Ioff ratio.

The ratio between the saturation currents in on- and off-state Ion/Ioff is low as it is
typical for SiNWs with unpassivated surface defect states [161]. However, all curves
in Fig. 6.14 a show the response of a p-type semiconductor to a gating voltage, which is
a prerequisite for their use as a sensor. As depicted in Fig. 6.14 b, also at VDS = 0.7 V, a
measurable field response is obtained whereas passivating the SiNW using SU-8 does
not increase the Ion/Ioff-ratio.

The lack of a depletion region even for high positive gate voltages indicates a nearly
ambipolar state of the SiNW, so that hole depletion goes along with electron accumu-
lation maintaining the conductivity of the SiNW. For moderately p-doped Si, that has a
thin and tunnelable silicon oxide layer like the native oxide layer formed on the SiNW,
it has been shown that the surface of the Si is shifted towards an intrinsic state due
to the connection of the surface charge in the oxide and the interface charge carrier
density in the Si [166]. A band diagram depicting the respective course of the energy
bands is depicted in Fig. 6.15.
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Figure 6.15: Band diagram of moderately p-doped Si at the interface to a native oxide layer,
which is thin enough to allow tunneling. Charge exchange between surface charge and interface
charge carrier density shift the surface condition towards weak inversion near the intrinsic
state. EC denotes the conduction band, EF the Fermi level, and EV the valence band. Source:
[166]

The assumption, that this surface state is applicable to the SiNWs, is supported fur-
ther by ambient pressure photoemission spectroscopy (APS) and Kelvin probe contact
potential difference (CPD) measurements performed on both intrinsic and p-doped
SiNWs. For both samples, the energies of the valence bands at the surface was deter-
mined by APS to be identical at 5.04± 0.05 eV, the Fermi levels measured by CPD are
4.46 eV for the intrinsic and 4.44 eV for the p-doped SiNWs, respectively. Considering
the error of 0.05 eV in the level of the valence band, the difference between valence
band and Fermi level is roughly half of the Si bandgap of 1.12 eV, indicating for both
samples at least near intrinsic surface states. As for all nanostructures, the behavior of
SiNWs is mainly determined by the state of their surface. An intrinsic surface of the
SiNWs may cause the ambipolar behavior observed for the ID vs. VBG curves (Fig. 6.14)
and the low Ion/Ioff-ratio because of electron accumulation at the surface during hole
depletion. Nevertheless, a part of the SiNWs must remain p-doped to cause the better
conductivity observed for p-doped SiNWs without any applied gate voltage (Fig. 6.13).
The radial width of the surface depletion layer depends on both the density of the in-
terface trap charges and the acceptor concentration in the Si. An improvement of the
Ion/Ioff-ratio can be achieved for instance by surface modification using molecules that
passivate the charged defects in the oxide layer or by the introduction of additional
post growth treatment like thermal annealing in H2 as shown by CUI et al. [161].
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6.7 pH-sensing with Pt-catalyzed SiNW

To further investigate their electrical behavior and their eligibility as sensor, the Pt-
catalyzed SiNWs were used as ISFETs for pH-dependent measurements. Therefore,
they were embedded in silicon nitride. A 2.5 µm long part of the 7.5 µm long spacing
between the two contacts was then opened again to expose the SiNW and serve as gate
area (Fig. 6.16 a). The surface of the SiNW was functionalized using (3-aminopropyl)-
dimethyl-ethoxysilane (3-APDMES) in order to achieve a linear pH response according
to Ref. [7]. Buffered solutions with different pH values were added to the sample and
their potential was kept grounded using a Ag/AgCl electrode. The SiNW used for the
measurements was boron-doped with a nearly linear ID/VDS characteristic and a resis-
tance of 283 kΩ before functionalization. After functionalization, ID/VDS characteristic
remained nearly linear and its resistance increased slightly to 305 kΩ. To induce an ID,
a VDS of 0.1 V was applied which resulted to ID = 0.317 µA after functionalization, but
without pH buffer.

Figure 6.16: (a): SiNW with two metal contacts embedded in a silicon nitride passivation. The
silicon nitride at the gate area of the SiNW has been removed and the SiNW has been surface
functionalized using 3-APDMES. (b): ID vs. time plots for VDS = 0.1 V for different pH-
buffer solutions applied to the gate. All measurements with Ag/AgCl electrode (grounded) in
the liquid droplet.

Fig. 6.16 b depicts ID vs time measurements for different pH values of the gate elec-
trolytes. After 30 s to 40 s of exposure time, ID reaches a constant value. For a higher
pH value, the conductance of the SiNW rises as it is expected for p-doped SiNWs [7].
Although not perfectly linear, the change in conductance obtained from a linear fit
(Fig. 6.16 b) of the ID values for t = 60 s extracted from Fig. 6.16 a is 38± 2.4 nS

pH and
therefore in the same order of magnitude as the value of 100± 20 nS

pH for Au-catalyzed
SiNWs reported by CUI et al. [7] and larger than the 5 nS

pH reported for similarly mod-
ified SiNWs made in conventional top-down fabrication [167]. An influence of the
buffer solution ionic strength was ruled out by conducting a similar experiment us-
ing NaCl-solutions of different ionic strength (ion-free de-ionized water, and aqueous
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NaCl solutions with 1 mM, 10 mM, 100 mM, and 1 M NaCl) without any noticeable
change in ID in accordance to literature [168].

The nearly linear response of the conductance upon pH changes shows that Pt-
catalyzed SiNWs are able to work as an ISFET with a sensitivity comparable to values
achieved for Au-catalyzed SiNWs and that their surface can be modified in the same
manner.
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7 AFM Cantilever Modification using IBID of Pt

This part includes material and results which have been published in

• N. Hibst, P. Knittel, C. Kranz, B. Mizaikoff, and S. Strehle, Beam-Deposited Platinum
as Versatile Catalyst for bottom-up Silicon Nanowire Synthesis, Appl. Phys. Lett. 105,
15, 153110 (2014) Reference [139]

• P. Knittel, N. Hibst, B. Mizaikoff, S. Strehle, and C. Kranz, Focused Ion-Beam-Assisted
Fabrication of Soft High-Aspect-Ratio Silicon Nanowire AFM Probes for Mapping Nano-
mechanical Properties, Ultramicroscopy 179, 24-32 (2017) Reference [169]

The insights gained during the investigation of the mechanisms of Pt-catalyzed SiNW
growth and the versatility of the beam-induced deposition can be used to create SiNW-
based sensor applications like the modification of atomic force microscopy (AFM)
probes. The unique combination of Pt-catalyzed SiNW growth and beam-induced Pt
deposition facilitates the assembly of such high-aspect ratio probes while offering a
large range of customization to match specific demands without the need for any mi-
cromanipulation or nanowire pick-up steps.

7.1 Silicon AFM Probe Tip Modification

As basic substrates for the modification, commercially available silicon and silicon ni-
tride AFM probes were used (Fig. 7.1 a) [139]. The tip of the cantilevers was truncated
by gallium ion-beam milling to form a plateau at the apex of the tip (Fig. 7.1 b).10 The
plateau is of triangular shape and has edge lengths of approximately 650 nm. These
plateaus provided a planar surface for deposition and PtC spots with diameters of
100 nm and varying height were deposited using ion-beam induced deposition to serve
as catalyst for the subsequent SiNW growth. These depositions on a free-standing mi-
croobject would hardly be possible with conventional lithography techniques.

After deposition, the cantilevers were transferred to the NWCVD for SiNW growth.
The SiNWs were grown at Tg = 720 °C, pSiH4 = 0.03 mbar, pB2H6 = 1.8 · 10−4 mbar, and
pH2 = 100 mbar for one hour. Prior to the growth, the samples were heated to 800 °C.
During both heating and cooling, the chamber was kept evacuated. The cantilever
substrates were able to withstand the growth temperature without any damage and
could be used subsequently in AFM without restrictions.

10Cantilever Truncating, Pt IBID, and the AFM measurements were done by Peter Knittel, Institute of
Analytical and Bioanalytical Chemistry, Ulm University.
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Figure 7.1: (a): Pure silicon AFM cantilever tip. (b): The same tip after truncating. On the
thereby formed plateau at with side lengths of 650 nm, Pt was deposited. A Pt spot with a
diameter of 100 nm deposited on the plateau is shown in plan view as inset. The scale bar in the
inset is 250 nm. (Images taken by P. Knittel, Ulm University).

Depending on the deposited Pt amount, different results could be achieved (Fig. 7.2).
For a PtC deposition height of 100 nm, a conglomerate of VSS- and SMC-SiNWs were
grown turning the tip into a brush (Fig. 7.2 a). The growth of SiNWs at several side-
walls of the tip indicates that the Pt partly diffused from the tip to the sidewalls. By
reducing the PtC amount, also the number of SiNWs could be decreased. Figure 7.2 b
depicts SiNWs grown from a PtC deposit of 50 nm height. One 1.5 µm long and 180 nm
in diameter wide SMC-SiNW is grown vertically from the tip, whereas two others are
again grown on the sidewall.

Figure 7.2: (a): Pt-catalyzed SiNWs grown from a 100 nm high PtC deposit at the apex of
a AFM probe tip. (b): Reducing the PtC deposit height to 50 nm also reduces the amount of
grown SiNWs. (Images taken by P. Knittel, Ulm University).

The silicon nitride cantilevers were processed in the same manner, except that first
a 20 nm SiO2 layer was deposited by IBID on the entire plateau to achieve comparable
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growth results. Although Pt-catalyzed SiNW growth on planar silicon nitride yielded
identical results to SiO2 substrates, the growth on silicon nitride cantilever tips pro-
duced totally different structures (Fig. 7.3 a and b). Instead of SiNWs, pyramidal nano-
structures emerge that seem nearly to reassemble the truncated tip, whereas growth
using the 20 nm SiO2 underlayer showed the expected results (Fig. 7.3 c). The SiNW
growth appears to be strongly affected by the tip structure or material. Unfortunately,
the actual tip material composition as well as the crystallographic orientation of the
tip are unknown and not stated by the manufacturer. However, with deposition of the
SiO2 underlayer prior to the PtC deposition, it is possible to create the same results as
observed for the silicon cantilever probes.

Figure 7.3: Silicon nitride cantliver tips after Pt-catalyzed SiNW growth from (a): 75 nm
PtC deposit and (b): 100 nm PtC deposit, both without SiO2-underlayer exhibiting no SiNW
growth. (c): SiNW growth from 100 nm PtC deposited onto a 20 nm SiO2-underlayer resulting
in growth of the known VSS- and SMC-SiNWs. (Images taken by P. Knittel).

7.2 SiNW Alignment and Measurements

The minimum amount of PtC, that can be deposited on the truncated cantilevers using
IBID, is limited by the ion energy. Lower ion beam acceleration voltages cause a less
focused ion beam which leads to a broadening of the deposition spot, whereas higher
acceleration voltages lead to very short and hardly reproducible deposition times.11

However, in order to achieve AFM probes with single SiNWs, the cantilevers exhibit-
ing several SiNWs grown at and around the tip were further processed using FIB. This
additional processing step serves two purposes: it is used to mill away excess SiNWs
and it aligns the remaining SiNW in an arbitrary angle. This SiNW alignment is in-
duced by the ion irradiation and is directed towards the incident ion beam [170, 171].
The angle, under which the ion beam hits the surface, can be controlled precisely in
the FIB system. This can be used to individually adjust the nanowire tip angle to fit the
dedicated AFM device. In Fig. 7.4, SiNW milling and alignment procedure is shown in
three time steps.

11 The deposition of a PtC spot with a diameter of 100 nm and a height of 100 nm using an acceleration
voltage of 16 kV and an ion current of 1 pA takes only 4s [? ].



62 7 AFM CANTILEVER MODIFICATION USING IBID OF PT

Figure 7.4: Two cantilever tips modified by SiNWs. First sample (a): Truncated silicon nitride
cantilever tip modified by Pt-catalyzed SiNW growth. (b): Localized ion-beam irradiation mills
excess SiNW at the rim of the plateau and aligns a SiNW grown in the center. (c): Cantilever
tip after the procedure. The only remaining wire is aligned at the ion-beam incident angle of
9°. (d)-(f): respective modification of the second sample. In both cases, the remaining SiNW
enhances the aspect ratio of the AFM probe. Although ion-beam induced damage to the tip
structure can be seen in images (c) and (f), the functionality of the probes was not hampered.
Images taken by P. Knittel. First publication of (a), (b), and (c): [169]

The modification of the cantilevers has only a minor effect of their properties. The
spring constants of six probes after SiNW modification were determined to be 0.14 ±
0.02 N/m which deviates only slightly from the maximum value of 0.12 N/m given by
the manufacturer. Also the average resonant frequency of four SiNW-modified AFM
probes in air was determined to be 25.52 ± 0.61 kHz, which is a bit higher than the
denoted frequency range of 12-24 kHz.

A test measurement12 comparing the functionalized probes to unfunctionalized
ones reveals that they not only fully maintained their usability but also offer an en-
hanced imaging of steep trenches due to their increased aspect ratio. As substrate for
imaging, an optical grating fabricated by FIB milling in GaAs was used (Fig. 7.5 a). The
substrate comprises five trenches with a nominal depth of 0.7 µm and varying widths.

12 The details of measurement mode and the experimental setup were equal for both types of probes
and are reported in [? ].
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Figure 7.5: (a): Optical grating in GaAs fabricated by FIB milling. The width of the trenches
from left to right is 0.5 µm, 1.0 µm, 1.5 µm, and 2.0 µm. Their nominal depth is 0.7 µm. The
droplets at rims and bottom of the trenches are of substrate material redeposited during milling.
(b): AFM 3D maps of the substrate using both a SiNW modified probe (top) and a commercial
probe (bottom) reveal a better imaging of the 0.5 µm wide trench using the modified tip. (Images
and data by P. Knittel).

Comparing 3D AFM scans of the substrate reveals that a probe with SiNW modi-
fied tip achieves better imaging of 0.5 µm wide trench than the commercially available
probe (Fig. 7.5 b). The bottom of the trench can be imaged, whereas the measurement
with the commercial probe only reproduces the tip geometry. The higher aspect ratio
of the SiNW modified probe causes a better imaging of the steep flanks.

The SiNW functionalized probes showed an excellent mechanical stability during
the measurements for both SMC- and VSS-SiNWs like it is expectable for SiNWs in
general [172]. SEM investigations before and after the experiments have shown that
neither applying of a maximum loading force of 40 nN nor the imaging procedure
affected the SiNW appearance maintaining the AFM probe functionality [? ]. Although
the FIB milling and alignment step could induce damage also to the SiNW, implant
Ga+-ions, or cause its amorphization [158], the SiNW remains in a state that still allows
its successful use in AFM.

Improved imaging, persisting mechanical stability, and the ability to be grown in-
dependently from the substrate on a thin SiO2 layer material make the Pt-catalyzed
SiNW modification of AFM probes a versatile and useful tool. The FIB milling and
alignment step enables the individual tailoring of probe tips to match best both ap-
plication and set-up. In principle, the underlaying Pt-catalyzed SiNW growth process
allows to further expand the scope of application towards combined mechanical and
electrical measurements making use of both the SiNW doping and the conductive Pt
silicide catalyst that remains at the tip of the VSS-SiNWs.
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8 Towards Vertical Nanowire Electrode Arrays

This part includes material and results which have been published in

• N. Hibst and S. Strehle, Direct synthesis of electrically integrated silicon nanowires form-
ing 3D electrodes, physica status solidi (a) 213, 2901-2905 (2016) [173]

In the course of this research, it was found out that the peculiarities of the Pt catalyzed
SiNW growth as discussed in section 6, can be exploited to facilitate the fabrication of
vertical nanowire electrode arrays (VNEAs). As different process steps can be com-
bined, the overall technological effort of the device assembly can be reduced signifi-
cantly compared to other methods published so far.

8.1 Assembly Strategy Based on Pt-catalyzed SiNW Synthesis

It is possible to use a single lithographically patterned Pt thin film both as catalyst for
the SiNW synthesis and as electrical connection to individual SiNWs, which makes the
process comparatively easy because both the growth of the SiNWs and the Pt silicide
circuit paths can be made in one processing step. Furthermore, it can be shown that
SiNWs grown this way are already connected electrically to the PtSi circuit paths. This
self-assembly of the major components of the device is reducing the effort for device
assembly significantly.

For device fabrication, a 100 nm thick Pt film is deposited on an oxide-free silicon
substrate (Fig. 8.1 a). Oxide-free silicon substrates were created by oxide removal in
buffered hydrofluoric acid.13 After Pt deposition, the sample is kept 24 h in clean room
ambient air to develop a natural oxide layer on the parts of the silicon substrate that are
not covered by Pt. In addition, during the oxidation process, the silicon oxide creeps
a few nanometers underneath the edges of the patterned Pt (Fig. 8.1 b). Subsequent
heating of the substrate causes the Pt to diffuse into the non-oxidized, crystalline silicon
substrate underneath the Pt film forming a conductive platinum silicide (Fig. 8.1 c). It
is necessary that the Pt deposition is of sufficient thickness to avoid oxygen diffusion
through the Pt, as this can hamper the silicide formation [174, 175]. At the edges of
the Pt film, on top of the thermally formed oxide, Pt droplets emerge instead of silicide
formation as it was discussed already in chapter 6.1. From these droplets, p-doped
SiNWs can be grown within the range of parameters for Pt catalyzed SiNW growth
(Fig. 8.1 d). The peculiarity of the growth mechanism to create a thin polycrystalline Si
overgrowth alongside the SiNWs in the Pt catalyst droplet region provides an electrical
contact to the platinum silicide circuit paths. Pt silicide is known to be conductive
(53 µΩ

cm are reported for a 48 nm thick PtSi film [176]) and provides an ohmic contact to
p-doped silicon [164].

13 Please refer to appendix B for processing details.
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Figure 8.1: Localized SiNW synthesis making use of the Pt-catalyzed SiNW growth mech-
anism. (a): A Pt thin film is deposited on an oxide-free Si substrate. (b): When exposed to
an oxidizing ambient, a native oxide layer is formed on the Si. During this process, the oxide
undercuts the edges of the Pt thin film. (c): Heating of the sample creates Pt droplets in the
areas, where silicon oxide is located underneath the Pt thin film. Elsewhere, a PtSi conductor is
formed. (d): From the Pt droplets, SiNWs can be grown creating a readily contacted SiNWs.

The Pt-catalyzed SiNWs grown this way are located nearly exclusively at the rim
of the previously deposited Pt pattern, as it can be seen in Fig. 8.2. SiNW growth at the
interface between PtSi and Si with native oxide is depicted in Fig. 8.2 a showing that
the SiNWs grow in direct contact to the PtSi contact. By patterning of the Pt deposit,
arbitrary structures enabeling localized SiNW growth can be created (Fig. 8.2 b).

Figure 8.2: (a): SiNWs grown at the PtSi/Si with native oxide interface. The duration of the
oxidation was 24 h in cleanroom ambient. The scale bar is 5 µm. (b): SiNWs grown at the rim
of two triangular shaped Pt structures. The scale bar is 30 µm.

For an application as electrodes, the PtSi circuit paths must be insulated. This can be
realized by spin-coating a thin insulating PMMA layer on the substrate. If the thickness
of this layer is less than the SiNW length, the protruding SiNW tips could be used as
electrodes in an electrolyte applied to the surface of the device (Fig. 8.3 a) [177]. To
ensure that the SiNWs are not coated by PMMA, the sample shown in Fig. 8.3 a was
additionally exposed to an O2-plasma after PMMA deposition in order to remove any
residues at the SiNW surface if present.

To validate the electrical connection between circuit paths and SiNWs, electrolysis
was performed using two triangular electrodes with circumferential SiNWs by adding
a droplet of water onto the sample and applying a voltage between the two electrodes
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(Fig. 8.3 c). To ensure only contact of the SiNWs, a 700 nm PMMA layer was used to
insulate substrate and contacts. Gas evolution of hydrogen and oxygen occurs mainly
at the rims of the electrodes, where the SiNWs protrude the PMMA layer proving
both their electrical connection and the insulation of the PMMA. The gas bubbles, that
emerge in the middle of the contacts, could be caused either by SiNWs grown at cracks
in the Pt silicide or above voids in the PMMA layer.

Figure 8.3: (a): Sample showing three Pt silicide conductors with circumferential SiNW
growth. An additional 270 nm PMMA layer has been added for insulation. The SiNWs are
longer than the PMMA thickness and protrude through the layer. (b): Schematic of the sample
shown in (a). (c): Electrolysis using two triangular electrodes. Gas evolution occurs preferably
at the rims of the structures indicating the electrical contact between SiNWs and platinum
silicide conductors.

To avoid that SiNWs grow on the entire edges of the PtSi structures, the deposited
Pt can be partly covered prior to the oxidation excluding the covered areas from oxide
formation. This can be done for instance using a photoresist layer and optical lithogra-
phy to define openings that expose only the underlaying Pt to an oxidizing environ-
ment (Fig. 8.4 a). If these openings are small enough, or if the overlap of opening and
contact is reduced, the growth of single SiNWs is possible as shown in Fig. 8.4 b.

Figure 8.4: (a): 4.5 µm wide Pt circuit paths with additional photoresist layer prior to oxida-
tion. The the squared openings in the photoresist have an edge length of 6.5 µm and define the
locations of SiNW growth. (b): By decreasing the overlap between opening and circuit paths, a
single SiNW can be grown readily contacted at the tip of the circuit path.

This is a feasible way of assembling devices that consist of single (vertical) SiNWs
that are individually addressable. The technological effort is low, as only one patterned
metal deposition step and a second step for localizing the oxidation are required.
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8.2 Derived Strategy for VNEA Fabrication

This can be used to create more complex devices like VNEAs (Fig. 8.5). They consist of
several isolated circuit paths, each with one or more SiNW electrodes and can be fab-
ricated in the previously discussed manner. Figure 8.5 depicts a demonstration device
consisting of 22 electrodes. The four single SiNWs, that can be seen in the magnified
insets, are grown under an identical angle to the surface. As Pt-catalyzed SiNWs tend
to grow in <111>-direction, the fixed angle towards the (100)-surface of the substrate
indicate the formation of a crystalline platinum silicide phase at the interface between
substrate and SiNW [156]. In case that the angle between SiNW and substrate has to
be changed, ion-beam induced alignment of the SiNWs could be used as previously
discussed for the AFM probes in section 7.

Figure 8.5: First attempt of a VNEA with 22 independent circuit paths with SiNW electrodes.
Two parts of the array are magnified showing single SiNW growth under a fixed angle. Image
recording tilt angle 60°.

The fact that not on all circuit paths SiNWs are grown could be related to the non-
ideal oxidation procedure of just storing the samples in cleanroom ambient. Please
note, as the circuit paths are connected by the silicon substrate, the channel crosstalk of
the depicted device might be too high. For proper device functionality, a third lithogra-
phy step might be added to mesa etch the device layer of a silicon on insulator wafer.
This would enhance the electrical performance of the array by physically separating
the silicon underneath the circuit paths. A suggestion for the entire process for VNEA
fabrication involving mesa etching is schematically depicted in Fig. 8.6.
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Figure 8.6: Proposed assembly for Pt-catalyzed SiNW based VNEA devices. (a): From a SOI
wafer mesas are etched physically separating the individual circuit paths. (b): Pt as contact
metal and SiNW catalyst is deposited and partly protected from subsequent oxidation using
photoresist. (c): During heating of the sample, Pt silicide is formed except on top of the oxide,
where pure Pt remains able to catalyze the growth of SiNW electrodes.

In case that the resistance of the boron-doped SiNWs is still to high for a proper
application as electrodes, the depicted process could be amended by a metal evapo-
ration step covering both circuit paths and SiNW electrodes with an adequate metal.
This would significantly decrease the overall resistance by maintaining at the same
time nanoscale size and bottom-up assembly of the array. The process remains fully
scalable enabling fabrication of arbitrarily large VNEAs and might support the usage
of VNEAs for intracellular measurements by facilitating and cheapening their produc-
tion. To finally determine the device performance, the ambient air oxidation procedure
should be replaced by a more suitable procedure and then experiments have to be con-
ducted and compared to the respective results published in literature to evaluate the
Pt-catalyzed SiNW electrode performance.
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9 Conclusion on Pt-catalyzed SiNWs

Although Pt-catalysts played only a minor role for SiNW synthesis in the past, its un-
common SMC growth mode may have great potential for further applications in elec-
tronics, as it appears to be possible that the SMC-SiNWs grow without any catalyst
metal incorporation. Based on the successful usage of beam-induced Pt as catalyst for
SiNWs and the insights gained through the investigation of the growth mechanism,
two examples for possible applications in nanowire-based sensing have been deduced:
the modification of AFM cantilever tips and the assembly of readily-contacted vertical
SiNW arrays. By making use of selective self-assembly, both methods require signifi-
cantly less technological effort than previously published fabrication strategies for sim-
ilar devices.

The modified cantilever tips enable a widely tunable aspect-ratio of their SiNW tips
including high-aspect ratio tips. Due to their crystalline nature, the SiNW tips are flex-
ible and offer therefore an excellent mechanical stability making them robust against
failure. Their usefulness could be shown my accurate measuring of deep trenches used
as optical grating.

Pt-catalyzed self-assembly of individually contacted SiNW arrays offers a platform
with a great potential for future VNEA-based devices. Their simplicity in assembly
and the freedom in layout and configuration make them tunable for a wide variety of
VNEA-based research applications.

The major drawback of Pt-catalyzed SiNW growth so far is the high temperature,
which is needed during the synthesis, as well as the lack of a n-dopant. While there
is basically no chance to lower the growth temperature by several 100 K to make the
process suitable for a wider range of substrate materials, there are other ways of SiNW
n-doping reported that could be investigated [31].
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Part IV

SiNT-based Sensors: Synthesis and Application

10 SiNTs as Sensors

For sensing applications in fluids, nanowires are frequently used as ISFETs like it was
discussed in part III. The same sensor principle can be transferred to nanotubes, with
the extension that the fluid is now confined inside the cavity of the nanotube instead of
flowing around a nanowire. This confinement will lead to an increase in the surface-to-
volume ratio (SVR) of the fluid under test. Also, as discussed in the following, under
certain geometrical conditions, the SVR of a nanotube can be higher than the SVR of
a nanowire even regarding only the inner surface which is in contact to the fluid and
the bulk volume of the entire semiconductor structure. In both cases, an increased SVR
basically comes along with a higher sensitivity of the sensor device when the sensing
occurs at (modified) surfaces.

For this purpose, the application of silicon nanotubes (SiNTs) offers the availabil-
ity of common silicon technology. Just like the previously discussed SiNWs, SiNTs are
semiconducting and can be doped easily during their fabrication. Chemical functional-
izations of Si surfaces are established processes and have been the subject of numerous
publications. These functionalizations can be used to create a sensor selectivity to cer-
tain analytes or to establish a state of the surface that circumvents Fermi level pinning
like discussed for the SiNWs in sections 6.6 and 6.7. Furthermore, suitable SiNTs can be
synthesized also bottom-up by making use of the VLS-method, which allows a precise
control of diameter and tube length. In contrast to shallow microchannels, both axes of
the tube cross section are in the nanometer region enhancing the fluid confiment and
its SVR [109].

The set-up of a SiNT sensing platform requires preceding regard of different ques-
tions: What are the ideal properties of a SiNT for sensing? How does a fluid behave
inside a nanoscale capillary like a SiNT? Which requirements have to be fulfilled by the
fluid? And finally: How would a sensor response look like? This introductory chapter
is meant to explore these issues.

10.1 Fluidical and Electric Properties of SiNTs

The SVRs of a nanowire and a nanotube can be calculated by describing the nanowire
as solid cylinder and the nanotube as hollow cylinder, respectively. The SVR of a solid
cylinder with lateral surface area Az and volume Vz can be written as

Az

Vz
=

2πrzlz
πr2

zlz
=

2
rz

(10.1)
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with radius rz and length lz. A SiNT with an inner radius ri , a length l, and a shell
thickness of ds has a SVR, with respect its inner surface only, of

2πril
πl (ri + ds) 2 − πlr2

i
=

2ri

2rids + d2
s

. (10.2)

With eqs. 10.1 and 10.2, it is possible to calculate the range of the shell thickness ds,
in which a SiNT with an inner diameter ri has a higher SVR than a SiNW with a radius
equal to ri of the SiNT14 by

2ri

2rids + d2
s
≥ 2

ri
. (10.3)

Solving the inequality 10.3 for ds, one obtains

ds ≤
(√

2− 1
)

ri (10.4)

as parameter range. As a rule of thumb, this means approximately that the shell
thickness should be 40 % or less of the inner radius or 20 % of the inner diameter of
the SiNT, respectively. Notably, this is the SVR of the silicon nanostructure, not of
the fluid inside. The SVR of the fluid in the inner cavity depends only on the inner
radius and can be tuned arbitrarily. Additionally, the SiNT geometry is affected by
restrictions which arise from the electrolyte in its cavity. As described in section 3.5,
an electrical double layer will form at the interface of SiNT and the electrolyte with a
certain thickness, which should be considered.

Regarding the electrical properties of SiNTs integrated as FETs (Fig. 10.1), three dif-
ferent gate modes can be used. It is possible to gate the inner surface (Fig. 10.1 a) or the
outer surface of the SiNT (Fig. 10.1 b). Furthermore, a combination of inner and outer
gate can be realized to achieve a dual-gated configuration (Fig. 10.1 c). To compare
the electrical behavior of SiNTs to SiNWs, simulations of the transconductance were
conducted using COMSOL. Figure 10.1 a to c depicts the SiNT gating configurations
as they were simulated in COMSOL assuming one drain and one source contact on
each of the SiNT faces as well as thin insulator metal gates in the respective configura-
tion. Corresponding experimental set-ups are shown for each gating configuration in
Fig. 10.1 d to f.

14 This limitation of the inner radius ri to the minimal radius that a SiNW can have is originated in
the SiNT fabrication procedure using a nanowire as frame for the SiNT synthesis as it will be explained
in section 11.
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Figure 10.1: Different gating set-ups of SiNTs. Simplified COMSOL simulatiuon set-ups
are shown for (a): inner gate, (b): outer gate, and (c): dual gate. Respective experimental
realizations are depicted in (d) for inner gate, (e) for outer gate, and (f): dual gate. Instead of the
liquid top gate, also a back gate can be used to achieve a gate situation similar to the top gate.

Simulated ID/VGS-curves for inner, outer, and dual gating are shown in Fig. 10.2 for
a SiNT with a length of L = 1 µm, a shell thickness ds = 30 nm, a drain-source voltage
VDS = 0.1 V and a moderate donator doping concentration of ND = 1016 1

cm3 . A metal
gate contact with a workfunction of φ = 4.1 V separated by an oxide with a thickness
of dox = 2 nm and a permittivity of εox = 4 was assumed following the characteristics
of a native silicon dioxide layer. The gate contact is wrapping the entire SiNT in the
case of outer gating, the entire inner surface for inner gating, or both in case of dual
gating.

Figure 10.2: (a): Numerical calculation of ID/VGS−curves in case of inner gating, outer
gating, and dual gating of a SiNT with L = 1 µm, ds = 30 nm, VDS = 0.1 V and ND =
1016 1

cm3 .
(b): Logarithm of electron concentration in the SiNT for an outer gate, ND = 1016 1

cm3 , and
VGS = 0 V. Due to the metal workfunction, the electrons accumulate underneath the outer
gate. The situation shown in (b) corresponds to the point in (a) marked by the arrow. This
accumulation of electrons underneath the gate causes the vertical shift in the curves in (a) at
VGS = 0 V.
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As expected, dual-gating of the SiNTs causes the steepest slope of the curves since
the fraction of the gated surface area is the largest. Consequently, the conductance is
slightly more sensitive to an outer gate than to an inner gate as the outer surface area
of the SiNT is larger than the inner surface area. Due to the workfunction difference
between Si and gate metal, the electrons accumulate underneath the gate as shown
exemplarily in Fig. 10.2 b for an outer gated SiNT. This charge carrier accumulation
leads to an offset of the ID/VGS- curves in Fig. 10.2 a for VGS = 0 V (marked by the
arrow).

Simulated ID/VGS−curves comparing both inner gated SiNTs and outer gated SiNWs
with different geometries are shown in Fig. 10.3 a. The SiNTs were simulated with
a length of LNT =1 µm and an inner radius of ri = 50 nm. The shell thickness of
the SiNTs was varied to be ds = 10 nm (black curve), ds = 20 nm (red curve), and
ds = 30 nm (blue curve). The SiNWs were set to have also a length of LNW =1 µm and
a radius of r = 50 nm (dashed orange curve) and r = 25 nm (dashed purple curve). To
facilitate comparison, Tab. 10.1 lists the parameters as well as the respective SVR of the
structures.

r [nm] V [106 nm3] Ao[105 nm2] SVR Ao/V [10−2 1
nm ]

SiNW 25 1.96 1.57 8
LNW = 1 µm 50 7.85 0.31 4

ds[nm] V [106 nm3] Ai[105 nm2] SVR Ai/V [10−2 1
nm ]

SiNT 10 3.46 0.31 9.09
LNT = 1 µm 20 7.54 0.31 4.17
ri = 50 nm 30 12.25 0.31 2.56

Table 10.1: Table listing the SVR for all simulated nanostrctures. It is calculted considering
the outer lateral surface area Ao for the SiNWs and the inner lateral surface Ai for the SiNTs,
taking into account the respective gating of the structures.

For all structures, a moderate donator doping concentration of ND = 1016 1
cm3 was

chosen and the drain-source voltage VDS was set to 0.1 V. Generally, both types of nano-
structures show a similar behavior. The shell thickness ds has only a small influence
on both ID and ∂ID/∂VGS, whereas the maximum SiNW sensitivity strongly depends
on the radius of the SiNW (Fig. 10.3 b). However, compared to SiNWs, the SiNTs show
a better sensitivity even regarding structures that have approximately the same SVR
(like the red and the dashed purple curve). Notably, the maximum value of ∂ID/∂VGS

is not located at VGS = 0 V indicating that for sensor operation, a working point with
VGS 6= 0 V may be beneficial. In an experiment, this can be easily achieved by a VGS

offset induced either by the electrolyte potential or by application of a backgate.
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Figure 10.3: (a): ID/VGS−curves of SiNTs (lines) and SiNWs (dashed lines) with different
geometries. All SiNTs with an inner gate, LNT = 1 µm, and ri = 50 nm. Shell thickness is
varied between black: ds = 10 nm, red: ds = 20 nm, and blue: ds = 30 nm. Both SiNWs have
an outer gate and LNW = 1 µm. SiNW radius is for dashed orange: r = 50 nm and for dashed
purple: r = 25 nm. All curves are calculated for VDS = 0.1 V. Both inner and outer gate
contacts were described by identical metal contacts with workfunction φ = 4.1 V and an oxide
with thickness of dox = 2 nm and permittivity εox = 4. For all structures, a donor doping
level of ND = 1016 1

cm3 was chosen.
(b): ∂ID/∂VGS−curves derived from the curves depicted in (a). The maximum of each curve
represents the point with the highest sensitivity of the respective nanostructure.
(c) and (d): Same data as in (a) and (b), respectively, but plotted in logarithmic scale to provide
a better view on the slope in the subthreshold region.

Another option, which is discussed in literature [178], would be sensing in the sub-
threshold regime making use of the high relative changes of both ID and ∂ID/∂VGS

that can be seen when the respective data is plotted logarithmically (Fig. 10.3 c and
d). For both SiNTs and SiNWs, the Ion/Ioff-ratio comprises several orders of magni-
tude within the simulated range of gate-source voltage(−0.5 V ≤ VGS ≤ 0.5 V) and all
structures exhibit an approximately equal slope in the subthreshold regime.

In summary, the comparison of the simulated electrical behavior of SiNT and SiNW
shows that the SiNTs in an inner-gated configuration are capable to achieve sensitivi-
ties that are at least equal to those of the SiNWs and that the approach is theoretically
able to compete with the SiNWs, even while making use or their inner cavity analyte
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confinement. However, this nanoscale fluid confinement gives rise to an interesting
question regarding the numerical simulations of the SiNTs: can the fluid inside still be
described as a continuum?

10.2 Continuous or Molecular Fluid?

As the inner diameter of the SiNTs is small compared to common microfluidic systems,
it is important to know how the fluid will behave inside the SiNT cavity. It is known
that micro- and nanoscale fluids may behave significantly different from macroscopic
fluids. This is originated in the increasing relevance of surface forces for small systems
[179]:

sur f ace f orces
volume f orces

∝
L2

L3 =
1
L
−→
L→0

∞ . (10.5)

Basically, a fluid can be described physically either as a continuum or as an ag-
glomerate of single molecules exhibiting either continuous flow or molecular flow, re-
spectively. To determine a fluid’s flow mechanism, gases and fluids must be regarded
separately due to their difference in intermolecular distance.

Figure 10.4: Gases and liquids have different intermolecular distances. A sampling volume
must include approx. 104 molecules to exhibit continuous quantity to measure. The inter-
molecular distance determines the size of the sampling volume L³. (after: [180]).

A fluid volume exhibiting continuous physical quantities should include approxi-
mately 104 molecules and therefore depends on the intermolecular distance as shown
in Figure 10.4 [180].

The length scale for continuous description (i.e. the edge length of a cube con-
taining approximately 104 molecules) is approximately 10 nm for liquids and 1 µm for
gases, respectively [180]. For the diameter range in which SiNT sensors can be realized,
a numerical simulation is only feasible for liquids using continuous flow equations.
Molecular simulations can simulate within a reasonable computing time only pico- or
nanoseconds of fluid motion. However, detectable sensor responses are reported in a
timescale of minutes to hours [7, 167]. Also, the motion of analytes in the liquid must
be considered, as they cause the response of the sensors. Based on DAIGUJI et al. [181],
nanofluidic ion transport (presumably in liquids) within length scales above 5 nm can
be treated continuously. Below this value, they must be also simulated using stochastic
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and/or molecular dynamics-based methods. According to this estimation, the numer-
ical simulations on fluidic transport through SiNTs are performed using the equations
for continuous liquids, as the inner diameters of the used SiNTs are 50 nm and larger.

10.3 Sensing Inside a SiNT

The basic idea behind the use of SiNTs as label-free sensors is to detect properties of
a fluid or species inside a fluid which is confined in their inner cavity. Just like in the
SiNW-based ISFET concept, a change of the surface potential in the gate area causes
a change in the drain current measured as sensor response. To render the SiNT spe-
cific towards a certain analyte species, its inner surface has to be functionalized by a
chemical surface modification. The effect of this functionalization could be for exam-
ple similar to the previously discussed pH-sensing using the SiNWs, where the surface
modification caused a linear instead of an exponential change of ID with respect to the
pH value. If for instance a certain species in a liquid is targeted and not only a general
property of the fluid, the functionalization can be used to enable binding of the ana-
lyte species to the surface (Fig. 10.5). Using silicon as material for the tubes allows in
principle the usage of the same surface modifications and functionalizations that are
suitable for SiNWs, like shown for instance in Refs. [182, 183]. However, a restriction
is that the respective functionalization reaction has to be conducted inside the cavity
of the SiNT, which may limit for instance the size of the functionalization molecules
or their available amount. A functionlization that is persistent only in the gate area,
like shown in Fig. 10.5 b, would require a sophisticated reaction; applying a standard
recipe will lead to a functionalization of the entire inner surface

Figure 10.5: (a): SiNT containing a fluid with two different species inside. One of the species
is able to bind to the functionalized surface changing the surface potential of the gate region. On
the outer surface, the SiNT comprises two metal contacts. (b): To receive a signal proportional
to the bound species, it might be necessary to flush the SiNT afterwards. The drain current
between source and drain is now influenced by the number of bound analytes in the gate region.

The fluid is then filled in the SiNT to expose the respective analytes to the function-
alized surface. It might be necessary to flush the SiNT afterwards to remove unbound
analytes, other species, or to stabilize properties of the liquid like for instance pH-value
or ionic strength to avoid an unknown influence on the measurement. The influence of
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the pH-value has already been pointed and experimentally shown out in sections 2.1
and 6.7. The ionic strength of the liquid determines the width of the electrical double-
layer that forms at the liquid/solid interface according to equation 3.11. The electrical
doublelayer may shield the potential that arises from the analyte binding and therefore
its width has to be considered for the evaluation of the signal received from the sensor.
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11 SiNTs from Ge/Si Core/Shell Structures

There are several strategies reported that enable the synthesis of hollow nanowires or
nanotubes. A feasible and versatile approach is the synthesis of a Ge/Si core/shell
heterostructure [117]. Out of these core/shell structures, a tube can be formed through
subsequent removal of the core. Ge/Si core shell structures can be realized as VLS
growth of GeNWs as core and a CVD Si shell as shown in Fig. 11.1. After removing
them from the growth substrate in an ultrasonic bath, a SiNT can be formed by selec-
tive etching of the GeNW core by H2O2 (hydrogen peroxide). This etching benefits
from a strong material selectivity. H2O2 oxidizes Ge to water-soluble GeO2 yielding a
high etch rate, whereas Si is affected only slowly [120]. Depending on the parameters
of the ultrasonication, the majority of the core/shell structures either stays in a single
piece or is broken into several shorter pieces. The upper end of the core/shell struc-
ture (or the topmost part, respectively) includes the catalyst particle coated with the Si
and has therefore only one open end. Although the catalyst particle may be removed
subsequent to the core growth, but the coating over the top end cannot be avoided and
must be considered when utilizing SiNTs synthesized in this manner.

Figure 11.1: Schematic of the SiNT synthesis. From colloidal gold and monogermane (1)
GeNWs are grown with the VLS method (2). Then, a silicon shell is deposited using monosilane
(3). With an ultrasonic bath, the obtained core/shell structures are removed from their growth
substrate (4). Depending on the parameters of the ultrasonication, they are either fragmented
or stay in one piece. The Ge core is then selectively etched with H2O2 and the remaining Si
shells form the SiNTs (5).

The advantage of this approach is the precise control over the SiNT inner diameter
as it is determined by the catalyst size used for VLS growth. Also the shell thick-
ness simply depends on CVD deposition time. Furthermore, a shell grown around a
monocrystalline GeNW core has a smooth inner surface. The shell can be doped dur-
ing the CVD process by dopant gas admixture. Just as SiNWs, SiNTs can be produced
in large quantities with this method allowing a fallback on the same integration strate-
gies used for SiNWs. In priciple, SiNT could be fabricated also using other materials
for the sacrificial core. However, germanium is a good choice as GeNWs can be grown
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in a similar manner to SiNWs, also using the same reactor. Furthermore, silicon can be
grown epitaxially on germanium enabling crystalline silicon shells and the core etch-
ing is easy, as the etch rate of H2O2 is high for germanium but slow or zero for silicon
[120].

11.1 Synthesis of the SiNTs

The SiNTs used were fabricated in the NWCVD reactor described in section 4.4. Serv-
ing as the SiNT’s sacrificial frame, the GeNW cores were grown first using 2% monoger-
mane (GeH4) in helium mixture as precursor and gold colloids as catalyst. The growth
sequence began with an initialization step at 295 °C and 400 mbar for 5 min, followed
by an elongation sequence at 270 °C and 135 mbar for 55 min similar to Ref. [118]. In
both steps, solely a 20 sccm GeH4/He flux was used and kept constant also during the
cool-down in between the two growth steps. The GeNWs obtained this way are not
kinked and were grown at rates between 30 µm/h and 50 µm/h exhibiting nearly no
tapering. Although grown from colloidal catalyst of nominal constant diameter, the
measured diameters of the GeNWs are distributed from approximately half the colloid
diameter to the double colloid diameter, with a mean value at about 80 % of the initial
colloid diameter for gold colloids with diameters of both 50 nm and 100 nm.

It would be possible to dope GeNWs by admixture of PH3 [184] or B2H6 [185] for n-
type and p-type doping, however, it is not necessary during the SiNT synthesis, as the
GeNWs serve only as sacrificial frame. The density of GeNWs on the substrate should
be chosen in a way that the GeNWs stand separately from each other, without touch-
ing the neighboring GeNWs (Fig. 11.2). Otherwise, the two or more crossing GeNWs
will be coated by one single silicon shell which leads to complex and non-reproducible
structures. For all core/shell structures discussed in the following, the GeNWs were
grown in this manner. Only the gold colloid diameter (and therefore the GeNW dia-
mater) was varied and in some cases, phosphine doping of the GeNWs was added.
The Si shell is deposited by CVD in situ directly after the GeNW growth. As CVD
deposition requires higher temperatures than the GeNW growth, the reaction cham-
ber is heated after the GeNW synthesis to the shell growth temperature Ts (460 °C to
650 °C). During this heating, the sample inside is kept in a protective atmosphere by
establishing a 20 sccm flow of H2 and a 180 sccm flow of Ar. The intent of the H2 is
to passivate the GeNW side-wall and to protect it from oxidation whereas the Ar flow
should dilute leakage flows and repel contaminants in the chamber.
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Figure 11.2: (a): Ge/Si core/shell structures grown from 50 nm gold colloids. The structures
are not kinked and the density is chosen in a way that the GeNW cores most likely do not touch
each other. (b): Intersecting Ge/Si core/shell structures on a substrate with denser catalyst
distribution. The Ge core is visible due to the enhanced contrast of Ge in SEM compared to Si.

SiH4 has been used as Si precursor for CVD and additional doping of the de-
posited Si could be achieved again by admixture of PH3 or B2H6. Depending on the
process parameters, especially the shell growth temperature Ts and the silane partial
pressure pSiH4 , different shell morphologies occur. The CVD deposition rate, i.e. the
shell growth rate, depends exponentially on both temperature and partial pressure
[150] and, under constant parameters, the final shell thickness ds is proportional to the
growth time. In the following experiments, Ts was varied between 460 °C and 650 °C
and pSiH4 between 0.3 mbar and 2.6 mbar. Furthermore, the silicon shell growth was
conducted for different shell growth times ts. Some samples underwent a subsequent
thermal annealing procedure of different duration and temperature after shell deposi-
tion using either the tube furnace of the NWCVD or rapid thermal annealing (RTA).
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11.2 Silicon Shell Morphologies

Figure 11.3 shows Ge/Si core/shell structures with a variety of shell morphologies
synthesized under different growth conditions. The shell of the sample depicted in
Fig. 11.3 a was deposited at Ts = 475 °C and pSiH4 = 2.6 mbar for ts = 90 min. It is
polycrystalline and not uniform, but remains stable after removal of the core. Under
these growth conditions, an additional SiNW has grown from the remaining catalyst
particle at the tip of the GeNW (Fig. 11.3 b). Although these structures may have inter-
esting properties [186], they are undesired for their intended functional integration,
because they brake during the ultrasonication in core/shell structures and SiNWs,
which are hard to differentiate under a light microscope as it is used for photo li-
thography. If the silane partial pressure is decreased, periodic deformations of the
Si shell occur (Fig. 11.3 c), Ts = 460 °C and pSiH4 = 0.5 mbar for ts = 70 min) form-
ing separated silicon spheres around the GeNW core. This phenomenon is based
on the Plateau-Rayleigh instability, that is used to describe the separation of a wa-
ter jet into droplets, and which was also observed for one-dimensional solid bodies
like nanowires [187, 188] and core/shell structures [189, 190]. Although fascinating,
periodically deformed shells do not meet the requirements for SiNT flow-through sen-
sors. Prolonged silicon deposition and subsequent annealing (30 mins at 615 °C in the
tube furnace) of such a structure (Fig. 11.3 d, Ts = 475 °C and pSiH4 = 0.5 mbar for
ts = 120 min) does not improve the shell quality significantly, as a certain periodicity
in its thickness remains evident. Nevertheless, the shell in this experiment is not sep-
arated anymore because the shell growth time ts was increased by 50 min and hence
more silicon material was deposited. If the temperature of the entire shell deposition
process is raised (Fig. 11.3 e), Ts = 650 °C and pSiH4 = 0.5 mbar for ts = 15 min), a
hexagonal single-crystalline shell is formed. Due to the higher synthesis temperature,
the shell is much thicker (a facet width of approx. 200 nm yields an incircle diameter
of approx. 350 nm) than the shells depicted in Fig. 11.3 a to d, although the growth
time was with 15 min significantly shorter. Hexagonal shapes of core/shell structures
of comparable thickness have been reported also in Refs. [113, 191, 192].
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Figure 11.3: TEM/SEM images of core/shell structures with different shell morphologies. (a):
Rough polycrystalline shell, (b): SiNW grown out of the Au catalyst of the GeNW core dur-
ing shell deposition. Plateau-Rayleigh instability causes periodical shell deformations lead-
ing to (c): separated spherical shells or (d): periodical shell thickness variation. (e): Thick
single-crystalline shell exhibiting a hexagonal shape. (f): TEM image of a Ge/Si core shell
structure with thin single-crystalline shell (1), (g): stacking of two Si shells with an inner
single-crystalline shell (1) and an outer polycrystalline shell (2), (h): detail of (g) depicting the
different shell layers and the oxide layer (ox) on the surface in larger magnification.
(TEM images (a,b,f-h) taken by J. Biskupek, Ulm University).
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It is clearly visible that under these conditions, the gold catalyst at the top of the
structure is entirely covered with Si and does not nucleate the growth of an additional
SiNW as it has been seen in Fig. 11.3 b. However, due to their thickness and the accom-
panying mechanical stability, these single-crystalline hexagonal core/shell structures
could not be removed from their substrate by ultrasonication. Since thinner Si shells
are desired, a Si shell of 75 nm thickness was grown by decreasing deposition time and
partial pressure (Fig. 11.3 f), Ts = 650 °C and pSiH4 = 0.4 mbar for ts = 5 min). In con-
trast to the thicker single-crystalline shell, these core/shell structures retain their cylin-
drical shape and do not exhibit crystal facetting like the sample shown in Fig. 11.3 e).
The Moiré fringes, that can be seen above the core of the structure, indicate a crystallo-
graphic relationship between the crystal structures of core and shell.

For more complex structures, the single-crystalline and the polycrystalline shells
can be stacked (Fig. 11.3 g), inner crystalline shell: Ts = 650 °C and pSiH4 = 0.4 mbar for
ts = 2 min, outer amorphous shell: Ts = 500 °C and pSiH4 = 1 mbar for ts = 20 min).
Figure 11.3 h) is a detail of the shell structure depicting an inner crystalline shell, an
outer amorphous shell and a oxide layer formed on the outer surface. This oxide layer
is a bit thicker than what can be expected for a native silicon oxide, so that it is probably
formed subsequently to the shell deposition during cool down of the growth chamber.

The Si shell deposition rates are dependent on both temperature and silane partial
pressure and were determined from TEM images. Table 11.1 lists the measured values.

Dcoll Ts pSiH4 ts ds Dc
50 nm 500 °C 0.4 mbar 30 min (23± 3) nm (39± 16) nm

640 °C 1.0 mbar 1 min (31± 8) nm
100 nm 500 °C 0.4 mbar 20 min (30± 6) nm (86± 52) nm

640 °C 1.0 mbar 1 min (25± 4) nm

Table 11.1: From TEM images of samples grown from different gold colloid diameter Dcoll
at shell temperature Ts, silane partial pressure pSiH4 , and shell growth time ts, resulting shell
thickness ds and Ge core diameter Dc were measured.

Interestingly, a subsequent annealing (640 °C for 7 min in RTA) of these dual-shell
structures did not lead to a growth of the crystalline part, as the respective thickness
measured for each of the two shells remained unchanged. However, in the amorphous
layer, the formation of small crystallites can be seen indicating the onset of a structural
change induced by the annealing (Fig. 11.4).
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Figure 11.4: (a): Ge/Si core/shell structure with dual shell after 7 min annealing in RTA at
640 °C in brightfield. (b): Image from (a) in darkfield regions with equal crystal orientation
appear bright revealing the formation of a crystallites in the shell. (Images taken by J. Biskupek,
Ulm University).

For the use as flow-through sensors, the core/shell structures with one single-
crystalline shell are expected to exhibit the best performance. Therefore, their syn-
thesis characteristics were investigated further. Although their shell has a comparably
good crystal structure, some of the core/shell structures were found to exhibit local-
ized spherical deformations on their surface (Fig. 11.5 a). In contrast to the periodical
deformations originated in Plateau-Rayleigh instability, these spherical structures are
formed either by an inhomogeneous Si deposition or by surface diffusion of Si pre-
cipitated during CVD of the shell. As discussed for the VLS growth mechanism, Si
CVD deposition rate can be hampered by hydrogen passivation of the silicon side-
walls [35, 193]. These passivation can be achieved by admixture of hydrogen during
the shell deposition. Shells deposited at Ts = 640 °C, pSiH4 = 0.3 mbar, and addi-
tional pH2 = 4.65 mbar exhibit a smooth surface on all observed structures (Fig. 11.5 b).
In contrast, replacing the hydrogen by argon at equal partial pressures (Ts = 640 °C,
pSiH4 = 0.3 mbar, pAr = 4.65 mbar, no additional H2 admixture), the shell morphology
becomes even less homogeneous and significantly more rough (Fig. 11.5 c).
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Figure 11.5: Ge/Si core shell structures grown under different shell growth conditions. Top
SEM images and bottom TEM images are taken from the same samples. (a): Only growth
with SiH4 in He (pSiH4 = 0.4 mbar), no additional H2 or Ar admixture. The shell exhibits
the formation of spherical inhomogenities. (b): pSiH4 = 0.3 mbar and pH2 = 4.65 mbar. The
shell has a homogeneous and smooth shape. (c): pSiH4 = 0.3 mbar, pAr = 4.65 mbar, no H2
admixture. The amount of spherical inhomogeneous is further increased compared to the sample
shown in (a). (TEM images taken by J. Biskupek, Ulm University).

11.3 Core Etching

This part includes results which have been published in

• N. Hibst, A. Steinbach, and S. Strehle, Fluidic and Electronic Transport in Silicon Nano-
tube Biosensors, MRS Advances (2016) DOI: 10.1557/adv.2016.330 [194]

To finally obtain the SiNTs, the Ge core must be removed. As the entire GeNW has
been covered by the Si shell, the core/shell structures must be detached from their
growth substrate. This was done by ultrasonication, which causes the breaking off of
the core/shell structures from their substrate. During this procedure, the core/shell
structures undergo fracturing, typically into pieces with lengths between 10 µm and
20 µm. Some of the pieces still contain the gold catalyst from the GeNW growth and
have only one cross section giving access to the Ge core, whereas the pieces without
gold catalyst have two of them. Once the suspended core/shell structures have been
transferred to another substrate, their cores can be etched using an aqueous 30% H2O2

solution. In Fig. 11.6, a core/shell structure with partly removed core is shown in (a).
Due to its heavier atoms, germanium causes a larger contrast in SEM than silicon and
appears brighter in the images. Figure 11.6 b depicts the opening in the cross-sectional
area of a SiNT after core removal. Due to the difference in contrast, core/shell struc-
tures with Ge core (Fig. 11.6 c) can be distinguished easily from SiNTs without core
(Fig. 11.6 d) by SEM investigation.
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Figure 11.6: SEM pictures illustrating the removal of the Ge core. (a): Ge/Si core shell struc-
ture with partly etched core (approx. 600 nm, 1 h etching in 30% H2O2). Ge core, Si shell as
well as the already etched hollow SiNT part can be distinguished by their respective contrast
and are indicated in the image. (b): The cross section of a hollow SiNT after core removal. The
opening of the hollow inner cavity is marked by the arrow. (c): A core/shell structure with two
open ends enabling both the exposure of the core to the etchant. (d): A hollow SiNT with one
open end and a remaining gold colloid at the other end (indicated by the arrow). The hollow
SiNT in (d) can be distinguished from the solid core/shell structure in (c) by lack of the contrast
caused by the Ge core in SEM.

The core etching of electrically integrated SiNTs was performed after deposition
of the metal contacts to avoid a flow of photoresist into the SiNT driven by capil-
lary effects. To protect the metal from the H2O2 etchant, the samples were covered
by a PMMA layer. Only the ends of the core/shell structures were opened by electron
beam lithography (Fig. 11.7 a). This PMMA passivation remained stable over the 24 h
of H2O2 etching.

Ge core etch rates in dependence of the SiNT inner diameter were determined by
SEM investigation and are listed in table 11.2.
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Dc = 100 nm Dc = 100 nm Dc = 50 nm Dc = 250 nm
te = 1 h te = 4 h te = 3 h te = 3 h

0.75± 0.34 µm/h 0.57± 0.24 µm/h 0.58± 0.17 µm/h 0.94± 0.38 µm/h
n = 18 n = 15 n = 9 n = 11

Table 11.2: Germanium core etch rates for different core diameters Dc measured after the
indicated etching times te. The number n of investigated SiNTs is specified for each experiment.

The observed etch rates are decreasing over time, or inner diameter, respectively,
which could be linked to the transportation process inside of the SiNT. Although the
measured etching rates have large fluctuations, in average larger diameter cores are
etched faster than thinner ones which appears reasonable by considering the differ-
ences in their cross-sectional areas exposed to the etchant. The fluctuations of the etch
rates may be caused by effects like air bubble formation and local convectional differ-
ences. The confined etching inside the SiNTs is approximately a factor of 50 slower
than the value reported for bulk polycrystalline Ge etching in 30% H2O2 at 50 °C as
reported in Ref. [120].

Besides SEM investigation, the core etching can also be monitored in-situ by mea-
suring the electrical resistance of the structure during the etching as shown in Fig. 11.7 b.

Figure 11.7: (a): A core/shell structure with electrical contacts and PMMA passivation. Only
the opened ends are exposed to the etchant. (b): Resistance of a core/shell structure during
1 h of etching. The resistance increases from the resistance of the core/shell structure RCS =
(2.9± 0.4)GΩ to the resistance of the SiNT RSiNT = (18± 1.7)GΩ.

The resistance of the core/shell structure RCS increases during approximately one
hour of core-etching from RCS = (2.9 ± 0.4)GΩ to RSiNT = (18 ± 1.7)GΩ. An in-
crease of the resistance seems to be consequential, as the cross section of the structure
decreases partly during the etching.

The etching of the Ge core presented in this subsection shows exemplary that SiNTs
can be filled with a liquid due to capillary forces and that a transport of species from
the inside of the SiNT to the outside is possible. These are both prerequisites for the
application of SiNTs as biosensors.
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12 SiNT and Core/Shell Electrical Properties

This part includes results which have been published in

• N. Hibst, A. Steinbach, and S. Strehle, Fluidic and Electronic Transport in Silicon Nano-
tube Biosensors, MRS Advances (2016), DOI: 10.1557/adv.2016.330, Reference [194]

In order to characterize the grown nanostructures electrically, different samples con-
taining SiNTs or Ge/Si core/shell structures were prepared as it was described in sec-
tion 11. Detailed growth conditions of all nanostructures are listed in appendix C.

To verify the existence of a Ge core, all samples underwent a SEM analysis prior
to core removal to exclude samples without a core or with non-standard morpholo-
gies like intersecting Ge cores. Measurements of the drain current ID in dependency of
the drain-source voltage VDS and gate source voltages VGS in different gating situations
were performed to gain insight in conductivity and transconductance of the structures.
To improve readability and clarity, the gate-source voltages are abbreviated depending
on the respective method of gating as back-gate voltage VBG, as liquid-top-gate voltage
VTG, and as liquid dual-gate voltage VDG. However, in all cases they represent the po-
tential difference between the respective gate potential and the potential of the source
contact of the core/shell structure or SiNT, respectively. For some measurements, the
Ge core was removed turning the Ge/Si core/shell structures into SiNTs and the mea-
surements were repeated to figure out the electrical influence of the Ge core. Wherever
possible, identical structures were used prior and after etching. Different shell compo-
sitions like single shell and two-layer shells, as discussed in section 11.2 are compared.

12.1 SiNT Liquid Gate Measurements

As a first measurement, a dual-gated SiNT, configured as shown in Fig. 12.1, was mea-
sured making use of its hollow structure. The SiNT had a gate length of 1.5 µm and
drain current ID vs. drain-source voltage VDS curves were measured for liquid dual
gate voltages VDG between -0.5 V and 0.5 V applied in steps of 0.1 V. A maximum volt-
age of 0.5 V was chosen to avoid water splitting of the used pH 7-buffer-solution or
other electrochemical reactions at the electrode. The buffer solution was chosen to
keep the pH value of the electrolyte constant during the measurement avoiding an in-
fluence on the drain current by pH-induced changes in the SiNT’s surface potential.
Then, as pointed out for ISFETs in equation 2.4, a change in the reference electrode po-
tential causes a change in the drain current which is clearly observable regarding the
measured data (Fig. 12.1).
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Figure 12.1: ID vs. VDS plot for different liquid gating voltages VDG of a dual-gated SiNT. The
inset depicts the top-gating configuration. Both VDS and VDG were sweeped in between -0.5 V
and 0.5 V.

The asymmetry between first and third quadrant was observed for all SiNTs under
test. It seems to be originated in the dual-gated setup and as it was not observed in
control ID vs. VDS measurements performed without the electrolyte. The gate leakage
current observed during the dual-gated measurements was approximately two orders
of magnitude lower than ID and did not exceed a maximum value of 3 nA for the
measurement shown in Fig. 12.1.

From such a set of ID vs. VDS curves, ID vs. VDG plots can be created at fixed
value of VDS. ID measurements at VDS = 0.5 V for different values of VDG are shown
in Fig. 12.2 a for SiNTs with different gate lengths. Although the three depicted sam-
ples have different gate lengths, their resistance is not proportional to the gate length.
This divergence in conductance was seen throughout all experiments and could be
originated in different cross-sectional areas. For a SiNT, the cross-sectional area is de-
termined by its shell thickness ds, which was seen to be constant only within a certain
length interval as discussed in section 11.2. Due to the small thickness regime of tens
of nanometers, a subsequent and individual measurement of ds of the electrically mea-
sured devices could not be performed in SEM with sufficient accuracy.
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Figure 12.2: (a): ID vs. VDG curves for SiNTs with different gate lengths at VDS = 0.5 V. The
curves have been assembled from individual ID vs. VDS curves. (b): ID vs. VDG curves mea-
sured directly at VDS = 0.5 V exhibiting hysteresis. The gate lengths are indicated. The arrows
mark the forward and backward direction of the VDG voltage sweep. In both measurements, a
pH 7 buffer solution was used as electrolyte. The black and the red curve in both tableaus have
been measured at the same structures, respectively.

The rising conductance of the SiNT for higher (i.e. more positive) VDG in Fig. 12.2 is
typical for their intended n-doping during synthesis. Within the observed interval of
VDG = −0.5 V to 0.5 V, the sample exhibits a linear change in ID or conductance ID/VDS,
respectively. Instead of assembling this back-gate voltage dependency from individ-
ual ID vs. VDS curves, a ID vs. VDG plot can be measured directly by sweeping VDG

while keeping VDS constant (Fig. 12.2 b). However, in contrast to the assembled curves,
hysteresis can be observed by sweeping VDG from -0.7 V to 0.7 V and back. The effect
is more pronounced in the measurment conducted with a smaller sweep step size of
0.01 V (red curve) than in the one with the larger sweep step size of 0.1 V (black curve).
The hysteresis can be attributed to capacitive effects either at the electrode/electrolyte
interface or at the SiNT/electrolyte interface. As the origin of the hysteresis was not
investigated further in this thesis, all other ID vs. VDG below were assembled from sets
of ID vs. VDS curves.

For the comparison of gating situations, the analyzed dual-gated samples were
covered again using a thin layer (approx. 70 nm) of PMMA to clog the reservoirs
(Fig. 12.3 a) and prevent an ingress of the electrolyte. Then, the measurements were
repeated for the structures in a liquid top-gate configuration only. The comparative
ID vs. VGS plots are shown in Fig. 12.3 b for two SiNTs with different gate lengths and
at VDS = 0.3 V. Although a slightly lower transconductance could be expected from
the numerical simulations, the experimental results cannot clearly prove that. The ob-
served conductance is approximately the same for the sample with 1.5 µm gate length
and slightly higher in top-gated configuration for the 2.0 µm long gate. Furthermore,
the dependency of ID on the liquid top-gate voltage VTG is not linear anymore. Ac-
cording to this experiment, the gating appears to be driven mainly or even entirely by
the liquid top gate whereas the loss of the linearity could be induced by a change of
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the surface conditions at the inner surface of the SiNT as the pH-buffer solution is not
present anymore. However, the exact conditions at the inner surface or even the com-
position of the matter inside the SiNT are unknown. Nevertheless, it is very likely that
their electrical properties are determined mainly by their surfaces as it is typical for
nanostructures. The large influence of the surface is in accordance to the observations
made for the Pt-catalyzed SiNWs in chapter 6 and has been discussed in literature for
different types of nanowires [195–197].

Figure 12.3: (a): Schematic of the dual gated and the liquid top-gated setup. The former dual-
gated setup was turned into a top-gated setup using an additional PMMA layer preventing
an ingress of the electrolyte. (b): ID vs. gate voltage curves recorded for two different SiNTs
at VDS = 0.3 V comparing dual gate (VDG) and liquid top gate (VTG) measurements. As
electrolyte, a pH 7 buffer solution was used. The respective gate lengths of the SiNTs are
structure A: 1.5 µm and structure B: 2 µm.
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12.2 Differences between Ge/Si Core/Shell Structures and SiNTs

To gain further insight in the influence of the surface, measurements performed at
Ge/Si core/shell structures with intact Ge core are compared to measurements of
SiNTs performed after the core etching. Also, structures with single Si shell and struc-
tures with dual shell are investigated.

ID/VDS and ID/VBG Curves - Single Shell

In Fig. 12.4 a, ID vs. VDS curves of a back-gated Ge/Si core/single shell structure (core
diameter 50 nm and gate length 10 µm) are plotted for back gate voltages VBG varied
between -50 V to 50 V. Measurements with larger back-gate voltages were not possible
due to frequent failure of the underlaying insulating layer. ID vs. VBG curves measured
at VDS = 0.5 V are depicted in Fig. 12.4 b for Ge/Si core/single shell structures with
different gate lengths (GeNW core catalyst diameter Dc = 50 nm and shell thickness
ds around 70 nm). The observed resistance is not proportional to the gate length what
could be again originated in inhomogeneous diameters and varying shell thicknesses
or other material inhomogenities. The slight saddle in the ID-curves around VDS = 0 V
is presumably caused by non-ideal contacts derogating slightly their ohmic behavior.

The increasing slope for negative values of VBG observable in Fig. 12.4 b indicates
that the saturation of ID has not been reached yet. For positive back gate voltages, a
lowering of ID can be observed. However, the off-state current Ioff is apparently in the
same order of magnitude as the on-state current Ion resulting in a low Ion/Ioff-ratio as it
was already observed for the Pt-catalyzed SiNWs in section 6.6. An increasing current
for negative VBG, or a decreasing current for positive VBG, respectively, indicates a p-
type behavior of the samples which is inconsistent with the indented n-doping during
synthesis. The comparatively high resistances of these structures (black: 39 MΩ, red:
129 MΩ, and green: 266 MΩ for VBG = 0 V) suggest that the structures do not exhibit
a high doping concentration. The transconductance (with respect to the back-gate)
determined within the range of VBG = −20 V to 50 V by linear fitting is −43 pS

V and
−71 pS

V for the structures with 10 µm gate length and −29 pS
V for the structure with

5 µm gate length.
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Figure 12.4: (a): ID vs. VDS curves of a Ge/Si core/shell structure (gate length 10 µm) for
different back gate voltages VBG. (b): ID vs. VBG curves for three Ge/Si core/shell structures
and VDS = 0.5 V. The red curve corresponds to the data shown in (a). The respective gate
lengths as well as the transconductances determined between VBG = −20 V and VBG = 50 V
are indicated. (c): ID vs. VDS curves of a SiNT for different back gate voltages. The inner
diameter of the SiNT is 250 nm and the gate length is 2.5 µm. (d): The ID vs. VBG curve
assembled from (c) for VDS = 0.5 V.

Electrical characteristics of a core-free single-shell SiNT structure with an inner
diameter of 250 nm and a gate length of 2.5 µm reveal a slightly lower resistance of
1.4 MΩ for VBG = 0 V (Fig. 12.4 c) and a higher transconductance of−4.54 nS

V (Fig. 12.4 d)
in the steepest region in the ID vs. VBG plot for VBG = −5 V to VBG = 40 V. Also, the
alleged inflection point of the transconductance curve is shifted towards VBG = 15 V,
approximately.

The determined transconductance is significantly higher for this SiNT than those
observed for the core/shell structures. The absolute change in ID of 150 nA is com-
parable to the current change observed for the liquid gate measurements. However,
the transconductance calculated from (Fig. 12.4 d) is lower than the transconductance
determined from the liquid gate measurements, because the values for VBG are much
larger than the values for VTG or VDG.

Surprisingly, also the SiNT exhibits the behavior of a p-doped structure, although
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it was - like the core/shell structures - intentionally n-doped. This occurrence of p-
doped instead of n-doped behavior could be originated in the small PH3 flux of only
1 sccm during shell deposition which could be insufficient to compensate a possible
unintentional p-doping arising from residues in the growth chamber. Other n-doped
core/shell structures and SiNTs created from them, that were grown with a PH3 flux
of 10 sccm, showed the expectable n-doped behavior.

ID/VDS and ID/VBG Curves - Dual Shell

Adding a second, polycrystalline Si shell to the core/shell structures, may alter the
electrical properties of both the core/dual-shell structures and the SiNTs created from
them. Electrical measurements presented in Fig. 12.5 were conducted on core/dual-
shell structures that comprised an inner, single-crystalline shell and an outer, poly-
crystalline shell. Evaluation of TEM images from core/dual-shell structures grown in
the same manner revealed a thickness of the crystalline shell part of 31 ± 8 nm and
30± 6 nm for the polycrystalline part, respectively.15

The measurements were conducted on the Ge/Si core/shell structures first and
were repeated at identical structures after the Ge core was etched. For gating of the
structures, a back-gate potential was applied to the backside contact of the substrate.
Drain current ID vs. drain-source voltage VDS plots showing the nanostructure resis-
tance before and after core removal are depicted in Fig. 12.5 a. As already expected
from the recording of the core etching, the resistance of the SiNT is higher than the
resistance of the respective core/shell structure. The structures show again a slight
saddle in the ID-curves around VDS = 0 V attributed to non-ideal ohmic contacts.

ID vs. VDS plots recorded for different back-gate voltages VBG are depicted in
Fig. 12.5 b before and after etching of the Ge core with 50 nm diameter. Notably, the
ID vs. VDS plots for the Ge/Si heterostructure are independent of the applied VBG and
therefore appear congruent in this scale. Contrary, after etching of the Ge core, the
same structure provides a distinct gate response. Identical behavior was investigated
for other Ge/Si core/dual shell structures, including those having a larger nominal
core diameter of 100 nm. The independence of ID from VBG can be seen by plotting
ID vs. VBG like in Fig. 12.5 d for VDS = 0.7 V. The transconductance of the core/dual-
shell structure is basically zero, whereas the identical structure after core removal ex-
hibits a maximal transconductance of 2.7 nS

V for VBG between 20 V and 30 V. The po-
sitive transconductance matches the intended n-doping of both shells. Compared to
the Ge/Si core/single shell structures, the dual-shell structures were grown using ten
times higher dopant gas to silane ratio, which could be the reason for the diverging
results.

15 An exact inner and outer shell thickness determination of the electrically measured structures in
SEM is not possible as they cannot be distinguished from each other. However, the shells could be
distinguished in TEM, unfortunately an investigation of the integrated structures is not possible due to
the underlaying solid Si substrate.
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Figure 12.5: (a): TEM image of a core/shell structure comprising two stacked Si shells.
(b): ID vs. VDS curves of two different samples measured first as GeSi heterostructures and
then, after etching of the nominal 50 nm Ge core, as SiNT. (c): ID vs. VDS plot for different VBG
of an n-doped Ge/Si heterostructure before (black curves) and after (red curves) removal of the
Ge core. In contrast to the SiNT, the Ge/Si heterostructure showed no response to an applied
back-gate voltage and their ID vs. VDS curves appear congruent. (d): ID vs. VBG curves of the
structure shown in (c) measured at VDS = 0.7 V suitable for sensing in aqueous surroundings.
The maximum transconductance is determined to 2.7 nS

V for VBG between 20 V and 30 V.

Furthermore, a comparison of the results suggests that the presence of the Ge core
inhibits any response to the back-gate potential. Whereas the increasing resistance
after the core removal appears logical due to the reduced cross sectional area, the in-
sensibility of ID to the back-gate voltage must be caused by the Ge core/Si inner shell
interface. As this interface comprises a semiconductor heterojunction, effects like band
bending may cause intrinsic and therefore less gate-sensitive behavior. Notably, the
drain current is three orders of magnitude higher than for the single shell structures,
so that changes in the nA regime, like observed for the single shell structures, could
remain undetected. Although SiNTs give a measurable gate response, they exhibit still
a surprisingly high source-drain-current (Ioff of 145 nA at VDS = 0.7 V for the SiNT in
Fig. 12.5) in the depleted region suggesting again surface determined electrical proper-
ties in accordance with the observations of the Pt-catalyzed SiNWs.
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12.3 Summary on the Electrical Behavior

The electrical measurements have shown that the SiNTs are in principle capable for an
application as building blocks for ISFET-like sensor devices as they show a measurable
and proportional change in ID to an applied gate voltage. However, it remains unclear
if their sensitivity is sufficient to detect a gate potential change induced by molecu-
lar binding events at their functionalized inner surface, as it is probably smaller than
the investigated potential changes induced through the different gate voltages. Fur-
thermore, it would be desirable if the SiNTs had more reproducible and less broadly
distributed electrical properties in order to facilitate the evaluation and comparability
of results. As pointed out in section 11, a certain variance in geometry and morphol-
ogy can be traced back to the utilized bottom-up synthesis procedure. It is expectable
that also processes, which determine the resistivity or other electrical properties like
for instance dopant incorporation, underlie comparable variations.

The similarity to the Pt-catalyzed SiNWs allows the conclusion that also the elec-
trical behavior of the SiNT is originated in the state of their surfaces. In literature, it
was shown that an adequate defect passivation, for instance with hydrogen [198], may
improve the Ion/Ioff-ratio and may be realized with an additional passivation step sub-
sequent to the shell growth. It has been reported that unpassivated surface states may
prevent an off-switching of the nanostructures [161]. Furthermore, a lower value of Ioff

can increase the transconductance especially in the subthreshold regime which may
result in an increased sensitivity of SiNT-based sensor devices.

An alternative to annealing, that achieves comparable results, could be the adding
of an insulating layer on the outside of the SiNT after integration to further passivate
their surface states [196]. However, both methods would only address the outer surface
of the SiNT. Passivation of the inner surface could be done for instance out of the liquid
phase by filling the SiNT with the respective reagents.

Besides by the surfaces, the electrical properties can be derogated by catalyst in-
corporation during the growth process [199]. As both the Pt-catalyzed SiNWs and the
Au-catalyzed SiNTs investigated in this work showed similar behavior, an influence
of incorporated catalyst material is less likely. In contrast to nanowires, the SiNTs are
grown by CVD not involving a metal catalyst. Furthermore, no Au catalyst material
was detected in the SiNTs using TEM-EDX besides of the GeNW core tip region.

If the issue with the high off-state current is solved, the SiNTs represent from the
electrical point of view and interesting and versatile platform for future sensor devices.



100 12 SINT AND CORE/SHELL ELECTRICAL PROPERTIES



101

13 Ion Diffusion Through a SiNT

The sensor concept for the SiNTs does not involve only electrical measurements, it
furthermore requires a certain fluidic transport through its inner cavity. Already the
observed etching of the Ge core has shown that a liquid can enter a SiNT and that
a mass transport of the dissolved germanium oxide out of the SiNT is possible. In
addition to this, ion diffusion through a SiNT has been observed experimentally. In
contrast to the core etching, where gas bubble formation causes a stochastic variation
of the measured etch rates, the observation of ion diffusion allows an estimation of the
time regime, in which these transport mechanisms occur, and how it is influenced by
the nanoscale size of the system.

Figure 13.1: (a): Schematic of the experimental set-up. The conductance in the right reservoir
is measured using two Pt electrodes. (b): Experimental results for the conductance rising
due to NaCl ion diffusion through a SiNT with a diameter of 250 nm and a length 36 µm
(black curve). The experimentally determined data was then corrected for a linear slope of
me = 1.743 · 10−11 1

s caused by evaporation of the solvent as the experiment was conducted
without a PDMS cap yielding the red curve.

The diffusion experiments were done on samples comprising a SiNT that connects
two reservoirs. One of those reservoirs was filled with a 1 mol

L NaCl solution, the other
one with an equal amount of deionized water as shown schematically in Fig. 13.1 a.
As the SiNT is supposed to fill itself due to the capillary effect, an ion diffusion from
the one reservoir into the other becomes possible. It is assumed that the increase in
ion concentration in the reservoir with deionized water is proportional to the mea-
sured increase in conductance. As pointed out in section 3.4, this assumption holds for
strong electrolytes at sufficiently high concentrations like the expected maximum con-
centration at steady state of 0.5 mol

L . The electrolyte conductance in the reservoir filled
initially with de-ionized water is determined by a current measurement by applying
an AC voltage of 70 mV peak at 1 kHz to a pair of platinum electrodes. The measured
conductance change shown as black curve in Fig. 13.1 b and as red curve corrected for
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a linear slope of 1.743 · 10−11 µS
s caused by evaporation of the solvent, because the ex-

periment was conducted without a PDMS cap. This linear slope was determined from
the saturation region between the experiment times of 3 h and 6 h as indicated in in
Fig. 13.1 b. From these data, the cell constant of the setup was determined to be 78.6 1

cm

by assuming that the saturation conductance corresponds to the steady state concen-
tration of 0.5 mol

L and the increasing conductance reveals that ion diffusion through a
SiNT is generally possible.

Figure 13.2: (a): Schematic of the simulation geometry at a certain point of time. Ions from the
left reservoir are diffusing through the SiNT into the right reservoir. The ion concentration in
the right reservoir in dependence of time is obtained as result of the simulation. (b): Compar-
ison of simulated diffusion using two different diffusion coefficient to the measured data. The
red data was calculated using D = 1.33 · 10−9 m2

s , what corresponds to the literature value,
whereas the blue data calculated with D = 1.0 · 10−10 m2

s fits best to the measured values (black
curve).

To gain insight into the time domain of the diffusion process, numerical simulations
of the diffusion process were made (Fig. 13.2 a). The calculations were based on stan-
dard Fick’s Law with isotropic diffusion coefficient (Eq. 3.1) which was solved time-
dependendly for a geometry corresponding to the experiment. No nanoscale effects
were considered. Assuming that both types of the solved ions diffuse with the smaller
of their diffusion coefficients, a value of DNa+ = 1.33 · 10−9 m²

s [45] was chosen. A
comparison of simulation and measurements, as shown in Fig. 13.2 b, reveals that the
experimentally determined ion diffusion through the SiNT is slower than the simula-
tion results suggest indicating a significant influence of nanoscale effects.

In order to provide a more comprehensive model, nanoscale effects must be con-
sidered accounting for instance for the increased influence of surface-related effects in
nanoscale systems, which may cause a higher viscosity for water [200]. This might re-
sult in a slower diffusion due to a smaller value for the diffusion coefficient as shown
in Equ. 3.3. Fitting of the measured data to simulations with different values for the
diffusion coefficient yields a good accordance for D = 1.0 · 10−10 m2

s (Fig. 13.2 b). How-
ever, to fit this value, the viscosity must be rised by a factor of 13.3, which is more
than the factor of three observed for water compressed in sub-nanometer layers [201].
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For an accurate description, also the circular cross sectional area of the SiNT as well as
the ionic strength of the electrolyte and the related double-layer formation should be
considered.

Nevertheless, for SiNTs used as flow-through sensors, the diffusion can be approx-
imated by using the bulk diffusion laws together with a smaller value for the diffusion
coefficient. This allows estimating the time regime of a sensing process in a liquid,
although the approach has to be validated further by diffusion measurements using
SiNTs with varying diameters to show the limits down to which nanofluidics can be
approximated.
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14 Conclusion on SiNT-based Sensors

Based on the experimental results in the previous sections, one can conclude that the
SiNTs meet in principle all fundamental requirements for an application as ISFET-
based biosensor in flow-through configuration. The VLS-based GeNW core/ Si shell
heterostructure synthesis approach is feasible of producing SiNTs in large quantities
with controllable geometries. Shell morphology of the core/shell structures or the
SiNTs, respectively, can be tuned by the parameters of the Si CVD and both n-type
and p-type doping can be established. Although a measurable gate response in a field-
effect transistor configuration could be shown, the electrical properties of the SiNT, es-
pecially the Ion/Ioff-ratio, should be further improved by lowering the off-state current.
A homogenization of the electrical properties like conductivity, dopant concentration,
and contact quality would be beneficial by reducing their spreading between different
devices for the sake of predictability of device characteristics and reproducibility of
sensing results.

Both the etching of the GeNW core as well as the ion diffusion through a SiNT
have shown that the SiNTs are able to fill themselves with a liquid and that a mass
transport through the SiNT is possible. Hence SiNTs form nanochannels where both
cross-sectional axes are in the nanoscale, they could be furthermore used as a platform
for the investigation of nanofluidic effects in general making use of their controllable
dimensions.

As a conclusion in frame of this thesis, one can state that the investigated SiNTs offer
an interesting platform both for sensing and for further exploration of the nanoscale,
and that their potential justifies the effort for the improvements that have to be made.
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15 What About Combining SiNTs and Beam-induced De-

position?

The combination of beam-induced catalyst deposition and SiNTs would offer access to
the fabrication of interesting devices like AFM cantilevers with hollow tips that could
be used for instance to collect samples from defined compartments of cells due to the
capillary effect or vice versa to deliver a liquid to a cell as a nanopipette. Unfortu-
nately, the synthesis of GeNWs from a Pt catalyst was not possible with the available
equipment. Considering the Ge/Pt phase diagram, one can see that the eutectic tem-
peratures of this system are at 770 °C and 795 °C (Fig. 15.1), which is much above the
monogermane decomposition temperature of approximately 280 °C [30].

Figure 15.1: The Ge/Pt phase diagram. The eutectic points are at 770 °C and 795 °C. Source:
[202]

The great deviation of these temperature complicates a VLS-based GeNW synthe-
sis in the NWCVD tube furnace due to a high rate of thermally induced Ge deposi-
tion. Furthermore, the phase diagram denotes more Ge-rich phases above PtGe, which
causes most likely a totally different growth behavior of Pt-catalyzed GeNWs (if they
grow at all). Maybe, these issues can be circumvented by using beam-deposited Au
as catalyst [203], which is also an option to be mounted in FIB systems enabling the
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fallback on Au-catalyzed GeNW synthesis.
Although it was not possible to investigate this interesting combination throughout

this thesis, it could be a fruitful path to continue this work giving rise to a simple
fabrication of AFM-based nanopipettes.
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Future Work Proposals
Further work proposals besides the combination of beam-induced deposition and SiNT
synthesis are mainly based on the enhancement of the electrical properties of both the
SiNWs and the SiNTs in order to achieve a better transistor performance (i.e. a higher
transconductance or a higher Ion/Ioff ratio) leading to an improved sensor function-
ality. Respective approaches could include an intensified investigation on the state of
the SiNW or SiNT surface by APS and CPD measurements with the aim to establish
a passivation or functionalization process to increase the transconductance and to re-
duce the spread in their electrical characteristics. Achieving a higher homogeneity in
the electrical characteristics would facilitate the evaluation of future measurements.

Also, the suitability of the proposed VNEA design process could be investigated
experimentally and the performance could be validated by respective measurements.
Furthermore, additional investigations on absence of Pt in the SMC-SiNWs as well as
corresponding electrical measurements would be useful to examine their potential for
a use in electronics.

For the SiNT-based sensors, a repetition of the ion diffusion through SiNTs with
different diameter could be conducted in order to gain more insight in size-related
effects of nanochannel fluidic transport.
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Summary
In this work, two different topics were investigated, both dealing with the application
of silicon nanostructures as biosensors.

The first biosensing platform comprises Pt-catalyzed SiNWs. Therefore, the growth
mechanisms of SiNWs from a Pt catalyst were examined. Besides nanowires that are
grown in commonly known VSS-growth, a second type of SiNW was found, whose
underlaying growth mechanism could be ascribed to SMC. The SMC-SiNWs differ in
their appearance fundamentally from the VSS-SiNWs as they lack a metal catalyst tip.
The absence of metal at their tip makes also an absence of metal in their stem very
likely, which turn the newly discovered SMC-SiNWs into potentially good candidates
for the fabrication of electronic devices. Additionally, the electrical properties of the
SiNWs were measured and a striking influence of the nanowire surface on their per-
formance was found.

The Pt-catalyzed SiNWs were used successfully in combination with beam-induced
Pt deposition for the modification of AFM probe tips enabling unique and comparable
easy fabrication of high-aspect ratio tips. Their suitability for the measurement of high-
aspect ratio structures and their good mechanical stability could be demonstrated by
respective AFM measurements.

Based on the ability of Si to form a stable silicide phase together with Pt, a second
sensing application for Pt-catalyzed SiNWs was found in their usage as vertical nano-
electrodes. The silicide formation during the growth could be successfully exploited
to grow SiNWs directly at the edge of an electrical conductive circuit path reducing
significantly the amount of required process steps and facilitating the fabrication of
nanoscale electrode arrays featuring individual connections. Although no complete
devices were fabricated, both feasibility and validity of the approach could be demon-
strated experimentally.

The second part dealed with the usage of SiNTs as flow-through biosensors. SiNTs
were successfully synthesized from radial Ge/Si heterostructures in a bottom-up man-
ner. It was shown that depending on the process parameters of the Si shell deposition,
different shell morphologies can be obtained. For the synthesized SiNTs, a microfab-
rication process was designed enabling both their electrical and fluidical integration.
The SiNTs were characterized electrically showing parallels to the surface-dominated
properties of the Pt-catalyzed SiNWs. Fluidical transport through SiNTs was proven
experimentally by both wet chemical etching of the Ge core and observation of ion dif-
fusion through a SiNT. The experimental results were completed by theoretical consid-
erations concluding that the SiNT-based sensor concept is feasible under the restriction
that their electrical performance has to be further improved.
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Table of Abbreviations
AFM atomic force microscope/microscopy

APS ambient pressure photo emission spectroscopy

Au gold

3-APTMES 3-aminopropyltrimethoxysilane

CPD contact potential difference

CVD chemical vapor deposition

EBID electron beam-induced deposition

EDX energy-dispersive X-ray analysis

FET field-effect transistor

FIB focused ion beam

Ge germanium

GeNW germanium nanowire

IBID ion beam-induced deposition

ISFET ion-sensitive field-effect transistor

NWCVD nanowire chemical vapor deposition reactor

PDMS poly(dimethylsiloxane)

PECVD plasma-enhanced chemcial vapor deposition

PMMA poly(methyl methacrylate)

Pt platinum

RTA rapid thermal annealing/annealer

sccm standard cubic centimeter per minute

(1 cm³/min at T = 0 °C and p = 1013.25 hPa)

SEM scanning electron microscope/microscopy

Si silicon

SiNT silicon nanotube

SiNW silicon nanowire

SMC silicide-mediated crystallization

SVR surface-to-volume ratio

TEM transmission electron microscope/microscopy

VLS vapor-liquid-solid

VNEA vertical nanowire electrode array

VSS vapor-solid-solid
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Appendix

A) Microscopy Sample Preparation

A1) Cross-Sectional Sample Preparation

TEM Lamellae

A lamella from a perpendicular cut through SiNWs and substrate allows TEM inves-
tigation of the cutting edge and gives insight on the SiNW/substrate interface. This
interface is normally buried under a Si layer, which is deposited during the SiNW
growth and can be only inspected in SEM by breaking the sample and regarding of the
breaking egde. For TEM, a much thinner sample is needed. Unfortunately, a micro-
tome cut through an entire Si wafer substrate is not possible due to both its thickness
and its mechanical stability. Therefore, the TEM lamellae used in this work were cre-
ated by growing SiNWs from a electron-beam evaporated 5 nm Pt thin film deposited
on a Si wafer with an additional 500 nm silicon nitride layer from plasma-enhanced
chemical vapor deposition (PECVD). After growth, the sample was embedded in resin
and cooled in liquid nitrogen.

Figure 15.2: (a): Silicon nitride layer failure during cooling after SiNW growth.
(b): The SiNW remain on the silicon nitride fragments which can be embedded in resin
for cross-sectional TEM lamella fabrication.

As the silicon nitride layer from PECVD is strained, it collapses already during
cooling of the sample after SiNW growth and can therefore be separated from the un-
derlaying Si wafer substrate after resin embedding (Fig. 15.2). The remaining silicon
nitride layer with SiNWs and resin on top can now be cut with a microtome yield-
ing thin lamellae, which can be placed on a copper grid for TEM inspection. A TEM
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micrograph of the lamella and EDX spectra, that identify the different layers of the
cross-section, is shown in Fig. 15.3.

Figure 15.3: (top): TEM micrograph of a Pt-catalyzed SiNWs growth substrate lamella. The
image is tilted by 90 ° and the cross section layer stack is (from left to right): Si from the under-
laying wafer substrate (A), the 500 nm thick silicon nitride layer needed for lamella preparation
(B), Pt catalyst droplets, and the Si layer deposited during SiNW growth (C). Three EDX spec-
tra were recorded from the regions indicated by the red circles. The Cu peaks arise from the
copper grid, the carbon and oxygen peaks from the resin embedding.
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FIB-Milled Cross Section

The FIB Cross Sections samples were made by ion-beam milling a trench into the speci-
men (Fig. 15.4). By the gradually increasing depth, SEM inspection of the desired cross
section is enabled. However, TEM inspections are not possible due to the thickness of
the substrate. The ion beam irradiation on the sample caused both material loss and
alignment of the SiNWs close to the milling edge.

Figure 15.4: (a): A sample cross section prepared by FIB-milling a trench into the substrate.
The SiNWs align towards the incident ion beam during milling. (b): Top view of the specimen
shown in (a).
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A2) SiNW and Core/Shell Structure TEM Grid Preparation

The 3 mm by 15 mm growth substrates with the respective SiNW or core/shell struc-
tures were immersed in approximately 1 ml of isopropyl alcohol. A nanostructure sus-
pension was created by ultrasonication. A TEM grid was placed under an optical mi-
croscope and single droplets of the suspension were transferred to it using a pipette
and the isopropyl alcohol was evaporated. Under maximum magnification of 1500,
the nanostructures that remain on the grid, are recognizable (Fig. 15.5) and their den-
sity can be increased by repeating the transfer procedure as often as necessary.

Figure 15.5: Optical microscope image of a TEM sample. The arrows mark two SiNWs on a
copper TEM grid with lacey carbon film.
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B) Sample Processing Recipes

For reproduction, the processing steps of the samples used in this work are listed in
the following, sometimes together with some advice for facilitation.

B1) Standard Substrate Cleaning Procedure

This standard substrate cleaning procedure was used for both silicon and sapphire
substrates and was applied to the substrates after the respective wafers were cut into
the smaller substrate pieces.

• The substrates were cleaned first in N-ethyl-2-pyrrolidone (NEP) for 5 min while
being placed in an ultrasonic bath.

• Then, the substrates were immersed in acetone for 3 min and afterwards rinsed
with isopropanol.

• After rinsing, the substrates were blow-dried using nitrogen.

B2) Processing of the SiNW/SiNT Samples for Electrical Measurements

This process yields up to 16 SiNWs or SiNTs per chip with individual electrical con-
tacts. If an additional contact on the backside of the substrate is created, a back-gate
voltage can be applied to the nanostructures during measurement. The SiNTs are in-
tegrated prior to the core etching as Ge/Si core/shell structures. The core etching is
performed after the assembly of the chip.

• As substrates, preprocessed chips with ebeam-markers and peripheral electrical
contacts were used. Both the markers and the contacts consisted of 5 nm Ti as
adhesion promoter and 95 nm Au as electrical conductor.

• The as-grown SiNWs or core/shell structures were suspended in isopropanol (or
ultrapure ethanol) using an ultrasonic bath. They were transfered to the substrate
chips in suspension by using a pipette and drying of the solvent. Afterwards,
SiNTs not sticking well to the surface were removed by gently blowing nitrogen
on the sample.

• For ebam lithography, a two layer PMMA photoresist (PMMA 50K + PMMA
950K 4%) was spin coated and baked out. The resist thickness was chosen at
least twice as thick as the desired contact metallization.

• After lithography and development, the oxide layer of the core/shell structure’s
outer surface was removed in 2 % HF solution for 30 s.
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• Directly after the oxide removal, contact metallization was deposited by electron-
beam evaporation (for example 5 nm Ti, 200 nm Al, 20 nm Ni, 60 nm Au). The
thickness of the Al was increased or decreased to match the core/shell structure
thickness. Good results were achieved by using a metal stack which is approxi-
mately 50 % higher than the core/shell structure diameter.

• The lift-off process was performed in hot NEP (~120 °C). No ultrasonication should
be performed because this removes the nanostructures as well. While the sample
was immersed in the beaker, NEP was blown gently on its surface using a syringe
to remove residues of the metallization. Afterwards, the sample was cleaned in
acetone and isopropanol.

The following steps are only applicable to SiNT samples.

• Contact passivation including openings to the ends of the structures is again per-
fomed by ebam lithography using a two layer PMMA photoresist (PMMA 50K +
PMMA 950K 4%).

• After development of the PMMA, the Ge core of the core/shell structures was
removed by etching the entire substrate in H2O2 (15% in water) for 24 h.

• Afterwards, the PMMA contact passivation was removed using the standard
cleaning procedure (see B1). The absence of the Ge cores could then be checked
in SEM.
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B3) Processing of Single SiNT Sensors in Flow-Through Configura-

tion

This process yields one SiNT per chip which is electrically contacted by metal contacts.
For fluidics, two reservoirs (one on each side of the SiNT) are created.

Substrate Cleaning

• Silicon Wafers were cut into pieces of approx. 15 mm x 15 mm and cleaned using
the standard cleaning procedure (see B1).

Core/Shell Structure Transfer

• The as-grown core/shell structures were suspended in isopropanol using an ul-
trasonic bath. The SiNTs were transfered to the device substrate in suspension
by using a pipette and drying the isopronanol. Afterwards, nanostructures that
were not sticking well to the surface, could be removed by gently blowing nitro-
gen on the sample.

Processing of Metal Contacts

• AZ5214E photoresist was used for lithography to define the contacts to one single
nanostructure. The photoresist was spin-coated at 4000 rpm for 90 s and then
baked for 90 s at 110 °C.

• Contact structures were defined by exposing to light (21 mW/cm²) for 4 s, then
the samples were baked for 90 s at 110 °C prior to flood exposure (21 mW/cm²)
for 14 s.

• For development of the photoresist, the samples were immersed in AZ 726 MIF
developer for 35 s and then rinsed in de-ionized H2O.

• Prior to contact metal evaporation, a HF-dip was performed using 2% HF in H2O
for 30 s. Depending on the thickness of the entire core/shell structure, contact
metal was evaporated directly after the HF dip. Standard metallization was 5 nm
Ti, 100 nm Al, 30 nm Ni, 70 nm Au. In case of thicker or thinner metal stacks, the
thickness of the Al layer was varied, so that the metal stack thickness exceeds the
diameter of the core/shell structure by a factor of at least 1.5.

• The lift-off process was performed in hot NEP (~120 °C). No ultrasonication should
be performed because this removes the nanostructures as well. While the sample
was immersed in the beaker, NEP was blown gently on its surface using a syringe
to remove residues of the metallization. Afterwards, the sample was cleaned in
acetone and isopropanol.
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SU-8 for Passivation and Reservoirs

• Prior to SU-8 spin coating for reservoir fabrication, the samples were stored at
130 °C on a hot plate to remove adsorbed wafer from the surface.

• As a first layer, SU-8 2000.5 was spin-coated at 2000 rpm for 90 s to achieve a
thickness of approximately 600 nm. Bake-out occurred at 95 °C for 1 min. Alter-
natively, SU-8 2005 was spin-coated at 3000 rpm for 90 s yielding a thickness of
5 µm. Subsequent bake-out occurred at 95 °C for 2 min.

• Reservoir structures were aligned to the metal contacts and exposed to light
(21 mW/cm²) for 3 s, then an additional bake-out was performed at 95 °C for
1 min. For SU-8 2005, the exposure time was increased to 5 s and the duration
of the bake-out to 2 min.

• A second layer of SU-8 2015 was then spin-coated at 4000 rpm for approximately
13 µm of thickness.

• Reservoir structures were aligned once again to the metal contacts and exposed
to light (21 mW/cm²) for 7 s, then an additional bake-out was performed at 95 °C
for 4 min.

• Both SU-8 layers were then developed simultaneously in MR DEV 600 for 2 min
and then briefly rinsed in isopropanol.

• Afterwards, the Ge core of the core/shell structures was removed by etching the
entire substrate in H2O2 (15% in water) for 24 h.
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B4) PDMS Structure Fabrication

• The inverse channel structures were fabricated using SU-8 2015 Si wafer (same
processing like for passivation and reservoirs). The wafer was placed in a bowl
which was then poured with liquid PDMS.

• The PDMS hardened by a 24 h rest in clean room ambient and was afterwards cut
into pieces.

PDMS/SU-8 Bonding

The procedure is based on Ref. [136]. Here, 3-APDMES was diluted in isopropanol
instead of 3-APTMES in toluene with comparable results. No coagulation was visible,
even after several weeks.

• First, O2-etch of the PDMS structures (with channel side up) was performed at
100 W for 3 min using an O2 flux of 10 sccm.

• Then, the PDMS structures were dipped in 1% V/V 3-APDMES in isopropanol.

• The channel structures were aligned to the reservoirs by eye and the PDMS was
kept pressed to the substrate for 1 min by hand without applying any shear
stresses.

• Then, the substrates with PDMS were placed on a hotplate at 85 °C for 30 min

The PDMS channels were then covalently bonded to the SU-8 layer on the substrates.
No leakage was observed in several experiments using a fluorescent dye.

PDMS/PMMA bonding

Alternatively to PDMS/SU-8 bonding, the PDMS can be bond as well to PMMA, for
example if ebeam resist was used. A respective procedure is reported in Ref. [204].
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B5) Silicon Nitride Passivation and SiNW Functionalization

These sample processing was used to create the sample for the pH measurement in
section 6.7.

Silicon Nitride Passivation

• After device substrate passivation comprising SiNWs and electrical contacts (as
described in section B2), 500 nm silicon nitride were deposited onto the substrate
using PECVD.

• For ebam lithography, subsequently a two layer PMMA photoresist (PMMA 50K
+ PMMA 950K 4%) was spin coated and baked out for 5 min at 180 °C after either
layer deposition.

Functionalization Procedure

• First, O2-etching of the substrates was performed at 100 W for 6 min using an O2

flux of 10 sccm.

• Directly after O2-etching, the samples were dipped for 15 min in 1% V/V APDMES
in toluene.

• Afterwards, the samples were rinsed first in toluene and then dried using nitro-
gen.

• Then, samples were rinsed in de-ionized water and again dried using nitrogen.
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B6) Processing of the Vertical Nanowire Electrode Arrays

• Device substrates of appropriate size were cut from a silicon wafer (either (111)
or (100) oriented) and underwent the standard cleaning procedure.

• AZ5214E photoresist was used for lithography to define the conductors of the
electrode array. The photoresist was spin-coated at 4000 rpm for 90 s and then
baked for 90 s at 110 °C.

• Electrode array structure were defined by exposing to light (21 mW/cm²) for 4 s,
then the samples was baked for 90 s at 110 °C prior to flood exposure (21 mW/cm²)
for 14 s.

• For development of the photoresist, the samples were immersed in AZ 726 MIF
developer for 35 s and then rinsed in de-ionizedH2O.

• Then, a HF-dip was performed using 2% HF in H2O for 30 s to remove the native
oxide of the Si substrate and 100 nm Pt were evaporated.

• Lift-off occurred in NEP at 120 °C. Afterwards, the samples were cleaned using
acteon and isopropanol.

• Directly after, an additional layer of AZ5214E photoresist (same processing as
above) was used for defining the areas that were supposed to be oxidized.

• After development of the photoresist, the samples were stored at least 24 h in
cleanroom ambient for oxidation.

• Subsequently, the photoresist was removed using NEP and the samples were
cleaned using acetone and isopropanol. Then, the samples were placed immedi-
ately in the NWCVD reactor, which was kept at a temperature of 400 °C.

• The SiNW synthesis occurred according to recipe C (see appendix section C1).
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C) Nanostructure Synthesis Procedures

Each recipe began with an identical start sequence comprising 10 min of evacuation
in order to remove residual gases followed by a 5 min flushing step using 500 sccm
of Ar. During these first 15 min, the tube furnace temperature was already set to the
desired value so that its temperature increased constantly to the growth temperature
by a rate of 10 K

min . After the Ar flushing, the chamber was kept in vacuum until the
desired temperature is reached. Once the process temperature was reached, an Ar
flux of 250 sccm was led in the chamber and the pressure value, to which the butterfly
valve regulates the pressure, was set to the respective total pressure. After 10 min, the
Ar flux was adjusted to a flux equal to the sum of all process gas fluxes of the adjacent
growth sequence for 2 min. This was done to avoid pressure fluctuations caused by
butterfly valve movement at the beginning of the growth. Subsequent to this general
introductory process steps, the nanostructure growth occurred at the parameters as
indicated in the tables in the following sections.

Each synthesis procedure ended with a 2 min flushing of the growth chamber using
500 sccm Ar.
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C1) Synthesis Procedure of Pt-catalyzed SiNWs

To facilitate the readability and to make the differences easily visible, the growth recipes
of all Pt-catalyzed SiNWs are summarized in table 15.1. All Pt-catalyzed SiNW growth
recipes began with an initial heating to 800 °C, then the chamber was cooled down to
the indicated growth temperature. Please note that the difference in the sum of partial
pressures to the total pressure ptot comprises the He partial pressure originating from
the dilution of SiH4 (2% in He), PH3 (2% in He), and B2H6 (100 ppm in He).

A B C
recipe NH406 NH409 NH424

SiNW growth Tg [°C] 700 700 720
pSiH4in He[mbar] 0.2 0.13 0.19
fSiH4in H2[sccm] 30 20 30

pB2H6[mbar] - 3.3 · 10−4 6.25 · 10−4

fB2H6in He[mbar] - 10 20
pH2[mbar] 90 84.4 84.4
fH2[sccm] 270 270 270
ptot[mbar] 100 100 100
tg [min] 60 60 60

Table 15.1: Process parameters of selected Pt-catalyzed SiNW fabrication recipes. Recipe A is
for undoped SiNWs, B is for p-doped, and C was used for the cantilever modification and the
VNEAs. T denotes the temperature and tg the time of the respective procedure step. The partial
pressures pX of gas or gas mixture X are calculated from their respective fluxes fX and the total
pressure ptot according to Dalton’s Law.
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C2) Synthesis of the Core/Shell Structures

To facilitate the readability and to make the differences easily visible, the growth recipes
of all electrically measured core/shell structures are summarized in table 15.2.

A B C D
recipe NH323 NH318 NH312 NH316

GeNW growth
first step T [°C] 300 300 295 295

pGeH4 [mbar] 8 8 4 4
fGeH4in He[sccm] 20 20 20 20

pPH3[mbar] - - 0.01 0.01
fPH3in He[sccm] - - 20 20

pH2[mbar] 392 392 396 396
fH2[sccm] - - - -
ptot[mbar] 400 400 400 400

t [min] 5 5 60 60

second step T [°C] 270 270 - -
pGeH4 [mbar] 2.7 2.7 - -

fGeH4in He[sccm] 20 20 - -
pH2[mbar] 132.3 132.2 - -
fH2[sccm] 0 0 - -
ptot[mbar] 135 135 - -

t [min] 85 55 - -

first shell T [°C] 650 650 650 650
pSiH4[mbar] 0.4 0.4 0.38 0.4

fSiH4in He[sccm] 65 65 65 65
pPH3[mbar] 6.1 · 10−5 6.1 · 10−5 1.2 · 10−3 6.1 · 10−5

fPH3in He[sccm] 1 1 20 1
ptot[mbar] 20 20 25 20

t [min] 5 2 2 2

second shell T [°C] - 500 500 500
pSiH4[mbar] - 1 1 1

fSiH4in He[sccm] - 65 65 65
pPH3[mbar] - 15.2 · 10−5 3.1 · 10−3 15.2 · 10−5

fPH3in He[sccm] - 1 20 1
ptot[mbar] - 50 65 50

t [min] - 20 30 30

Table 15.2: Process parameters of selected core/shell structure fabrication recipes. T denotes
the temperature and t the time of the respective procedure step. The partial pressures pX of
gas or gas mixture X are calculated from their respective fluxes fX and the total pressure ptot
according to Dalton’s Law.
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