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Abstract

Porous silicon is highly versatile and exhibits outstanding characteristics as a functional
material with respect to fundamental properties and applications in a wide variety of re-
search fields, including medical and biological sciences, energy conversion or electronics
and optics. Porous silicon can be formed in a self-organised manner in an electrochemical
etching procedure, which results in a monolithic, monocrystalline, biocompatible porous
material with a substantial inner surface area. An aspect of porous silicon that has up
to date not prompted significant research concerns the mechanical properties of porous
silicon. It includes in particular a mechanical functionalisation of porous silicon to achieve
a reversible, directional change in porous silicon’s macroscopic strain state controlled by
an applied electric potential in aqueous electrolyte solutions, which is complicated by the
non-existence of intrinsic piezoelectricity in the base material silicon.

In this thesis two different electrochemistry-inspired approaches are developed and invest-
igated to integrate an actuator functionality into porous silicon. The first approach aims
to utilise electrochemo-mechanical coupling at the interface of a porous silicon electrode
immersed in an aqueous electrolyte solution. Due to the controlled, reversible capacitive
assembly of ionic charge carriers in the electric double layer at the interface, a change
in porous silicon’s surface stress is induced and controlled by an applied electrical poten-
tial. A detailed electrochemical characterisation of porous silicon’s behaviour in acidic
and salt solutions is performed, in particular with respect to the role of anodic oxidation.
A combined approach of in situ dilatometry and laser cantilever bending demonstrates a
stable and highly reproducible actuation of the entire porous silicon structure through an
electrosorption-induced surface stress change. The dependency of the actuation strain on
the applied potential is inverse. A qualitative comparison to surface-stress-induced actu-
ation at bulk silicon surfaces highlights the importance of the pore morphology, porous
silicon’s semiconductor features and silicon oxides. The electrocapillary coupling para-
meter is successfully determined for a bulk silicon surface for the first time within the
framework of this thesis.

The second approach comprises the integration of the electroactive, electrically conductive
polymer polypyrrole into the porous silicon pore structure to create a hybrid material. In
an electrolyte solution an electrochemical change of polypyrrole’s oxidation state induced
by an applied potential is accompanied by an adjustment of electrolyte anions incorpor-
ated into the polymer backbone. As an associated reaction, the polymer exhibits a highly
reversible macroscopic expansion or contraction. The hybrid’s actuation is investigated
by an in situ dilatometry study on the macroscopic level, while an in situ X-ray diffraction
study yields insight into its impact on the porous silicon pore wall on the microscopic level.
Polypyrrole is electrochemically polymerised in porous silicon with a significantly higher
aspect ratio of pore length to pore diameter than reported before in literature. Overall, the
hybrid shows a robust and highly reproducible electrochemical actuation that follows the
applied potential and the accumulated charge with a highly linear dependency in phase.
The hybrid material is well in the range of other polypyrrole-functionalised materials and
classical piezo actuators characterised by their work density.
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1. Introduction

Functional materials exhibit outstanding properties due to their inherent characteristics
with respect to specific, designated tasks. At the centre of this work is the material porous
silicon (pSi). In a wide variety of fields, including medical and biological sciences, energy
conversion or electronics, porous silicon is investigated with respect to fundamental as-
pects of its functionalisation and a functional deployment in applications. In this work,
porous silicon will be explored with regard to a mechanical functionalisation to integrate
an adjustable, repeatable actuating property into the material.

Porous silicon was discovered by accident by the Uhlirs, husband and wife, working in
the 1950s in the Bell laboratories. They aimed at developing an electrochemical method
to electropolish silicon disks, called wafers, so that they could further be used to fab-
ricate micro electronic circuits. During one of their procedures though, under the right
or, from their point of view, wrong circumstances, the surface of the silicon wafer was
not uniformly removed. Rather, etch pits formed on the surface and continued to grow
into the wafer along the [100] direction to form pores.[1] Interest in the material rapidly
increased in the early 1990s with two key publications. Lehmann and Gésele discovered
light absorption effects caused by a quantum confinement in spectra of porous silicon
while almost simultaneously Canham published an article on the photoluminescence of
porous silicon.[2-4] The discovered quantum mechanical properties and the luminescence
of the standard semiconductor silicon have garnered attention and have ever since led to
a sustained research effort in a wide variety of research areas.

The base material for the synthesis of porous silicon are monocrystalline silicon wafers.
Silicon is the second most common element contained in earth’s crust and thus available
in abundant quantities.[5] However, in nature silicon is not present in its elemental form
but rather in numerous silicate minerals and pure silica.[5] Hence, elemental silicon has to
be artificially prepared, often by reducing a silicon oxide compound by heating in the pres-
ence of a carbon source. A higher grade of purity is obtained by refining silicon further.
Silicon can be produced in unparalleled qualities with impurities as low as one part per
10'2.[6] The zone melting process, for instance, allows to purify silicon, as impurity atoms
are concentrated in one specific section, which can be separated from the remaining silicon
in the end. Additionally, zone melting as well as the related Czochralski method results
in a monocrystalline silicon material. These two processes are enabling a production of
silicon with a desired purity in industrial quantities, which is of great importance for the
semiconductor industry, as impurities in silicon play a decisive role with respect to its
electrical and optical properties. Silicon has been and, for the foreseeable future, will be
a highly relevant material for the semiconductor industry.[7]

Porous silicon can be formed self-organised in an electrochemical etching procedure with
an electrolyte solution of hydrofluoric acid (HF). The synthesis results in a highly porous
material with a significant inner surface area. The pore diameter can range over several
orders of magnitude from approximately a nanometre to several micrometres. Interest-
ingly, the porous silicon structure retains bulk silicon’s highly monocrystalline features. 8]
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The synthesised pores are characteristically anisotropic. The pores do not form an iso-
tropic network structure as it is the case for Vycor glass [9] or nanoporous metals such as
nanoporous gold (npg) [10]. Rather, porous silicon pores are, in a first order approxima-
tion, aligned in parallel. In case of 100 wafers used in this work, the pores are orthogonal
to the surface of the wafer. Porous silicon constitutes a material which is synthesised in
a monolithic form. This differentiates it from other, silica-based, porous materials, such
as MCM-41 [11], SBA-15 [12], or KIT-6 [13] with synthesis routes that result in powders
of porous particles. Due to the utilised top-down, electrochemical synthesis approach,
porous silicon structures can be integrated into electrical circuit designs in regular micro
machined silicon structures, for instance by masking the area meant to be porosified.[14]
Thus, porous silicon applications and devices would possibly benefit from the already ex-
isting, large manufacturing capacities of standard silicon devices.

On a fundamental research level, porous silicon provides an excellent host material to
study confinement effects of matter inside the pores, with regard to structure and dynam-
ics.[15-20] Examples range from diffusion measurements of simple gases such as helium
or argon [15, 21] to imbibition measurements with liquids, such as ethanol or water [19].
For energy conversion applications, porous silicon might play a larger role in the future.[22]
Common, graphite or carbon-based, anode materials used in lithium ion batteries, begin
to reach their theoretical capacitance for the lithium ion intercalation, e.g. 372mAhg~!
for graphite.[23] The base material silicon has an exceptionally high, theoretical capacit-
ance for lithium ions — ten fold higher than graphite at 3579 mA hg~1.[23, 24] However,
volumetric expansion that occurs when the lithium ions are alloyed into silicon is about
300 %.[23, 25] Hence, bulk silicon as an anode material is strongly degraded and repeated
charging is not possible. Porous silicon can possibly accommodate the significant volu-
metric expansion through various strategies. In particular porous silicon nanoparticles,
nanowires or hollow nanospheres are promising candidates for lithium battery anode ma-
terials.[23, 26-31] Even energy harvesting via the use of porous silicon as a thermoelectric
material is in the realm of possibilities.[32, 33] In a field more related to fundamental
particle physics, porous silicon is also studied with regard to a positronium emitting
device.[34]

Besides tuning the properties of porous silicon by changing the pore morphology, function-
alisation of the pore space offers an additional mechanism to change, extend or enhance
porous silicon’s properties and applications drastically. Numerous synthesis schemes exist
and are investigated, which use successive procedures to incorporate additional, func-
tional materials into porous silicon pore space.[35] The class of incorporated materials
varies greatly, as does their aggregate state and condition in the pore. Examples for
such a functionalisation include the thermal conductivity of porous silicon, which can be
highly altered by a filling of oil or water.[36, 37] Functionalisation schemes with liquids
in general offer miscellaneous opportunities to tune porous silicon’s properties and create
adaptive hybrid materials, in which the soft phase, i.e. the liquid filling, adds novel func-
tionality while the rigid scaffold structure of porous silicon provides a certain mechanical
robustness.[35, 38] A functional filling with liquid crystals changes the optical properties
of oxidised porous silicon.[39, 40] Porous silicon also enables direct laser writing of a poly-
meric photo resist inside the porous silicon pore space, which acts as a host material.
The optical properties of lenses and waveguides written in this hybrid material far exceed
those formed in the bulk polymer without the porous silicon support.[41] Furthermore,
functionalisation is not only aimed at the pore space of porous silicon. Likewise, the



significant inner surface area is the target for adding functionality to porous silicon in
interface-dominated applications. An abundance of surface-chemistry modification routes
exists. Thereby, molecule groups are altered, added or exchanged directly at the porous
silicon surface with customised processes.[42, 43] The modified surface enables a targeted
selection of specific molecules and groups, which is especially interesting for applications
in the biomedical and life sciences.

Porous silicon has been found to be biocompatible.[44] In the human body it degrades
into non-toxic orthosilicic acid (Si(OH)4) in aqueous environments, which easily leaves
the body.[35, 45] Furthermore, porous silicon is bioactive. For instance, porous silicon
actively promotes calcification on its surface, which would be advantageous for bone tis-
sue implants.[46] Owing to these properties of porous silicon research into biomedical
applications has been prompted.[47] For example, it is possible to load drugs into por-
ous silicon. Due to the porous silicon host material, the drug’s release kinetics are then
tightly controllable.[48] From the early 1990s, a wide variety of different publications ad-
dresses applications in biomedical sensors [49-51], optics and electronic applications [52—
56]. Particularly, a targeted, intentional modification of porous silicon’s surface enables
the detection of specific biological agents. For example, enzymes are detected by a change
in photoluminescence intensity that occurs when the enzyme adsorbs on the respective
surface group, as it opens up a quenching pathway for a non-radiant decay [52, 57]. An-
other example is a porous-silicon-based heterojunction, used in vivo for the optoelectronic
manipulation of tissue, which combines optical, electronic, biomedical properties of porous
silicon moulded into a single application.[58]

All these examples show that porous silicon is a highly versatile material. It is involved in
a variety of fundamental research topics and covers a wide range of possible applications
in energy storage and conversion, bio medical and life sciences as well as photonics or
electronics. However, an aspect which has not prompted a significant amount of research
yet is the mechanics of porous silicon, which will be outlined within the framework of
this thesis — especially that previous studies mechanically characterising porous silicon
have not adequately acknowledged the complex mechanics of the material. Moreover,
a functionalisation of the mechanics of monolithic porous silicon, in particular, has not
been achieved up to date. Owing to the crystal structure of silicon, no piezoelectric effect
is present, although an anomalous piezo-resistance is present in strained, single silicon
nanowires [59]. The non-existence of intrinsic piezoelectricity in the base material, i.e.
silicon, renders a mechanical functionalisation difficult to achieve in porous silicon. Func-
tionalisation refers here, in this classical sense, to receiving a proportional response of the
material in the form of a directional strain to an applied electric stimulus. The process
of transforming electrical to mechanical energy is then referred to as actuation and the
responsible material as an actuator.[60] In measurement and control technology, actuators
are widely used. They are often the counterpart to sensors, which convert signals into
a mechanical response, and are therefore essential elements for control loops. A typical
example of an application of a piezo actuator would be the opening and closing of a valve
or a ventilation flap. Porous silicon with an actuator functionality has the benefit that it
can also be applied in biological or biomedical environments due to its bio-compatibility.
Moreover, an actuator functionality could be combined with porous silicon’s vast variety
of other properties for unique applications. A porous silicon gas sensor that exhibits an
active mechanical reaction upon a detection event, could be for instance conceivable.
Among other materials, porous silicon has been examined with respect to an actuation in-
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duced by humidity or gas sorption.[61-63] Also, liquid-adsorption-induced deformation has
been investigated with the contributing objective to examine porous silicon’s mechanical
properties.[16, 64—66] Furthermore, actuation mechanisms achieved by specific electro-
chemical processes either within the porous silicon pore space or on the inner surface area
could also be promising.[67-69] Recently, it has been shown that in a powder of porous
silicon particles the cubic symmetry of silicon is slightly reduced to a tetrahedral one.
Hence, a piezoelectric response in the powder is measured. A potential emerges when a
layer of the powder is under a weight force.[70] However, the study does not explore the
piezoelectric effect in monolithic porous silicon. A reversible actuator material involving
silicon has been achieved by either depositing piezo-ceramic coatings on silicon or epitaxial
heterostructures, particularly within the scope of nano and micromechanical systems, re-
ferred to as NEMS and MEMS.[71]

Within the framework of this thesis two approaches are developed and pursued to integrate
an actuator functionality into porous silicon. The first approach is to utilise electrochemo-
mechanical coupling. A change of surface stress on the inner surface area of a polarisable
porous silicon electrode immersed in an electrolyte solution occurs, which is induced and
controlled by a reversibly applied electrical potential. It is referred to as electrosorp-
tion. In the realm of porous metals, this approach is comprehensively investigated for
various types of metals [10, 72-75] and has even been explored for nanoporous carbon
monoliths [76]. At the interface of an electrically conductive electrode and an electrolyte
solution, also referred to as an ionic conductor, an electric double layer forms.[77] Ions
assemble on the electrolyte side of the interface in different layers and are counterbalanced
by electrons on the solid, electrode side. The exact setting will be described in more detail
in chapter 2. In its essence, the electric double layer, with the two types of charges on
opposite sides of the interface, resembles a plate capacitor. Similar to a plate capacitor,
the amount of charge stored on the surface of the electrode, can be adjusted by an applied
potential. The response of the surface stress to the amount of accumulated charge ¢ is
reflected in a change in surface stress f. The electrocapillary coupling parameter ¢ links f
to ¢ and indicates the magnitude of the surface stress response.[78] It constitutes a basic
materials parameter that quantifies the material’s electrochemo-mechanical coupling to
accumulated charge. On a fundamental level, the charge accumulation at the interface of
the electrode has an influence upon interface, interatomic bonds, both in the in-plane dir-
ection and perpendicular to it. A charge reorganisation ensues, which leads to a force on
the interface ions, so-called Hellmann-Feynman forces.[79] Essentially, these forces lead to
a change in surface stress. This change itself induces an actuation effect in a non-porous,
bulk material. An example is a clean metal surface such as gold or platinum.[75, 80, 81]
In ab initio calculations, it is confirmed that, in principle, electrochemo-mechanical coup-
ling can also be observed at silicon-electrolyte interfaces [82], although the semiconductor
material silicon has decisively different electrical properties than a metal. Furthermore,
the respective porous structure of porous silicon is highly anisotropic compared to the
isotropic pore network of porous metals.

For the first time, the present thesis will explore the fundamental relation of accumu-
lated charge and induced surface stress as well as the thereby enabled potential controlled
actuation for porous silicon and directly at a non-porous, planar silicon surface. In situ
laser cantilever bending along dilatometry experiments combined with cyclic voltammetry
and step-coulombmetry will be performed to characterise their electrochemical actuation.
The comparison of evolving surface stress at the planar bulk silicon surface and the



electrosorption-induced actuation in porous silicon will reveal mechanistic insights into
the electrochemo-mechanical coupling, in particular with respect to the importance of the
formation of silicon oxides, the roughness of the pore wall on the single-nanopore scale and
the mechanical properties of porous silicon. Importantly, the overall analysis will include
a thorough electrochemical characterisation of silicon electrodes in aqueous electrolytes.
All in all, porous silicon has the potential to exhibit significant electrosorption-induced
actuation. It combines a high inner surface area due to exhibiting an open porosity with
directed, parallel pores. Moreover, the electrosorption-induced actuation is achieved in
an abundant, biocompatible base material, facilely produced in wafer-scale, self-organised
quantities. This would open up novel opportunities with on-chip applications regarding
integrated, robust stress or strain generation and actuation.

The second approach comprises the combination of porous silicon as a scaffold structure
with the electroactive, electrically conductive polymer polypyrrole (PPy). Polypyrrole’s
electrical conductivity is finely tunable and can reach a level on a par with carbon.[83]
In an electrolyte solution, an electrochemical change of the polypyrrole oxidation state,
induced by an applied potential, yields an increase or a decrease of the amount of deloc-
alised charge carriers in the backbone of the polymer.[84, 85] As an associated response,
ions from the electrolyte solution are either incorporated into the polymer structure of
polypyrrole, or are expelled from it to preserve charge neutrality.[85] This process is highly
reversible. Therefore, the whole of the polypyrrole structure experiences a macroscopic
expansion or contraction [86], respectively. It renders polypyrrole an active actuation ma-
terial with possible respective applications [87, 88]. The electrochemical cycling stability
of polypyrrole [89, 90| and a generally low operating voltage [87] further accentuates this.
Hence, it is referred to as an (artificial) muscle material.[84, 85, 91-94] Apart from the
actuator functionality, a change in the oxidation state often is accompanied by a change of
polypyrrole’s optical features, i.e. absorption of light [95], its ionic permeability [96] and
mechanical properties [97, 98].

Polypyrrole has been attracting research interest for quite some time. A main reason is its
biocompatibility [99] which enables in vivo, bio-medical, sensor and actuator application
elements [94], such as a bladder volume sensor [100]. Other application oriented research
topics include microactuators [88], biomimetic robots [101] as well as artificial muscle ma-
terials [91, 102].

The actuation process in polypyrrole strongly depends on the transport properties of
ions into and within the polymer.[103] Polypyrrole synthesised in thin-film geometries are
suitable to facilitate desired transport and ion exchange kinetics and counter a possible
actuation retardation.[104] Films of polypyrrole also enable the study of the anion-induced
actuation by technique of X-ray reflectivity. By a comparison with electrochemical data,
phenomena as a charge compensation by protons or a back flow of solvent molecules can be
investigated.[105] Yet, polypyrrole thin-films may experience possible restrictions by the
occurrence of creep [106, 107] or non-sustainable stresses during the actuation [108, 109].
In a more general sense, the thin-film geometry is particularly reliant on the supporting
substrate, for example, bi-layer cantilevers [110], or fibres of conductive material with a
coating of polypyrrole [111]. Thus, the supporting substrate has a significant influence on
the overall properties.

A possible solution for these issues and the strategy that will be pursued in this work
consists of using porous silicon as a scaffold material, which provides mechanical rigidity
and robustness for polypyrrole.[112, 113] Its aim is to mimic various multiscale, biological
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composite materials in nature.[114, 115] In effect the hybrid material of polypyrrole and
porous silicon consists of merely a few, simple base elemental substances, as hydrogen,
carbon, silicon, oxygen, nitrogen and chloride. The porous silicon pores, up to one hun-
dred billions per square centimetre, are filled by polypyrrole and guide its actuation in
an electrolyte solution upon potential-induced ion incorporation and extraction. Hence,
a direct, controlled electrochemical actuation of porous silicon is achieved and will be
thoroughly investigated and characterised here by macroscopic in situ dilatometry meas-
urements and under electrochemical control. The electrochemical actuation of the hybrid
system of polypyrrole and porous silicon on the microscopical level is investigated by an
accurate in situ X-ray diffraction (XRD) study, specifically, how the polypyrrole-swelling-
induced actuation acts on the pore walls in the in-plane and out-of-plane direction of
porous silicon films.

The presented thesis is structured as follows. Chapter 2 deals with the theoretical back-
ground. It gives a short introduction to semiconductors, in particular silicon, followed by
an in-depth description of the semiconductor-electrolyte interface and its electrochemistry.
Next, the anodic oxidation of silicon is described and the properties of porous silicon, as
the material in focus here, are summarised. For the electrosorption-induced actuation of
plain porous silicon, it is important to understand the thermodynamic electrocapillary
phenomenon and, thus, it is discussed in section 2.5. For the electrochemical actuation
of the polypyrrole-porous-silicon hybrid material, the polymer is vital and the theoretical
background chapter ends with a section on polypyrrole.

In chapter 3 the synthesis route of the materials is introduced. This concerns especially the
synthesis of porous silicon and the subsequent electropolymerisation of polypyrrole in its
pore space and the respective characterisation methods. Furthermore, the measurement
schemes developed and utilised for this work are introduced in chapter 3. At its centre
are the in situ actuation experiments, which consist of a dilatometer, a laser cantilever
bending setup and a synchrotron-based X-ray diffraction setup.

Chapter 4 will present and discuss the results of the electrosorption-induced actuation for
porous silicon based on two actuation studies — a dilatometry and a cantilever bending
study. Chapter 5 presents and discusses the results of the actuation of the polypyrrole
porous silicon hybrid material.

The work concludes with a summary and an outlook, which encompasses the direction of
future research on this subject. Furthermore potential enhancements of the introduced
material systems are discussed.



2. Theoretical Description

In this chapter the theoretical background will be discussed. First of all, a short intro-
duction to basic principles of semiconductor physics will be given, as the base material
for the here investigated material is silicon. Next, the principles of semiconductor elec-
trochemistry, with a focus on the semiconductor-electrolyte-interface, are discussed. The
chapter will deal with the phenomenon of anodic oxidation of silicon before proceeding to
the thermodynamic concept of solid electrode’s electrocapillarity in electrolytes. Lastly,
the properties of the electrically conductive, electroactive polymer polypyrrole will be
described.

2.1. Properties of Monocrystalline Silicon

Silicon is a semiconducting material. The specific resistivity of intrinsic silicon is in the
order of 10kQ2cm at room temperature (RT).[7] In comparison, gold has a resistivity of
approximately 2.4 cm [116], which is about ten orders of magnitude smaller than in-
trinsic silicon. The resistivity of silicon can be intentionally altered in a doping process,
which is introduced further below in this section. The above stated resistivity is valid for
intrinsic silicon, whereby a material with minimal impurities is referred to. Contamination
levels below 10! impurity atoms per cm? are achievable [117].

Monocrystalline silicon has a diamond cubic crystal structure. It has a face-centred cubic
(fce) lattice with a two atomic base of identical atoms. One atom is directly on the lattice
site, (0,0,0) and the second one is shifted for one fourth along the unit cell diagonal,
(1/1,1/2,1/4)a, where a = 0.543 nm denotes the silicon lattice constant.[119, 120] The dia-
mond cubic crystal structure is shown in Figure 2.1(a). Each of the silicon atoms has four
next neighbours, i.e. has a tetrahedal configuration.[119] The packing density is approx-
imately 34 %. A unit cell possesses eight atoms for the diamond crystal structure, which
corresponds to approximately 5 - 10?2 atoms cm™3.[7] In total, bulk silicon has a density
of 2.33 gcm™3.[52] Since the symmetry of silicon is cubic, the six faces of the unit cell are
equivalent and are given by {100}. Bulk silicon utilised in this work consists of 100 silicon
wafers. Wafers in terms of silicon processing represent thin, circular discs, which are sawn
out of a monocrystalline silicon rod often grown by the Czochralski method.[121] 100 sil-
icon wafers are accordingly polished on the (100) surface. Besides the [100] direction, other
directions of importance for this work are [110] and [111]. The cubic symmetry of silicon is
responsible for characteristic differences of the mechanical properties. The values for the
Young’s modulus in the crystallographic direction are Y199 = 130 GPa, Y719 = 169 GPa
and Y7;; = 188 GPa for [100], [110] and [111] directions, respectively.[122] Poisson’s ratio
in these directions is v199 = 0.28, 119 = 0.064 and v11; = 0.36.[122] The bulk modulus of
silicon amounts to K = 97.8 GPa.[122]

The electronic structure of a monocrystalline material can be comprehended by consid-
ering the periodic crystalline potential of the positive atomic trunks, which act on the
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Figure 2.1.: Basic properties of silicon. (a) Diamond crystal structure of silicon with
an indication of the two atomic base. (b) Detailed view of the band structure
of silicon with different k wave vectors in the first Brillouin zone at points
L,T, X, U and K (abscissa) and the respective energy levels (ordinate). At
Fermi energy Er the bandgap is visible and indicated by the blue rectangle.
Modified with permission from reference [118]. Simplified, schematic band
structure for (c) intrinsic, (d) n-type and (e) p-type silicon. Indicated are the
Fermi energy Er for intrinsic silicon and the Fermi energies of the donor level
in n-type silicon and the acceptor level in p-type silicon, respectively.

electrons. The interaction of all atoms in a crystal influences the energy levels. Essen-
tially, a crystal composed of N atoms has energy levels split into N different states. As a
crystal consists of ~ 10?2 atoms, the variation between the resulting energy states is small
and the energy states can be rather considered as continuous energy bands. Another res-
ult of the periodic potential on the energy levels of electrons in crystals, is the emergence
of forbidden zones or bandgaps. Summarising, qualitatively, at the Brillouin zone border
electron waves transform into stationary waves due to Bragg reflections. The energy states
at the zone boundary split into different bands that repel each other. Thus, an energy gap
is present.[123] The detailed mathematical derivation of the band structure of silicon is
beyond the scope of this work. A comprehensive description of these phenomena is found
in a standard work on solid state physics, such as references [119, 123]. The consequence
of a periodic potential consideration that is important for this work regarding electrical
conductivity is the formation of a band structure with intermediate forbidden bandgaps.
To obtain the ground state of the crystal at a temperature of 0 K, the energy states are
filled according to the Pauli principle from bottom to top. The highest energy that is
reached in this manner is the Fermi energy Fr.[123] At temperatures above absolute zero,
the strict barrier that Ep represents is softened and their thermal distribution enables
electrons to occupy higher states than Er. This occurs in accordance with Fermi-Dirac
statistics. An essential characteristic of a monocrystalline material is defined by the po-
sition of EFr with regard to the occupied bands. In principle two different scenarios are
possible. The highest band can be either partially filled so that the Fermi energy lies
within the respective band. If an electric field is applied, an electron can readily occupy
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a higher state and can gain an additional momentum. Hence, a current flows in an un-
impeded manner. This holds true for metallic conductors. On the other hand, the Fermi
energy can be located in the bandgap between the highest, fully occupied band and the
lowest, empty band.[123] Depending on the magnitude of the bandgap, the material can
be a semiconductor or an insulator. If a potential is applied to the crystal, the electrons
cannot easily gain an additional impulse since all bands are occupied. However, an elec-
trical conductivity is accomplished if charge carriers are excited to the next band. In
the case of an electrical insulator, moderate electrical fields cannot provide the energy
in the eV-range to overcome the bandgap. Semiconductors at temperatures higher than
absolute zero, e.g. room temperature, possess a bandgap which is small enough so that
a considerable amount of charge carriers enter otherwise unoccupied bands above Fg in
consensus with Fermi-Dirac statistics. This results in a finite electrical conductivity in
semiconductors.[123] For electrical insulators the bandgap is too large to be overcome due
to thermal fluctuations.[123] A detailed graph of the band structure of silicon is displayed
in Figure 2.1(b). The figure shows the existing bands (ordinate) for different directions
in the first Brillouin zone (abscissa, L, ', X,U and K points). The bandgap between the
highest occupied and the lowest empty band is highlighted. For silicon it amounts to
1.17eV at T'= 0K.[124] A band structure schematic of silicon, often used to discuss fun-
damental aspects related to its conductivity, is displayed in Figure 2.1(c). Here, the band
structure is simplified with regard to the wave-vector dependency. The highest occupied
band is at the ' point, i.e. k = (0,0,0) and is referred to as the valence band. By contrast,
the minimum of the conduction band, i.e. the lowest unoccupied band, is located close to
the X point at approximately 0.857/a along the (1,0,0) direction.[119] Thus, silicon is
also referred to as an indirect semiconductor since both points are not at an identical &
value.[119]

Figure 2.1(c) shows the band schematic of intrinsic silicon, which has an impurity con-
centration of 1.5 - 1019 cm™3.[123] A crucial property of semiconductors is the ability to
introduce other atomic species in a controlled manner as deliberate impurities to tailor the
conductivity — a process called doping. Thereby, the electrical conductivity is adjusted
and increased by orders of magnitude. If an atom with five valence electrons, e.g. phos-
phorus (P), arsenic (As) or antimony (Sb), replaces a silicon atom in the lattice the fifth,
additional, outer shell electron is not required for the tetrahedral covalent bond. Hence,
only a small amount of energy is required to split the electron off of its atomic trunk.
The doping atom is also referred to as a donor. The energy required is approximately
30meV and is in the range of thermal energy at RT, which amounts to roughly 25 meV.
Thus, the extra electron of the doping atom is readily provided for charge transport at
RT. In the band diagram the doping atom is expressed as an additional energy band that
is located directly below the conduction band.[123] The respective band diagram for this
n-type silicon is depicted in Figure 2.1(d).

p-type silicon is doped with a trivalent atom, such as boron (B). The doping atom is miss-
ing one electron for the tetrahedral binding. That means, it readily accepts an electron.
Accordingly, the doping atom is called an acceptor. Formally, the missing electron is de-
scribed as a positively charged (electron) hole. So, the charge conduction in p-type silicon
is carried by these positive charges. A hole is generated when an electron is excited from
the valence band into the acceptor band. The acceptor band is located approximately
as close to the valence band in the bandgap as the donator band is with respect to the
conduction band [123], cf. band diagram Figure 2.1(e). Doping has a negligible effect on
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the mechanical properties of silicon.[122]

The interface of a semiconductor, e.g. silicon to a metal constitutes an interesting case for
different applications. The Fermi energies of a semiconductor and a metal are in general
at different levels with respect to the vacuum level.[119] The position of the Fermi energy
in a metal is denoted by the work function

Wi = (Fyac — Er) > 0, (2.1)

where FE.,. is the vacuum energy. The work function essentially describes the difference
in energy of an electron in the metal and the theoretical case of an electron at rest at
an infinite distance.[119] In a metal a possible shift of Er through flow of charge carriers
to or from the contacted silicon is negligible since the electron density in the metal’s
conduction band is high. Fg in silicon heavily depends on the type and density of doping,
as described above. Thus, in terms of a silicon-metal-interface it is more expedient to
consider the electron affinity ys > 0 from vacuum level to conduction band edge. The
difference between the Fermi level and the conduction band edge is eV, = E. — Ep.
Together they yield the work function for silicon [123]

W5 = (Evac — (exs + €Vz)) > 0. (2.2)

Essentially, two characteristic cases are differentiated when metal and silicon are not in
contact which are Wy, > W and Wy, < Wy, respectively. If the two materials are brought
in contact with each other, Fr on both sides of the interface will equilibrate to a common
level. This leads to an up or downward bending of the silicon conduction and valence
band at the interface.[123]

In principle, the metal-silicon-contact is comparable to a silicon electrode in contact with
an electrolyte solution, where the metal work function is akin to a redox potential of an
electrolyte species. The outcome is comparable, i.e. a band bending ensues. The case of
a semiconductor-electrolyte-contact will be extensively discussed in the next section 2.2.
There, the analysis of band diagram will also feature depictions of band bending. In the
remaining part of this section, the metal-silicon-contact will be approached in a condensed
fashion. The focus will be on the nature of its electronic contact due to its importance
for the experimental work, as will be further discussed in chapter 3.

For n-type silicon, Wy, > W5 causes an upward bending of conduction and valence band in
proximity to the interface. Thus, the majority charge carriers, i.e. electrons, migrate away
from the interface and a space charge region (SCR) emerges, as only the positively charged
atomic trunks remain.[123] On the metal side of the interface, electrons assemble in a very
thin layer (< 1nm).[123] Electrons are impaired to enter the SCR. Qualitatively, the flow
of charge carriers across the SCR does not linearly depend on the voltage. Rather, the
contact has an exponential dependence of current on voltage and can thus be characterised
as more diode like.[123]

The same holds true for p-type semiconductors if Wy, < Wy but shall not be elaborated
further here for the sake of concision. A metal silicon contact exhibiting such a diode-like,
rectifying behaviour is referred to as a Schottky contact.[123]

On the other hand, W, < W; leads to a downward band bending for n-type silicon
at the metal interface and thus electrons can easily accumulate at the interface. As a
consequence, electrons can flow in an unimpeded manner across the silicon metal contact
in response to a change in voltage. The dependence of current on voltage is linear and the
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(a) (b)
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Figure 2.2.: p-type semiconductor-electrolyte interface. (a) Band structure of a
p-type semiconductor, on the left side, and the redox potential Ficqox Of an
electrolyte, on the right side, when both are not at contact. (b) Band structure
of a p-type semiconductor in contact with an electrolyte at their interface.
Visible is a band bending of conduction and valence band with band drop
potential Vg due to the equilibration of Fr and Eedox-

contact is then referred to as ohmic.[123] For p-type silicon this is the case for Wy, > Wi.
Such an ohmic behaviour is important for various processes in the semiconductor industry.
For this work the establishment of an ohmic contact to both p- and n-type silicon is
necessary, as current flows, generated by conducted electrochemical experiments, would
be altered by a non-ohmic contact to the silicon electrodes. In practice, an ohmic contact
to n-type silicon is established by depositing a gold-antimony (Au-Sb) layer, which contains
0.1 % antimony.[52] For p-type silicon an ohmic contact can be accomplished by a layer
of aluminium (Al).[52] For both types of silicon, the following method also works. Liquid
gallium-indium (Ga-In) eutectic is worked into the silicon surface by scratching with a
carbide or diamond scribe and subsequently sealed off by conductive silver paint.[52]

2.2. Principles of Semiconductor Electrochemistry

This section provides the basic concepts of the electrochemistry of semiconductors in
general and silicon in particular. The section follows the theoretical description of refer-
ence [120].

2.2.1. The Electric Double Layer

As already discussed in section 2.1, the energy spectrum of electrons in an idealised crystal
as silicon is described in terms of energy bands. The highest filled band and the lowest
unfilled band, i.e. the valence and conduction band, respectively, are of importance for
the here discussed phenomena.

The electrons in an electrolyte associated with the electrolyte’s ions can be characterised
in an equivalent manner to their semiconductor counterparts. Thereby, the redox poten-
tial ELeqox describes the disposition of the involved species to provide or accept electrons.
Thus, Eyedox can be considered as the electrolyte solution’s effective Fermi level. When the
electrolyte solution is brought into contact with a semiconductor surface, the two respect-
ive energy levels in both phases equilibrate, i.e. Ep = Fieqox. Figure 2.2(a) exemplarily
depicts the case of a p-type semiconductor electrolyte interface with a Fermi energy lower
than the redox potential. To counter this deviation, electrons flow from the electrolyte

11
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silicon electrolyte

IHP OHP

Stern layer diffuse layer

Figure 2.3.: Electric double layer. Detailed schematic of the electric double layer devel-
oping at the interface of a semiconductor with an electrolyte. Inner (IHP) and
outer Helmholtz planes (OHP) are the planes of specifically adsorbed ions (in
the depicted case cations (green)) and non-specifically adsorbed anions (blue),
respectively. Both ion species have solvation shells of water molecules (red
and white), which also accumulate at the surface of the semiconductor. The
assemblies of immobile ions at the IHP and OHP form the Stern layer. By
contrast, the anions in the diffuse, or Gouy-Chapman, layer are mobile. Their
concentration is decreasing with increasing distance from the interface. The
course of potential 1 is also indicated.

to the semiconductor, which in turn leads to a surplus charge in the semiconductor. In
a metal these charge carriers reside in an A-thick layer at the surface. By contrast, in
a semiconductor the excess charge carriers are distributed over the space charge region
below the surface. The resulting electric field of the accumulated charge is responsible for
the bending of the bands. In case of a p-type semiconductor it is a downward bending, as
depicted in Figure 2.2(b). The semiconductor is then negatively charged with respect to
the electrolyte. The potential of the band drop is denoted as V.

Conversely, at the electrolyte side of the interface ions are assembling in a charged layer
themselves. This ionic layer is referred to as the electric double layer and is depicted in
Figure 2.3. It can be further divided. The outer Helmholtz plane (OHP) denotes the
point of closest approach for mobile, solvated ions from the bulk electrolyte solution. Tons
that are attracted to the charged interface to counterbalance the charge accumulated in
the SCR on the semiconductor side of the interface are located at this OHP. These ions
are of opposite sign with respect to the SCR charge. In the case of Figure 2.3, a positively
charged semiconductor is considered and the SCR holds a surplus of holes. Therefore, an-
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ions are assembling at the OHP. As the relevant electrolytes used in this work are aqueous,
polarised water molecules need to be taken into account. Accordingly, in Figure 2.3 these
are depicted as well and form a solvation shell around the ions to screen the respective
electric field of the ion.[125] Moreover, the water molecules also bond to the polarised
semiconductor surface according to their dipole moment. Ions directly in contact with the
interface, in the case of Figure 2.3 cations, lose a part of their solvation shell and bond
directly to the surface due to chemically interacting with the surface in a chemisorption
process.[126] The location of these ions is named the inner Helmholtz plane (IHP). The
entirety of these ions at the interface constitutes an adsorbed, immobile layer of ions up
to the OHP and is referred to as the Helmholtz or Stern layer.

Conversely, beyond the OHP mobile, solvated ions, which satisfy Poisson-Boltzmann stat-
istics, are present in a diffuse or Gouy-Chapman layer up to the point where the concen-
tration reaches that of the bulk electrolyte solution. The thickness of the diffuse layer
is essentially determined by the Poisson-Boltzmann theory on the potential distribution
in an electrolyte in contact with a charged surface. For the idealised case of a planar,
indefinitely expanded surface the potential distribution ¢ (z) in the direction normal to
the surface z is calculated by [125, 127]

P(x) = o - exp(—rx), (2.3)

with 1)y being the potential at the surface (z = 0) and

_ 2cpe?
—\n" L= . 2.4
" b \ ercokpT’ (24)

where Ap denotes the Debye length, e the elementary charge and €, and gg are the relative
and vacuum permittivity, respectively. kp symbolises the Boltzmann constant and T’
requires the absolute temperature in K. ¢ here denotes the concentration of a monovalent
ion of a singular type, as mainly these specific electrolytes are considered in this work. In
the case of several ionic charge carriers with various valencies and concentrations cg has
to be replaced by a sum of 3, 2% - ¢o? over different species i with their charge valence
2.[125] It should be noted that the concentration has to be provided in particles per m?
in this general form of the equation. For a monovalent salt diluted in water at 25°C the
Debye length of equation 2.4 simplifies to

3.04 A
‘/COmLol

now with the concentration ¢y in molL™!. A concentration of 0.1 molL~!, for instance,
yields a Debye length of A\p = 9.6 A. For higher concentrations, the shielding becomes
even more effective and the Gouy-Chapman layer effectively merges with the Helmholtz
layer at the OHP.

The differential capacitance Cgc of the Gouy-Chapman layer is described by the charge
per surface area on the electrode @) and v by [125]

dQ 2e2cperen eto €r€0 el
Cee = 34, \' " ks " <2/~cBT> PTG (QkBT) (2:6)
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For small potentials the last term is approximated by unity and equation 2.6 yields
Cac = %. Hence, Cqc remarkably resembles the capacitance of a plate capacitor

per plate area, where the Debye length Ap denotes the distance of the plates.

2.2.2. Energy Levels at the Semiconductor-Electrolyte Interface

In the next part of this section the energy levels at the semiconductor electrolyte interface
will be discussed. The Nernst equation addresses the electrons’ chemical potential of a
redox couple by [120]

a
wredox = wgedox + kBT In ( = ) , (27)
Ared
where dj?edox is the standard redox potential and aox and a..q are the activities of the

oxidised and the reduced species. Generally, ¥rcdqox is denoted versus the standard hydro-
gen electrode potential (SHE). This is a convenient method of referring to electrochemical
potentials since the SHE has an exactly defined energy, Fspg = —4.5¢eV, with respect
to the free electron energy in vacuum. Accordingly, the electrode potential of the redox
couple is represented by Eredox = FSHE — € - Yredox- Lhe redox potential Fqox represents
the averaged reduced and oxidised states’ energies of the species involved. Eleqox can be
further divided into the energy levels of the reduced and oxidised species, Eyoq and Foy,
respectively, with Eiedox = 1/2 (Ered + Fox)- In this regard, Fyoq and Eoy solely represent
the most probable energy levels. These levels are subject to a distribution because solvent
molecules with dipoles surround the ions in the solution. As a result of the constant ro-
tation and fluctuation of the solvation shell’s molecules, a fluctuation in the polarisation
is induced, which causes a broadening of the electron’s energy level. For a comprehensive
description, the density of occupied reduced and oxidised states is described by a Gaussian
distribution. However, for the further treatment of the semiconductor electrolyte interface
the unified energy level of Ecqox is here sufficient.

As already mentioned, when the semiconductor comes into contact with the electrolyte,
the equilibrium condition at the interface demands an equalising of the energy levels in
both media, i.e. Fp = FEleqox- Therefore, electrons are migrating across the interface and
change the charge distribution at the interface until equilibrium is accomplished. Fig-
ure 2.4(a) shows a schematic depiction of the band structure in the interface area. While
Vs quantifies the band bending at the semiconductor side, as already described above,
Vi1 indicates the potential drop across the Helmholtz layer and is accordingly termed the
Helmholtz potential. By adjusting the pH value of the electrolyte solution, Vi can be de-
creased and even tuned down to zero. This specific pH values is accordingly termed point
of zero charge. For a silicon electrode the point of zero charge approximately amounts to
pH 2.2. Silicon is readily covered by a native oxide layer, as discussed below in section 2.3.
Thus, the point of zero charge is similar to that of silicon dioxide.[128, 129]

The position of the band edges directly at the interface are labelled Ecg and FEys for
conduction and valence band, respectively. An external polarisation of the semiconductor
electrode is achieved by an applied potential V;,. In case no potential is applied, V}, is
the open-circuit potential or abbreviated OCP. The applied potential V4, influences Ew
and Vg. It is possible to achieve a semiconductor state without a charge excess at the
interface. This state is accompanied by the absence of an SCR and thus a disappearing
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(a) semiconductor | electrolyte E.acuum

width w

(b) depletion accumulation inversion

Figure 2.4.: Energy levels at the semiconductor electrolyte interface. (a) Energy
levels at the interface of a p-type semiconductor side, including the band
bending potential Vg (multiplied with the elemental charge e for an energy
centred consideration) and the width w of the SCR. On the electrolyte side
of the interface, the potential dropped in the Helmholtz layer Vi is depicted
as well as the applied potential V;, with respect to a reference. Adapted with
permission from reference [120]. (b) Depletion, accumulation and inversion
states with p-type semiconductor bands at the electrolyte interface caused by
different applied potentials.

of band bending. Therefore, the potential under which this state occurs is termed the
flatband potential Vg,. In general, the flatband potential is expressed as

Vib = Vi — Vs. (2.8)

The flatband potential is an important quantity since it connects semiconductor charge
carrier energy levels and electrolyte redox couple. Furthermore, it constitutes a parameter
that can be determined experimentally and has a link to those parameters derived in semi-
conductor physics and electrochemistry.

2.2.3. Potential and Charge Distribution in Space Charge Layer

To gain a deeper understanding of the benefit of V4, the charge distribution of the SCR
has to be investigated. It is described by the Poisson equation

2 e
% T aeo [Na = Na —n(z) — p(z)], (2.9)

15



2. Theoretical Description

with  denoting the distance from the interface. While Ng and N, are the donor and
acceptor atom density, respectively, n(x) and p(x) are the electron and hole densities.
The latter follow the Boltzmann distribution in the absence of a current.[120] They read

n(x) = ng exp (— l:;é) (2.10)
. (o) =mexp (£ ). (211)

where V' = ¢k — ¥(z) denotes the polarisation. The carrier density in the bulk of the
silicon, far from the surface, is denoted by ng and pg for electrons and holes, respectively.
They are connected via the intrinsic carrier density n;, an important metric for semicon-
ductors, defined by nopy = nZ.[130] Outside of the SCR, in the bulk of the semiconductor
charge neutrality must prevail and therefore Ngy — N, = ng — po.[130]

Within the SCR the charge carrier density is determined by the doping atoms and thus
the electron and hole densities are ng = Ngq and pg = N,, respectively. At the interface,
i.e. x =0, V equals Vg and equations 2.10 and 2.11 convert to

eV
n(Z)z=0 = Nint = N0 EXP <— kB;) (2.12)
and v
P(2)2=0 = Pint = Po €XP (:}3) - (2.13)

Depending on the applied potential and the equilibrium conditions at the semiconductor,
three possible states might prevail at the interface. These are depletion, accumulation
and inversion and are illustrated for a p-type material in Figure 2.4(b).

The first case considered here is depletion. The depletion layer plays an important role in
the electrochemistry of semiconductors and is discussed here in detail. A depletion layer is
formed when the interface area is depleted of majority charge carriers due to the respective
band bending. That is, in an n-type semiconductor a positive band bending deprives
the interface region of electrons and a negative band bending in a p-type semiconductor
depletes the interface region of holes. The charge left in the depletion layer stems from
the remaining ionised dopants. Hence, the Poisson equation 2.9 for a p-type material

simplifies to
d2v eN, eV
__a 1 2.14

da? Er€o {exp (kBT) * ] ’ (2.14)

where the first term addresses the contribution of the holes in the valence band, which are
depleted from the SCR, and the second term represents the immobile, negatively charged
dopant ions in the silicon.

One integration over dV/dz with the constraint V(z = 0) = 0 yields

dv\ 2 2eN, kT eV
(m) = e [V e (‘”‘P (m) * 1)} ' (2.15)

Assuming that the band bending potential Vg directly at the interface, i.e. V = Vg, is
small, the factor exp (eVs/(kgT')) =~ 0 is neglected. Hence, equation 2.15 is reduced to

2eN, kT 1\ /2
_2ela [Vs _ BD .
Er&Q

V-

(2.16)
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In this present case of a p-type semiconductor in depletion state the band at the interface
is bend downwards and Vg is negative. Hence, the square root results in a real value.
Gauss’ law relates equation 2.16 to the total charge in the SCR per electrode surface area

Qscr by
dV/dCC(V = VS) = Qscr/(srgo) (217)

Subsequently, an expression for the capacitance of the SCR, Cy, is obtained by

dQscr o d .
Coer = s~ dve (ereg - dV/dx(V = Vg))
d kgT 1\ /2
= — | [ —2eN 0 - -
av (( Nz [Vs = %)
1/2
_ —eNaErE() (218)
2 (Vg - k‘ZT>
2 kpT
-2 _ _ B
= Csar = eNaereo (VS e )
2 kpT
=V —"Vgp—— | . 2.19
eNasrq)( e > ( )

Equation 2.19 is the Mott-Schottky equation. It is a broadly applied and useful equation,
which connects the flatband potential Vi, to the applied voltage Vi, and the capacitance
of the space charge region Cy. In a simple experimental setup, Csr can be determined
by electrochemical impedance spectroscopy (EIS) at varying applied potentials Vi,. In a
plot of the linear relation of C.2 versus V;, the slope dC2/dV;, = —2/eNaerep yields the
doping concentration N, if the respective material and thus its permittivity is known.[131]
The analysis of an n-type semiconductor, i.e. with a positive band bending, by the same
means, yields a dependence with a positive sign of C2 on V;,.[120] Hence, the two fun-
damentally different conduction mechanisms can be differentiated. Furthermore, flatband
potential Vg, can be derived from the C.2 versus V;, plot as the crossing point with zero,
ie. at C.2 = 0, where Vi, = Vi, + kpT'/e.! From equation 2.18 it is evident that the
capacitance of the SCR is largest around the flatband potential, i.e. Vg = Vi, — Vi, = 0.

Finally, the width of the SCR is obtained with the determined quantities. The total sur-
face specific charge in the SCR is expressed as Qs = eNaw, where w marks the width of

the SCR.[120] Then, with equations 2.16 and 2.17, one readily finds [119]

251"50 k‘BT 25r50 kBT
_ .- Ve — — /= Vin — Vi, — —22). 2.21
v \/ eN, (Vs e ) \/ eN, ( fb e ) ( )

Apart from the case of a depletion layer, the other two possible configurations at the semi-
conductor side of the interface are the accumulation and the inversion layer. These two
other types of layers are depicted in Figure 2.4(b). In the case of an accumulation layer,

'The flatband potential enables the determination of the potential of the valence band edge at the surface
Vvs by
kT

eln (Ny/N,)’
where N, denotes the effective density of states in the valence band. The Schottky barrier height 1sp
is calculated by ¥sp = e(Viedox — Vvs).[120]

Ws = Vip — (2.20)
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the interface region in the semiconductor is populated by an excess of majority charge
carriers caused by a reversal of the band bending. That means, in a p-type semiconductor
the bands are not bend downward at the interface, as it is the case for the depletion
layer, but upward. Hence, majority charge carriers, i.e. holes, readily accumulate in the
valence band at energy levels near Er at the interface. The opposite holds true for an
n-type semiconductor. The bands at the interface are curved downward and electrons are
in surplus at the conduction band.

An inversion layer is achieved by applying a large enough positive potential to the semi-
conductor with respect to the electrolyte side of the interface. By this means, the potential
increase is responsible for the valence band to approach Ef or even exceeds it. Thus, holes
are able to occupy an abundance of states. This marks the onset of a drastic change in
the conduction behaviour of the semiconductor to rather metallic characteristics. This
transformation is termed degeneration.

An inversion layer, on the other hand, develops due to minority charge carriers. Ensu-
ing from the depletion layer, the band edge of the respective minority carrier eventually
reaches Fr when the bands are further bend in the respective direction of the depletion
layer, e.g. downwards for a p-type semiconductor. Hence, minority charge carriers are
accumulating at the semiconductor interface and might even surpass the bulk majority
charge carrier concentration. The formation of an inversion layer at a semiconductor
electrolyte interface is usually perturbed by concurrent electrochemical reactions, which
consume these minority charge carriers.[120]

For p-type semiconductors the capacitance of the SCR in case of an accumulation and an
inversion layer, respectively, can then be expressed by [132]

e2e.ep eVg
=/ N, 2.22
Crar “okpT (+ QkBT> (2.22)
and
e2e,€0 eVs
= — 2.2
Cscr ) 2]€BT exp < 2]€BT) ( 3)

2.2.4. Helmholtz Layer Potential

The drop of the potential across the Helmholtz layer is defined as [120]

Qu

Vi =1 — 1o = ;
Er&Q

(2.24)

with the potentials at the semiconductor surface ¥; and at the OHP 5. Qp marks the
charge stored in the Helmholtz layer that originates from the ions at the OHP. On the
semiconductor side, charge arises in three different forms, namely an accumulation of free
charge carriers, charge embedded in surface states and ions might be adsorbed. For a
non-degenerated semiconductor free charges at the surface play a minor role.

Surface states are energy levels at the semiconductor’s surface which are able to ex-
change electrons not only with the solid but also with the electrolyte side of the interface.
Chapter B in the appendix discusses surface states in more detail. The discontinuance of
the bulk structure at an otherwise clean surface results in dangling bonds, which are called
intrinsic surface states. Since these dangling bonds in silicon are generally terminated by
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hydrogen or other species, intrinsic surface states are of minor importance for silicon. In
addition to intrinsic surface states, two other types of surface states might be present on a
semiconductor surface. Lewis sites constitute one type and generally result from the acid
or basic properties of the surface. Another type of surface states results from adsorbed
electroactive species, other than hydroxide or hydrogen ions, which are capable of accept-
ing or donating electrons. Thus, intermediates from chemical reactions at the surface may
be considered surface states. Partially oxidised silicon atoms during the anodic oxidation
of a silicon surface, which will be discussed below in section 2.3, can serve as transitional
surface states.[120]

Generally the transfer of charge from the surface of a non-heavily doped semiconductor
to the electrolyte is negligible. By contrast, the charge transferred in adsorption and de-
sorption processes at the surface is generally a few orders of magnitude larger. Thus, an
applied potential can be considered to drop exclusively in the SCR and the Mott-Schottky
equation 2.19 remains valid.[120] The capacitance associated with the Helmholtz layer Cy
is assumed to be independent of the Helmholtz potential. That means, a change in poten-
tial leads to a change of charge carriers on both sides of the interface. Thus, the interface
resembles a plate capacitor, as already discussed in equation 2.6. While the Helmholtz
capacitance for a clean metal surface is in the range of 15 — 30 pF cm~2 [133], Cy values
of 1.5 — 311F cm™2 have been reported for a silicon electrode [134, 135].

2.2.5. Capacitance of the Semiconductor Electrolyte Interface

In this section the total capacitance of the ensemble of semiconductor and electrolyte at
the interface will be discussed. Therefore, the total potential shift AV is investigated.
AV is shared across the SCR and the Helmholtz layer and is given by [120]

AV = AVier + AVi. (2.25)

The voltage drop across the SCR is described in terms of AV, = AVs.[120]
Charge neutrality demands that the charge on the semiconductor side, composed of the
SCR and surface states, equals the charge in the electrolyte

Qelec = Qscr + QSS- (226)

The overall capacitance C' can then be expressed by [120]

1_AV Ak AR 11
C AQ AQscr + QSS Qelec Cscr + CSS CH .

(2.27)

Hence, the total capacitance equals an equivalent circuit, where Cy.; and Csg are in
parallel and are connected in series to Cy. A representation of the equivalent circuit is
depicted in Figure 2.5. Thereby, the capacitance of the space charge layer Cy., is shorted
by the surface states and the resistance associated with the SCR Rg.,. Furthermore, Rg
denominates the resistance of the electrolyte solution and is linked in series. An existing
oxide film on top of the silicon surface requires that the equivalent circuit is extended by
another parallel RC component in series with the rest. This is particularly important in
non-hydrofluoric acid containing aqueous electrolytes.

In the treatment of the semiconductor electrolyte interface in particular with regard to
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Figure 2.5.: Equivalent circuit of the semiconductor-electrolyte interface. Cy.
and Re.r denote capacitance and resistance of the SCR, respectively. Csg and
Rgg are capacitance and resistance of surface states. Cy is the capacitance
of the Helmholtz layer, while R, and Rg are the resistances associated with
the charge transfer into the electric double layer and the resistance of the
electrolyte solution. Adapted with permission from reference [120].

the determination of the flatband potential, some considerations have to be taken into
account. In the theoretical case of the absence of an oxide layer and further conditions
such as a negligible density of surface states, i.e. C'sg < Cy; and when Cy > Cg,, the total
capacitance of the semiconductor electrolyte interface, stated in equation 2.27, becomes
C =~ Cy;- The interface capacitance can accordingly be expressed by the Mott-Schottky
equation ( cf. equation 2.19). Thus, as described above, it is valid to infer the doping
concentration N, and flatband potential Vg, from the analysis of a Mott-Schottky plot.
In a realistic experimental setup, the flatband potential is possibly influenced by different
factors. For highly doped semiconductors, the assumption of Cy > Cy.; might not hold
true. Thus, a non-negligible part of the externally applied potential is dropped in the
Helmbholtz layer.[136] In particular, this pertains to potentials close to V. In general,
doping levels smaller than N, = 10?°cm ™2 (i.e. dopant-atoms per cm?) do not demand
for this correction and the regular determination of Vg, according to equation 2.19 is
sufficient.[130]

As a final point, the sheer presence of an oxide layer on the silicon surface might also lead
to a shift of Vg,. The resulting potential drop AV, across the oxide layer is estimated by

AVox = Usngi/onv (228)

where Ug denotes the electric field at the surface, d is the thickness of the oxide layer
and eg; and eox are the dielectric constants of the silicon and the oxide layer, respectively.
For a thin oxide film of 20 A the potential drop equals AV, = 40 mV.[120] Thus, such a
relatively thin oxide layer itself has not a large influence.

All in all, in this section the contributions to the total capacitance of a semiconductor
electrode in contact with an electrolyte solution is comprehensively described. The dif-
ferent components of the interface that contribute to the capacitance are established. In
this work, different types of silicon electrodes will be investigated. A main focus will be
on the capacitive behaviour of the electric double layer at the silicon-electrolyte interface
and if it performs also in experimental terms as a capacitor. In this regard, charging or
capacitive currents, also termed non-Faradaic currents, flow when a potential is applied
to the semiconductor electrode and charge compensation exclusively occurs in the form of
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2.3. Anodic Oxidation of Silicon

non-specific adsorption of ions in the electric double layer.? By contrast, Faradaic currents
indicate a charge transfer across the electrode-electrolyte interface in electrochemical re-
actions, e.g. characteristic reduction or oxidation processes. These can occur in response
to a charge surplus or deficit on the electrode surface by an applied potential. In a reduc-
tion or oxidation a transfer of electrons across the interface occurs, which can originate
from species from the electrolyte or adsorbed on the electrode surface. These currents are
described by Faraday’s laws of electrolysis

Q = nzF, (2.29)

where () denotes the exchanged charge, n the converted amount of substance, z the charge
of the involved species and F = 96 485.332 12 C mol ! is the Faraday constant. Thus, only
electrodes that are close to an ideal polarisability, i.e. which exhibit negligible Faradaic
currents, show an ideal capacitive behaviour.[127] This point will be further discussed in
section 2.5. In this case, the reversible adsorption and desorption of ions from the electro-
lyte at the outer Helmholtz plane is exclusively controlled by the applied potential and is
called electrosorption.[137]

2.3. Anodic Oxidation of Silicon

Silicon oxide can exist in a variety of crystalline forms, e.g. quartz, as well as non-crystalline
forms, such as vitreous silica.[120] Furthermore, it is possible to synthesise silicon oxide
by different techniques. The most commonly used synthesis route in silicon processing is
thermal oxidation. Due to its importance for the silicon industry, this oxidation method
has been extensively studied in comprehensive detail. For the fabrication of silicon com-
ponents, silicon oxide layers are widely utilised as gate insulation in metal oxide semicon-
ductor (MOS) chips. Furthermore, silicon oxides are used for other insulation purposes,
e.g. to insulate conducting layers from each other. They are also used as planarisation,
dielectric interlayers, passivation layers, especially to reduce electrically active surface de-
fects, or as a masking material.[138, 139] Thin oxide layers can also be included in circuits
to act as capacitances. Similar to the electric double layer, the charge stored is inversely
proportional to the thickness of the silicon oxide layer.[120]

A thermal oxidation of silicon can be carried out in a furnace at temperature ranging from
900°C to 1200°C in a dry or wet oxygen atmosphere. The latter contains water in the
form of vapour or steam produced by passing dry oxygen and nitrogen over water close
to its boiling temperature. Water can also be present in the furnace merely due to the
prevalent ambient conditions. In general the oxidation process that utilises a wet oxygen
atmosphere leads to higher growth rates of silicon oxide. Overall the following reactions
occur [120],

Si + Oz (gas) — SiOq (2.30)
Si + 2H»0 (gas) — SiO2 + 2H; (gas). (2.31)

In the case of a dry atmosphere oxidation the first reaction prevails, whereas in the case
of a wet atmosphere the latter equation describes the predominant oxidation process. In

2Pseudo-capacitive currents comprise both specific and non-specific adsorption processes for charge com-
pensation in response to a potential variation.
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general the temperature, the oxide thickness and the silicon substrate orientation influ-
ence the oxidation rate of the thermal process. The oxidation kinetics in dependence of
oxidation time ¢ are given by [140]

X = VBV, (2.32)

where x denotes the thickness of the oxide and B is a proportionality constant. The
square root dependency displayed in equation 2.32 is only valid for relatively large times.
At short times, the oxidation process follows another regime, in which the kinetics have
shown to be of linear dependence.[140]

Moreover, the structure of thermally fabricated silicon dioxide is amorphous.[120] It gen-
erally is assembled in a precise stoichiometric configuration, i.e. SiO2.[120] Typically, a
silicon oxide layer fabricated by this thermal method has a larger thickness by a factor of
approximately 2.3 than an unoxidised substrate of an identical initial thickness.[120] The
silicon-silicon interatomic distance in a silicon dioxide layer increases by about 30 %.[141]
The thermal oxidation process will be made use of in this thesis to create an insulation
layer.> Further details are given in section 3.5.2.

Silicon that is in contact with ambient air, water or aqueous solutions develops a thin
oxide layer at the surface by itself. This oxide layer is referred to as the native oxide
layer. Essentially, a native oxide layer of a certain composition and thickness covers all
silicon surfaces due to the inevitable presence of air and water in most environments.[143]
The thickness of this native oxide layer may strongly vary depending on the preparation
conditions of the surface. In general, the oxide formation on a clean silicon surface, fabric-
ated through the cleaving method, proceeds quickly when in contact with air. The native
oxide layer reaches a thickness of 5 — 7 A within a few minutes.[144] Then, the growth
slows down. For instance, after 24 hours in an air environment the thickness of the native
oxide layer approaches 11 — 13 A.[144] Conversely, a silicon surface without an oxide layer
is obtained by a minute-long etching treatment with hydrofluoric acid to remove any ox-
ides. The specifics of this process will be further discussed in section 2.4. The treatment
leaves the silicon surface bonds as Si-H. Thus, this state is accordingly termed hydrogen
terminated. The evolution of the native oxide layer after an HF treatment is slower than
for a freshly cleaved surface, which is attributed to the passivating effect of the hydrogen
termination. Thus, the Si-H bonds have to be broken so that the first monolayer of sil-
icon oxide forms. After this initial stage the growth of the native oxide layer follows the
time logarithmically.[145] Along with the initial condition of the silicon surface, the silicon
properties govern the growth of the native oxide layer. For doping concentrations exceed-
ing 10' cm ™3 both p- and n-type silicon exhibit a distinctively faster native oxide layer
growth than low or moderately doped substrates, which show similar growth rates.[144,
145] Moreover, at the same doping level, the oxide layer growth proceeds faster for n-
than p-type silicon above the doping threshold of 10'? em~3.[145] Concerning the crystal
orientation, (111)-oriented surfaces exhibit larger growth rates compared to surfaces with
an (100)-orientation. The composition of the air, in particular its humidity, i.e. water

3Silicon dioxide films can also be fabricated by means of a chemical vapour deposition (CVD) process.
A silane or alkoxysilane film is pyrolytically oxidised, which follows the process of [142]

SiHy + Oz — SiOy + 2H,. (2.33)

This fabrication scheme has typically larger growth rates than the thermal method.
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2.3. Anodic Oxidation of Silicon

content, has a strong effect on the native oxide layer growth.[145] Thereby, the adsorption
of oxygen and water molecules on the surface determines the growth kinetics.[146-148]
Apart from air, water — and to a certain extend other solvents — is another important
environment to consider in the discussion of the native oxide growth. In the presence of
water, a silicon surface will always develop a coverage with a thin oxide layer. A cleaved
and thus clean silicon surface immersed in water shows a 3 — 4 A thick oxide layer after
5 — 10 min.[144] The oxide layer increases to a stable thickness of about 5 — 10 A. For an
HF treatment, the growth kinetics are very similar to those observed for an HF-treated
silicon surface in air. Thus, the process initially starts with a slow growth phase, in which
the already mentioned hydrogen termination has to be replaced by a hydroxyl one. Then,
after a few hours, the speed increases.[145] These OH groups have a weakening effect on
the bond of the Si surface atom to its next bulk Si neighbour due to their strong elec-
tronegativity. Thus, the back bond is attacked by a water molecule so that the back Si
atom forms a hydrogen bond [149]

Si—SiOH + H2O — SiH + OH—-Si—OH. (2.34)
The hydrogen bond is eventually replaced by water so that
Si—H + HyO — Si—OH + H,. (2.35)
Ultimately, a bridging reaction forms the oxide through
Si—OH + Si—OH — Si—0-Si + H»O. (2.36)

In water, after the initial removal of the silicon oxide layer by HF, the native silicon
oxide layer grows back to a thickness of only 1A to 6 A after 100 minutes and 50 hours,
respectively.[149] In addition, solved oxygen may strongly influence the native oxide layer
in water. With an increasing concentration of solved oxygen, the native oxide layer reaches
a larger thickness.[120] Conversely, an HF presence in the water may hinder the evolution
of an oxide layer. Thereby, an HF concentration of higher than 10 ppm is even prohibiting
the formation of an oxide layer altogether.[150] In addition, the growth of an oxide layer
can be promoted by an oxidising agent, such as hydrogen peroxide (H2O3). When its
concentration is relatively high, it can even negate a hindering effect on oxide layer growth
if HF is present. Interestingly, when both the concentration of the oxidising agent and
HF are relatively high, the native oxide layer is both rapidly created and removed so
that the silicon surface in total is etched.[120] In non-aqueous solvents, e.g. acetonitrile
or dimethyl sulfoxide, a native oxide layer only develops because residual water is present
in the solvent.[151, 152] All in all, the large variation of the native oxide layer’s thickness
exemplifies that the conditions under which the oxide layer forms have a great influence
on the oxide growth. Minute changes in the environmental conditions or small differences
of the silicon properties, may lead to distinctively different native oxide layers.

It is possible to fabricate oxides with a thickness exceeding that of the native oxide layer
by applying a potential to the silicon and passing an anodic current from electrolyte to
bulk silicon across the interface. This process is labelled anodic oxidation. It is important
for the here presented work, as electrochemical experiments will be carried out on silicon
electrolyte interfaces in aqueous electrolytes. Anodic oxidation will also be deliberately
utilised to obtain electrochemically stable surfaces, as will be explored in the results in
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section 4.1.

In general, anodic oxidation can be performed in a broad variety of inorganic and organic
electrolyte solutions of different composition. The anodic oxidation process is carried out
in two distinct approaches, either by applying a constant potential or under a constant
current density. Hereby, the current is normalised to the contact area of the silicon
electrode with the electrolyte.

The details about the single steps of the oxidation reaction are not entirely understood,
yet.[120] A possible start of the anodic oxidisation reaction is the initial formation of
silicon-hydroxide bonds at the silicon surface. For this reaction a positive charge carrier,
i.e. a hole h, has to be supplied by the silicon side of the interface. Subsequently, two of
these hydroxide bonds split off a water molecule and establish two Si—O bonds similarly
to the proposed growth model of native oxide in equation 2.36. An insertion reaction of
oxygen atoms by place exchange then may break up the polarisation of the Si-Si back
bond that is created in the previous step.[153] Thus silicon dioxide eventually forms on
the surface. The respective steps are given in the following [153],

Si + 2H50 + 4h — SiOH + 4H™ (2.37)
2SiOH — SisO 4+ Hs0O (2.38)
2Si50 — SiOg + 3Si. (2.39)

The presented reaction requires monovalent, positively polarised silicon atoms, i.e. Si as
intermediates. An additional contribution of silicon atoms with higher oxidation states,
e.g. Si?* or Si**, which may be present at the interface, cannot be excluded.[154] These
partially oxidised silicon species can be considered as surface states, as already mentioned
in section 2.2. Due to an electron tunneling process into the conduction band, a further
oxidation of these surface states can proceed at lower potentials. Therefore, in n-type
silicon this process contributes to the further growth of the oxide, after an initial formation
of a thin layer.[120]

The overall reaction in the anodic oxidation process is given by [120]

Si 4+ 2H20 + nh — SiOy +4H" + (4 —n)e  (n < 4), (2.40)

where h denotes a hole charge carrier and n is the number of converted holes per reaction,
equalling four for a full conversion during the oxidation process. The water molecules
participating in this reaction are the major source of oxygen. Hence, in aqueous electrolyte
solutions the available oxygen used in the oxidation process is not originating from other
components, e.g. the electrolyte species.* Alternatively, oxygen may also originate from
the dissolution of salts containing oxygen. However, in general the dissolution of salts
merely plays a minor role.® Oxygen might also develop through an applied overpotential,
which decomposes water if it is the solvent.[120]

4Conversely, in a dry organic electrolyte solution the oxygen to sustain the silicon oxidation may be
supplied by a reaction that decomposes the solvent into water at least partially at the electrode surface.
Hence, in general the efficiency of this oxidation process will be lower as less oxygen is available. For
glycol, for example, the anodic decomposition yields about 1 molF~! of water, where F denotes the
Faraday constant.

SUnder specific circumstances this effect can provide oxygen. For example, oxygen-containing anions,
such as NO3 or HPO, , in an electrolyte with dry methanol as the solvent may be the main source of
oxygen.[155]
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2.3. Anodic Oxidation of Silicon

The anodic oxidation process, as presented in equation 2.40, involves the transfer of holes.
Whereas these are the majority charge carriers in p-type silicon, in n-type silicon holes
constitute the minority one. Thus, the anodic oxidation in n-type silicon requires the
generation of holes either by illumination or an excess voltage, i.e. an avalanche breakdown.
The latter is the relevant process in this work since no illumination is used. In an n-type
silicon electrode with an inversion layer, i.e. at reverse bias, few positive charge carriers are
present in the SCR. A sufficiently high electric field is responsible for the charge carriers to
gain enough kinetic energy to break covalent bonds in the silicon lattice through collision.
The impact creates electron hole-pairs and thus new charge carriers, which can then
partake in further collisions. Hence, an avalanche effect is created.[120] The potential at
which an avalanche breakdown appears is foremost dependent on the doping density.[7]
The respective affect is also further discussed in the next section 2.4 in the context of
porous silicon formation.

The anodic oxidation process requires a migration of ions over the oxide layer towards
the interface with bulk silicon. For the oxide growth to proceed, the migration has to
occur even when the oxide layer is growing thicker. In general, the issue of the ion
movement across has not been fully understood as different studies produce seemingly
opposing results.[120] The respective ions partaking in the migration process might either
be cations from the bulk, i.e. most importantly Si*, or oxygen containing anions from the
silicon oxide interface with the electrolyte. Water enters into the first layers of the created
oxide and can then dissociate into ions. These anions are most importantly hydroxide
(OH™) groups. They are found to migrate to the bulk-oxide interface if an electric field is
applied.[155] The concentration of hydroxide decreases with the distance from the interface
within the oxide film. Thus, the rate limiting process appears to be the oxidation process
and not the hydroxide drift.[155] In general, the nature of the ionic drift seems to heavily
depend on the experimental conditions, which can produce vastly different outcomes by
merely slight changes. Organic, water-free electrolyte solutions at high electric fields seem
to favour the cationic, outward directed migration, whereas in an aqueous electrolyte
under relatively low electric fields an inward movement of anions seems to dominate.[120]
The latter is the more relevant for the experimental results presented in this work, as
only aqueous electrolytes at voltages below 5V are experimentally investigated. Under
the additional assumption that the migration of the anions through the oxide layer during
anodic oxidation is drift limited, a description of the growth kinetics of the oxide layer
is obtained. Drift limited here implies that the reaction of anions and Si atoms at their
respective interface is faster than the anion migration process to the interface. The current
of anions J; is then given by [156]

V
Ji = nigiU = nigii—— = ai f, 2.41
x(t) (240
where ni, ¢; and p; denote the anionic concentration, mobility and charge in the oxide
layer. U and V are electric field and potential across the oxide layer of thickness x(t) and
f denotes the flux of anions. The flux is expressed in terms of the thickness x(t) as [156]
dx(?) dx(t)

~ N = g, X 2.42
! a - limaNi—g (2.42)

where N is the number of anions per unit volume of silicon oxide.
The anionic current through the silicon oxide may be accompanied by an electric current
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Je that possibly results from electron injection from electrolyte states into the conduction
band of the oxide by tunneling.[120] The overall current J would then equal J = J; + J.
However, J, is negligible for the low potentials used in this work. The voltage V is derived
by [156]

V =V, — JAR, (2.43)

where V; denotes the voltage applied across the electrodes, A is the surface area in contact
with the electrolyte and R is the sum of the bulk silicon resistance and the electrolyte
resistance. Injecting V' from equation 2.43 into 2.41 results in [156]

niqi i VoNave
XTNavg — Nigili RA’

Ji = (2.44)

where 7,yg is the current efficiency n = Ji/J, which is assumed to only change slowly over
time and can thus be averaged over the whole oxidation process. Setting equal J; from
equations 2.41 and 2.44 yields

dx(t) _ 1iGi i VoNavg (2.45)
dt  Nigifavgx(t) — nigiuiNiRA
Integrating the equation yields
2
nigi RA nigi RA 2niqi 14 Vi
X&) = Xinit + —AHEE il n (q K 0) t, (2.46)
Tavg Navg Nigi
where xinit is the initial thickness of the oxide layer at ¢ = 0. For the reasonable assump-
tions [156]
2
2niqi i V( i RA
>0 and (”‘qu’o) N R latiniy I (2.47)
Nig; Tavg

finally an expression for x(¢) can be found

L 1/2
2711‘]1}11‘/0) 1/2. (248)

X(t) = Xinit + ( N t
Thus, inserting x(¢) in a final step into equation 2.44 yields the desired relation of the
anionic current J; in dependence of time ¢

1 2 /2
W) P _ (wNV) - (2.49)

1
Jit) = §NiQi ( Nigs 5
Interestingly, the evolution of the anodic oxide thickness x, cf. equation 2.48, has the
identical square root dependence on time ¢ as the growth of the thermal oxide, as seen in
comparison to equation 2.32. It is reasonable in the sense that the assumptions of both
models are akin. More precisely, both models operate under the assumption of constant
driving forces. In the case of anodic oxides it is a constant potential, whereas it is a
constant oxidant concentration gradient within the thermal oxide layer. Furthermore, the
oxidant transport in both models is assumed to linearly depend on the driving force.[120]
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2.4. Porous Silicon

Porous silicon is fabricated by etching monocrystalline bulk silicon in an electrochemical
procedure, in which a current is applied between an electrode and a silicon wafer in an
electrolyte solution that contains HF. The details of the setup will be discussed in more
detail in section 3.2.

As described in section 2.3, silicon is thermodynamically unstable in an atmosphere that
contains oxygen or water and a native oxide layer readily develops. The native oxide layer
needs to be removed since it is electrically insulating and prohibits the synthesis of porous
silicon. For this purpose, an aqueous HF solution is used. The presence of HF leads
to a spontaneous dissolution of SiOs.[52] The specific steps involved in the dissolution
process are complicated and still under discussion.[120] For instance, the intermediates in
the reaction are debated as is the role of HF, and H™ ions during the etch process.[120]
However, the overall reaction may be described by

SiOy + 6HF — SiFg~ + 2HT + 2H»0, (2.50)

where the resulting silicon hexafluoride anion (SiF2~) is stable and highly soluble in wa-
ter. The dangling bonds on a silicon surface, treated with such a procedure that chemic-
ally removes SiOg, will be hydrogen terminated, i.e. covered by Si—H bonds, as already
mentioned in section 2.3. The hydrogen termination is executed on a timescale of one
minute.[120]
As the fabrication of porous silicon includes the reactions of different types of silicon
bonds, it is worthwhile to investigate these bonds further. The most important silicon
surface bonds are Si—Si, Si—H, Si—O and Si—F. Thermodynamic measurements suggest
that the bond with the highest enthalpy, i.e. the strongest bond, is the one from silicon
to fluoride, followed by the bonds to oxygen, hydrogen and silicon.[52] For the stability of
the respective species on a silicon surface, rather the electronegativity of the constituent
is the decisive factor. Thus, Si—F surface bonds are highly reactive, while Si—H or Si—C
bonds tend to have a passivating impact, as already mentioned in section 2.3. Highly
electronegative elements, such as fluoride or oxygen, form polar bonds to a silicon atom
and weaken the respective Si—SiF back bond by rendering it prone to a nucleophilic at-
tack.[157] Thus, Si—F surface bonds, which might themselves have replaced the Si—O
of the oxide layer, are attacked and replaced by Si—H bonds according to the following
reaction [157]

Si—SiF3 + HF — Si—H + SiFy, (2.51)

where SiFy quickly reacts to SiFg_ and dissolves. The respective process is also illustrated
in Figure 2.6 for an (100) silicon surface. The surface atom in this case is terminated by
two hydrogen atoms. For an (110) or (111) surface the termination tends to be by SiHj
or SiH, respectively, because the surfaces have different numbers of dangling bonds.[120]
Due to the low electronegativity of the hydrogen atom, no strong polarisation of the
bond to the silicon atom occurs. The difference in polarisation with respect to a Si—Si
bond is small. By comparison the fluoride atom has a larger polarising effect. Thus,
a hydrogen surface bond does not enforce a strong polarisation onto the silicon back
bonds and in return a hydrogen terminated surface is less susceptible for a nucleophilic
attack and remains stable.[120, 158] However, di and tri-hydride surface bonds have one
or two more Si—H bonds than monohydride. Hence, the back bonds are slightly more
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Figure 2.6.: Chemical reaction of the hydrogen termination on an (100) silicon
surface. Si—F surface bonds are replaced by Si—H bonds. Thus, the (100)
surface is terminated by Si—Hs. Adapted with permission from reference

[157).

polarised and di and trihydrides tend to be removed. As a result monohydride formation is
promoted.[159] Additionally, the activation energy needed to break the respective surface
bond is significantly lower for the Si—OH and especially the Si—SiF3 bond than for
Si—SiH and Si—SiHj3 bonds.[160] Hence, a fluoride termination is readily replaced and
the formation of a stable hydrogen termination is further promoted.

Hydrogen terminated silicon is relatively stable in HF solutions at OCP. It chemically
dissolves with an etch rate in the order of 1072 As™1.[161] The dissolution progresses by
the involvement of OH™ anions according to the reaction [162]

Si + 20H™ + 2H,0 — [Si(OH)20,)*" + 2Hy, (2.52)

where silicon is removed in the form of an [Si(OH)305]? -anion, which is in solution. A
dilution of HF (< 25 %) results in an increased concentration of OH™ ions and as a result
the etch rate increases by approximately one order of magnitude.[163] Interestingly, reac-
tion 2.52 is also the reason why it is possible to, chemically and even electrochemically,
etch silicon in basic solutions such as KOH, in which an abundance of OH™ anions is
available.

Furthermore, another manner to chemically etch hydrogen terminated silicon exists. If
positive electronic carriers, i.e. holes, are present at the silicon surface of the interface,
HF can directly attack the silicon bonds. Since only few carriers, owing to their ther-
modynamic distribution, are present at the surface at OCP, the etch rate is relatively
low. A value of approximately 0.2 A min—' has been reported.[164] The mechanism that
causes the chemical dissolution process at OCP is the same that is responsible for the
electrochemical etching, i.e. not at OCP, of silicon. Summarising, a potential leads to an
aggregation of holes at the surface of silicon immersed in an HF-containing solution and
the HF molecules are enabled to remove silicon atoms from the surface. The etching rate
of this electrochemical process is drastically increased compared to a pure wet chemical
etching. This process in total will be discussed in detail for the rest of this section, as the
mechanism itself and its characteristics are vital for the preparation of porous silicon.
The electrochemical dissolution process of silicon can be separated into two different re-
gimes — porous silicon fabrication and electropolishing. The difference between these two
regimes lies in the exact electrochemical procedure that unfolds when a current is run-
ning between a counter electrode (CE), or cathode, and the silicon electrode immersed
in electrolyte solution. The silicon electrode is acting as the working electrode (WE), a
term which is properly introduced in section 3.1. In terms of the etching the WE is also

28



2.4. Porous Silicon

(a) (b) (c) (d) .
OH- HF>" \ /
OH OH OH[OH OHOH OHOH F F FJF F F /SL
\_/ / N/ \./ N/ N/ ./ K
’SI\ S ’SI\ Sl ’SI\ \ Sl ’SI\
o_ \0 o, O . o_ O o_ OH
Si s M /Si\ /Si\
N / A O A O A O
,&4@@},5( ,Si/ sit Si, sit st sit

Figure 2.7.: Electrochemical, tetravalent dissolution of silicon. (a) Anodic oxide
formation and diffusion of OH™ ions through the oxide. (b) Formation of
an Si—O—Si bridge on Si backbone under consumption of two holes. (c)
Nucleophilic attack of HF5 , or another fluoride containing agent, on Si surface
atom. (d) Removal of Si surface atom and termination of Si surface with
hydroxyl (OH) group. Adapted with permission from reference [7].

referred to as the anode. Thus, the dissolution process is also termed anodisation. At
lower current densities, porous silicon is fabricated, whereas above a critical current Jit.
the silicon surface is etched isotropically, which is referred to as electropolishing.

First the electropolishing regime will be discussed. Due to the applied current, a potential
is present at the silicon electrode. It is larger than the OCP and the potential present
during the porous silicon formation. The process responsible for the electropolishing etch-
ing regime is initiated by the formation of an anodic oxide. Hydroxide ions are assumed
to be responsible for the evolving etch process.[165] Due to the induced potential, OH™
ions are attracted to the silicon surface and diffuse through the oxide layer.[7] Upon the
consumption of two holes, the hydroxide anion forms a bridging unit on one of the Si-Si
back bonds, as sketched in Figure 2.7(a) and (b). The actual dissolution of silicon atoms
proceeds by fluoride in the form of HF, (HF )5 or the fluoride containing anion HF; . These
molecules perform a nucleophilic attack on the Si surface atom.[7] Simultaneously, an elec-
trophilic attack of H' ions on the oxygen in the silicon back bond occurs. The result is
the dissolution of the bond while an Si surface atom is removed.[166] The dangling bond
on the Si atom, which is the new surface atom, is terminated by OH. The specific steps
are shown in Figure 2.7 (c¢) and (d). These two steps determine the etching rate that limits
the electropolishing process. The formation of the oxide and its subsequent dissolution
proceeds in a simultaneous or oscillatory manner.[7] In the entire process four charge car-
riers are consumed and the electropolishing process is also termed accordingly tetravalent
dissolution. The electropolishing process has no dependence on the crystal orientation of
the silicon substrate. During electropolishing no hydrogen evolution is observed.

In the reaction responsible for the formation of porous silicon, only two charges are con-
sumed. It is accordingly referred to as the divalent dissolution of silicon. This process
is initiated by a hole that is attracted to the surface of the silicon electrode by means of
a potential. Subsequently, a nucleophilic attack on the Si surface atom follows as shown
in Figure 2.8(a). The hole weakens the Si back bond and thus enables the nucleophilic
attack by a bi-fluoride anion (HF5 ), which dissociates into HF and an F~ anion, or by a
similar HF containing species, i.e. HF or (HF)2.[167] The rate of dissolution is determined
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Figure 2.8.: Electrochemical, divalent dissolution of silicon. (a) Approach of the
Si surface by a hole charge carrier and the subsequent nucleophilic attack of
the Si bond by an HF; anion. (b) Second nucleophilic attack of HF, on
the remaining, polarised surface bond under injection of an electron. (c) and
(d) Remaining back bonds, polarised by the established surface F—Si bonds,
are detached by HF; in nucleophilic attacks under release of hydrogen gas.
(e) New, hydrogen terminated silicon surface atoms and the removed SiFy
molecule. Adapted with permission from reference [7].

by this first nucleophilic attack and is the origin of the formation of pores. As a result,
the surface bond is fluoride terminated. Another nucleophilic attack, see Figure 2.8(b),
replaces the second hydrogen terminated Si surface bond by fluoride. In addition, an elec-
tron is injected into the silicon. The second nucleophilic attack is not initiated by a charge
carrier from the bulk silicon and the electron injection is the consequence of the respective
chemical reaction. During these reactions the former surface hydrogen atoms are ejected
as hydrogen gas, i.e. Hy, as seen in Figure 2.8(c). Thus, the evolution of hydrogen gas
distinctly differentiates divalent from tetravalent dissolution. The two fluoride-terminated
Si surface bonds induce a sufficient polarisation onto the two remaining back bonds so that
they are readily broken by HF. The Si surface atom is completely removed. The nascent
SiF, molecule quickly reacts with two more HF units and two protons to SiFg?~. It is, in
contrast to SiFy, not gaseous but soluble in water (in the range of several mol L™1).

The shift from the initial removal of single Si surface atoms to the formation of pores
is the decisive feature that differentiates this regime from the electropolishing regime.
While during electropolishing the surface of silicon is removed isotropically, porous sil-
icon is formed by a distinct difference in dissolution rate between the pore tip and the
evolving pore wall.[7] Hence, uniformly nucleated pores, having no particular order on
the surface unless a pre-patterning exists, experience a preferential removal of Si atoms
and a current flow at the pore tip. By contrast, the pore walls are in a passive state
and are not the primary target of dissolution. Once the pores have formed, they are not
undergoing any redistribution or reconstruction that would significantly merge pores or
shift pore walls.[52] The active-passive contrast of pore tip to wall is characteristic for
porous silicon formation. The passivation thereby constitutes an energy barrier to a pos-
sible charge transfer from silicon to electrolyte, which is overcome at the pore tip. In
aluminium electrodes the growth of a passivating oxide layer on the pore wall is respons-
ible for the formation of porous alumina.[168] However, passivating oxide layers at the
silicon surface are readily wet-chemically dissolved by HF, see reaction 2.50, and in the
case of currents larger than Jgt., the oxide layer merely represents an intermediate step
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during electropolishing. Therefore, anodic oxides are not responsible for stabilising pore
walls in porous silicon. The relevant mechanisms will be discussed next and, as will be
seen, they vary for different pore sizes of porous silicon.

Resulting pore diameters in the preparation of porous silicon, in general, span over more
than four orders of magnitude, from approximately 1 nm as the lower boundary to a few
nm as the upper.[7] A convention by the International Union of Pure and Applied Chem-
istry (IUPAC) divides porous materials into three categories: microporous (pore diameter
D < 2nm), mesoporous (2nm < D < 50nm) and macroporous (D > 50nm).[169] The
term nanoporous bears no meaning in this definition and is in general loosely used to refer
to structured materials with a structure size of less than 100 nm.[52]

In microporous silicon, in particular, the geometrical dimension of the porous structure
itself, is the origin of a passivation of pore walls and the growth of pores. In the restricted
volume of the pore wall the energy of holes or electrons increases. It may be approx-
imated as a quantum wire. Thus, the charge carriers inside the pore wall are under a
quantum confinement effect. Their energy levels are discrete with an increased ground
energy state.[2] Thus, charge carriers need more energy to enter the pore wall. This consti-
tutes an energy barrier that is in addition to the silicon bandgap. At the pore tip a spatial
confinement effect is less distinct and holes preferentially accumulate here. The silicon
continues to be dissolved at the pore tip. The energy barrier due to quantum confinement
does not involve any electric field, it is rather a pure result of pore geometry. Formation
of microporous silicon by quantum confinement is independent of doping type and dens-
ity.[7] Often it is in superposition with pore formation mechanisms due to SCR effects,
discussed in the next paragraph. The quantum confinement effect is observed in optical
transmission measurements. In the case of microporous silicon the absorption edge of
light is observed at significantly lower wavelengths compared to a transmission spectrum
of bulk silicon.[2] It is subject to a blueshift. The discovery of this quantum confinement
effect and the simultaneous observation of photoluminescence from microporous silicon [3]
lead to the drastic increase in research activity with regard to porous silicon.
Semiconductors establish a space charge region when in contact to an electrolyte, as dis-
cussed in detail in section 2.2. The SCR might act as a passivating layer. The fact
that both p-type as well as n-type silicon are in a depletion state during the anodisation
process supports the concept of the SCR as a passivating layer.[170] The limiting factor
for the transfer of charge carriers is neither the reaction kinetics nor diffusion of ions in
the electrolyte but the supply of charge carriers in the silicon electrode. For pore forma-
tion to occur, charge carriers need to cross the SCR at the pore tip, i.e. the passivating
layer needs to be overcome. Different mechanisms might take effect for charge carriers
to cross the SCR, which lead to a variety of different pore morphologies. In general the
mechanisms by which the SCR is crossed are avalanche breakdown, thermionic emission,
minority carrier collection and tunneling. For n-type silicon, with doping densities of less
than 10'® cm =3, avalanche breakdown by an applied potential in excess of approximately
10 V dominates.[2] Another method to produce a significant current across the SCR in this
type of silicon utilises the injection of minority charge carriers, i.e. holes, by illumination.
This is also of relevance for anodic oxidation, cf. section 2.3. Both of the methods lead
to the fabrication of macroporous silicon.[7] For p-type and n-type silicon with doping
densities larger than approximately 10'® cm™3 the dominant current-generating effect is
quantum mechanical tunneling. Porous silicon fabricated in this regime results in pore
diameters in the mesoporous range. It is the material of interest investigated in this work
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and is properly introduced in chapter 3.

Additionally, the high curvature radius at the tip of the pore enhances the electric field
present at this spot. Therefore, holes are preferentially accumulated at the tip.[52] This
mechanism affects all discussed pore formation regimes.

A key feature during the formation of porous silicon is the inclination of pores to paral-
lelly align along the [100] direction. These pores are also referred to as crystallographic
pores. Essentially, the formation occurs due to differences in the Si-H surface bonds that
prevail at the silicon surface in contact with an HF solution.[52] When the (111) plane
is terminated by hydrogen, the H atom is located directly above the Si atom and thus
their bond is orthogonally oriented to the (111) plane. Conversely, the Si-H bonds on
the (100) face are strained. Hence, these bonds are more prone to be attacked by HF so
that the anodisation preferentially proceeds in the [100] direction. If the [100] direction is
perpendicular to the wafer surface, i.e. the silicon wafer possesses an (100) orientation, the
pores will grow orthogonally to the wafer surface.[52] Thus, the resulting porous structure
is highly anisotropic.® These crystallographic pores are aligned to a crystal orientation,
whereas pores oriented to current lines might form during the preparation process and do
not obey to any crystal orientation. These so called current pores nucleate at the main
pore and branch off. Equipotential planes that are parallelly oriented to the silicon wafer
surface, can guide the flow of holes.[52, 171, 172] In the case of an 100 silicon wafer current
pores branch off in perpendicular direction to the main pore and form smaller side-pores.
When a porous silicon layer is fabricated, it might exhibit a gradient in its density along
the growth or etching direction. That means, the pores themselves will show a conicity
with respect to their diameter. In other words, the porosity @, defined as the volume frac-
tion of accessible pore space normalised to the total outer volume V' of the whole porous
silicon layer, has a gradient. In particular, this effect can occur when thick layers, and
thereby long pores, are fabricated. In this case, the wet chemical dissolution of silicon,
as discussed above, cannot be considered as negligible any more. An increased period of
contact between the pore walls and the HF solution leads to more dissolved silicon. Thus,
for long etching times the pore openings tend to feature increased diameters compared to
the pore tips.[173-175] Conversely, it is also possible that the opposite takes effect, i.e.
the porosity is largest at the tip and smallest at the opening of the pore. It is governed by
the diffusion limitation of HF molecules along the pore axis, which leads to an increased
porosity at the pore tip.[175, 176] This effect is mainly observed in the preparation of
macroporous silicon. By contrast, a porosity decrease along the pore, indeed affects the
mesoporous materials studied in this work.[177]

In general, doping type and density presets the pore formation regime. Pore diameter
and porosity are mainly controlled by the applied current density and the HF concentra-
tion. For the p-type porous silicon investigated in this work, porosities of approximately
30—"75 % and pore diameters of 4 — 15 nm are attainable through the choice of the suitable
current density in the range of 10 — 240 mA cm~2 and HF concentration of 10 — 35 vol %,
respectively. Increasing the current density at constant HF concentration, leads to an
increase in pore diameter and porosity. In turn, increasing the HF concentration at con-
stant applied current density leads to lower porosities and a decrease in average pore
diameter.[174]

5As opposed to other common porous materials such as nanoporous gold [10] or nanoporous Vycor glass
synthesised by spinodal decomposition [9], which possess an isotropic network of pores.
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In general, it is possible to prepare porous silicon in two significantly different types. Once
the desired porous silicon layer thickness is achieved, the etch can be stopped. This leaves
the porous silicon layer attached to the bulk silicon underneath. The pores are only open
at the top of the layer, i.e. dead-end pores. This sample geometry is in this work referred
to as an epi-layer. The removal of the porous silicon layer from the bulk silicon requires an
applied current increased beyond J.it.. Hence, the tetravalent etching mode is active and
silicon is etched isotropically, proceeding from the pore tip. The whole porous silicon layer
is under-etched. Eventually, it is detached and a free-standing porous silicon membrane
with open pores forms. Porous silicon possesses a hydrogen terminated surface directly
after preparation, which includes the inner surface area of the pore walls. Porous silicon
is hydrophobic due to the hydrogen termination.[52]

The silicon fraction within porous silicon, i.e. the silicon pore walls, remains highly mono-
crystalline.[8] Thus, porous silicon retains bulk silicon’s diamond crystal lattice structure,
introduced in section 2.1. However, the lattice constant of porous silicon might differ from
bulk silicon because of surface stresses evolving at the pore-wall interfaces.[178] The crys-
talline properties of bulk and porous silicon will be of importance for the X-ray diffraction
study discussed in this work, see materials and experimental methods in section 3.5.3 and
results in section 5.5.

2.5. Electrocapillarity of Solid Electrodes in Electrolytes

Solid electrodes and, in the context of this work, semiconductor-electrodes in particular
develop characteristic layers of charge distribution on both sides of the interface when in
contact with a liquid electrolyte, as described in detail in section 2.2. On the fluid side of
the interface an electric double layer forms, whereas on the solid side a space charge region
forms. This section will explore the ensuing consequences of the interface formation due
to capillary effects. The electrode-liquid interface in terms of surface tension, also called
surface free energy or simply surface energy, and surface stress as well as the markedly
distinction between these two thermodynamic concepts will be discussed. Moreover, it
will be explained how an actuator functionality will be integrated into porous silicon by
utilising surface stress at the silicon surface.

The change in surface tension v of an electrode is captured by Gibbs adsorption equation.
For solids, Gibbs adsorption equation reads [78]

dy = —odT — T'ydp; — qdE + sde, (2.53)

where the variables are denoting the following quantities — o is superficial excess entropy,
T is temperature, I'; is superficial excess of i-th component of the electrolyte solution, p;
is chemical potential of ith component, ¢ is charge per unit area of surface and FE is elec-
trode potential, which will be interchangeably referred to as applied potential throughout
this work. Thus, it is the same quantity as Vj,, introduced in section 2.2. The second
rank surface stress tensor is denoted by s and e is the strain tensor at the surface, i.e.
tangential stress and strain in the surface plane. A relaxation of the surface in direction
normal to it is allowed.[78]

The surface tension 7 is defined by the response in Helmholtz free energy OF to a re-
versible change of surface area A under the conditions of constant 7" and p;.[179] These
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simplified assumptions are justifiable since the experiments carried out throughout this
work are conducted under constant temperature. The measures taken to ensure this will
be described in chapter 3. Furthermore, a constant composition of the surface is as-
sumed so that the influence of changing chemical potentials can be omitted. At a further
assumption of constant elastic strain of the surface atoms, v obeys

_OF

= — . 2.54
0A e (2:54)

v

In thermodynamics the energy needed to add new or change surface unit area is a charac-
teristic concept that governs the properties of condensed matter. For a liquid to form or
change its surface, atoms from the bulk of the liquid are readily added to the surface by
diffusive processes. The high mobility of atoms in liquid phase ensures that the surface
composition, i.e. the average density in the surface and the configuration of the atoms
among themselves, stays unchanged in comparison to the undeformed state. Thus, sur-
face is formed in a manner referred to as plastic.

The Young-Laplace equation essentially describes this phenomenon for a fluid droplet. It
links the change in pressure AP = P — Peyternal Of the ambient and internal pressure to
surface tension v and the curvature of the surface x by [125]

AP = 2vk. (2.55)

By increasing its bulk density a liquid droplet can decrease its surface area and thereby
its surface excess energy while an energetically favourable atomic structure of the surface
remains unchanged. The structure of surface and bulk are decoupled as shear stress in
liquids is non-existent.
The last term, i.e. sde, in equation 2.53 is only valid for solids. For fluids, it is not
present in the Gibbs adsorption equation. In contrast to fluids, in solids the formation
of surface unit area comprises an elastic process. Solids, by comparison, are capable of
facilitating shear stress. The surface atoms are coupled to the underlying bulk. They
are restricted to stay in registry with the underlying bulk crystal lattice. The free flow of
atoms to the surface, as present in fluids, is not feasible in solids.[78] Surface area can then
be elastically formed or altered by increasing the interatomic distance of surface atoms,
while their number stays constant. In effect, a strain in the surface atoms emerges. The
formation of surface by elastic means is represented in equation 2.53 by the introduction
of tangential strain e. So, the reversible work normalised to unit area required to strain
an existing surface is related to surface stress s by [179]

s = 8((;;4) =1+ gZ’ (2.56)
with I being the second rank identity tensor.
Equation 2.56 gives the derivative of surface excess free energy vA with regard to the strain
e. In result the equation states that there is a distinctive difference between surface tension
and surface stress in, to highlight this, solids. In liquids the last term of equation 2.56 is
zero and surface tension equals surface stress. Thereby, the different concepts of surface
area formation are reflected by this equation. In solid electrodes the surface stress will
have a significant non-zero value, as the dangling bonds on the surface will create bonds
in the surface plane. Thus, the result is a stress on the underlying bulk crystal. This
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stress emerging at the surface bonds constitutes a capillary force, for which the surface
stress gives the magnitude. At clean metal surfaces the surface stress usually leads to a
strengthening of the surface bonds. Thus, it has a positive sign and is inclined to compress
the underlying bulk. However, for other materials this does not have to necessarily be
the case and the opposite is possible — a negative surface stress value which expands the
bulk.[78]

Equation 2.56 is referred to as the Shuttleworth equation. In its scalar form, so for a
general surface, with off-diagonal components being zero, the equation can be written as

v

5L, (2.57)

f=7+
where f and e are scalar surface stress and strain. Here, it should be mentioned that the
Shuttleworth equation, as represented in equation 2.57, is stated in laboratory coordinates.
The state variables used to describe a deformed surface, are the actual, physical surface
area in the deformed state A and the strain between the atoms e. In contrast, Lagrangian
coordinates may be introduced, with the state variables being the surface area of surface
atoms in an undeformed state Ag and strain e as well. The two conceptually different
methods to cause a change of € to the surface area, i.e. plastic and elastic, are captured by
these state variables. A plastic deformation increases the surface area by A = (1 + €) Ay,
but it leaves the strain invariant, i.e. e = 0. By contrast, an elastic deformation leaves the
surface area A = Ay unchanged but alters the strain e = €. In the Shuttleworth notation
a purely elastic strain has an influence on both, surface area A and strain e.[78]7
Coming back to Gibbs adsorption equation 2.53 and only taking into account a stiff elec-
trode, i.e. constant strain e, at constant temperature and composition of the electrolyte,
i.e. constant 7" and p;, respectively, the adsorption equation is reduced to [78§]

dy
ay . 2.58
dE oz, q (2.58)

Equation 2.58 is referred to as the Lippmann equation. It states the fundamental conclu-
sion that the excess charge on the electrode surface ¢ determines the slope of a potential
dependent surface tension curve, also referred to as an electrocapillary curve. Under the
assumption of a potential-independent capacitance, here noted as the double layer capa-
citance cpy,, compare equation 2.6, cpr, = dg/dE and thus also dE' = dq/cpr,. Thus, the
Lippmann equation yields

&y dg _
a2 =~ dE  Pv
1
=7 == _§CDL(E — Ey)? (2.59)

" Another aspect to consider is the following. In contrast to fluids, where internal pressure is related to
the surface stress by the Young-Laplace equation, cf. equation 2.55, in solids a change to the density in
the tangential direction to the surface will affect the atomic surface structure and thus causes a surface
stress.[78] The relation of P and f in its scalar form obeys [180]

3V<P - Pexternal>]3 = 2A<f>87

where the angular brackets with the index of B and S denote averages over bulk volume V' and surface
area A, respectively
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and
dy —q
=—qg=dy=—qdE = d
dE 9 K 1 CDL 9
1 q2
Ay — 1 2.
=7 = P (2.60)

with the potential of zero charge F,.. Comparing equations 2.59 and 2.60 yields

1 9 1 q?

7= = —5epL(E = Bue)” = e (2.61)
Hence, the surface tension v quadratically depends on the applied potential E and the
accumulated charge ¢g. At the maximum of the F — E,. parabola, where the slope of the
curve equals zero, the maximum surface tension g is reached. At this point no charge
is present, i.e. ¢ = 0, and thus, the respective potential is called potential of zero charge
E,..[78]
The surface tension ~y relates to the state variables by its first derivative, as readily seen in
the fundamental Gibbs adsorption equation, cf. equation 2.53. By contrast, in phenomen-
ological thermodynamics the second derivative of the free energy function formally yields
material parameters. The capacitance of the double layer adheres to this notion

0%y _ dq

DL =52 T 4B

: (2.62)
E,T,,Uq;

as already stated above. In a similar manner, another important material parameter, i.e.
the electrocapillary coupling coefficient ¢, is found in the definition of the surface stress
variation with the charge density [78§]

_ 0 df

© T dedq  dg

(2.63)

e7T7lJ'i

Here, 1 denotes the free energy density per surface area of the electrode. It stems from the
thermodynamic discussion of the free energy of elastic surfaces and is properly introduced
in reference [78].8 At equilibrium a Maxwell relation connects the electrocapillary coupling
coefficient ¢ to [78]

dE

- (2.64)

§:

¢,T g
Hence, comparing equations 2.63 and 2.64, the surface stress response of an electrode to
a change in surface charge density at constant strain is equal to the potential response
upon an elastic strain change at constant charge density.

The electrocapillary coupling coefficient is vital to the scope of this work, as it relates
the change in surface stress to the accumulated charge on the surface area. Essentially, a
changing electrosorption of charge carriers on the surface has an influence on the bonds
at the surface of the electrode in the in-plane and in the normal direction. Thus, a charge

8For relatively small elastic electrode deformations and a sufficiently symmetric surface, which possesses
at least a three fold rotational symmetry [181], its fundamental equation is ¥ = Edq + fe [78]. ¢ is
connected to v via a Legendre transformation of v(F,e) = 1(q,e) + fde so that dy = —qdFE + fe.
These equations are noted in Lagrangian coordinates.
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reorganisation occurs, which in turn leads to electrostatic Hellman-Feynman forces acting
on the surface ions.[79] For a clean gold surface the electrocapillary coupling parameter
has been determined at weak ion adsorption near F,.. It is ¢ay = —2.0V.[80] Thus, the
electrocapillary coupling parameter for gold is negative. So, an increase in charge dq leads
to a decrease in surface stress f.

The measurement method, i.e. in situ cantilever bending, used in this work allows to
measure the surface stress in a direct manner through the curvature of a cantilever-shaped
sample. Note that the cantilever is fully immersed in the electrolyte solution so that no
contact angle is observed. The change in surface tension may be connected to the charging
of the surface, as described in the Lippmann equation 2.61. Thus, the simultaneous
determination of surface stress and surface tension are possible through the analysis of
the mechanical and the electrochemical signals of the measurement. The details will be
discussed in sections 3.5.2 and 4.3.

Despite a significant accumulation of charge carriers in the electric double layer at the
interface, e.g. up to 0.3 Cm~2 in metals [133], the resulting surface stress in bulk electrodes
does not lead to a significant actuation effect because of the low surface-to-volume ratio
of the bulk material. For nanoporous electrodes with considerable inner surface area
though, an electrochemically-induced change in surface stress can drastically alter the
compensating bulk stresses.[180] Thus, it is possible to significantly strain the entirety
of a nanoporous electrode.[10] The microscopic description of the phenomenon may be
transferred to macroscopic electrodes. The nanoporous material is regarded as an effective
medium.[182] If a uniaxial, external load per area of the electrode cross-section L is present,
an elastic strain ¢ is defined in load direction of the sample, as

L=l
-

: (2.65)

where [ and [y are strained length and initial length, respectively. An effective strain-
charge coefficient, A* is introduced as [182]

de

A=
dgv g,

(2.66)
where gy denotes the total charge normalised to the volume V of the electrode. The
actuation performance can be assessed by means of A* and is thus very helpful to this
work, as different porous sample types will be investigated.

The surface stress response upon an electrosorption of ions, is also termed electrochemo-
mechanical coupling. For planar metal surfaces as well as nanoporous metals, e.g. gold
or palladium, electrochemo-mechanical coupling has been extensively studied.[75, 183—
187] Here, the aim is to establish, thoroughly investigate and evaluate the electrochemo-
mechanical coupling in a nanoporous material based on the semiconductor silicon, i.e.
porous silicon. Ab initio calculations corroborate that an electrochemo-mechanical coup-
ling is not only present on clean metal surfaces, but it can also be observed on a clean
silicon surface.[82] Thus, a central point of the presented work will be to investigate if
the connection of charge carrier electrosorption in the electric double layer of the silicon
surface leads to a quantifiable actuation effect. Therefore, porous silicon has to be in
accordance with the precondition that it exhibits a polarisability. That means, an elec-
trochemical measurement shows a finite potential region in which ionic charge carriers
from the electrolyte exclusively assemble in a capacitive manner on the porous silicon
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surface. Thus, charge density ¢ is only affected by other state variables. By contrast,
it also means that in the respective potential range no irreversible processes occur that
involve an electrochemical reaction of the involved species, i.e. Faradaic currents must not
arise.[78] Hence, a key point will be to evaluate if bulk and porous silicon, respectively,
exhibit polarisability.

2.6. Polypyrrole - An Electrically Conductive Polymer

The second approach to integrate an actuator functionality aims to embed the electro-
active, electrically conductive polymer polypyrrole into the pore space of porous silicon
in an electrochemical polymerisation process. To understand this process, this section
will have a short overview of fundamental electrical conduction mechanisms of electrically
conductive polymers in general and polypyrrole in particular. Moreover, the synthesis and
basic properties of polypyrrole will be discussed.

2.6.1. Fundamentals of Electrical Conductivity

A carbon atom possesses four electrons in its outermost shell, which are distributed among
its one 2s and three 2p orbitals. In the ground state two electrons occupy the 2s orbital as
well as two further 2p orbitals. For the atoms to bond to another carbon atom, the four
electrons transition into hybrid states. Thereby, one of the 2s electrons is excited into the
2p orbitals. If it is in the prior unoccupied 2p orbital, an sp? hybridisation is established
with four equal orbitals arranged in a tetrahedron. By contrast, if the electron is excited
to one of the occupied 2p orbitals, an sp? hybrid orbital is created. The three ensuing sp?
orbitals triangularly arrange in the plane, while the remaining 2p orbital is orthogonally
oriented. In a bond between two sp® hybrid carbon atoms the electrons are engaged in
covalent singular bonds, which result from the overlap of two sp?® hybrid orbitals. This
type of bond is referred to as a o-bond.[188, 189] If the carbon atoms have an sp? hybrid-
isation, two free sp? orbitals overlap and establish a o-bond. However, the remaining 2p
orbitals of each atom cannot directly overlap. Thus, a m bond is created. The 7 bond is
weaker than the o bond and is more readily broken.[188]

Electrically conductive polymers are sp? hybridised along their main chains. Thus, in
principle, a delocalised 7 electron system should form.[190, 191] However, the Peierls-
instability along one dimensional polymer chains leads to an energetically favourable di-
merisation. Hence, alternating single and double bonds are found along the polymer
chain.[190] These types of polymers are referred to as conjugated. The simplest case of
an electrically conductive polymer constitutes polyacetylen, shown in Figure 2.9(a). It
will serve here as a model to explore the basics of electrical conductivity in polymers.
Polyacetylen has two energetically degenerate ground states.[95, 190] They can be distin-
guished by a shift of the alteration of single and double bonds, as shown in Figure 2.9(a)
by the regions in the polymer marked I and II. The different ground states may occur
on the same single chain. The transition between them is then not abrupt but proceeds
over approximately seven monomer units.[192] This defect possesses a free radical charge,
which is delocalised over the monomer units. This transition defect is referred to as a
soliton.[190] It constitutes a basic charge conductivity mechanism as the ground energy of
the polymer chain is not dependent on the position of the soliton and, thus, it can freely
move along the chain.[192-194] The electrons in conjugated polymer chains solely need to
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Figure 2.9.: Properties of conductive polymers. (a) A conjugated polyacetylen poly-
mer chain with two degenerate, energetically equal ground states (I and II)
and their transition region (soliton), which carries a delocalised free radical
charge (dot). Adapted with permission from reference [190]. (b) The lower
energy, aromatic and higher energy, chinoid polypyrrole ground states. (c)
Different charge states of the polypyrrole chain. An oxidation leads to the
emergence of a soliton (dot, left side) and an anti-soliton (right side). Together
they form a polaron, which stabilises the chinoid section of the chain. Anions
(A7) are incorporated into the chain to counterbalance positive charges. A
further oxidation leads to the creation of a second anti-soliton at the left side
of the chinoid section, which now is referred to as a bi-polaron.
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change their bond partner for an electrical conductivity to occur. So, all in all, the mech-
anism is rather a movement of the soliton defect, instead of a movement of electrons. In
an as-prepared state, polyacetylen is a polymeric semiconductor with a bandgap of 1.5eV
with an intrinsic resistivity of about 10° Qcm.[195] By deliberately performing an elec-
trochemical oxidation, electrons are removed from the polymer chains, additional solitons
are created and it is possible to reduce the resistivity to approximately 10~ cm.[196] In
terms of polymers this process is known as doping. In comparison with semiconductors
this terminology seems reasonable, as doping leads to an increase in charge carriers and
thus electrical conductivity.

Solitons are electrically neutral, negatively or positively charged. If the electrical charge
and the molecular charge of the polymer chain have the same magnitude but opposite sign,
the soliton is neutral. In an oxidation or reduction reaction of the polymer, the unpaired
electron of the soliton is altered before the remaining electrons since it is on a higher
energy level.[194] An oxidation removes the electron and leads to a positively charged
soliton. Vice versa, a reduction adds an electron to the soliton, which is then negatively
charged. An anti-soliton describes a soliton that counterbalances the perturbation of the
polymer chain by a second soliton.

In contrast to polyacetylen, the electrically conductive polymer polypyrrole does not have
degenerate ground states. The monomer unit of polypyrrole is a ring with two double
bonds and composed of five constituents: four carbon atoms and one nitrogen atom.
Polypyrrole is in one of two ground states — the lower energy aromatic and the higher
energy quinoid ground state, which are depicted in Figure 2.9(b).[194] If the single and
double bonded molecules are exchanged, the rings are either connected by a single or by
a double bond in the polypyrrole chain. This differentiates the two ground states. If a
soliton emerges in the polypyrrole chain, it separates an aromatic from a quinoid section.
Hence, a soliton would migrate to the end of the polymer chain to minimise the num-
ber of quinoid chain parts and thus the energy. A soliton can only be stabilised by an
adjacent anti-soliton, as illustrated in Figure 2.9(c). A neutral soliton and a positively
charged anti-soliton are attracted to confine the quinoid region to a number of approxim-
ately four monomer units.[95] As the two cannot combine, they form a stable structure
called polaron.[194] A further reduction charges the neutral soliton and a bi-polaron is
created. The doping of polypyrrole leads to an increase in the number of polarons. This
is represented in the band structure of the polymer as increasingly widened inter-bands
between valence and conduction band exist. The inter-bands do not overlap with neither,
not even at maximal oxidation.[95] Thus, polypyrrole does not possess a metallic conduct-
ivity, but its conductivity is rather sustained by (bi-)polaron transport along the polymer
chains.[197] Therefore, the conductivity is particularly defined by the transport char-
acteristics along polypyrrole chains, between connected polypyrrole chains and between
different polypyrrole particles.[198, 199] Long polypyrrole chains in an ordered polypyrrole
network have a higher conductivity than surrounding unordered polypyrrole.[198, 199]

2.6.2. Synthesis

The synthesis of polypyrrole can be achieved via a chemical or an electrochemical poly-
merisation procedure of pyrrole monomers. The latter involves the application of a po-
tential in a solution of pyrrole monomers to initiate and facilitate polymerisation. For the
presented work, it represents the method of choice. In general, the process is separated
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into two different stages: the onset or initiation of the polymerisation and the growth
of polypyrrole chains. The process is illustrated in Figure 2.10. In the electrochemical
process a potential is applied between a working electrode and a counter electrode. As
a result, pyrrole monomers are oxidised, i.e. an electron is stripped off and passes to the
working electrode. The pyrrole monomers are then in the form of a cation radical.[200]
The radical has several resonance forms. The remaining unpaired electron can be on
either of the ring positions or on the nitrogen position.[200] In a next step, two radicals
in the resonance form, depicted in Figure 2.10(a), under loss of two protons are forming a
dimer to stabilise, see Figure 2.10(b).[200] The dimer is oxidised again and then forms a
dimer radical cation as shown in Figure 2.10(c). The dimer has a lower oxidation potential
than the monomer since the unpaired electron is delocalised over two monomer units and,
thus, the dimer is more readily oxidised by the applied potential.[200] Subsequently, the
dimer radical cation forms a trimer in another reaction with a monomer radical cation
and by de-protonation, as shown in Figure 2.10(d). The sequence of oxidation, coupling
and de-protonation repeats itself so that increasingly longer chains of polypyrrole form,
see Figure 2.10(e). Since an oxidised radical oligomer ion is in one of several resonance
forms, the coupling between two of these might also occur at any monomer unit within
the oligomer and, precisely, not at the end of the oligomer chain. The latter dominates at
shorter chain lengths. The probability of this type of intra-chain coupling progressively
increases with longer polypyrrole chains.[200] Thus, polypyrrole has a relatively short av-
erage chain length with only approximately 64 monomer units at maximum [201] and the
chains are cross-linked.[99, 199, 202, 203]

The electrochemical polymerisation results in a state of the polypyrrole that is charged
by (bi-)polarons since the potential required to polymerise monomers/oligomers is higher
than the potential to oxidise the freshly fabricated polypyrrole polymer.[99] During the
polymerisation, two electrons per monomer unit are necessary for the polymerisation.
Furthermore, an additional 0.2 to 0.4 electrons per monomer unit are employed for the
oxidation, i.e. doping, of polypyrrole.[99, 200, 204-206] The charge in the polymer is com-
pensated by an anion that is added to the polymerisation solution. Thus, polypyrrole is
doped when the fabrication process is finished. The choice of electrolyte contributes to
the ordering of the polypyrrole. In case of a planar electrode, a large plate-like anion as
para-toluene sulphonate leads to a more parallel orientation to the electrode surface.[207]
In contrast, small, spherically shaped anions lead to an amorphous structure [208, 209]
but are readily inserted and extracted from the polypyrrole network [94]. Examples for
this class of anions are SO2~, BF; or the here used ClOj .

2.6.3. Electrochemical Actuation

Oxidation of polypyrrole generates (bi-)polarons, as described above. In an electrolyte
solution these charged conjugation errors are compensated by an incorporation mechanism
of electrolyte ions of opposite charge into the polymer network. The polymer network
reacts to the counterbalance of electrolyte ions with a change in volume, i.e. an actuation.
An electrochemical reduction of polypyrrole leads to a decrease in doping. In principle,
this involves a decrease in bond length of the polypyrrole rings.[95, 194] An oxidation
entails a higher doping and longer bond lengths. However, the critical mechanism for the
actuation is not a change in bond length but an ion exchange of polypyrrole with the
electrolyte.[94] In general, polypyrrole expands if electrolyte ions and soluble molecules
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Polymerisation process of polypyrrole. (a) A monomer gets oxidised by
an applied potential and is in one of several resonance forms. (b) Two radical
monomer units form a dimer under the loss of two protons. (c) The dimer is
oxidised and is in one of a few radical resonance forms again. (d) A radical
monomer and dimer for a trimer under de-protonation. (e) Eventually longer
chains form. Partially adapted with permission from reference [200].
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Figure 2.11.: Electrochemical actuation mechanism of polypyrrole. Polypyrrole,
illustrated here by the network of polymer chains, incorporates anions upon
an oxidation of the polymer chains and, thus, expands. Vice versa, a re-
duction leads to an expulsion of anions and a contraction of the polymer
network. Adapted with permission from reference [94].

enter into the polymer network and, vice versa, polypyrrole contracts by the expulsion of
the two.[94] If polypyrrole is oxidised, the emerging positive charges in the polypyrrole
network is compensated by one of two mechanisms. First, large anions cannot easily
be incorporated into or ejected from the polypyrrole network. Thus, cations from the
electrolyte solution are employed in the charge compensation.[210] By contrast, small
anions are readily exchanged between polypyrrole network and electrolyte solution and
thus sustain the actuation without a significant assistance of cations. The ions used
for electrochemical actuation measurements presented in this work, i.e. chloride anions
(C17) and perchlorate anions (ClO; ), are considered small in the context of ion size.[103,
211] Thus, the polypyrrole volume increases, i.e. it expands, if electrolyte anions and the
molecules of the soluble enter into the polypyrrole network. Polypyrrole contracts by
expulsion of anions. The mechanism is illustrated in Figure 2.11. Thereby, the number
of transferred anions is directly proportional to the change in the amount of conjugation
errors along the polypyrrole chains, which in turn can be quantified by the charge that is
transferred to and from polypyrrole.[212] In conclusion, polypyrrole performs a reversible
actuation by the incorporation and expulsion of electrolyte anions under electrochemical
control. Its volume change is proportional to the transferred charge.[94] A uniaxial strain-
charge coupling coefficient is defined as [213]

de

Y Sav’ (2.67)
where de denotes the volume change and dgy the change in transferred charge normalised
to the volume of polypyrrole material. 1 varies between 0.03 and 0.5 mm3 C~! foremost
depending on the type of anion.[213] However, as anions form a solvation shell, as already
discussed in section 2.2, the volume change also depends on the type of solvent. Further-
more, the conditions of the synthesis might also influence 1. For perchloric acid (HC1Oy),
i.e. perchlorate anions with water as the solvent, and a polypyrrole film prepared under
constant potential, a value of ¢ = 0.17mm?3 C~! has been reported.[213]
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3. Materials and Experimental Methods

In this section, basic principles of electrochemical methods and measurements will be in-
troduced, as these are the basis for both the fabrication of porous silicon and polypyrrole-
porous-silicon hybrids as well as the electrochemical actuation experiments on these. Fur-
thermore, the methods to analyse the fabricated materials are explained. Lastly, the focus
will be on the experimental methods to characterise the electrochemical actuation of both
materials.

3.1. Principles of Electrochemistry

The electrochemical fabrication of porous silicon and the subsequent polymerisation of
polypyrrole in its pores as well as the electrochemical actuation experiments are conduc-
ted under electrochemical control. Therefore, the basic principles of the electrochemical
side of the setups and the respective measurement methods will be explained in this sec-
tion. Some aspects are already partially addressed in chapter 2 but will be summarised
here again.

An electrochemical setup basically consists of two electrical conductors that are immersed
in an electrolyte solution and are referred to as electrodes. A potential can be applied
between the two electrodes. Charge transport is accomplished by electrons in the elec-
trodes or ions in the electrolyte solution, respectively. Whereas the electrons are not
changing the electrode’s state, the ions can alter the electrode surface or the electrolyte
composition at the interface. In total, the electrochemical reactions occurring are the
combination of the reactions at each of the two electrodes in response to an applied po-
tential.[127] The electrode that is not investigated in the actual experiment is the counter
electrode, or abbreviated CE. It has to fulfil the precondition of being a good conductor
with a high surface area to establish the current flow to the other relevant electrode. A
platinum mesh or carbon cloth is used as a counter electrodes in this work. The electrode
of interest is referred to as the working electrode, short WE. An electrochemical charac-
terisation of the WE encompasses that reactions occurring are related to a well-known,
defined potential. The CE is current-carrying and the potential of it is dependent on the
current amplitude.[214] Thus, using the CE as the potential reference introduces meas-
urement inaccuracies. Therefore, a third, reference electrode (RE) is necessary. The RE
typically carries a negligible current and has well-known potential relative to the SHE
potential, as already discussed in section 2.2. Reference electrodes used in this work are a
thin silver-silver chloride (abbreviated Ag/AgCl) reference electrode (SE11, Sensortechnik
Meinsberg) with a diameter of 5 mm, a thicker Ag/AgCl RE (Double-Junction 6.0726.107,
Metrohm) or a reversible hydrogen electrode (Hydroflex, Gaskatel). The RE is positioned
between WE and CE. This arrangement is a three electrode setup in contrast to the two
electrode setup, in which the CE acts also as RE. In a three electrode setup the amplitude
of current is determined between CE and WE and the potential is measured between RE
and WE by a potentiostat with high input impedances (Metrohm-Autolab PGSTAT30,
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Figure 3.1.: Cyclic Voltammetry. (a) CV measurement illustrated by a plot of the lin-
ear change in potential /' versus time ¢ from the lower to the upper vertex
potential with the scan rate dE/dt. (b) Characteristic CV measurements re-
corded on a nanoporous gold electrode in 1 mol L~! perchloric acid electrolyte
in the potential range of 0.787V to 0.837V with scan rates of 1mVs™! to
5mV s~!. Adapted with permission from reference [215].

PGSTAT302N or PGSTAT204). The potentiostat controls the applied potential E. In
this work all potentials are denoted versus the standard hydrogen electrode. The poten-
tiostat measures simultaneously the current J which runs between WE and CE and also
yields the accordingly consumed charge Q.

A powerful tool to investigate electrochemical reactions are cyclic voltammetry (CV) meas-
urements. In CV measurements the applied potential is linearly changed with a constant
slope between a lower and higher potential, also called lower and upper vertex potential.
At these points the sign of the potential slope is changed, i.e. the direction of the potential
scan is reversed. The rate F = dF /dt with which the potential is varied is the sweep or
scan rate. The choice of the vertex potentials depends on the processes the WE exhibits
and are probed. Furthermore, the solvent sets the maximum potential range. Exceeding
this range leads to electrochemical reactions of the solvent itself, although, under exper-
imental conditions, solvents have different over-potentials. Aqueous solutions, which are
used throughout this work, have a theoretical potential range between 0V and 1.223 V.
Below 0V a reduction of the soluble water sets in so that hydrogen gas forms. At potential
values higher than 1.223 V water begins to oxidise leading to oxygen gas evolution. These
potential values are valid for pH 0. They reduce with an increasing pH value. The oxygen
and hydrogen evolution limit the accessible potential range for experiments since the Fara-
daic currents generated by these processes superimpose and interfere with any currents
generated by the investigated electrode. Figure 3.1(a) shows an explanatory illustration of
a CV measurement, with potential E versus time ¢. In the analysis of CV measurements, a
plot of current J versus potential E reveals the electrochemical characteristics of the WE.
Figure 3.1(b) shows an exemplary CV for nanoporous gold, conducted in 1 mol L~ HCIO,4
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electrolyte. Current J is plotted versus potential E varied with scan rates of 1mVs~! to
5mV s~ 1.[215] The nanoporous gold electrode exhibits a virtually ideal polarisability in
this potential range. The course of the signal almost instantly increases from the lower
vertex point and reaches a near constant value. Vice versa, the current quickly decreases
to the negative constant counterpart when the sweep direction is reversed at the upper
vertex point. Thus, the course of up- and down-sweep encompasses an area of current.
The same amount of charge, accumulated by non-specific adsorption in the electric double
layer, on the up-sweep, is released on the down-sweep and thus all of the charge is recov-
erable. In total, charge is capacitively stored in the electric double layer. In particular,
no peaks due to a reduction or oxidation reaction are visible.[216] Starting from the lower
vertex point, the current increases according to

J = %C’ (1 — exp (R:é)’)) , (3.1)

where C' is the capacitance of the double layer, cf. equation 2.27, and Rg the resistance
of the solution.[127] After a certain time interval, i.e. t > RgC, current J settles to a
constant value of
dE

J = ¢ (3.2)
Thus, the double layer capacitance C' can be determined by the ratio of the scan rate
and the according constant current value. Furthermore, it is possible to extract the
(electrochemically active) surface area A of the sample investigated if the surface area
specific capacitance ¢* is known. For example, gold has a minimum reference value of
40 pF em™2.[217] For silicon a value for cf; will be determined in this thesis.
Another noteworthy type of electrochemical measurement is step-coulombmetry. The po-
tential is changed in an instant from a lower potential to a higher value and then retained
at a constant value for a defined time period. Afterwards, in a step-like fashion, the po-
tential is switched back to the lower value. Due to these periodic instant potential steps, it
is possible to investigate the charge kinetics of the electric double layer and accompanying
electrochemical processes. This type of measurement yields characteristic time constants.
Lastly, the potential can also be held constant at a single value while the potentiostat
records current and charge.
The described electrochemical methods are implemented using a modern potentiostat,
which applies a potential sweep in discrete steps. The current is also not measured con-
tinuously but at the end of each potential step.[218] Thus, the time difference of applying
potential and measuring current might be a source of error. The potentiostat needs to be
equipped with an extension, a linear scan generator, to apply a potential in a truly linear
manner. On the downside, the linear scan generator has limitations, such as a minimal
scan rate of 10mVs~!. In section 5.2 measurements will be presented to evaluate if a
difference between the two measurement types is noticeable.
Another electrochemical technique is electrochemical impedance spectroscopy. EIS is also
performed in a three electrode setup. In contrast to the linearly varying potential of a CV
measurement, EIS employs an alternating, sinusoidal potential Eg. It consists of a static
potential Fg,t that stays constant for the duration of the measurement and a sinusoidal
potential. The amplitude Ejy of the sinusoidal potential is comparatively small. Here
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10mV are used. The resulting harmonic current response Jg is measured between WE
and CE. Potential and current are given by [219]

Es(t) = FEgtat + Eo - exp(i27rft) and Js(t) = Jstat + Jo - eXp(ZQ?Tft - gb(f)): (3'3)

where Jgat and Jy denote the current response to static and alternating potential, re-
spectively, while ¢(f) is the frequency-dependent phase angle of Js with respect to the
potential. The overall electrochemical response of an electrode to EIS is characterised by
the electrochemical impedance Z, which follows [219]

Es(t) - Estat EO . .

Z = T —dom  Jo exp(i¢) = Zre + 1 Zim, (3.4)
with Z.. and Zjy, being the complex impedance’s real and imaginary parts, respectively.
The potentiostat needs to be equipped with an impedance analyser module (Metrohm
Autolab FRA32) to perform EIS.

For an EIS analysis of the electrochemical processes occurring at the material the fre-
quency is swept over several decades while the impedance is recorded and averaged over
a defined number of periods at each frequency step. The result is displayed in a Nyquist
plot that shows —Zj, versus Zy.. A schematic Nyquist plot is shown in Figure 3.2(a).
The plot shows the characteristic response of an electric double layer charging process
along explanations for the different phenomena occurring. The points with the highest
frequencies are located closest to the abscissa at the beginning of the half-circle, whereas
the low frequency points are at higher Z,, values where —Zj,, increases. Different para-
meters can be inferred from this type of plot. The different quantities are also marked in
Figure 3.2(a).

Firstly, the intersection of the high frequency points with the Z,, axis at the onset of the
half-circle marks the resistance of the electrode. The next regime starts at the end of the
half-circle. The width of the half-circle is related to the bulk resistivity of the electrolyte.
The sum of electrode and electrolyte resistance is also referred to as the internal resistance
R. The next regime with intermediate frequencies marks an interplay of the diffuse layer
and the electrolyte resistance in series with the capacitance cgig of the electric double
layer retrieved from the EIS measurements. The differential capacitance obtained for ex-
ample from CV measurements may vary from cgrg.[220] Depending on the ratio of the two
resistances, the slope of this intermediate regime is either larger, i.e. the charging process
is controlled by electric double layer formation, or smaller, which means the process is
limited by the diffusivity of ions in the electrolyte.[219] At last, at lower frequencies the
signal converges to a vertical line at frequency f.. Here, exclusively at the lowest frequen-
cies, the electrical double layer is fully charged and the electrode is approximated by the
internal resistance in series with the equilibrium capacitance cgrg.[219] An approximation
of the entire EIS signal with an equivalent circuit, as discussed in section 2.2.5, is complex.
It is often equivocal and prone to errors introduced by intuition [219]. However, in this
last, low-frequency regime such an equivalent circuit approximation is simpler and can be
performed via an RC equivalent circuit. While Z,, is identical with the resistance in the
RC-circuit, the capacitor is linked to the capacitance cgig of the electrode. In this case,
the imaginary part simplifies to [219]

1

Tim = ——— for f< f.. 3.5
Crm— f<f (3.5)
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Figure 3.2.: Electrochemical impedance spectroscopy of electric double layer

charging. (a) Nyquist plot, i.e. minus imaginary part versus real part of
impedance Z, of a typical electric double layer charging with increasing fre-
quencies f for the single measurement points. The plot shows a typical char-
acteristic half-circle, the intermediate regime and the conversion to a vertical
line. Several parameters can be inferred from such a Nyquist plot. Z.. of the
half-circle’s onset marks the electrode resistance and the Z,. width of the half
circle is related to the bulk electrolyte resistance, which together are referred
to as the internal resistance. The intermediate regime is due to competitive
electric double layer (in the Figure referred to as EDL) charging and ion dif-
fusivity and the slope in this regime marks which effect dominates. Lastly,
the vertical regime is related to the equilibrium capacitance cgig of the elec-
tric double layer determined by EIS. A plot of these data points versus their
inverse frequency f~! yields a linear dependence, as shown in the inset, and
allows a determination of cgrs. Adapted with permission from reference [219].
(b) Mott-Schottky plot of an exemplary, n-type ZnO semiconductor. 0;3128 de-
termined by EIS is plotted versus an increasing static potential Fgtat, which
is applied during the single EIS measurements. The data shows a plateau and
a following linear increase. The slope of a linear fit to the data enables the
determination of the doping concentration N,, while the intersection of the fit
with the abscissa yields the flatband potential Vg,. Adapted with permission
from reference [131].
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Thus, the linear slope of a plot of —Zj;,, points that lie on the vertical line, i.e. f < f.,
versus inverse frequency 1/ f yields cgrs. An example of such a plot is shown in the inset in
Figure 3.2(a).[219] A comprehensive study on the interpretation and evaluation of Nyquist
plots of EIS data is found in references [219, 221].

Lastly, the static potential Fg,¢ is changed over a set of EIS measurements. The obtained
capacitance in the form of 05125 plotted versus the respective static potential yields a Mott-
Schottky plot for a semiconductor. An example of an n-type ZnO semiconductor is shown
in Figure 3.2(b).[131] As discussed in section 2.2, a fit to the linear regime of the data
yields the flatband potential Vi, as the intersection of the fit with the abscissa. The doping
concentration N, can be inferred via the fit’s slope s which equals [131]

2

§ = ————
eNyeregA?’

(3.6)
cf. equation 2.19. The vacuum permittivity is denoted by g and a pure silicon interface
has a relative permittivity of e, = 11.68.[222] Note that the slope s given in equation 3.6 is
negative, which applies for a p-type semiconductor. Furthermore, the slope is normalised
to the surface area A of the respective sample to obtain the doping concentration.

3.2. Porous Silicon Preparation

At the centre of this work is the material porous silicon. So, firstly, the preparation with
all its details will be described. As experiments will be presented in chapters 4 and 5 on
both porous silicon prepared from p- and n-type silicon wafers, both synthesis routes are
introduced here. Firstly, the preparation of p-type porous silicon will be explained.

The base material for the sample preparation is a highly boron-doped p-type silicon wafer,
which has a specific resistivity amounting to 0.01 —0.02 €2 cm, which corresponds to a dop-
ing level of approximately 3-10'® —8-10' cm~3 [7]. The wafers have an (100) orientation.
For the fabrication of various types of porous silicon samples, wafers of different thickness
are employed. Thus, it is possible to fabricate porous silicon which matches the needs of
the specific experiment. The thickness of the wafer is specified by the supplier (Si-Mat Sil-
icon Materials GmbH) and are 525+ 25 pm, 381 £ 25 pym and 100+ 10 pm. The respective
thickness will be listed in the discussion of the experiment in chapters 4 and 5. The top
side of the wafer is polished by the manufacturer. In case of the 100 pm thick wafers, the
back side is polished as well. The wafer includes two flats, i.e. cut-off sites of the otherwise
round wafer, to indicate the doping type and, more importantly, the (110) directions.[52]
The latter is especially important since the wafer can be sectioned into a defined rect-
angular geometry along these (110) cleavage lines. A line or a notch is prepared on the
wafer with a diamond scribe and the wafer will break easily along this line.[52] The same
process can be applied to porous silicon since it retains its mono-crystallinity, as already
mentioned in section 2.4. The cleaving technique is used to prepare the actual samples in
the right dimensions from the prepared porous silicon material.

Porous silicon is prepared in an electrochemical etching procedure with an HF-containing
solution. The wafer is installed into an electrochemical etching cell, schematically depicted
in Figure 3.3. The cell body and lid are fabricated out of polytetrafluoroethylene (PTFE)
to safely handle HF. Furthermore, an O-ring sits at the bottom of the cell. By tightening
screws, the body of the electrochemical cell is pressed onto the wafer, the O-ring is pressed
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lid of etching cell\ platinum electrode (CE)

body of
etching cell

sealing O-ring bulk silicon wafer (WE)

Figure 3.3.: Preparation of porous silicon. Electrochemical etching cell for the prepar-
ation of porous silicon with the relevant components of PTFE lid and body of
the cell, an FKM O-ring to prevent the leakage of HF solution, a bulk silicon
wafer acting as the WE and a platinum CE to apply the etching current.

flat and seals. The O-ring is made out of a fluorocarbon-based fluoroelastomer (FKM).
For the fabrication of porous silicon two different electrochemical etching cells are used,
which only differ in their size. The smaller cell has an O-ring with an inner diameter
of 3.16 cm. Hence, the area in the cell that is in contact with HF amounts to 7.84 cm?.
For the larger cell the respective parameters are a diameter of 6.60 cm and an area of
34.21 cm?. The wafer is electrically contacted on its back side via aluminium foil to form
an ohmic contact, as described in section 2.1.[52]

In a first step, the native oxide layer is removed from the silicon wafer by filling a 10 vol %
HF solution into the cell for a period of five minutes. The solution is prepared from HF
(48 vol %, Merck Emsure) and ultra-pure water (resistivity of 18.2MQcm). Afterwards,
the actual electrolyte to perform the porous silicon etching is filled into the cell. It is a
2 : 3 volumetric mixture of HF (48 vol %, Merck Emsure) and ethanol (absolute, Merck
Emsure). The ethanol reduces the surface tension of the electrolyte solution and enables
an undisturbed imbibition into the forming pores and an escape of emerging hydrogen
bubbles.[52] The HF solution equilibrates for five minutes. Then, a disk like platinum
counter electrode is inserted into the cell so that it is fully immersed in the electro-
lyte solution. Etching pores into silicon requires that a current is applied between the
CE and the silicon wafer acting as the working electrode, as already described in sec-
tion 2.4. This configuration of electrodes is a two electrode setup.[52] A current source
(Keithley Sourcemeter 2461) applies a suitable potential so that the set current is main-
tained between WE and CE. The current density is set to 12.5 mA cm™2. Thus, the actual
currents applied in the small and large cell translate to 98 mA and 428 mA, respectively.
Generally, the time the current is applied determines the length of the etching process and
thus the thickness of the porous layer or, in other words, the length of the pores reaching
into the bulk silicon. The porous silicon etching with the stated parameters proceeds with
an average rate of 0.7 — 0.75 pym min~'.[223] In this state, the porous silicon layer is still
attached to the remaining bulk silicon, i.e. an epi-layer.

For a free-standing membrane the current is increased in a final step to detach the porous
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silicon layer from the remaining bulk silicon by the use of an electropolishing process, as
discussed in section 2.4. The current is slowly increased to a value of 260 mA cm ™2 and
applied for 30s. Subsequently, the CE and etching solution are removed from the cell.
Lastly, the prepared material, either epi-layer or membrane, is rinsed three times with
deionised water and allowed to dry for three hours under ambient atmosphere.

The process to fabricate n-type porous silicon is, in its main features, similar to p-type
porous silicon fabrication. In this paragraph, solely the key differences are highlighted
and explained. The base material for the fabrication process are antimony-doped wafers
that are polished on both the front and back side by the supplier (SIL’TRONIX Silicon
Technologies). They possess a resistivity of 0.01 — 0.025Q cm, which corresponds to a
doping level of approximately 9- 107 —4-10'® cm =3, an (100) orientation and a thickness
of 100 + 10 pm. An etching of n-type silicon, as discussed in section 2.4, can be realised
in an electrochemical etching cell which enables a simultaneous illumination of the wafer.
Since such a cell is quite elaborate, another approach is adopted here. A strong oxidising
agent is added to the electrolyte solution to enable pore growth and promote a widening
of the pores during formation[224, 225]. As an oxidising agent, KMnO4 (purity >99 %,
Sigma Aldrich) with a concentration of 8 mmol L ™! is added to a 6vol % aqueous HF
solution. A current density of 11.48 mA cm™2 is applied, which translates to an absolute
current value of 90 mA for the smaller etching cell. Finally, the resulting porous silicon
material is also rinsed three times with deionised water and dries for three hours.

It is possible to fabricate both p- and n-type porous silicon in the form of a double epi-
layer. In this regard, a porous silicon layer is synthesised on both front and back side
successively. The wafers have to be polished on both of these sides. The respective fab-
rication process is executed on one of the sides first, as described above for p-type and
n-type silicon. After the cell disassembly, the wafer is turned upside down and the same
process is repeated on the second side. The thickness of each layer has to be the same.
Otherwise the whole sample might bend due to differing strain states between the lay-
ers. Furthermore, the two layers are not extending over the whole thickness of the wafer.
Thus, a thin bulk silicon layer intersects the two epi-layers in the middle, as a support
and means of establishing an electrical contact to the pSi epi-layer, as will be described
below in section 4.1.

3.3. Characterisation Methods for Porous Silicon

The physical properties of fabricated porous silicon are characterised by different meth-
ods that will be introduced here. A scanning electron microscope (SEM; either Zeiss Leo
1530 or Zeiss Supra VP 55) is used to record micrographs on a freshly cleaved porous
silicon profile. The SEM is able to utilise energy-dispersive X-ray spectroscopy (EDX)
to determine the composition of the material based on the element specific energy signal.
The EDX detector records and averages the energy specific signal while the electron beam
illuminates a certain area, here in side view across the total profile of a porous silicon layer.
The EDX spectrum is recorded until 500000 counts are surpassed to achieve significant
statistics.

Additionally, the thickness of the porous silicon layer is determined by a profile recorded
with the SEM. The total outer volume V of the porous silicon layer can be extracted with
the knowledge of the specific sample’s thickness and its lateral dimensions. For the latter,
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Figure 3.4.: Nitrogen sorption of porous silicon. Characteristic nitrogen sorption iso-
therm measurement with filling fraction f on the ordinate and relative pres-
sure p/po on the abscissa and an adsorption and desorption branch. Clearly
visible is the distinct hysteresis between the two branches. At the respective
point of the sorption isotherm, schemes illustrate an empty pore, single layer
adsorbed onto the pores surface, the formation of menisci and a fully filled
pore. Adapted with permission from reference [174].

a picture of the material on millimetre paper is recorded. Then the dimensions are readily
accessible, which are length [ and width w in case of a rectangular sample or surface area
A for more general sample shapes.

The main characterisation method for porous silicon is nitrogen sorption isotherms con-
ducted in a nitrogen sorption setup (Quantachrome autosorb iQ). The porous silicon is
baked out at 300°C in a vacuum prior to the sorption isotherm. In the actual meas-
urement, nitrogen gas is passed into the measurement cell, which is cooled down to the
temperature of liquid nitrogen. Hence, nitrogen adsorbs on the surface of the sample.
The adsorbed quantity of nitrogen is measured in dependency of the nitrogen partial
pressure p/pg. A typical sorption measurement is depicted in Figure 3.4. It illustrates
the characteristics of such an adsorption measurement on porous silicon. The measure-
ment starts with the adsorption of first a single mono-layer of nitrogen molecules on the
inner surface area of porous silicon. Then, a multi-layer growth ensues. After an initial
regime up to p/pp = 0.2, the filling fraction f increases approximately linearly up to a
value around p/pg = 0.6. On this section of the sorption measurement, the BET model
(Brunauer-Emmett-Teller) is applied to determine the inner surface area of the porous
silicon material.[226] Increasing the partial pressure further leads to the onset of capil-
lary condensation, which means that menisci and liquid nitrogen bridges form inside the
pores. Upon a further increase of relative vapour pressure, these menisci are driven out
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to the end of the pores. Lastly, the porous silicon material is saturated and filling fraction
and partial pressure reach f = p/py = 1. At this point the total porous volume can be
extracted and the filling fraction is set relative to this value. Then, the desorption branch
of the isotherm measurement commences. Thus, pressure is reduced, p/py decreases and
nitrogen desorbs from the menisci until the menisci vanish. However, the adsorption and
desorption branches of the measurement exhibit a distinct hysteresis, characteristic for
porous materials in the mesoporous range.[174] Thereby, nitrogen menisci vanish at lower
relative partial pressures compared to the partial pressures they form. Another model is
applied on the desorption branch of the measurement — the BJH (Barrett-Joyner-Halenda)
model. It yields the distribution of pore radius r (or diameter D) and the volume of the
pores Vpor and thus also porosity ® = Vo /V.

Transmission electron microscopy (TEM) is used to record high resolution pictures of
single sites of porous silicon. The images shown in this work are recorded by scanning
transmission electron microscopy (STEM) with a high angle annular dark-field detector.
Whereas nitrogen sorption isotherms yield quantitative data averaged over the whole por-
ous silicon material, the purpose of TEM images is to obtain a highly resolved qualitative
impression of the porous structure. These TEM images can then also be converted into mi-
cromechanical (finite element) models to perform simulations on pSi, as will be discussed
in section 5.4.3. The transmission electron microscope (FEI Talos F200X) also possesses
EDX detectors and hence, the elemental composition of a material can be determined in
a highly-resolved manner. The EDX intensity of the relative elements can be added to
the micrograph to obtain information about the site-specific elemental distribution.

3.4. Electrochemical Polymerisation of Polypyrrole in Porous
Silicon

After the initial porous silicon preparation step, the aim is an electrochemical polymer-
isation of polypyrrole inside the pSi pores. The sample is installed into a second electro-
chemical cell. Similar to the etching cell, the polymerisation cell is also fabricated out of
PTFE. The cell is clamped on the epi-layer, which acts as the WE, in a similar fashion
with an O-ring sealing the cell around the circular porous silicon surface. The O-rings are
made of ethylene-propylene-diene-monomer (EPDM) rubber to withstand the chemicals
used for the polymerisation. The area exposed to the electrolyte solution is also 7.84 cm?,
corresponding to the HF etching cell. A platinum mesh CE is placed at the top. It has a
hole in the middle so that it is possible to insert an Ag/AgCl (Sensortechnik Meinsberg)
RE. The RE’s tip is positioned between WE and CE. Thus, the electrochemical polymer-
isation is realised in a three electrode setup. Figure 3.5(a) schematically shows the setup.
Subsequently, the solution for the polymerisation is filled into the cell and it is permitted
to imbibe into the pores for 15 minutes. The polymerisation requires pyrrole monomer
units, i.e. C4H4NH molecules. The concentration of the monomer is 0.1 molL~!. Before
the polymerisation process, a distillation of the pyrrole monomer is conducted at 130°C
to maximise the monomer amount. As already mentioned in section 2.6, the polymerisa-
tion results in a charged state of the polymer. Therefore, a lithium perchlorate (LiClOy,
Thermo Scientific) electrolyte is added to the polymerisation solution to compensate the
emerging charge. Hence, the perchlorate anions are incorporated into the polymer during
the synthesis, i.e. polypyrrole is doped. LiClOy4 is added with an equal concentration of
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Figure 3.5.: Polymerisation of polypyrrole in porous silicon. (a) Illustration of
the electrochemical polymerisation cell used for filling porous silicon with
polypyrrole by electrochemical polymerisation. Indicated are the PTFE body
of the cell with a lid filled by the polymerisation solution (blue), porous sil-
icon contacted as WE, a mesh-shaped platinum CE and the Ag/AgCl RE to
determine the potential. (b) Evolution of potential E over the electrochem-
ical polymerisation process of polypyrrole in porous silicon pores. Adapted
with permission from reference [206] — in particular, the ordinate is displayed
versus the SHE, whereas in the reference the potential is measured against a
platinum pseudo-RE. Depicted are the characteristic stages of (I) the nucle-
ation of polypyrrole molecules at the pore bottom, (II) the continued filling
of the pores by polypyrrole and finally (III) the complete filling of the pores
and a successive transition stage to (IV) a polymerisation of polypyrrole on
the outer surface of porous silicon.

0.1mol L~!. The solvent used is acetonitrile (gradient grade, Merck Emsure).

The electrochemical polymerisation is performed under galvanostatic conditions. That
means, a constant current is applied by the potentiostat while the potential is monitored
via the RE. The applied current is set to 2mA, which translates to a current density of
0.255 mA cm ™2 with respect to the area of the contact area of electrolyte solution. The
current of 2mA is chosen for the standard process. In section 5.1 the influence of the cur-
rent will be explored further. The potential, raised by the applied current, oxidises pyrrole
monomer units, which are then unstable and form dimer units under de-protonation. Di-
mers are again oxidised so that eventually longer polymer chains form, as described in
detail in section 2.6. While this holds true for a general electrochemical polymerisation
of polypyrrole, the process involves specific phases when it proceeds in porous silicon.
These phases can be precisely monitored by the potential evolution over the time of the
electrochemical polymerisation.[227] The evolution is recorded with a temporal resolution
of 1s. An example for a typical potential evolution from literature is shown in Fig-
ure 3.5(b).[206] First, the potential quickly increases from its open circuit potential of
approximately 0.25V to approximately 0.4V. Afterwards, the potential increases more
slowly to a plateau of about 0.6V within 12min. This initial increase in the potential
is associated with an oxidation of the pSi pore walls by the applied potential and an

55



3. Materials and Experimental Methods

ensuing nucleation of polypyrrole at the pore tips.[227] The subsequent potential plateau
of 0.6 V, which lasts from approximately 12 min to 35 min, signals the continued growth
of the polymer inside the pore space. The pores are filled from bottom to top.[227] The
following transition to an increased potential of approximately 0.8 V at 40 min marks the
gradual filling of the pores. The transition is not at once since the polymerisation pro-
ceeds with slightly different speeds in each pore.[206] The following potential plateau is
caused by an ongoing growth of polymer on the top surface of the porous silicon. Here,
polypyrrole is polymerised without the distinct geometrical confinement of the pSi pores.
The pores are responsible for a certain degree of ordering of the polymer. Outside the
pores, polypyrrole is not as restricted and polymerises in a network-like manner. Thus,
at the pore filling stage the polypyrrole’s electrical resistivity and thus the occurring po-
tential is lower compared to the stage of surface polypyrrole growth.[227] For this reason,
the applied current is switched off when the transition stage becomes apparent since a
coverage by bulk polymer is not desired. Such a bulk coverage could lead to a distortion of
the actuation characteristics of the polypyrrole-filled porous silicon (PPy-pSi). The stages
of the pore filling process are also indicated in Figure 3.5(b). After a successful electro-
chemical polymerisation, the fabricated hybrid material is rinsed once with ethanol and
then three times with deionised water to remove possible remaining pyrrole molecules and
other contaminants. Afterwards, it is dried for three hours under ambient atmosphere.
To determine the degree of filling by polypyrrole, the increase in mass Am = mppy —mps;
is determined gravimetrically between the mass of empty porous silicon myg; and the filled
hybrid mppy-

Similar to unfilled pSi, SEM and TEM micrographs are recorded. With the help of EDX
measurements it is possible to visualise the polypyrrole distribution, which is identified
by the signal that the single nitrogen atom per monomer unit produces. Various conceiv-
able contaminations might be present, which could also produce a nitrogen EDX signal.
Furthermore, the overall EDX signal of nitrogen is low. Hence, this techniques yields a
qualitative impression of the polypyrrole filling and a more quantitative assessment of the
polypyrrole filling via these microscopy techniques is here not feasible.

Lastly, up to this point the electrochemical polymerisation in porous silicon is described
in an epi-layer as the starting material. If the polymerisation is performed in a membrane,
the bulk silicon layer at the bottom is not present. Furthermore, it is difficult to establish
an ohmic contact on the pore walls themselves.[35, 228] Thus, a conductive layer of gold
is deposited on the bottom of the membrane, where polypyrrole can nucleate and the elec-
trochemical polymerisation of polypyrrole can commence. The gold layer with a thickness
of 20 £+ 0.5 nm is deposited by sputtering (SCD 050, BAL-TEC) on the back side of the
membrane. The polymerisation setup changes slightly. The cell with its O-ring is pressed
onto a PTFE base plate so that the polymerisation cell is closed tight. The membrane is
then placed inside the cell. A gold wire contacts the gold layer at the bottom of the mem-
brane, which acts as WE. Apart from these changes, the electrochemical polymerisation
proceeds in the same manner as described above.

56



3.5. In Situ Electrochemical Actuation Setups

3.5. In Situ Electrochemical Actuation Setups

In this section different in situ experimental methods are introduced that will be used to
characterise the electrochemical actuation of porous silicon and polypyrrole-filled porous
silicon.

In this work, one of two electrolyte solutions will be used in the different in situ setups.
The first electrolyte is perchloric acid with a concentration of 1molL~!, prepared from
ultra-pure water and perchloric acid (70vol %, Merck Suprapur), which is often used in
electrosorption-induced actuation measurements.[80] The other electrolyte solution is an
aqueous sodium chloride solution with a concentration of 154 mmol L~! (isotonic saline
solution), as it is omnipresent in biological and medical environments. The solution is
prepared from ultra-pure water and NaCl (purity 99.99 %, Merck Suprapur).

3.5.1. Dilatometry

To directly measure the expansion of the porous silicon, dilatometry measurements in an in
situ electrochemical setup are performed. The sample is placed into a vertical dilatometer
(Linseis L75) to measure in situ the change in strain e = (I — lp)/(lp) = (Al)/(lp), see
equation 2.65. [ denotes the measured sample length and ly the length of the as-prepared
sample, which will be stated for each respective sample below in the results chapters 4
and 5. The sample has to be placed into the dilatometer in an upright standing position
so that the dilatometer quartz probe may be placed on top of the porous silicon sample.
Thus, the pSi pores are horizontally oriented so that the [100] direction is parallel to the
ground. A sketch of the sample orientation is shown in Figure 3.6(a). Initially, the pushrod
is carefully lowered onto the porous silicon sample. The dilatometer uses a static force of
0.4N to fix the sample in place. The dilatometer has a resolution of 0.1 nm, declared by
the manufacturer. In practice, it is able to effectively detect changes in membrane length
[ with a resolution of approximately 10nm, probably due to vibrations.[112] The time
resolution of the dilatometer is set to 0.1s.

The sample, with the probe on top, is located in a glass beaker. Then the sample is fully
immersed in the chosen electrolyte solution. Together with the sample a carbon cloth
CE and a reversible hydrogen RE are placed in the glass beaker. The three electrode
setup is completed when the sample is electrically contacted as the working electrode. It
is contacted at the bottom end by a contact fabricated out of aluminium. A gold wire
is attached to the contacted area, which is connected to the potentiostat via an alligator
clip. As the measurements are performed among other in an acidic solution, the aluminium
contact needs to be protected from corrosion. The bottom end of the sample, including
the contact, is encased in epoxy for a length of approximately 1 cm. Thus, it can also be
ensured that the sample is in the desired upright position, as described above and also
shown in Figure 3.6(b). In Figure A.1 in the appendix a picture of a PPy-pSi membrane
installed in the in situ dilatometry setup is shown.

The in situ dilatometry setup will be used to characterise the electrosorption-induced
actuation in porous silicon and the electrochemical actuation in polypyrrole-filled porous
silicon. The actuation mechanism of the latter is illustrated in Figure 3.6(c)'. When a
lower voltage, in the case of the illustration 0.4V, is applied, the electrolyte molecules

!The electrosorption-induced actuation mechanism of bare porous silicon is depicted in the appendix in
Figure A.2
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Figure 3.6.: Dilatometry setup for in situ actuation measurements. (a) Schematic
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of the in situ dilatometry setup that records a change in sample length [ during
an actuation measurement. A glass pushrod is lowered onto the investigated
polypyrrole (green)-porous silicon (grey) (PPy-pSi) membrane and clamps it
at the top. The whole membrane is inside a glass beaker that is filled by
the respective electrolyte solution (light blue). The change of sample length
[ is measured at the top of the pushrod by a position sensor. The PPy-
pSi material is encased at the bottom by epoxy so that it is standing in
an upright position. Furthermore, the electrical contact to the PPy-pSi is
isolated from the electrolyte solution by the epoxy. The sample is connected
to the potentiostat, which also contacts a carbon cloth CE and a reversible
hydrogen RE. (b) Ilustration of an as-fabricated PPy-pSi membrane installed
in the dilatometer with the glass pushrod on top. Its dimensions are length
lo and width w. (c¢) Illustration of the electrochemical actuation principle
of a PPy-pSi membrane immersed in an aqueous electrolyte solution. The
electrolyte in this case is perchloric acid (HClO4) indicated by blue and red
molecules and red and white water molecules. The thickness of the membrane
is indicated by t. The left section shows the contracted condition of the
membrane. A lower voltage (0.4V) is applied and as a result, the electrolyte
anions (ClO, ) are ejected from the polypyrrole leading to the contraction of
the whole membrane. Vice versa, the right section shows the case of a higher
applied voltage (0.9V). The polypyrrole pore filling incorporates the anions
and a subsequent expansion ensues. Al indicates the change in length.
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are expelled from the polypyrrole, which resides in the porous silicon pores. As a result,
the entire PPy-pSi hybrid membrane contracts and ¢ decreases. Vice versa, through a
higher voltage (0.9 V) anions are incorporated into the polymer and as a consequence the
membrane expands. The pushrod is lifted upwards, which is detected by the position
sensor of the dilatometer and strain € increases.

3.5.2. Laser Cantilever Bending

Another precise method to measure an electrochemical actuation is an in situ laser can-
tilever bending measurement. Summarising the actuation mechanism in porous silicon,
cf. section 2.5, electrolyte ions are accumulated on the silicon surface when the applied
potential is changed. This holds true on a bulk silicon surface as well as on porous sil-
icon’s inner surface area. The accumulated charge induces a change in surface stress on
the respective silicon surface. If the back side of a rectangular silicon wafer is electrically
insulated, charge carriers are solely accumulated on and dispersed off the silicon wafer’s
front side. Thus, a change in surface stress Af leads to a bending of the wafer. Equally,
an induced surface stress on the inner porous silicon surface area, leads to an expansion or
contraction of the whole porous silicon layer. If porous silicon is attached to an underlying
bulk silicon, i.e. an epi-layer, it bends as well. An illustration of the measurement method
and setup is depicted in Figure 3.7.

The purpose of the setup is to measure the bending caused by the processes on the front
side of the wafer. Therefore, the back side needs to be electrically insulated. At the begin-
ning of the preparation, the whole wafer is thermally oxidised, as described in section 2.3.
The respective wafer is placed in an oven and heated to 850 °C with a heating ramp of
200°Ch~'. At the target temperature, the wafer is oxidised for 16 hours at ambient
atmosphere and subsequently cooled down to room temperature with the same ramp of
200°Ch~!. The created oxide layer is non-conductive. Ellipsometry is used to determine
the thickness of the layer to be 96.3nm. Afterwards, a 10vol % HF solution removes
the oxide layer on the front side. The HF exposure is performed for five minutes. The
remaining fabrication process will subsequently proceed on the surface where the oxide is
removed.

The curvature of the bending is detected and measured with a laser setup. The setup
is installed on a vibration insulated table to minimise the impact of vibrations and it is
surrounded by housing to reduce vibrations by air flow. The setup is located in a room
equipped with an air conditioner, which is set to 21 °C to reduce any thermal drift. The
whole setup (Multi-Optical Stress Sensor, k-Space associates [229, 230]) is described in
great detail in reference [80]. A laser beam is split up into multiple beams, which are
arranged in a rectangular pattern. The laser array spots are reflected off the insulated
back side of the cantilever-like sample into a CCD detector. The spot spacing Ad changes
with curvature and thus evolving surface stress. The curvature change parallel to the long
axis of the cantilever sample Ak is the relevant parameter and is determined by [80]

_ Adcos(a)

Ak =
" dy 2Ln’

(3.7)

where dy denotes the unimpeded array spot spacing, averaged over one minute, o = 4°
the incident angle of the beam array, L = 110 cm the distance from the laser to the CCD
camera and n = 1.33 the refractive index of water as an approximation for the diluted
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aqueous electrolyte solutions used in this work. Figure 3.7 shows an illustration of the
setup, with the respective parameters. As described above, a bulk silicon sample bends
due to induced surface stress Af. Stoney’s equation calculates Af by [80, 231, 232]

Af = %Mthn, (3.8)

where M = 180 GPa [122] and h are biaxial modulus and thickness of the bulk silicon
sample, respectively. The latter will be stated for each individual sample.
By contrast, for samples with a porous silicon layer on top of bulk silicon, a surface stress
on the porous silicon surface leads to the evolution of a film stress ¢ in the porous silicon
layer. Assuming an isotropy of ¢ in the layer plane, Stoney’s equation relates it to Ak
by [213, 233]

1 h?

Ao = - M—Ar. 3.9
0= gM Ak (3.9)

Here, h and h; denote bulk silicon substrate thickness and porous silicon layer thickness,
respectively. It is noteworthy that this method explicitly does not require knowledge of
the mechanical properties of the layer. Merely the biaxial modulus of the substrate has
to be considered instead. Furthermore, the layer thickness h; must not exceed substrate
thickness h by a factor of 2 - 1073.[234] Therefore, it can be assumed that a contribution
of the porous silicon layer to the overall bending stiffness is negligible. Here, the ratio of
hi/h is well within that range. The specific cantilever bending setup used in this work
resolves a curvature of the cantilever up to a bending radius of 250 km, which is sufficient
for the measurements performed here.[213] The time resolution of the setup is set to 1s.

3.5.3. X-Ray Diffraction

Lastly, as a third method, an in situ X-ray diffraction study is performed to characterise
an electrochemical actuation on the scale of the crystal lattice. The measurements with
this method are performed on a polypyrrole-filled porous silicon epi-layer. Such an XRD
study on a porous silicon epi-layer constitutes a widely used method.[8, 141, 178, 235-238]
It is well investigated with regard to a variety of different in situ measurements, reaching
from the determination of strains induced by anodic oxidation [141, 235], wetting [235]
and gas adsorption [178, 237]. It is a simple, yet elegant method to investigate the elec-
trochemical actuation on the scale of the lattice.

The electrochemical etching of the pores into the silicon, introduces an interface between
the pSi pore wall and the ambient atmosphere. A surface stress evolves at these inter-
faces, which acts on the lattice constant inside the pore wall.[178] Therefore, the lattice
constant in the porous silicon is slightly different compared to the underlying bulk sil-
icon. This results in two different Bragg peaks in an XRD measurement. This difference
is used to characterise various processes that act on the pSi lattice. For example, an
adsorption of species from the gas phase onto the pSi pore walls can further change the
lattice constant.[178] Either, it induces changes in the interfacial stress (Bangham’s law
of adsorption-induced deformation [239, 240]) or capillary forces emerge due to condensed
liquid inside the pore (Laplace pressure effect [125, 241]).[16, 64-66, 242] Thus, a meas-
urement of the lattice difference yields information about the adsorption process. In this
work, the expansion and contraction of the incorporated polypyrrole, transfers a strain
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Figure 3.7.: In situ laser cantilever bending setup. A porous silicon epi-layer con-
sisting of the porous layer (dark grey) attached to an underlying bulk silicon
layer on the bottom (light grey) is installed in the in situ cantilever bending
setup. An aqueous electrolyte solution fills the pores, which is indicated by the
blue colour inside the pores and the ClO; (blue, red) and HaO (red, white)
molecules. The size of the epi-layer is determined by its length [, its width w
as well as the thicknesses of the porous and adjacent bulk layer h; and h, re-
spectively. The epi-layer is fixed on the left side by a PTFE clamp. Here, the
epi-layer is also electrically contacted by aluminium with an attached gold
wire and acts as the WE. An electrosorption-induced actuation leads to a
bending of the entire epi-layer, as the porous silicon layer is clamped by the
adjacent bulk silicon. At the opposite side of the clamp-contact an array of
laser beams, with incidence angle «, is reflected off the epi-layer into a CCD-
detector positioned with distance L. By the spacing of the laser beams d the
curvature k of the epi-layer is determined. For illustration purposes the laser
is reflected off the porous side of the epi-layer. In the proper experiment, the
laser array is aimed at the back side. The setup is housed in an electrochem-
ical PTFE-cell, which is covered by a transparent glass plate. Furthermore,
the refractive index n at the water-air interface also has to be considered.
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onto the lattice of the pSi pore wall. Measuring the pSi lattice constant, enables the
characterisation of the mechanical response.

The PPy-pSi epi-layer is prepared in the same manner, as described above in sections 3.2
and 3.4. The porous silicon layer has a thickness of approximately 25 pm, while the bulk
silicon has a thickness of approximately 500 pm. The actual thickness will be stated in
section 5.5. The polypyrrole-filled porous silicon samples are prepared by cleaving. The
samples have a width of approximately 3 mm and a length of 2 cm.

The measurements are conducted in a cell which enables electrochemical control simul-
taneous to XRD measurements. The cell is fabricated out of PTFE to safely handle the
electrolyte solution, as it is perchloric acid. The sample is installed on a PTFE sample
holder, which is then mounted into the measurement cell. The sample is sited in a vertical
hanging, upside down position. It is longer than the holder so that the lower part of the
sample protrudes downward beyond the sample holder into the cell. Neither front nor
back side of the sample is here obstructed by the holder. The upper part of the sample is
electrically contacted on the back side by aluminium and an attached gold wire. The elec-
trical contact needs to be insulated with a thermoplastic film (Bemis Parafilm) to protect
it from corrosion. Together with the sample an Ag/AgCIl-RE (Sensortechnik Meinsberg)
and a carbon cloth CE are installed in the cell. Perchloric acid with a defined volume of
7.1 mL is then filled into the cell so that sample, CE and RE are immersed. A potentiostat
completes the three electrode setup. A lid with an insulation is screwed on the cell to
seal it. Figure 3.8(a) shows a detailed illustration of the cell and the installation of the
electrodes and the sample.

The in situ X-ray diffraction measurements are conducted at the 3'4 generation synchro-
tron PETRA III at Deutsche Elektronen-Synchrotron (DESY), beamline P08. In the
centre of the beamline is a motorised six-circle closed Eulerian cradle (Kohzu NZD-3).
It facilitates a comprehensive coverage of possible diffraction geometries. The energy
of the photon beam is set to Fypeam = 18keV. The spot size of the beam amounts to
200 x 200 pm?2. The cell has a window with significantly reduced wall strength of 2 mm,
where the X-ray beam enters and the scattered beam leaves the cell. Thus, the intensity
loss through the passage of PTFE is minimised. Perchloric acid fills the cell, exactly up
to the upper edge of the window, as shown in Figure 3.8(a). The scattered intensity is
measured by a 2D detector (Pilatus 100K, pixel number 487 x 195 (horizontal x vertical),
pixel size p = 172 x 1721m?). The distance £ from the sample to the detector is measured
and amounts to £ = 955.6 + 1.4 mm.[243] The scattered intensity used here, is gained by
summing the scattered beam’s intensity over the central detector region.

The XRD measurements are conducted in the form of § — 26 scans, where 6 denotes the
incidence angle. Crystal planes with the interplanar distance d and with diffraction order
n are probed. According to Bragg’s law,

nA = 2dsin(0), (3.10)
where
c-h
A= 3.11
Ebeam’ ( )
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Figure 3.8.: In situ X-ray diffraction study on the electrochemical actuation of
PPy-pSi. (a) In situ electrochemical measurement cell for X-ray diffraction
measurements depicting the PPy-pSi sample in its holder in the middle. The
lower part of the sample is immersed in the electrolyte solution (perchloric
acid). The sample is connected as the WE. As a CE a carbon cloth is used and
an Ag/AgCl RE measures the applied potential. The in situ cell is fabricated
out of PTFE. The wall strength is significantly thinned down to 2mm in the
area of the electrolyte filling. Here, the probing X-ray beam penetrates the
cell and is scattered off the sample. The thinner wall helps to retain the in-
tensity of the scattered beam when it is leaving the cell. The middle and right
sections show schematics of in situ X-ray diffraction experiments in (a) reflec-
tion and (b) transmission geometry. The diffraction geometries are depicted
on porous silicon layer (dark grey) with its polypyrrole pore filling (green) at-
tached to an underlying bulk silicon layer (light grey). Incident and scattered
beam are indicated by ¢; and gs, respectively. The transfer from incident to
scattered wave vector is marked by (). In the schematics of the diffraction
geometries, the crystallographic directions are marked accordingly. Moreover,
the schematic shows in which direction lattice mismatches (a) da/a; and (b)
da/a) are probed. Whereas the incident beam hits the PPy-pSi epi-layer un-
der an angle @ on its porous front side in reflection geometry, in transmission
geometry, it hits the back side first before being transmitted through the PPy-
pSi epi-layer. The incident beam then leaves with an angle of 6 with respect
to the epi-layer.

63



3. Materials and Experimental Methods

1.0F W
5 08 Si
=
>
g 0.6
S pSi
>
= 0.4+ 4
C
g
c
= 0.2+

0.0 . | L

34.285 34.300
6 (°)

Figure 3.9.: X-ray diffraction measurement on a porous silicon epi-layer. Exem-
plary X-ray diffraction measurement in reflection geometry on the 400 Bragg
peak of a porous silicon epi-layer. Clearly visible are two distinct peaks. The
peak at a smaller angle is due to the porous silicon layer, whereas the Bragg
peak at 34.3° is caused by the underlying bulk silicon. Adapted with permis-
sion from reference [8].

where ¢ and h denote speed of light and Planck’s constant, respectively. For a cubic

system, d and the respective Miller indices hkl of the probed planes are related to the
lattice constant a, by

a

d= . 3.12

(h? + k2 +12) (3:12)

The epi-layer consists of porous silicon and an adjacent bulk silicon layer, which both

exhibit distinct Bragg peaks, as described in section 2.4. An exemplary 6 — 26 XRD

measurement from literature is depicted in Figure 3.9, in which these two peaks are clearly

visible.[8] The peaks are at angles fg; and fg;, respectively. The lattice constant of porous

silicon apg; is directly related to the difference of g; and 6pg; by [178]

da _apsi—asi 00 Opsi—0si (3.13)
as; asi tan(ﬁSi) tan(HSi) ’ ’

where ag; = 0.543nm is the lattice constant of bulk silicon [7]. It should be noted that
values for 6 are warranted in radians.

A larger value for apg; with respect to bulk silicon corresponds with a positive value for
da/agi, which can be inferred in the XRD measurement by 6,s; < 6s;. The porous silicon
lattice is expanded compared to the bulk silicon lattice. Vice versa, a negative da/as; is
signalised by 6,si > fsi and means a smaller pSi lattice constant and hence, a contracted
lattice. All in all, the determination of da/ag; is only explicitly dependent on fg; — Opg;.
Thus, the absolute value for 8 is not decisive. Only the relative difference 66 determines
the strain of lattice constant. The method reduces error introduced by measurement
parameters as, for instance, a perfect alignment, which would affect both Bragg peaks. It
is thus beneficial and renders the conducted study simple. Moreover, the underlying bulk
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silicon layer is much thicker than the porous silicon layer. Hence, it reduces a bending
of the epi-layer through the expansion and contraction of the porous silicon layer. It
stabilises and minimises a possible distortion of the respective 8 — 260 scans. The lattice
constant change da/ag; is hereafter referred to as lattice mismatch and denominated in an
abbreviated form as da/a. The X-ray diffraction study is only sensitive to changes of the
porous silicon lattice and explicitly not to the polypyrrole filling of the pore space.

Two types of XRD measurements are conducted with two equal, rectangularly shaped
polypyrrole-filled porous silicon samples Sieq and Sirans- FEach sample is probed under
a different incidence angle. For each of the samples a different sample holder is used
to achieve the desired measurement geometry. The two measurement geometries are
presented in detail in Figure 3.8(b)-(c). The incident beam hits the front side of Sieq, i.e.
the porous silicon layer, and is varied around an angle in the range of 8 ~ 29.4°. The
detector is positioned accordingly with an equal angle of 0,.q with respect to the surface
to detect the scattered beam. Hence, planes with an hkl-index of (400) are probed since
the angle for this plane is 20,04 = 29.3934 ° according to equation 3.10. These planes are
parallel to the sample surface. Equation 3.13 then yields the lattice mismatch da/a; in
the out-of-plane, [100] direction orthogonal to the surface. This measurement setup is
here referred to as reflection geometry.

To probe the lattice mismatch da/ aj in-plane, parallel to the surface in the transmission
geometry, the incident beam hits the back side of S¢rans. Thereby, it passes trough bulk
silicon first and porous silicon second. The measurement is also conducted as a 6 — 20
scan, although it could be more accurately termed (6 — 90°) — 26. The probed (044)
lattice planes are located orthogonally to the surface. The measurement requires an angle
of Otrans = 42.0517 ° in accordance with equation 3.10.

The uncertainty of the XRD measurements will be discussed in the following. For the
XRD measurement, the angular uncertainty Af of the recorded intensity at the detector
is estimated by [244]

4 2 2 2
o _ cos™(20) 2 2 2 2 t Lo
= —0= |t 20)(t* + 2
162 | (20)( +24°) +p” + cos?(26) * cos(20) |’

(A6) (3.14)

where L is the detector distance and ¢ denotes the sample thickness. For the in-plane,
transmission geometry, the thickness of the porous silicon layer equals t. However, in case
of the reflection, out-of-plane measurement, the beam size is the relevant parameter and is
considered as t. The thickness of the detector’s detection layer is denoted as H = 320 pm. p
is the pixel size and the vertical beam divergence at beamline PO8 amounts to ¢ = 12 prad.
Furthermore, the number of measurement points N of the 8 — 20 diffraction measurement,
needs to be considered. For the fit of the Bragg peaks, which will be shown in section 5.5,
the uncertainty of both peaks Af,s; and Afg; is reduced by V/N. The uncertainty of
the lattice mismatch is then obtained by considering the propagation of uncertainty for
equation 3.13, as

A(daja) = \/ <A9p$)2 + (Adg)’ (1 (B — 981)_1). (3.15)

tan(fg;) tan(fg;) sin?(fs;)

The values for the respective uncertainty, which will be stated in the results section 5.5
for the lattice mismatches, originate from these considerations. An exception will be the
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electrochemically controlled measurements. Here, different voltages will be repeatedly ap-
plied and the uncertainty is obtained by averaging over several of these potential cycles.
If such an average is applied, it will be noted.
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4. Electrosorption-Induced Actuation of
Porous Silicon

This chapter will discuss the morphologic and electrochemical properties of porous sil-
icon. Furthermore, in situ dilatometry and laser cantilever bending experiments on the
electrosorption-induced actuation of porous silicon in aqueous electrolytes will be dis-
cussed. Firstly, the actuation properties of p-type porous silicon will be characterised
in an in situ dilatometry study. An in situ cantilever bending study will be presented
that gives further, more detailed insight into the electrosorption-induced actuation and
compares it to the actuation at bulk silicon surfaces with respect to fundamental aspects
of the surface stress induction and the role of the porous morphology in porous silicon.
Furthermore, it will be explored if fundamental differences of the actuation mechanisms
between p-type and n-type porous silicon are present.

4.1. Morphological and Electrochemical Characterisation of
Porous Silicon

For the dilatometry measurements a double epi-layer is fabricated. Each layer is etched
with a respective time of 47 min. Porous silicon, as mentioned, has a highly anisotropic
porous structure, which consists of parallel pores, orthogonally oriented to the silicon sur-
face. Thus, an induced surface stress on the porous surface might cause a macroscopic
bending rather than a preferred lateral expansion of a porous silicon layer. Therefore, the
double epi-layer sample with equal thicknesses on front and back is used to minimise such
a bending. The sample is symmetric in the direction orthogonal to the surface. An expan-
sion of the whole sample in its plane is achieved, while a possible induced bending of one
of the porous layers is compensated by the opposing porous layer. Furthermore, establish-
ing an electrical contact, which exhibits an ohmic characteristic, to fully porous silicon,
i.e. a membrane, is difficult, as mentioned in section 3.4. Hence, the electrical contact is
provided by the bulk silicon layer, which is located between the two epi-layers. Thus, no
special contacting method is required and an electrical contact can be accomplished by
a simple aluminium layer on the bulk silicon layer. A cross section TEM micrograph of
the resulting p-type porous silicon is depicted in Figure 4.1(a). The TEM cross section
shows that a resemblance of the pore network to a randomised honeycomb structure is
present, as discussed in more detail in [112]. A SEM micrograph of the material is shown
in Figure 4.1(b). The dendritic side-pores, discussed in section 2.4, are clearly visible.
Another SEM micrograph of the entire sample profile gives the thicknesses of the bottom
and the top porous silicon layer as 35 pm and 38.6 pm, respectively. The thickness of the
remaining bulk silicon layer in between amounts to 26.6 pm.

Figure 4.1(c) depicts a nitrogen sorption isotherm of the double epi-layer porous silicon

67



4. Electrosorption-Induced Actuation of Porous Silicon

(a)

(b)

(c)

Figure 4.1.:

68

1.5

—~ 1 O 'g -
- 1.0 4 : —|_
T 08}E I/ 1
& “°[Sos5 capillary
B © f conden-
® 06 o0 TR R R sation 1
= pore radius r (A) J_
© 04r¢ .
= ool —— adsorption|

: —e—desorption

0.0 00 02 04 06 08 1.0
relative vapour pressure p/p,

Synthesised porous silicon. (a) TEM micrograph of p-type porous silicon.
(b) SEM micrograph of the porous silicon profile. Visible are the pores, with
the etch direction from the top to the bottom and the dendritic side-pores.
(c) Nitrogen sorption isotherm of as-prepared porous silicon at T = 77K.
The volume filling fraction f is plotted against the relative vapour pressure
p/po- Visible are the characteristic stages, single layer adsorption, capillary
condensation and desorption. The inset depicts the BJH analysis of the dis-
tribution of pore radii.



4.1. Morphological and Electrochemical Characterisation of Porous Silicon

material. The material has an outer porous silicon volume of 0.0165cm?3. The isotherm
exhibits the typical characteristics of such a measurement on porous silicon. Increasing
relative vapour pressure p/pg initially leads to the adsorption of multi-layers of nitrogen
on the porous silicon inner surface area. Up to a value of p/py = 0.7 the filling fraction
increases approximately linearly. In this region, the BET model is used and allows to
determine the actual inner surface area. The result equals Ay, = 4.003 m?. Beyond
p/po = 0.7 capillary condensation sets in and menisci form. Eventually, the pores are en-
tirely filled at a volume, which corresponds to a filling fraction of f = 1. The adsorption
and desorption branch exhibit a characteristic hysteresis. The BJH model is applied to the
desorption branch and yields a distribution of pore radii, shown in the inset of 4.1(c).[245]
The peak of the distribution is at radius » = 3.3nm or pore diameter D = 6.6 nm. The
distribution has a shoulder on the left of the main peak towards a smaller radius, which
might be caused by the small dendritic side-pores, observed in the SEM. The BJH model
also yields a porous volume of Vo, = 0.009 cm?. Thus, the porosity of the double epi-layer
amounts to ® = 54 %.

A pore diameter evaluation of the TEM micrograph in Figure 4.1(a) results in a span
of approximately 6 — 25 nm, which is in contrast with the diameter obtained from the
nitrogen sorption isotherm. This seemingly contradicting result can be explained by the
following consideration. The pore diameter of a porous silicon pore conceivably has a
varying diameter along its length. The SEM micrograph in Figure 4.1(b) shows that the
side-pores branching off lead to narrowing of the main pore at their bifurcation. The pore
radius evaluation of the sorption isotherm is performed at desorption, as the menisci form
and are driven out of the pore. They are pinned by the thinnest part of the pore, until the
pressure p/py is reached that leads to their vanishing. As a result, the evaluation assumes
the smallest pore diameter for the whole pore. Thus, the sorption isotherm evaluation
can here only give a lower boundary for the pore diameter.

First, the as-prepared porous silicon will be electrochemically characterised. Initially a
CV measurement is conducted. It will be examined if a porous silicon electrode exhibits
ideal polarisability. The respective measurement is shown in Figure 4.2(a). It comprises
five consecutive cycles conducted with a scan rate of 10mVs~! in the potential range of
0 to 1.2'V. It is visible that the current increases with an increasing potential. When the
upper vertex at 1.2V is reached and the scan direction is reversed, the current decreases
from its peak value of 0.316 mA. It decreases with a larger slope. The current is not
following the course of the up-sweep. Thus, an area of current is encompassed by up- and
down-sweep. It also becomes visible in the inset, which only depicts the lower potential
range. Hence, the measurement indicates a capacitive charging, although a current that
is of oxidative nature eminently superimposes the capacitive current. This inherent ox-
idative current increases in an exponential manner with potential ££. However, the peak
current at the upper vertex potential successively decreases from cycle to cycle. This also
illustrates the irreversible character of this oxidative process.

The characteristics of this CV are attributed to an oxidation of the porous silicon walls un-
der applied potential in an aqueous electrolyte solution, as discussed in section 2.3.[120,
246, 247] The porous silicon surface directly after fabrication is hydrogen terminated.
However, the sample is not handled in an inert ambient atmosphere and thus, a native
oxide layer readily forms. For the purpose of foregrounding the capacitive current and
suppress oxidative currents, the oxidation of the porous silicon surface has to be drawn
to a close. This is achieved by anodic oxidation. Therefore, a constant potential of 1.2V
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Figure 4.2.: Initial electrochemical characterisation of as-prepared porous sil-
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icon. (a) CV measurement of as-prepared double epi-layer porous silicon.
Current J is plotted against the applied potential E. The potential scan rate
is set to 10mVs~!. The measurements are conducted in 1molL~t HClOy4
electrolyte. (b) Constant potential of 1.2V applied to double epi-layer porous
silicon. (c¢) CV measurements, conducted after an applied constant potential
of 1.2V, with different scan rates of 5 to 30 mV s~ 1.
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is applied for 24 hours. The respective measurement is depicted in Figure 4.2(b), which
shows the resulting current J over time. It is clearly visible that J drastically decreases
until it approaches zero asymptotically. Finally, a current of J = 3.6 nA is reached. As
the potential is applied, porous silicon surface area is oxidised. Thus, the surface that
is not yet oxidised successively decreases and so does the current. A shoulder is visible
in the current evolution around 2.5h. Since hydrogen terminated porous silicon after its
preparation is hydrophobic, HClOy4 electrolyte solution might not be fully imbibed from
the beginning. The increasing oxidation of the surface therefore might enable a successive
imbibition. The electrolyte comes in contact with unoxidised porous silicon surface, which
in turn leads to a slower decrease of the current.

A set of CV measurements, also called CVs, which is recorded following the applied con-
stant potential is depicted in figure 4.2(c). Shown are CVs with scan rates from 5 to
30mV s~!. The large currents, which occur in the unoxidised state, are vastly reduced at
the upper vertex potential. Here, for example, the current peak value for the measure-
ment with a scan rate of 10mV s~!, declines from 0.316 mA to 0.051 mA. In general, the
features of the CV are more pronounced.

In the inset of figure 4.2(a) a peak in the slope of the up-sweep is slightly visible at ap-
proximately 0.5V. In the oxidised state, all CVs feature a clear peak in the up-sweep,
which shifts from 0.758 V to higher potential values for larger scan rates, i.e. 0.920V for
30mV s~!. Additionally, a peak becomes visible in the down-sweep at 0.336 V for 5mV s~
By contrast, this peak shifts to smaller potential values for increasing scan rates so that
the splitting of the two peaks increases. For 30mV s~! the peak is located at 0.117V,
but it is barely visible any more. In this potential range, the oxygen reduction reaction
successively comes into effect.[213] Thereby, a progressive reduction of oxygen in the po-
tential range from 0.4V to the lower vertex potential 0 V generates negative currents. A
negative current slope is particularly visible for the largest scan rate, for which the oxygen
reduction current superimposes currents generated by ordinary electrochemical reactions
of porous silicon. In total, the two peaks resemble a redox couple of an oxidation and
reduction process. The synthesis path of silicon dioxide by anodic oxidation involves an
intermediate step in which silicon hydroxide is created, as discussed in equation 2.37. This
reaction may be responsible for the reversible peak resembling a redox peak. The OH-
groups may be ad and desorbed in a chemisorption process, which has been reported and
measured before in a similar manner.[248] It should be noted that the focus in this work is
on the investigation of electrochemically stable capacitive features of porous silicon as well
as bulk silicon electrodes. Therefore, the aim is to not further characterise and analyse
possible redox reactions. Furthermore, a possible redox reaction is not associated with
an electrochemical actuation effect of any kind. Here, an actuation reaction is caused by
electrosorption-induced, capacitive ion assembly. The peak couple is only mentioned for
the sake of completeness.

The CV measurements in Figure 4.2(c) show that a potential region with electrochemically
stable capacitive features exists. More explicitly, currents due to a capacitive charging of
the internal porous silicon surface area are present, while Faradaic currents are negligible.
Such a potential range is found from approximately 0.8 V to 1.1V in the CV with a scan
rate of 5mV s~!. This range will be explored in more detail.

Figure 4.3(a) shows cyclic voltammetry measurements in the reduced potential range of
0.8V to 1.1V on oxidised porous silicon. Depicted are CVs with various scan rates from
10mVs~! to 100mVs~!. Starting from the lower vertex, the current J almost instantly
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Figure 4.3.: CV Measurements on oxidised porous silicon in a capacitive regime.
(a) CV measurements of double epi-layer oxidised porous silicon. Measure-
ments are conducted in 1 mol L=! HCIOy electrolyte with increasing scan rates
from 10mVs~! to 100mVs~!. (b) Values for the current of J, averaged in
the potential range of 0.9 — 0.95V, plotted against increasing potential scan
rates dE/dt from 10mVs~! to 300mVs~!. The red line indicates a linear
regression. The slope yields a capacitance of caxpsi = 1.20 £ 0.02 mF.

increases to a near constant value and has the same absolute current value on the down-
sweep. Thus, it exhibits the features of a capacitive charging. This behaviour holds true
for the courses of all depicted scan rates dE/dt, albeit from 50 mV s~! on, a slight increase
towards the upper vertex is visible. In particular, an increasingly extended time for the
approach of constant current is not visible — neither is a linearly increasing current instead
of a plateau. Thus, the measurement does not exhibit signs of a diffusion limitation up
to scan rates of 100 mV s~1.[214, 249] Absolute current values for each CV and for both
sweep directions are averaged in the range of 0.9 —0.95V. These values are plotted versus
their respective scan rate. The plot is depicted in Figure 4.3(b). The averaged current
points are approximated according to equation 3.2 and the slope of the fit yields the capa-
citance c. The fit has no large deviations up to scan rates of 300 mV s~!. The capacitance
obtained is coxpsi = 1.20 £ 0.02mF. The capacitance per outer volume of porous silicon
is determined to compare different porous silicon samples. The length and width of the
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Figure 4.4.: Energy dispersive X-ray measurement of oxidised porous silicon.
Energy dispersive X-ray measurement recorded in an SEM for (a) as-prepared
and (b) oxidised porous silicon. The peaks of silicon (Si), carbon (C) and
oxygen (O) are marked. The legend states the weight percentage (Wt%) of
the respective elements.

sample here equal lg = 0.48 £ 0.01 cm and w = 0.285 + 0.001 cm, also stated below in the
next part on the dilatometry results. Together with the respective thicknesses of the por-
ous silicon epi-layer on back and front a porous silicon volume of 1.007 mm? is obtained.
Thus, the capacitance per outer volume of porous silicon equals 1192 mF cm 3.

The anodic oxidation procedure and its morphological impact on the porous silicon struc-
ture is further investigated. An essentially identical porous silicon sample is fabricated.
However, it does not consist of a double epi-layer but only has a single epi-layer on the
front side. The silicon is etched for 26 min and 40s, which results in a porous silicon
layer thickness of 25.4 um. An essentially equal anodic oxidation procedure is conducted,
whereby a constant potential of 1.2V is applied for 42h in HC1O4. The current decreases
in a similar fashion to the anodic oxidation depicted in Figure 4.2(b) to a value of 22 pnA.
The charge consumed in this anodic oxidation amounts to 65.175 C. The anodic oxidation
proceeds according to equation 2.40. Thus, assuming a hole conversion of n = 4, the an-
odic oxidation results in a silicon dioxide amount of 0.169-1073 mol. This equals 10.15 mg.
The weight of the sample is determined before and after the anodic oxidation procedure.
It yields a 2.6 % increase in weight of Amgo, = 6.9 mg, which is in good agreement with
10.15 mg if side reactions, which consume additional charge, are considered.

Figure 4.4 depicts EDX measurements recorded in an SEM on (a) as-prepared porous
silicon and (b) anodically oxidised porous silicon. Both samples consist of a 25.4 pm thick
epi-layer profile. The respective EDX spectra show only signals of silicon, oxygen and
carbon. Carbon, with a weight percentage around eight, is likely present due to organic
contaminations from the environment. By comparison, it is easily visible that the oxy-
gen signal increases. Thus, the success of the anodic oxidation is evident. It has to be
noted that the here recorded EDX only serve a qualitative purpose. For a quantitative
assessment more care during the preparation would be necessary with respect to organic
contaminations. A preparation in a clean room would prevent those.

A nitrogen sorption isotherm measurement is performed to evaluate if the anodic oxidation

73



4. Electrosorption-Induced Actuation of Porous Silicon

1.0p<0% il
“ i ]
0.8FE 002 _/' .
/

0.6} %%55—253535 40 25 / -
pore radius r (A)
0.4+ -

0.2} ,/ -

0.0

v
ny ——

filling fraction f

00 02 04 06 08 10
relative vapour pressure p/p,

Figure 4.5.: Nitrogen sorption isotherm of oxidised porous silicon. Nitrogen sorp-
tion isotherm measurement recorded of oxidised porous silicon. The inset
shows the pore radius distribution obtained by analysis with the BJH model.
As reference, the adsorption and desorption branches of a measurement on
unoxidised porous silicon, cf. Figure 4.1(c), are displayed faded in red and
blue, respectively.

changes the morphology of porous silicon. The measurement is depicted in Figure 4.5. The
sorption isotherm exhibits the characteristics, already discussed for as-prepared porous sil-
icon, cf. Figure 4.1(c). The typical hysteresis between adsorption and desorption branch
is clearly visible. However, it is noticeably more pronounced than for the as-prepared
porous silicon. The desorption of nitrogen starts at a lower relative vapour pressure. The
analysis of the pore radius distribution by the BJH model yields a large peak at 2.7 nm.
This means a reduction of pore radius by Ar = 0.6 nm in comparison to unoxidised por-
ous silicon. Furthermore, a smaller peak at 2nm is visible, as depicted in the inset of
Figure 4.5. The smaller peak is more pronounced compared to the unoxidised material,
which only shows a slight shoulder. The BJH determined porosity of the oxidised porous
silicon is ® = 35.7 % and has thus noticeably decreased. An analysis with the BET model
yields a value for the inner surface area, referred to, here, as the physical inner surface
area. It amounts to 2.36m?. A nitrogen sorption isotherm for an equal sample without
the anodic oxidation has a larger surface area of 4.76 m?. For the actual double epi-layer
sample a value Aaypsi = 2106 cm? of oxidised surface is obtained. All in all, the analysis
by nitrogen sorption shows a significant decrease in pore diameter as well as the inner
surface area through the anodic oxidation procedure. A homogeneous growth of silicon
dioxide in the pore space serves as the explanation.

In a next step the physical inner surface area, determined by the nitrogen sorption meas-
urements, is compared to the inner surface area that is electrochemically addressed in CV
measurements. The aim is to determine the specific capacitance per surface area cg; of
silicon. Then, by knowledge of the capacitance of the porous silicon electrode in question,
a value for the electrochemically active surface area will be extracted. Here, electrochem-
ically active designates the inner surface area of the porous silicon that accumulates charge
when a potential is applied, i.e. electrosorption occurs. A bulk silicon sample with a sur-
face of Ag; = 24.346 cm? is prepared. An equal anodic oxidation in HClOy is performed
on the bulk silicon. A potential of 1.2V is applied for 15h until the current decreases to
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a value of approximately 100nA. The thickness of the resulting oxide layer is determined
by an ellipsometry measurement and is 1.4nm. After the successful anodic oxidation of
the bulk silicon, an atomic force microscope is used to determine the roughness of the
oxidised surface. An increase of the surface area by a factor of 1.00075 is obtained.

The course of current J is depicted in Figure 4.6(a). It can be seen that it drastically de-
creases from over 2 pA within the first three hours and asymptotically approaches J = 0 A.
For the purpose of checking whether the observed anodic oxidation progresses in accord-
ance with the theory described in section 2.3, the course of current J is approximated by
function 2.49. The functional dependence is /2, i.e. time to the power of —1/2. Tt is vis-
ible that this dependence fits the data well. Thus, the drift-limited migration of hydroxide
ions into the bulk silicon seems to be present and the reaction with the silicon proceeds
faster than the ion migration. In contrast, a successful fit of function 2.49 to current J re-
corded during the anodic oxidation of not bulk but double epi-layer porous silicon, shown
in Figure 4.2(a), cannot be performed. Thus, the anodic oxidation of this porous silicon
sample does not have the same time dependence, which is possibly caused by a limited
reaction of hydroxide with silicon atoms. The surface of the pore walls is not smooth. Due
to the side-pores, the surface can rather be described as rough. This pore morphology
may render the ion migration more difficult. Furthermore, the pore walls are passivated,
as discussed in section 2.4. Thus, the movement of hole charge carriers, which are required
for anodic oxidation, is possibly hindered. Overall, the controlled anodic oxidation pro-
cedure is applied here with the purpose of establishing a robust electrochemical state of
the porous silicon surface. It is not associated with the reversible electrosorption-induced
actuation. Furthermore, it is possible to produce thicker oxide layers beyond 10nm by
applying higher potentials.[120, 250] However, these would result in a full oxidation of the
pore walls and are thus not expedient for a capacitive charging.

Subsequently, CV measurements in the range of 0.2 — 1.2V with scan rates from 10 —
50mVs~! are conducted. Figure 4.6(b) depicts these measurements. The bulk sil-
icon is also showing a capacitive behaviour. A linear regression of the currents, av-
eraged in the range of 0.6 — 0.8V yields a capacitance of cg; = 38.51 £ 0.08 pF, as
shown in Figure 4.6(c). Hence, bulk silicon has a surface-area-specific capacitance of
et = csi/(Asi - 1.00075) = 1.579 + 0.003 uF cm~2, which coincides well with the range
given in section 2.2. cg; is approximately a factor of 25 times smaller than the surface
specific capacitance of gold. The surface area specific capacitance cg; is an important
quantity and its determination is useful in this work and in other contexts.[233]

With the determination of cg; it is possible to compare the physical inner surface area of
the oxidised double epi-layer sample Asyps;i to the electrochemically active surface area. A
value of coxpsi/cg; = 1.20mF /1.579 pF cm ™2 = 760 cm? is obtained. This value translates
to a ratio of 760 cm? [Aoxpsi = 760 cm? /2106 cm? = 36.1 % of the physical inner surface
area. Hence, the electrochemically active inner surface area is only about one third of the
physical one. The disparity between these two values for surface area might have various
reasons. Due to the anodic oxidation procedure, parts of the porous silicon wall, espe-
cially thin parts, may be fully oxidised. Thus, they would be electrically insulating and
the pore wall above these sites are not longer electrically contacted. Hence, they would
not participate in the electrochemical capacitive charging, which would explain the reduc-
tion of electrochemically active inner surface area compared to the physical surface area.
Such a reduction of electrochemically active surface down to 30 % by anodic oxidation has
been reported.[246] This reduction might also be caused by the small dendritic side-pores,
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Figure 4.6.: Electrochemistry of oxidised bulk silicon. (a) Applied constant poten-
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tial of 1.2V on bulk silicon silicon with the course of current J. The red
line indicates a fit of J according to equation 2.49. (b) CV measurements
of oxidised bulk silicon in HClO,4 with scan rates from 10 — 50mVs~'. (c)
Values for the current J, averaged between 0.6 — 0.8 V are plotted versus scan
rate. The red line indicates a linear regression, which yields a capacitance of
csi = 38.51 £ 0.08 nF.



4.1. Morphological and Electrochemical Characterisation of Porous Silicon
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Figure 4.7.: Electrochemical impedance spectroscopy of electric double layer
charging of an anodically oxidised porous silicon electrode. (a) Char-
acteristic Nyquist plot of an anodically oxidised porous silicon electrode in
1mol L~! perchloric acid at a static applied potential of 0.2 V with frequencies
in the range of 100 kHz to 4.3849 Hz. The course closely resembles an electric
double layer charging process recognisable by a half-circle and the subsequent
vertical increase. The data points of this regime are plotted versus their in-
verse frequency f~!, which is depicted in the inset. A linear fit to the data
points yields a capacitance of cgig = 0.21 mF. (b) Mott-Schottky plot of an
anodically oxidised porous silicon electrode. The capacitances determined by
EIS are plotted in the form of cﬁIQS versus the respective static potential Fgtat.
A linear fit to the data yields a flatband potential of Vg, = 1.9+ 0.2V and a
doping concentration of N, = (3.1 40.1) - 10'9 cm 3.

discussed above and depicted in Figure 4.1(b). These can contribute to the physical sur-
face area but may not be electrically conductive. Since they have a small diameter, these
side-pores may be under the influence of the quantum-wire effect, discussed in section 2.4.
This would render them electrically insulating. Hence, they would not contribute to the
potential adjusted capacitive charging of the surface.

Lastly, an EIS characterisation is performed on oxidised porous silicon. Figure 4.7(a)
shows a characteristic Nyquist plot of an anodically oxidised porous silicon electrode with
a porous silicon layer thickness of 630nm in 1mol L~! perchloric acid. In the depicted
case, the static applied potential is set to 0.2 V. The depicted measurement points have
frequencies ranging from 100kHz to 4.3849 Hz. It is apparent that the Nyquist plot has
the characteristic features of an electric double layer charging. The onset of the half circle
is at Z.. = 8.38 ), which marks the resistance of the oxidised porous silicon WE. The half
circle is not as pronounced as in the exemplary plot in Figure 3.2(a) in section 3.1. The
diameter of the half-circle determines the bulk electrolytes resistance and here amounts to
82.1Q, which is in good comparison to the resistivity determined in literature.[251] Fol-
lowing the half-circle, —Z;;, converges to its cut-off frequency f. of approximately 4 Hz.
The intermediate regime between half-circle and cut-off is not pronounced. This indicates
that the electric double layer charging is not inhibited by the bulk-electrolyte resistance.
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In a next step, the low-frequency measurement points that are in the range with the ver-
tical line are analysed. A plot of —Z;,, versus f~! reveals the linear dependency. The
capacitance cgrg of the electrode is determined by a linear fit. Its slope equals (27TCE13)71,
see equation 3.5. Thus, for an applied potential Fga.t = 0.2V a value of cgig = 0.21 mF is
obtained, which is in the range of the differential capacitance of cqig = 0.26 mF determ-
ined by cyclic voltammetry.

The described procedure is repeated for different Fga¢ values in the range of 0.2 — 1.7 V.
The resulting capacitances are displayed as a Mott-Schottky plot in the form of CEES versus
FEgtat in Figure 4.7(b). It is apparent that the cgfs—values are decreasing with an increasing
potential until an ensuing plateau is reached around 1.5V. Overall, a linear dependency
of C]EIQS on Fgat with a negative slope is visible. Thus, the p-type doping of the silicon
material is confirmed. However, at around 1.0V a slight deviation from the linear beha-
viour that could be described as a peak is present. The presence of surface states would
result in such a deviation to higher values in the Mott-Schottky plot.[120] These surface
states are likely occurring on the oxidised surface of the pSi pore walls, as described in
sections 2.2 and 2.3. Apart from this deviation, a linear course is ascertained and a fit to
the data is performed. The fit yields two important parameters. Firstly, the intersection
of the fit with the abscissa marks the flatband potential Vi, = 1.9 £ 0.2 V. Thus, oxidised
porous silicon is in the depletion regime when electrochemical, e.g. CV, measurements are
conducted up until Vi,. An equal measurement is performed on anodically oxidised bulk
silicon with the same degree of doping. The respective Mott-Schottky plot is displayed
in the appendix in Figure A.3. It yields a flatband potential of 1.4 £ 0.1V and is, thus,
at a slightly lower potential compared to porous silicon. So, porous silicon seems to have
an increased flatband potential, which has been reported before in literature.[170, 252]
The value determined here for the flatband potential is larger than a flat band potential
of Vi, = 0.38V found in literature.[253] However, the cited study is performed on bulk
silicon with four orders of magnitude lower doping density and in an HF solution. Porous
silicon with a higher conductivity investigated in a non-HF aqueous electrolyte might have
a higher flatband potential, as seen here.[254]

Moreover, the fit’s slope s yields the doping concentration N, by equation 3.6. The
equation requires the electrochemically active surface area A, which can be inferred
by caif/cly = 0.26mF/1.579pF cm™2 = 164.7cm?. Hence, a doping density of N, =
(3.1 4£0.1) - 10 cm ™3 is obtained. The value is slightly larger than the doping density
provided by the distributor. However, the analysis performed on oxidised bulk silicon
yields N, = (2.6 £0.3) - 10! cm ™3, which is in good agreement with the doping density
found in porous silicon.

With the knowledge of the flatband potential Vg, and the doping density N, the width
of the SCR in oxidised porous silicon is determined by equation 2.21. The boundaries
of the range of applied potential are 0V and 1.2V and yield widths of 8.9 + 0.2nm and
5.4 £ 0.1 nm, respectively. The widths of the space charge region seem to be reasonable
since the pore wall thickness is situated in the same range.

All in all, the analysis of the electrochemical characteristics shows that an anodic ox-
idation procedure on porous silicon yields stable capacitive features. Thus, anodically
surface-oxidised porous silicon can be considered as ideally polarisable.
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4.2. Dilatometry

Next, porous silicon is investigated with the scope on a possible actuation of a macroscopic
sample, in response to the electrosorption of anionic charge carriers in the capacitive po-
tential region. The porous silicon sample is installed in the dilatometer and immersed in
HCl1Oy electrolyte solution. The section of the sample that is in contact with the electro-
lyte solution has a length of Iy = 0.48 £ 0.01 cm and a width of w = 0.285 4+ 0.001 cm.
Thus, the sample has an outer volume of Vjg; qila = 1.368 mm?.

Recording the sample length [ change during a CV measurement allows a direct and
comprehensive characterisation of the electrosorption-induced actuation. The respective
measurements are depicted in Figure 4.8(a)-(d).! The dilatometer measurement is conduc-
ted in the reduced potential range of 0.8 V to 1.1V that has already been used to explore
the capacitive features of porous silicon, see Figure 4.3. In the actuation measurement
the scan rate is set to 30 mV s~'. While the applied potential is reversibly changed from
lower to upper vertex potential (see Figure 4.8(a)), the current is measured and thus it
is possible to quantify the accumulated charge. Normalised to the sample volume Vjs; dila
it is referred to as the volume specific charge ¢y, depicted in Figure 4.8(b). The course
of qv visibly coincides with applied potential F in a linear fashion. Thus, an increase in
potential causes charge carriers to accumulate in the electric double layer. Vice versa, a
decreasing potential leads to a reduction of charge carriers. Similarly, the strain ¢ linearly
follows E and qvy, albeit with an inverse proportionality, i.e. a proportionality with a neg-
ative sign, see Figure 4.8(c). Thus, an increase in potential prompts an accumulation of
charge carriers, which is in turn responsible for a contraction of porous silicon. The sub-
sequent decrease in potential deprives charge carriers from the double layer. The result is
an expansion. The change of the strain is clearly visible, although the amplitude is small
and noise almost exceeds the signal. However, the strain amplitude exhibits no sign of
a decrease. From cycle to cycle, it repeatedly reaches a level of —0.0006 %. Changing
the scan rate is not affecting the amplitude of the electrosorption-induced actuation. At
scan rates larger than approximately 100mV s~! the time resolution of the dilatometer is
not sufficient to resolve the actuation. Overall, the strain measurement demonstrates a
robust, reversible actuation induced by charge carrier electrosorption on the porous silicon
surface.

Additionally, an average of € and gy, conducted over five cycles of the CV measurement,
yields further details about the actuation. The strain amplitude average is ¢ = ((4.16 +
0.03) - 107%) %. This amplitude translates to a change in length of Al = 19.97 +0.14nm.
Figure 4.8(d) depicts a plot in the associated potential range of averaged strain e versus
accumulated specific charge ¢v. The plot exhibits the linearity between the two measured
parameters. A linear data fit yields the corresponding strain-charge coupling parameter

5xpsi = —0.0129 +£3- 10~ mm? C~.
Overall, the actuation measurements conducted in an electrochemical in situ dilatometry

! As a side note, the figures displaying actuation measurements will have a small, schematic illustration
in the upper right corner. As the actuation measurements are resembling each other, the illustration
is supposed to clarify which specific experimental situation is explored in the respective figure. The
illustrations either show a dilatometry or a laser cantilever bending setup. Furthermore, by the colour
of the pores it is specified if either bulk silicon (no pores), electrolyte-filled porous silicon (blue pores)
or polypyrrole-filled porous silicon (green pores) is examined. The electrolyte is symbolised by the
molecules surrounding the sample. Either perchlorate (red and blue molecules) or sodium chloride
(green and blue molecules) are displayed.
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Figure 4.8.: Electrochemical actuation measurement of porous silicon. Curves
of the electrosorption-induced actuation measurement with a scan rate of
30mVs~!, as (a) five representative potential cycles E, (b) resulting volu-
metric charge gy and (c) resulting effective change in strain e of porous sil-
icon conducted in perchloric acid. (d) Averaged strain e versus accumulated
volumetric charge gy and a linear fit to determine the strain-charge coupling
parameter A*.
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study exhibit a measurable actuation of porous silicon caused by electrosorption of ions on
the porous silicon surface. Qualitatively, an inverse proportionality of strain in dependence
on the accumulated charge can be inferred. However, the actuation amplitude is small
with respect to noise and in absolute terms. The bulk silicon, which is located between
two adjacent porous silicon layers, definitely hinders a free expansion and contraction of
the porous silicon layers. Thus, the determined amplitude of the strain-charge coupling
parameter studied on a double epi-layer geometry can only be considered to be correct
within an order of magnitude, at most. Summarising, the experiments conducted are
qualitatively valuable, but for a quantitatively reliable study another method is needed.
An in situ laser cantilever bending setup is chosen here.

4.3. Laser Cantilever Bending

The method utilised in this section is in situ laser cantilever bending, described in detail
in methods section 3.5. The laser cantilever bending method uses a thin porous silicon
layer, whose actuation is supposed to be probed, to be attached to an underlying bulk
silicon layer. Here, the bulk silicon clamps the adjacent porous silicon layer. Therefore an
actuation of the porous silicon layer results in a bending, which can ultimately be trans-
lated into a changing film stress of the porous silicon layer, according to equation 3.9.
Hence, the clamping of the porous silicon is not detrimental in this method, whereas in
the in situ dilatometry study it represents a major disadvantage. Furthermore, the in situ
laser cantilever bending study is simple to bring in accordance with the requirements of
porous silicon. Concerning establishing an electrical contact the adjacent bulk silicon is
an intrinsic component of the sample design. Overall, laser cantilever bending is a sens-
itive experimental method to investigate the electrosorption-induced actuation of porous
silicon.

The sample for the cantilever bending study is prepared in the above established manner
and the characteristics of the fabricated porous silicon are checked by nitrogen sorption
isotherm. The etching time is set to 1 min so that a porous silicon layer with a thickness
of hy = 630nm is formed. The underlying bulk silicon has a thickness of h = 109.37 pm.
The sample is prepared from this material by cleaving. It has a rectangular shape with a
length of I = 2.990 4+ 0.002 cm, a width of w = 1.796 £ 0.002 cm and thus a volume of the
porous silicon layer of V,5; cg = 0.338 mm?, where the abbreviation CB denotes cantilever
bending.

Afterwards, the sample is installed in the in situ electrochemical cell of the cantilever
bending setup. Firstly, the sample is oxidised with a potential of 1.2V for 20h. The res-
ulting course of the current is shown in Figure 4.9(a). The already known drastic decrease
in current is visible here as well. A successful fit with equation 2.49 approximates the
course of J well. This is in clear contrast to porous silicon with larger thicknesses. Hence,
a 630nm thin porous silicon layer apparently exhibits the same anodic oxidation kinetics
as bulk silicon, whereas it is noticeably hindered in porous silicon beyond a thickness of
25.41um. This would corroborate the theory, discussed in response to Figure 4.2(a) that
the porous silicon morphology and the charge transport within is responsible for the re-
tardation, as the effect is smaller for thinner layers and thus a smaller influence of the
porous silicon morphology. A significant film stress of Ao = 42.06 MPa accompanies the
anodic oxidation procedure. It increases asymptotically, as the current declines. It can be
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Figure 4.9.: Electrochemical characterisation of porous silicon used for in situ
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laser cantilever bending. (a) Applied constant potential of 1.2V on a
porous silicon epi-layer cantilever with a porous silicon thickness of 630 nm.
Depicted is the course of current J (black) and the simultaneous change in
film stress Ao (red) in the in situ cantilever bending setup. The orange
line indicates a fit of J according to equation 2.49. (b) Cyclic voltammetry
measurements of porous silicon in 1 mol L~! HCIOy electrolyte solution. The
current J is plotted against the applied potential E in the range of 0.0—0.9'V.
The potential scan rate is increased from 10mVs~! to 200mVs~1.
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explained by the different lattice constants of the remaining silicon in the pore walls and
the adjacent silicon oxide layer on top.[141]

Figure 4.9(b) depicts cyclic voltammetry measurements in a potential range of 0.0 — 0.9V
with scan rates from 10 — 200mV s~! for porous silicon after anodic oxidation. These
measurements exhibit the established capacitive characteristics. The CV with a scan rate
of 200mV s~! features a peak in the up-sweep at 0.553 V and another peak in the down-
sweep at 0.431V. In total, the two peaks resemble the redox couple, already discussed
with respect to Figure 4.2 for the oxidised double epi-layer pSi. By contrast, the peak here
is not as pronounced, which might be due to the reduced thickness of the layer. The ana-
lysis, see Figure A.4 in the appendix, yields a capacitance of cpsic = 0.466 &= 0.004 mF.
This value translates to 1377 mF cm 2, which is slightly more than the value determined
in the dilatometry study but still in the same order of magnitude.

The measurement of the change in film stress Acg in situ in the laser cantilever bending
setup, in response to a CV measurement, enables a comprehensive characterisation of
the electrosorption-induced actuation. The respective measurements are shown in Fig-
ure 4.10(a)-(d). The potential is reversibly changed from 0.0V to 0.9V (4.10(a)). The
change in curvature Ak is not displayed in the figure. It is already converted to a change
in film stress Ao, according to equation 3.9. The volumetric charge ¢y follows the change
in potential in a clear linear manner (4.10(b)). So, an increasing potential leads to an
accumulation of charge and vice versa, a decrease in potential is responsible for a de-
crease in charge. Thus, the potential response of ¢y coincides with the already established
characteristics from the dilatometer measurements, see Figure 4.8 and the accompany-
ing discussion. In a similar manner, the film stress Ao reversibly shifts from a level of
—210kPa to 170kPa (4.10(c)). The film stress has to be slightly corrected. Thereby,
it is not starting at and is not centred around zero, which is acceptable since only the
relative change in surface stress is measured. From cycle to cycle, Ao exhibits no sign of a
decrease. However, as opposed to ¢y, the dependence of Ao on potential E has an inverse
proportionality. Thus, a decrease in E deprives the electric double layer of charge and
leads to an increase in film stress Ao. Hence, the porous silicon layer expands. Vice versa,
a contraction of the silicon wafer and, thus, a decrease of Ao is caused by an increasing
potential and the accompanying accumulation of charge. This dependency of the sample
length change on potential and charge has already been established by the dilatometry
measurements, see Figure 4.8, and thus confirms these results. Overall, the experiment
demonstrates the robust and reversible actuation by electrosorption of porous silicon.
Furthermore, averaging Ao and gy over five cycles, yields further characteristics of the
actuation. The mean peak-to-peak amplitude of film stress and charge are Acay,, =
406.3 + 0.3kPa and qv,,, = 1.54 £0.04mC mm 3, respectively. Figure 4.10(d) shows the
two quantities in a plot of Ao versus ¢y in the associated potential range of 0.0 — 0.9V.
The inverse proportionality is confirmed. However, the relation of the two is not entirely
linear. It is evident that the slope of Ao on gy is smaller in the lower end of the range at
approximately —0.8 to —0.4mC mm 3 than in the higher end. Moreover, the plot exhibits
a hysteresis between up- and down-sweep from —0.4 mC mm ™3 onwards. This hysteresis
is observed for all scan rates. Therefore, the surface stress state of the electrode might
not be solely dependent on the capacitive volumetric charge ¢v. The hysteresis might be
present due to specific adsorption of ions on the electrode surface.[80] Perchlorate anions
are known to specifically adsorb on certain electrode surfaces.[255] Nonetheless, a linear
fit is performed to determine the corresponding coupling coefficient £, which connects film
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Figure 4.10.: In situ laser cantilever bending experiments on electrosorption-
induced actuation of porous silicon. Electrosorption-induced actuation
measurement conducted in perchloric acid with a scan rate of 10 mV s~! with
(a) five representative potential cycles E between 0V and 0.9V, (b) resulting
volume specific charge gy and (c¢) induced change in film stress Ao in porous
silicon. (d) Film stress change Ao versus accumulated volume specific charge
qv averaged over five respective cycles. The linear fit yields the stress charge

34 coupling parameter £ = —296 & 1 mV.



4.3. Laser Cantilever Bending

stress to charge. The result is £ = —2964+1mV. Thus, by the determination of £ a measure
for porous silicon is obtained that allows an assessment of the electrochemo-mechanical
coupling that drives the actuation.

4.3.1. Isotonic Saline Solution

To explore if the electrosorption-induced actuation exhibits different characteristics with
another electrolyte, analogous measurements are conducted. An isotonic saline solution,
i.e. aqueous sodium chloride with a concentration of 154 mmol L™!, is used. Since it is om-
nipresent in biological and medical environments, the saline solution simulates a possible
in vivo application of porous silicon and its associated actuation. The respective meas-
urements are depicted in Figure 4.11. Section (a) shows CV measurements conducted in
the same potential range of 0.0 to 0.9V with scan rates of 10mVs~! to 100mVs~!. An
equal capacitive regime in the chosen potential range is visible, as before with perchlorate
anions. Thus, a fit of the averaged current yields the capacitance, as depicted in the ap-
pendix in Figure A.5(a). The result is cpsi cBiso = 0.473 £ 0.003 mF, which is in excellent
agreement with the capacitance cpsi cp = 0.466 - 0.004 mF obtained before with perchlor-
ate anions. The aforementioned suspected redox peak, here at approximately 0.5V might
be less pronounced.

In Figure 4.11(b) the electrosorption-induced actuation measurement with the NaCl elec-
trolyte is displayed. A scan rate of 10mVs~! is used. The film stress Ao exhibits the
established characteristics. Namely, in response to a change of E and thus ¢y, the film
stress follows with an inverse proportionality. In an equal manner to the evaluation of the
measurements using perchloric acid, both film stress and volumetric charge are averaged
over five cycles. This yields an amplitude for the film stress of Ao = 503.2+ 0.5 kPa. The
volumetric charge gy remains in the range of —0.8 to +0.8 mC mm™3. In the relation of
Ao to gy the same hysteresis is present, as depicted in the appendix in Figure A.5(b).
Thus, the hysteresis seems not to depend on the type of anion used. The fit yields a
film stress charge coupling coefficient of —374 £ 2mV. Compared to HC1O4 this means a
larger £ in terms of absolute value. This increase might be explained by a difference in
the electrosorption of ion species used — perchlorate in comparison to chloride anions.

4.3.2. Actuation Kinetics

In a next measurement, the kinetics of the actuation mechanism are characterised. A step-
coulombmetry measurement with a rectangular potential F is performed, as described in
the methods section 3.1, while the response of the film stress and the volumetric charge
are measured. The measurement is performed in an HClOy4 electrolyte and is depicted
in Figure 4.12(a) and (b). Section (a) of the graph shows the measurement over a total
of five cycles of up and down potential steps from 0.0V to 0.9V and back. Potential
E, volumetric charge gy and film stress Ao are plotted versus time ¢t. On a decreasing
potential step, the film stress increases to a plateau of +310kPa while ¢y asymptotically
decreases to a level of —0.182mC mm™2. Vice versa, upon a potential increase to 0.9V,
film stress and volumetric charge reverse to values of —65kPa and +0.125 mC mm™3, re-

spectively. Thus, it is interesting to note that the volumetric charge amplitude is about
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Figure 4.11.: In situ laser cantilever bending experiments on electrosorption-
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induced actuation of porous silicon immersed in isotonic saline
solution. (a) CV measurements in an isotonic saline solution (154 mmol L.~}
NaCl aq.) with different scan rates, 10 — 100mV s~!, in the potential range
of 0.0 —0.9 V. The obtained capacitance is cpsi cB,iso = 0.473 +0.003 mF, cf.
Figure A.5(a) in the appendix. (b) Respective curves of the actuation meas-
urement conducted with 10mV s~! in a plot versus time. Five representative
potential cycles with E (green), ¢y (red) and Ao (blue). The analysis of film
stress Ao versus accumulated volume specific charge ¢y averaged over five
cycles yields £ = —374 £ 2mV, see Figure A.5(b) in the appendix.
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Figure 4.12.: Kinetic laser cantilever bending measurement of electrosorption-
induced actuation of porous silicon. Step-coulombmetry measurement
of actuation kinetics performed in HClO4 with potential E (green) steps of
0.0V to 0.9V and back while film stress Ao (blue) and volumetric charge
gv (red) are measured. (a) Entirety of the measurement with five cycles of
up and down steps, whereas part (b) shows a close up of the first potential
increase at time tg. In (b) the course of gy is approximated by a fit with the
sum of two exponential functions (black), according to equation 4.1.
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an order of magnitude smaller than amplitude qv,,, in the respective CV measurement
— especially, since the measurements are conducted in the same potential range. In the
rectangular potential measurement a value of approximately +0.3mC mm™2 is obtained,
whereas the charge amplitude for the respective CV measurement is 1.5440.04 mC mm 3.
This comparison indicates that the manner in which the potential is applied has a no-
ticeable influence on the amount of charge accumulated, which is indeed also observed for
nanoporous carbon.[256]

The course of gy upon charging and discharging is approximated by a fit in the form of a

sum of two exponential functions

qv = Qampl ’ [1 - A eXp(it/Tl) - (1 - A) ’ eXp(it/TQ)] ) (41)

where QQamp1 and A denote parameters for the fit amplitude. 71 and 72 yield characteristic
time constants of the two exponential functions. An approach according to equation 4.1
has been reported to appropriately fit the charge course of supercapacitor materials in
response to square potential steps.[256, 257] Section (b) of Figure 4.12 depicts an ex-
ample of the function to fit gy on a potential increase. It is visible that the function
approximates the course well. For each of the five potential increases and decreases gy
is approximated and subsequently the fit parameters are averaged. The characteristic
response times 71 and 7y are of particular interest and will be compared to the mechanical
response dynamics. The averaging procedure yields 7 ¢, decr = 0.07240.005 s for the fast
volumetric charge decrease, 7 g decr = 3.3 £0.5s for the slow volumetric charge decrease,
T1,qv,incr = 0.46 £ 0.02s for the fast volumetric charge increase and 7 g iner = 5.7 £ 0.1
for the slow volumetric charge increase. Thus, the porous silicon charge transfer operates
on two different time scales. For both parameters, i.e. 71 and 79, the response time is
noticeably quicker upon discharging than charging. The film stress Ao reaction to the
change in potential is faster than the time resolution of the laser cantilever bending setup,
as shown in Figure 4.12(b), where Ao is shown in a close up. Ao basically decreases
from the upper to the lower level within one single measurement point. Therefore, the
mechanical response of porous silicon can be narrowed down to a time scale below 1s. It
is thus faster than the overall charge transfer dynamics. Due to their similar time scales,
the kinetics of the Ao response seem to be associated with the faster charge transfer
process, i.e. the one described by 7. It can only be speculated, but it might be that a
fast formation of the Stern layer closest to the wall is responsible. By contrast, a slower
build up of the diffuse Guy-Chapman layer would thereby only negligibly contribute to
the electrochemo-mechanical coupling.

The timescale t. of charge transfer may be estimated by considering ion diffusion. As-
suming an ideal cylindrical pore [258, 259]

o )\7D£12)ore

c — r D 7

where r denotes the pore radius and is, as determined above, r = 3.3nm. £, = 630 nm
is the pore length or the thickness of the porous silicon layer. Ap is the Debye length, in-
troduced in section 2.2, and according to equation 2.5, A\p = 0.304 nm, with a perchlorate
concentration of 1molL~!. D denotes the diffusion coefficient and can be approximated
by ~ 2-1079m?s71.[260] With these values the timescale equals ¢. ~ 18ps. Thus, . is
much smaller than the experimentally determined time scales of charge transfer. How-
ever, silicon oxide exposed to aqueous electrolytes is, at least partially, hydroxylated and

(4.2)

88



4.3. Laser Cantilever Bending

thus hydrophilic. The formation of approximately 1 nm thick interfacial water layers of a
viscous character is experimentally found.[261-264] These layers are also investigated in
computer simulations.[265-267] The self diffusivity of water in these layers is suggested to
exponentially increase towards the surface. The extent of this effect can reach up to two
orders of magnitude larger than in bulk water.[267] Hence, the deviation of the idealistic
assumptions made in equation 4.2 and the significantly retarded observed charge transfer,
might be ascribed to these interfacial layers. In particular, assuming a bulk diffusivity
for the perchlorate ions inside a highly porous material might be imprecise because of
distinct confinement effects of the pores. The large roughness of the pSi pore wall, with
its side-pores, might furthermore add to the retardation, as an effective diffusion length
could be increased.

4.3.3. Bulk Silicon Surfaces

The electrochemo-mechanical response of porous silicon has been investigated extensively.
In addition to these experiments, an equivalent study on a planar, bulk silicon surface
will be discussed. These comparative measurements enable detailed mechanistic as well
as quantitative insight into the porous silicon actuation itself.

Oxidised bulk silicon, used for the cantilever bending study, is prepared with the estab-
lished procedure. The back side is covered by a non-conductive thermal oxide layer, as
described in the methods and materials section 3.5.2. On the front side, in an HC1O4 elec-
trolyte a potential of 1.2V is applied for a time of 15 h so that current J approaches a value
of approximately 50nA. Next, CV measurements in the potential range of 0.3V to 1.1V
are performed to confirm the capacitive characteristics of the bulk silicon sample. Indeed,
the measurement, depicted in Figure 4.13(a), compares well to the measurement on bulk
silicon already performed and discussed above in section 4.1 in response to Figure 4.6. A
capacitance of csj cg = 10.07 £0.08 uF is obtained, see Figure A.6 in the appendix. Thus,
the bulk silicon has a surface area of Ag;cp = csicp/cg; = 6.38£0.05 cm?, which fits well
to the geometrically determined surface area. The accumulated charge will be normalised
to this specific surface area Ag;cp in the actuation measurements analysis.

A laser cantilever bending measurement is conducted during a CV to validate if a chan-
ging potential and thereby capacitively accumulated charge in the electric double layer
induces a measurable change in surface stress of planar, bulk silicon. The respective meas-
urement conducted in the same potential range with a scan rate of 20mV s~! is depicted
in Figure 4.13(b). The bending of the wafer is already converted to a change in surface
stress A f by equation 3.8. Indeed, the cantilever bending setup is able to detect a quan-
tifiable change in Af upon a linearly varying potential £. Due to its importance, to
highlight this point — the laser cantilever bending setup provides the necessary sensitivity
to measure an electrosorption-induced actuation of bulk silicon. The measurement shows
that the change in surface stress Af coincides in phase with applied potential £ and the
surface specific charge ga. So, an increase in potential accumulates charge on the silicon
electrolyte interface and leads to an increase in surface stress. Vice versa, a potential
decrease causes a decrease in g5 and surface stress. The amplitude of the surface stress,
averaged over the ten displayed cycles is 8.9 £ 0.5mNm™!. Af has a noticeably lower
signal to noise ratio, compared to the measurement of the porous silicon film stress Ao.
This can be explained by the respective bending radius of the two different samples. For
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Figure 4.13.: In situ laser cantilever bending experiments on electrosorption-
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induced actuation of planar, bulk silicon. (a) CV measurements on
planar, bulk silicon in perchloric acid performed in the laser cantilever setup
with scan rates from 10mV s~! to 100 mV s~! in the potential region of 0.3V
to 1.1V. (b) Change in surface stress Af (blue) during a CV measurement,
performed with a scan rate of 20mV s~! with potential E (green) cycled in
the range of 0.3V to 1.1V in HC1O4 with the accompanying signal of surface
area specific capacitance ga (red). (c) Change in surface stress A f versus spe-
cific charge ga. Independent determination of the electrocapillary coupling
coeflicient ¢ by linear regression, which yields a value of ¢ = 4-0.6574+0.007 V.
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the electrosorption-induced actuation of porous silicon the peak-to-peak value of Ax~! is
approximately 0.7km ™" and thus about one order of magnitude larger than the value for
the bulk silicon sample, which is approximately 0.04km™?.

Figure 4.13(c) shows a plot of Af with respect to ga. The plot emphasises the linear
relation of the two variables even more. The electrochemo-mechanical coupling of surface
stress to accumulated charge is evaluated by a linear fit to the data. It is indicated by a red
line. The slope of the fit marks the electrocapillary coupling parameter ¢ and amounts to
¢ = +0.657+0.007V. Thus, the absolute value of the electrocapillary coupling parameter
for an oxidised silicon surface is approximately a third of ¢a, = —2.0V for gold. However,
the fact that the sign of ¢ is positive for an oxidised silicon surface, distinctively distin-
guishes silicon. All in all, the successful determination of the material parameter ¢ for
silicon is significant, as it is a useful materials parameter in the context of electrochemical
investigations of silicon. The experimental quantification of ¢ for silicon marks a first, as
far as the author can tell.

4.3.4. Surface Tension at Bulk Silicon Surfaces

Overall, the in situ laser cantilever bending setup enables a direct measurement and
characterisation of the surface stress Af on a planar, bulk material’s interface with an
electrolyte solution. Thus, as an independent method, the setup is suitable for a reliable
determination of the electrocapillary coupling parameter ¢ of silicon, which is a funda-
mental materials parameter. As already described in section 2.5, the in situ cantilever
bending setup furthermore enables a simultaneous measurement of surface stress Af and
surface tension A~. A change in surface tension is inferred from the electrochemical sig-
nal of the CV measurement. A< is equated to the surface specific charge, as described
by the variation of the Lippmann equation 2.61. Through integrating dv = —gydFE, see
equation 2.58, a potential-dependent description of the surface tension in the form of
Av(E) = v(F) — 70 can be obtained.[10] Thus, to highlight this point, an integration
of the measured surface specific charge with respect to the applied potential yields the
respective change in surface tension Avy. The result is shown in Figure 4.14. It is clearly
visible that the obtained shape of the surface tension is in the characteristic form of a
negative parabola that decreases when the potential departs from the maximum. This
characteristic course is in accordance with equation 2.59. Thus, the two fundamental
electrocapillary quantities react in distinctly different manners, as the surface stress Af
varies linearly with both the potential and the surface specific charge, as Figure 4.13(a)
and especially (b) display. Furthermore, the amplitude of the surface stress df is larger
by a factor of approximately four. The maximum of the A~ curve has here arbitrarily
been set to zero since the method does not allow an absolute determination of the state
of surface tension, only the relative change A~. Furthermore, the Figure displays three
curves, for three different potentials of zero charge F,. of 0.55V, 0.60V and 0.65V. The
determination of F,. requires an independent method. Knowledge of E,. would be ideal
for a complete electrochemical characterisation of bulk silicon, albeit the necessary chal-
lenging measurement.[80, 268, 269] However, in this work, E,. is not of relevance since
the discussion of surface tension on bulk silicon is only briefly introduced to demonstrate
the distinct differences between the two parameters surface stress and tension.
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Figure 4.14.: Surface tension analysis of bulk silicon. Analysis of the change of
surface tension A~ of the planar, bulk silicon sample installed in the in situ
laser cantilever bending setup during a CV measurement. The ga signal from
the CV measurement, depicted in Figure 4.13(a), conducted with 20 mV s~*
in the potential range of 0.3V to 1.1V, is integrated with respect to FE.
The result is surface tension in dependence of applied potential E, with the
characteristic parabola shape.

4.3.5. n-Type Porous Silicon

The experiments up until this point have been performed on p-type bulk or porous silicon.
For n-type silicon, an opposite proportionality in the electrochemo-mechanical coupling
of surface stress in response to the presence of charge carriers in the electric double layer
is predicted, as described in section 2.5.[82] Thus, an increase of potential and an accu-
mulation of charge carriers would lead to an expansion of the porous silicon and not a
contraction, as observed for p-type porous silicon, see Figure 4.10(c), and vice versa. In
situ dilatometry measurements on double epi-layer n-type porous silicon are conducted
to explore if the described dependence is observed. Moreover, an in situ laser cantilever
bending experiment on n-type bulk silicon is performed to investigate the actuation char-
acteristics of the planar, non-porous surface.

n-type double epi-layer porous silicon is fabricated according to the details in section 3.2.
The thicknesses of the porous silicon layers on front and back side are determined by SEM
micrographs. They are 43 pym and 45 pm with 20 pm of bulk silicon remaining in between.
A nitrogen sorption isotherm, depicted in Figure 4.15(a), shows the typical characteristics
as discussed above for p-type porous silicon concerning Figure 4.1(c). The evaluation for
n-type porous silicon leads to a slightly larger pore radius of r = 6.01 nm and a smaller
porosity of ®,_iype = 27.82%. Overall, the fabricated n-type porous silicon has very
similar morphological characteristics as its p-type counterpart. Small side-pores, which
branch off the main pore, are also found in n-type porous silicon, see Figure 4.15(b), al-
though these are not as distinct as in p-type porous silicon.

The sample is equally prepared by an anodic oxidation step in HCIO4 for 14h. For a
significant decrease of current J to a final value of 13 nA a higher potential of 2V has to
be applied. This can be attributed to the doping type, as discussed in section 2.3, since
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Figure 4.15.: n-type porous silicon. (a) Nitrogen sorption isotherm recorded of double
epi-layer porous silicon which has been fabricated from n-type silicon as a
base material. The inset shows the pore radius distribution obtained by an
analysis with the BJH model. (b) SEM profile micrograph of n-type porous
silicon.

the necessary hole charge carriers for the oxidation have to be produced by an increased
potential. In literature a potential of 2V has been reported for the doping level of this
silicon type, which fits perfectly.[270] CV measurements conducted in the potential range
of 0.3V to 0.4V with scan rates of up to 50mV s~—!, depicted in Figure 4.16(a), display
the characteristics for a purely capacitive CV behaviour. The analysis of the measure-
ments, depicted in Figure A.7 in the appendix, yields a linear dependence of averaged
current J on the scan rate and a capacitance of ¢,_type = 1.06 £ 0.025 mF, which is in
the same order of magnitude as the capacitance for p-type porous silicon. However, this
specific potential range and scan rate is not sufficient to resolve an actuation. Therefore,
the potential range is stretched to an upper vertex point of 1.45V, up to which the CV
may be described as mostly capacitive. For scan rates from 75mVs™! to 300 mV s~! it is
possible to resolve an actuation. The actuation measurement with the fastest scan rate
is shown in Figure 4.16(b). It is visible that the change in strain e follows the potential
FE and the accumulated specific charge ¢y in an inversely proportional manner. In this
regard n-type porous silicon is equal to p-type one. However, the analysis of the resulting
coupling of € to ¢y, which are both averaged over the five depicted cycles, shows that
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Figure 4.16.: Electrochemical and actuation characterisation of n-type porous
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silicon. (a) CV measurements with different scan rates in the potential
region of 0.3V to 0.4V. (b) Electrochemical actuation measurement with
a scan rate of 300mV s~! in HClO, displayed versus time, as five potential
cycles of E (green), gy (red) and ¢ (blue). (c) Averaged strain e versus
accumulated volume specific charge gy. The respective linear fit yields

A iype = —0.0049 £ 0.0002 mm? C 1.



4.3. Laser Cantilever Bending

the relation between strain and charge is not as linear as for p-type porous silicon. The
relation for n-type porous silicon is depicted in Figure 4.16(c). Furthermore, the fit for
the resulting strain-charge coupling parameter Aj_; . = —0.005 £ 0.002 mm? C~! only
has a coefficient of determination R? = 0.75, which reflects the poor linear fit. A% . . is
about 38 % smaller than for p-type porous silicon.

Next, n-type bulk silicon is investigated in the in situ laser cantilever bending setup. It
is equally undergoing an anodic oxidation procedure, by applying a potential of 2.0V for
15h. After the anodic oxidation procedure, a CV measurement is conducted from 0.0V
to 4.0V with a scan rate of 500mV s~!, as the CV measurement is capacitive in this po-
tential region, see Figure A.8 in the appendix. A noticeable change in surface stress Af
can be observed in response to the applied potential £ and is shown in Figure 4.17(a).
In particular, the surface stress changes linearly with F and also with accumulated sur-
face charge ga. Most importantly, the surface stress change is in phase with the two.
This also becomes apparent in a plot of surface stress versus accumulated charge, as
depicted in Figure 4.17(b). The electrocapillary coupling parameter is determined as
Sn—type = +0.500 £ 0.001 V and is thus about 2/3 of the value for p-type bulk silicon. The
dependence of Af on F and ¢ga has a positive sign. Therefore, it can be ascertained that
the proportionality of p-type and n-type bulk silicon is the same and an opposite propor-
tionality, as predicted in literature [82] cannot be confirmed here. However, it has to be
mentioned that the cited work simulates pure silicon surfaces, in contrast to the oxidised
surfaces investigated here. Overall, neither the dilatometry study on porous silicon nor
the in situ cantilever bending experiment on bulk silicon reveal a mechanistic difference
of electrochemo-mechanical coupling in n-type compared to p-type silicon.

4.3.6. Analysis of Electrosorption-Induced Actuation

The measurements conducted here, demonstrate that an actuation effect through the accu-
mulation of charge carriers on the surface, thus an electrosorption-induced actuation, can
actually be observed on porous silicon and bulk silicon. Next, the analysis of the results
will focus on the mechanistic comparison of planar, bulk silicon with the morphologically
more complicated porous silicon material. Therefore, a modelling approach is adduced
as a means of evaluation the dependence of a microscopical length change /1 on surface
stress Af. The study of the model assumes various pore geometries. A model assuming
granular array of solid spheres is used to approximate the isotropic porous media nan-
oporous gold. For this specific material, the model is able to achieve a good agreement
with a conducted numerical simulation.[271] Another pore model assumes an idealised
porous material morphology that possesses straight, cylindrical pores with a smooth pore
wall.[271] These pores are hexagonally arranged and parallelly oriented and the pores
stretch orthogonally to the sample surface from top to bottom.[271] Thus, the model ap-
propriately replicates the basic properties of porous silicon as a first order approximation
and is therefore utilised here. Accordingly, the change in length 6/l is described by [271]
of (1=v)

51/[—55——3—1(@, (4.3)
where « denotes the fraction of solid volume and is therefore related to the porosity by
a=1-& K = 97.8GPa and v = v119 = 0.064, as stated in section 2.1, are bulk
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Figure 4.17.: Electrosorption-induced actuation on n-type planar, bulk silicon.
(a) Change in surface stress Af (blue) during a CV measurement, performed
with a scan rate of 500 mV s~! with potential E (green) cycled in the range
of 0.0V to 4.0V in HCIO4 with surface area specific capacitance ga (red).
(b) Change in surface stress A f versus specific charge ga. Determination of

the electrocapillary coupling coefficient ¢ by linear regression, which yields
a value of ¢,_type = +0.500 £ 0.001 V.
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modulus of silicon and Poisson’s ratio in the [110] direction, respectively. 6/ is identified
with the here used quantity e for strain, see equation 2.65. An expression for an effective
strain-charge coupling coefficient A*, see equation 2.66, can thus be introduced as
ol o U=y df | a (1-v) (4.4)
dgv 3K (1 —2v)dgy 3K (1—2v)
With the value of ¢ = +0.657V determined for bulk silicon in the respective actuation
measurement, see Figure 4.13, the strain-charge coupling parameter equates Ag op =
—0.0015 4 0.0002 mm?3 C~1,
Next, a strain-charge coupling coefficient is determined for porous silicon. Essentially,
the stress related characteristic parameters gained from the in situ cantilever study are
converted to strain related quantities and, thus, allow a comparison between bulk silicon
and porous silicon results. If the porous silicon layer is assumed to be in a state of plane
stress, the characteristic film stress charge coupling coefficient £ is transformed into a
strain coupling parameter by .
«_ Cll

A PO €. (4.5)
Here, £ = —296 + 1mV is used, which is determined in the measurement with a HC1O4
electrolyte, see Figure 4.10. ¢|| and Y| denote the strain as well as the Young’s modulus in
the plane of the porous silicon film. This analysis of the strain-charge coupling parameter
according to the equation requires a comprehensive knowledge about the mechanical prop-
erties, in particular the in-plane Young’s modulus. For its determination an independent
measurement method has to be deployed.
Porous silicon represents a challenging material for the assessment of its mechanical prop-
erties due to the anisotropic crystal structure, see section 2.1, and intricate sample geo-
metry, i.e. thin porous silicon layers. This sample geometry renders techniques, such as
tensile test measurements or compression tests in a universal testing machine, hard to con-
duct. Indentation, another example of a classical method, has been utilised to investigate
the elastic properties of porous silicon, under the assumption of mechanically isotropy
of the material, though.[272] Such an assumption represents a gross underestimation of
the material’s complexity, neglecting the impact of the porous silicon pores, in particular
their orientation, collective morphology and crystalline matrix.[273] Apart from indent-
ation, other frequently used methods are in the realm of ultrasound techniques, either
pulse-echo or through-transmission in the MHz range or acoustic microscopy in the GHz
range, another example being laser ultrasonics.[274-276] However, these only yield a com-
prehensive characterisation of the material if bulk sound waves are probed in different
crystallographic directions of the material. Evidently, this requirement poses an obstacle
for the prevalent thin-film sample geometry of porous silicon. Moreover, usually a trans-
ducer is attached to the material under investigation. The coupling between material
and transducer is ensured by a liquid coupling medium. As the pore diameter is small,
high capillary pressures are present in the pores when in contact with a liquid. Liquids
readily imbibe into the pores and, thus, would alter the measured mechanical proper-
ties of the hybrid system of porous material and fluid. Inelastic neutron scattering, on
the other hand, probes the porous material on the atomic level and yields a measure of
stiffness of the pore wall matrix.[273] However, it does not supply information about the
effective properties of the whole porous material. Another approach to gain information
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about porous silicon’s mechanical properties is to study adsorption-induced deformation
of the porous silicon matrix.[64] In the cited reference the Gibson-Ashby approximation
of the porous structure as a honeycomb is used.[277] This assumption leads to an effective
Young’s modulus of the material which is extremely sensitive on the average thickness and
lengths of the pore walls. Therefore, slight deviations in the determination of the pore
structure’s measures lead to large divergences of the Young’s modulus.[112] Furthermore,
this approach assumes that the pore walls are all equally load bearing, which is not valid
as will be discussed in section 5.4.3.

In this thesis, it has been possible to establish a technique of laser-excited elastic guided
wave characterisation within the scope of a master thesis supervised by the author.[278]
Elastic guided waves, first described by Horace Lamb, can be observed in thin samples
shaped like plates, with a thickness in the range of the bulk wavelength.[279] A compre-
hensive analysis of these elastic guided waves enables the determination of porous silicon
mechanics owing to their dispersive character and multimodal nature. This pertains in
particular also to in-plane mechanical properties. Overall, a laser excited elastic guided
waves study reveals that the porous silicon layer has a crystal symmetry that differs a
lot from bulk silicon. The pore-induced anisotropy predominates the intrinsic bulk silicon
crystallinity. Hence, the porous silicon crystal symmetry is approximated as in-plane,
transverse isotropic. Thereby, the cubic symmetry within the pore walls is effectively
broken by the actual pores themselves.[177] All in all, the in plane Young’s modulus, see
equation 4.5, for the in plane, transverse isotropy obeys [280]

1 €33 N 1
—2¢132 + ¢33 - (c11 + ¢12) ~ 26.1GPa’

(4.6)

Y
where ¢; are the respective elastic coefficients, which are ¢;; = 22 GPa, ¢13 = 8 GPa and
c33 = 33.2 GPa.[177] The elastic coefficient ¢y is difficult to determine and can here only
be approximated by a stability criterium, as cio < c¢13. Therefore, the value determ-
ined for 1y}, see equation 4.6, represents solely a lower limit. Even so, the in plane
Young’s modulus Y} is significantly smaller than the bulk silicon’s Young’s moduli in
the three crystallographic directions, cf. section 2.1. Equation 4.5 yields a value for the
strain-charge coupling coefficient A;Si’CB = —0.011 £ 0.004 mm?3 C~!. The strain-charge
coefficient would translate to a strain amplitude of a free standing porous silicon sample
Of Eavg,psi,CB = Abgi 0B " Vavg = ((1.69 £ 0.04) - 1073) % or approximately 50.5 pm for the
used sample of length [. It is important to mention that larger strain amplitudes can be
achieved by increasing the ratio hj/h of the porous silicon layer thickness with respect to
the adjacent bulk silicon or even removing the bulk-silicon support entirely. However, as
stated in the methods section 3.5.2, h/h is supposed to be below a factor of 2 - 1072 to
ensure a correct stress analysis, which is the aim of this study.

Overall, the two values for the strain-charge coupling coefficient A* derived from the
measurement of bulk silicon Ag; op and porous silicon Afg; -p in a laser cantilever bend-
ing setup, are approximately as large as the value determined in the dilatometer study on
the double epi-layer porous silicon material. Thus, surprisingly, the clamping of the bulk
silicon layer in the middle of the two porous silicon layers seems to have a negligible effect
on the actuation — at least if the clamping bulk silicon layer is thinner than the adjacent
porous silicon layers.

A noticeable difference of about one order of magnitude between the two values Ag; o and
A;Si,CB is present, though. The value determined for porous silicon is larger than the bulk
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silicon value in absolute terms. One reason for this deviation is certainly that the model
assumptions underlying the bulk silicon analysis, see equation 4.4, deviate a lot from the
actual porous silicon, investigated here. Firstly, the assumption of a hexagonal arrange-
ment of the pores does not hold true to the actual porous material. Instead of cylindrical
pores with smooth pore walls, the real pore meanders and distinct side-pores frequently
branch off, observed above in the SEM micrographs and the nitrogen sorption isotherm
measurements. These side-pores may be regarded as an utmost increased roughness of
the pore wall. For metals with large Poisson’s ratios, i.e. gold or copper, such a surface
roughness impairs the electrochemo-mechanical coupling of electrosorption-induced mech-
anical actuation. Astonishingly, by contrast, for silicon the opposite holds true. Thus,
an increased surface roughness even causes an enhanced coupling and could explain the
difference between the two values for A*.[281]

Nanoporous gold represents a well investigated material with regard to electrosorption-

induced actuation.[72] A strain-charge coupling coefficient of A}, = +0.0475 & 0.0010
mm? C~! has been determined.[182] Notably, the sign of Afpg 18 positive. Thus, in con-

trast to electrochemo-mechanical coupling in porous silicon, an accumulation of charge
carriers on the nanoporous gold surface leads to an expansion and vice versa. The strain-
charge coupling coefficient determined here for porous silicon is in the same order of
magnitude as A} ., albeit A7, exceeding it by a factor of approximately four. Yet, nano-
porous gold has a much higher porosity, in the referenced study it amounts to ® = 0.74 %.
Moreover, the porous morphology of nanoporous gold is entirely different. Nanoporous
gold has a uniform network of ligaments that isotropically branch out through the en-
tirety of the material, whereas pores in porous silicon are highly anisotropic, as discussed
in section 2.4. Nanoporous gold is also a distinctly different material with respect to its
electrical conductivity. Its base material gold is an excellent conductor. Thus, electrons
on the solid side of the electrolyte interface, which counter the ionic charges, are only dis-
tributed over a few A beneath the interface.[10] By contrast, silicon is a semiconducting
material. Therefore, electrons assemble over the width of an emerging space charge region
in an oxidised pSi pore wall in contact with an electrolyte, as discussed in sections 2.2.3
and 4.1. Equation 2.21 gives the width w of the SCR as

2e.€0 kgT
=4/— Vo — Vi — —). 4.7
w ¢ (Vo — Vi = 25 (4.7

With the knowledge of the flatband potential Vg, and the doping concentration N, from
the EIS analysis, see section 4.1, the width of the SCR at the lower and upper vertex
potential is calculated. That means, the applied potential V4, in the equation is set to 0 V
and 0.9V. The width amounts to 8.9 £ 0.2nm and 6.5 £ 0.2 nm, respectively. The charge
carriers would therefore spread over a wider layer in silicon as compared to gold. The
difference is about an order of magnitude. The charge carriers, which essentially cause
the surface stress through their assembly in the SCR, are not as concentrated, as in a
metal. Hence, the actuation in response to an accumulation of an equal amount of charge
would presumably be smaller, which is consistent with the measurement results obtained
here.
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5. Electrochemical Actuation of
Polypyrrole-Porous-Silicon Hybrids

In this section the electrochemical properties and the actuation of the second material
type will be investigated — polypyrrole-filled porous silicon. First of all the synthesis of
the hybrid material and the resulting electrochemical properties will be examined. Af-
terwards, the investigation of the electrochemical actuation with two different methods
will be discussed. The first method is an in situ dilatometry study which yields mac-
roscopic characteristics, whereas an in situ X-ray diffraction study is used to study the
electrochemical actuation of the hybrid material on a microscopical level.

5.1. Synthesis

The synthesis of the porous silicon and polypyrrole hybrid material is conducted by electro-
chemical polymerisation of pyrrole monomers inside the pore space of the porous silicon.
The details of the procedure are given in the methods section 3.4. In short, a porous
silicon sample is mounted in a polymerisation cell and the polymerisation solution is filled
into the cell. The synthesis is conducted by galvanostatic electrochemical polymerisation.
That means, a constant current is applied between the porous silicon and a counter elec-
trode while the potential evolution is measured by an Ag/AgCl reference electrode. An
exemplary potential evolution is shown in Figure 5.1(a) for a 25.4 ym thick porous silicon
epi-layer. The characteristic regimes, introduced in the methods section, are clearly vis-
ible for the sample here. As the current is initially switched on, the potential instantly
increases from its OCP to a value of about 0.7V. The following, first stage is characterised
by a slow increase to approximately 0.85V within one hour. This stage marks the oxida-
tion of the pSi pore walls and the onset of polymerisation by the nucleation of polypyrrole
chains at the bottom of the pores.[227] Next, the constant potential plateau for about one
hour signals the continued polymerisation of polypyrrole inside the pores from bottom to
top. The following onset of the potential increase is assigned to a transition stage. The
pores fill gradually and as the polymer increasingly polymerises on the outer surface, the
potential transitions to a higher value until a second plateau is reached. The time of pore
filling ¢, and the subsequent start of the transition regime is determined via two linear fits
of the potential plateau and the transition stage. These fits are shown in Figure 5.1(a)
and yield a value of ¢, = 2.13h.

For the material investigated in the following the electrochemical polymerisation is stopped
before the second potential plateau is reached, as a polymer film on top would be det-
rimental to the hybrids actuation characteristics. Such a potential course with a timely
interruption of the polymerisation process in a porous silicon epi-layer with an equal thick-
ness of 25.41m is exemplarily shown in the appendix in Figure A.9. In the case of this
specific synthesis the change in weight through the polymerisation is Amppy, = 9.9 mg.
As described in the methods section, the gain in mass is monitored by gravimetric meas-
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Figure 5.1.: Electrochemical polymerisation of polypyrrole in porous silicon. (a)

102

Time evolution of potential E during the electrochemical polymerisation of
pyrrole in a porous silicon epi-layer with a thickness of 25.4pnm. The char-
acteristic regimes of polymer nucleation (I), pore filling (II), transition (III)
and the eventual polymerisation on the outer surface (IV) are indicated and
discussed in the main text. The graphic also depicts the fits to determine
the filling of the pores. (b) Transmission electron micrograph in top view of
a porous silicon and polypyrrole hybrid membrane. An EDX measurement
is overlaid over the micrograph. Colour green indicates polypyrrole by the
nitrogen signal and red marks the silicon pore walls.
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Figure 5.2.: Energy dispersive X-ray measurement of a polypyrrole porous sil-
icon hybrid. EDX measurement recorded in an SEM for (a) an as-prepared
and (b) a polypyrrole-porous-silicon hybrid. The peaks of silicon (Si), carbon
(C) and oxygen (O) are marked and, visible only in (b), nitrogen (N) and
chlorine (Cl1). The legend states the weight percentage (Wt%) of the respect-
ive elements.

urements before and after the polymerisation process. Although the silicon pore walls
are oxidised to some extend, the change in mass is here ascribed to the synthesised poly-
mer inside the pores for a qualitative assertion. The lateral size of the porous silicon
layer equals the size of the electrochemical polymerisation cell, i.e. 7.84cm?. Hence,
knowing the thickness of the porous silicon epi-layer yields its outer volume. A value of
® = 45.7% is determined for its porosity in a nitrogen sorption isotherm, see appendix
Figure A.10. Thus, Amppy is normalised to the pore volume, which yields a density of
pppy = 1.09¢g cm 3. A bulk polypyrrole film synthesised under comparable conditions has
a density of 1.5gcm™3.[282] Thus, the degree of filling amounts to approximately 73 %.
It should be noted that the here determined filling degree would rather indicate a reas-
onable lower boundary, as it has been reported in literature that the polymer density in
confinement of porous silicon is reduced.[227]

A transmission electron micrograph is depicted in Figure 5.1(b) and shows the synthesised
polypyrrole-porous-silicon hybrid material. The picture shows a thinned slice, extracted
from the middle of the material, in top view. An EDX measurement is overlaid over the
TEM picture. The element specific EDX signal of silicon and the nitrogen atom of the
pyrrole monomer unit are indicated by the colour code. The silicon pores, visible by the
red signal, are equal to the porous silicon structure already seen in Figure 4.1(a). The
polymer is located in the pore space, as the EDX signal of the polymer fills the space
between the silicon pore walls. Note, however that in some pores a reduction of signal
intensity towards the middle of the pore is visible, in particular for larger pores. So the
polymer density seems to be higher at the pore walls. This observation might be the origin
of the overall reduced polymer density inside porous silicon.

An EDX measurement conducted on the whole profile of the polypyrrole-filled epi-layer is
depicted in Figure 5.2. Whereas (a) shows the spectrum of as-prepared pSi, (b) depicts
the results of polypyrrole-filled porous silicon. The nitrogen signal indicates the presence
of polypyrrole in the porous silicon. Moreover, an increase of carbon with respect to
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the as-prepared state is noticeable, which can also be ascribed to the polymer. A chlor-
ine signal is present as well due to the perchlorate anions that are incorporated into the
polypyrrole. The EDX measurement also yields roughly a doubling of oxygen compared
to the as-prepared porous silicon. One contributing factor might be the oxygen atoms in
the perchlorate anions. Furthermore, the pSi pore walls are oxidised before the procedure,
while being in contact with the ambient atmosphere, as well as in the initial stage of the
polymerisation process.[227] However, the anodic oxidation is not to such an extend as
for the deliberately oxidised porous silicon. For the latter the amount of oxygen marked
by the weight percentage is roughly twice as high, see Figure 4.4(b).

Figure A.11(a) in the appendix shows another synthesis of polypyrrole inside an equal
porous silicon epi-layer, but for this synthesis the current is stopped at roughly 1.2h,
which translates to roughly half of pore filling time ¢, of a completed polymerisation. The
potential course shows that the initial nucleation stage is as long as for the full process.
An EDX measurement, see Figure A.11(b), on this halted synthesis sample yields a weight
percentage of nitrogen which is about one third as for the completed synthesis. The weight
percentage of oxygen, however, is approximately as high as for the completed synthesis.
Thus, the initial stage oxidises the silicon pore walls to the same degree. The polymerisa-
tion of porous silicon sets in after this initial stage. Thus, half of the filling time does not
result in a half-filled PPy-pSi sample. Overall, the EDX measurements corroborate that
polypyrrole is successfully synthesised in porous silicon.

The polypyrrole-porous-silicon hybrid material discussed until this point is synthesised by
applying a constant current of 2mA, i.e. a current density of 0.255 mA cm~2. Figure 5.3(a)
depicts potential courses of the polypyrrole synthesis with different current magnitudes in
identical pSi epi-layers. Firstly, it is apparent that increasing currents of 4 mA and 6 mA
lead to an onset of the transition stage in a non-linear manner. The non-linear depend-
ence of pore filling time ¢, on current J is also depicted in Figure 5.3(b). The initial stage
however, does not eminently shorten with an increasing current. Overall, this behaviour
is in agreement with literature.[283] Figure 5.3(c) shows the resulting, gravimetrically de-
termined mass of polypyrrole mppy inside the pores. It is visible that an applied current
of 2mA has the largest polypyrrole yield. Thus, it is the current magnitude chosen for
the synthesis in this work. A larger or smaller current magnitude appears to fill the pores
too quick or too slow, respectively, and does not produce a dense polymer.

The successful polymerisation of polypyrrole in a 25.4pm porous silicon epi-layer has
been demonstrated and investigated for different synthesis aspects, such as the polymer-
isation current. Within the framework of this work, several epi-layers have been filled by
polypyrrole. Figure 5.4 depicts the pore filling times ¢, of porous silicon epi-layers with
thicknesses of up to 105 pm. Thus, the aspect ratio of the pSi pore radius and pore depth
exceeds 1 :16000. Highlighting this, the electrochemical polymerisation of polypyrrole in
such high aspect ratio pores has not been demonstrated in literature.[113, 206, 283-289]
Figure 5.4 also shows that the dependence of ¢, on pore depth d is linear. A linear fit to
the data yields a polymerisation rate per pore depth of 266 s pm~!. The linear dependence
confirms that the electrochemical polymerisation process of polypyrrole in porous silicon
is not limited by the diffusion of pyrrole monomers inside the pores.[290] That means,
the rate limiting mechanism, even at such high aspect ratios, would be the oxidation of
pyrrole monomers.
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Figure 5.3.: Electrochemical polymerisation of polypyrrole in porous silicon
with different current magnitudes. (a) Time Evolution of potential E
during the electrochemical polymerisation in 25.4 pm thick porous silicon with
different current magnitudes of 2mA, 4mA and 6mA. (b) Pore filling time
tp in dependence of current magnitude J. (c) Mass mppy of polypyrrole syn-
thesised in the pSi pore space in dependence of current magnitude J.
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Figure 5.4.: Pore-depth-dependent synthesis of polypyrrole in porous silicon.
Pore filling time ¢}, for different depths of porous silicon epi-layer pores up to
105 pm.

5.2. Electrochemical Characterisation

As the successful synthesis of polypyrrole inside porous silicon has been ascertained, the
electrochemical properties of the hybrid material are investigated. Firstly, a potential
range feasible for the capacitive charging of the hybrid material has to be determined.
Therefore, a CV measurement in the potential range of 0.2V to 1.4V with a scan rate of
5mV s~! for a total of 15 cycles is conducted in 1 mol L~ perchloric acid for a polypyrrole
porous silicon hybrid epi-layer with a thickness of 25.4 pm. Figure 5.5(a) shows the res-
ulting course of current J. First of all, the current pronouncedly increases non-linearly
towards the upper vertex potential of 1.4V in the first scan. However, it is clearly visible
that a capacitive area is encompassed by the course of J on the down-sweep, in particular
in the lower potential range up to approximately 0.8 V. In total, the course is similar to
the CV measurements conducted for the as-prepared porous silicon without the polymer
filling, cf. Figure 4.2(a). The polypyrrole is over-oxidised, which leads to the drastic in-
crease of the current towards the upper vertex potential.[291] The peak current at the
upper vertex even increases from cycle one to three apparently caused by a rapid pro-
gression of the over-oxidation from the first cycle. However, on the down-sweep of the
third cycle after the current peak the current is noticeably smaller in absolute terms as
compared to the first cycle. Thus, the polypyrrole’s capacitance is reduced. The further
cycles corroborate this effect. The peak current decreases as well as the constant current
level in the lower potential region from cycle to cycle. On the 15th and last cycle, the
current of up- and down-sweep in the lower potential region virtually lies on zero. These
high potentials lead to an over-oxidation of the polypyrrole.[291] The over-oxidation des-
troys the polymer so that its capacitance gradually declines. These high potentials are to
be avoided. Interestingly, an equal experiment on a bulk polypyrrole film leads to a much
quicker destruction of the polymer. The respective CV measurement is depicted in the
appendix in Figure A.12. For a bulk polypyrrole film the over-oxidation commences on the
first cycle at 1.05V when the current abruptly decreases due to the beginning destruction
of the polypyrrole film. Thus, the over-oxidation of polypyrrole inside porous silicon is
distinctly slower, i.e. higher potentials and more cycles are required for over-oxidation to
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Figure 5.5.: Electrochemical characterisation of polypyrrole porous silicon hy-

brids. Electrochemical characterisation of a polypyrrole-filled porous silicon
epi-layer with a thickness of 25.4pm in 1mol L=! perchloric acid. (a) Cyclic
voltammetry measurement in the potential range of 0.4V to 1.4V with a scan
rate of 5mV s~! for a total of 15 cycles. (b) CV measurement with a reduced
upper vertex potential of 0.8V and a scan rate of 1mVs~! for as-prepared
PPy-pSi (black) in comparison with the same sample after an applied con-
stant potential step of 0.8V for 6h (red). (c) CVs in the potential range of
0.4V to 0.8V with scan rates of 0.5 — 10mVs~!. (d) Averaged values for
current J from the CV measurements depicted in (c), in the range of 0.55 V
to 0.65V. Plotted versus increasing scan rate dE/dt. The red line indicates
a linear fit and yields a capacitance of cpg; ppy = 64 &= 1 mF.
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occur. A diffusion limitation of anions inside the pores, which will be further discussed
below, might lead to the observed behaviour.

To avoid over-oxidation, the upper vertex potential is reduced to 0.8 V. The respective
measurement with a scan rate of 1 mVs™! exhibits a virtually ideal capacitive behaviour,
see Figure 4.2(b). A minor increase towards the upper vertex potential is still visible. As
over-oxidation should not occur in this potential region, the increase might be ascribed
to un-polymerised pyrrole monomer units. A constant potential of 0.8 V is applied for 6 h
to assure that the polymerisation is brought to a close. The CV measurement is repeated
and the direct comparison between the two shows that the increase towards the upper
vertex has been reduced, while the constant current levels are essentially equal. Thus,
with the help of the applied constant potential, the chosen potential region is suitable for
electrochemical actuation measurements and a further electrochemical characterisation.
As described in the methods section (see section 3.1) the potentiostat has two different
modes to conduct CV measurements, i.e. step-wise and linear. Figure A.13 in the ap-
pendix depicts two CVs conducted with the step-wise and the linear method with the
same parameters, i.e. a scan rate of 10mVs~! in the potential region of 0.4V to 0.8 V.
The measurements do not show a significant difference between the two methods. Thus,
in this work CVs are conducted with the step-wise method, as a lower minimum scan rate
is required than the linear method provides.

Figure 5.5(c) shows CV measurements conducted with scan rates of 0.5 mV s~ to 10mV s
on the same 25.4 pm thick PPy-pSi sample. In particular, the CV measurements with scan
rates up to 1 mV s~! exhibit an unaltered capacitive behaviour. At 2mV s~ the course of
current J starts to have an extended period until a constant current level is reached on
the up-sweep. At higher scan rates this becomes even more pronounced. For 10mVs~!
the current level after the initial stage commences to show a linear increase. These char-
acteristics are typical for a diffusion limitation of ionic charge transport, in this case in
the polymer within the pSi pores.[214, 249] Therefore, the capacitance is determined with
the established procedure but only up to a scan rate of 1mVs~!'. The currents are av-
eraged in the potential range of 0.55V to 0.65V and are plotted versus the scan rate in
Figure 5.5(d). The linear fit of the data yields a capacitance of cpgi ppy = 64+ 1mF. The
lateral size of the sample is 0.576 cm?. With the thickness of 25.4m, a capacitance per
outer volume of the porous silicon layer of 43 745 mF cm ™3 is obtained. In comparison to
porous silicon without the polypyrrole filling, the capacitance is about 30 times larger.
Thus, the electric double layer as a surface capacitance is smaller normalised to the sample
volume than the volumetric capacitance of the polymer inside the pores.

The method introduced here to electrochemically determine the capacitance, see sec-
tion 3.1 and equation 3.2, can also be applied to bulk polypyrrole films. For a polypyrrole
film, synthesised under equal conditions and investigated with the same anion, a volume
specific capacitance of 0.24 F mm~3 is found.[213] This value would suggest a polypyrrole
volume of c,gi ppy/0.24 F mm 3 = 0.267 mm?. With respect to the pSi pore space, i.e. the
outer volume of the sample times its porosity 0.576 cm? - 25.4 pm - 45.7 %, the polypyrrole
exhibits a filling degree of 40 %. This value is comparatively smaller to 73 %, which is the
filling degree based on the polypyrrole mass, see section 5.1. Thus, it seems that the geo-
metrical confinement through the pSi pores leads to a comparatively dense polypyrrole in
comparison with a polymer film, but it alters the electrochemical capacitance. One might
speculate that the structure of porous-silicon-confined polypyrrole impedes the incorpor-
ation of anions into the polymer chains.

-1
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Figure 5.6.: Electrochemical polymerisation of polypyrrole in a porous silicon
membrane. Time evolution of potential E during the electrochemical poly-
merisation of pyrrole with a current density of 0.4 mA cm ™2
membrane with a thickness of 85 pm.

in a porous silicon

5.3. Polypyrrole-Porous-Silicon Membranes

Up to this point, the electrochemical polymerisation of polypyrrole is demonstrated for
epi-layers. However, for electrochemical actuation measurements of the PPy-pSi hybrid
material in the in situ dilatometry setup, a polypyrrole-filled membrane would be benefi-
cial, as an epi-layer is still clamped by the adjacent bulk silicon layer. Figure 5.6 depicts
the successful electrochemical polymerisation of polypyrrole in an 85 pm thick membrane
with a lateral size of 1.008 cm?. The course of potential E shows the typical characterist-
ics, already established for the synthesis in an epi-layer. The initial increasing-potential
stage of polypyrrole nucleation lasts for approximately one hour and thus equally long as
for the epi-layer synthesis. The subsequent potential plateau lasts for about four hours
until the pores are filled and the transition stage begins. The course of potential E in
the plateau stage has slightly more deflections than seen for synthesis in an epi-layer, cf.
Figure 5.1(a). These can possibly be ascribed to a slightly worse contact through the
sputtered gold layer at the bottom of the membrane. The plateau potential has a value
around 0.9V, which fits to the synthesis in an epi-layer. The pore filling time is determ-
ined to be t, = 4.9h. Thus, the polymerisation is approximately 1.5h faster than in an
epi-layer of equal thickness, which would last 6.3 h according to the linear fit performed in
Figure 5.4. The reason for the faster polymerisation rate is that a slightly higher current
density is applied — 0.4 mA cm~2 instead of 0.255mA cm 2. In an equally thick membrane
with the lower current density the filling time ¢, equals 6.9 h, which is more in the range
of the polymerisation rate predicted for an epi-layer.

The charge () that is consumed in the electrochemical polymerisation is measured by
the potentiostat during the process. Information about the weight of the synthesised
polypyrrole can be inferred by relating ) to the theoretically achievable polymer

Q - Mppy,

z-F
where Mppy denotes the formula weight of synthesised polypyrrole. It is obtained from
the molar mass of a monomer unit but also considers incorporated ClOj -anions. It equals

MPPy theor. = (51)
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96.78 gmol~1.[283] F is the Faraday constant and z gives the number of electrons used in
the polymerisation process of two monomers. In literature z is estimated to be 2.25.[204]
For the polymerisation process investigated here, i.e. presented in Figure 5.6, the con-
sumed charge amounts to ¢ = 7.605C. Thus, the theoretical weight is 3.39 mg and
therefore coincides well with the gravimetrically determined weight difference of 3.45 mg.
The density of the polymer inside the pSi pore space is 0.81 gcm™3. The density is lower
compared to the density of polypyrrole inside the epi-layer 1.09 gcm ™2, see section 5.1.
Figure 5.7 depicts the electrochemical characterisation of a PPy-pSi membrane. Part
(a) shows CV measurements with different scan rates from 1mVs~! to 200mVs~!. For
this specific sample the potential range has to be adjusted to obtain a capacitive cycling
behaviour. The vertex potentials are reduced by 0.2V so that the CV measurement is
conducted from 0.2V to 0.6V. The CV conducted with a scan rate 1mV s~! exhibits
ideal capacitive characteristics. However, increasing the scan rate results in a tilt of the
CV curves, an increase to 4mVs~! already shows this. The diffusion limitation known
from the epi-layer is present. The CV curves with higher scan rates do not expand but
rather merely tilt. Nonetheless, the currents are averaged in the potential range of 0.35V
to 0.45V and plotted versus the respective scan rate, see Figure 5.7(b). The averaged
currents asymptotically approach a level of 35 mA. Hence, the linear fit to determine the
capacitance is only carried out up to 3mVs~!. It yields 9.8 +£ 0.9mF. The capacitance
normalised to the outer volume of the membrane is then 39820 mF cm ™3, which is in
good agreement with the volume specific capacitances determined for epi-layer samples.
Overall, the PPy-pSi membrane performs similarly to an epi-layer with respect to their
electrochemical properties.

It is possible to further evaluate the diffusion limitation by determining an apparent
diffusion coeflicient D of the perchlorate anions in the polypyrrole. By taking into consid-
eration the electrode material’s thickness h, the potential window Ey, = 0.4V of the CV
measurement and a critical scan rate (dE/dt)qit., D can be calculated by [292, 293]

h? Ey,

D=—, with 7=

T (dE/dt)crit. ’ (52)

where 7 denotes the time constant of the process. Here the electrode thickness h is as-
sumed as half of the sample thickness, as the membranes are accessible for ions from both
front and back side. By contrast, the cited works investigate polymer films on an ion-
impermeable substrate. The critical scan rate (dE/dt)ct. is determined according to the
procedure depicted in Figure 5.7(c).[292] The abscissa shows the inverse square root of the
scan rate, while the ordinate denotes the capacitance C' for the respective scan rate. C' is
estimated by dividing the averaged current by the scan rate, see (b) of the same Figure. It
can clearly be seen that two regimes are present. Capacitance values for larger scan rates
and, thus, smaller (dE/ dt)_0'5, have a linear dependence with a larger slope. Vice versa,
smaller scan rates have capacitances linearly following with a smaller slope. The two re-
gimes are approximated by linear functions. The intersection point yields the critical scan
rate.[292] Here, it amounts to (dE/dt)cit. = 4.04mV s~ 1. Hence, a diffusion coefficient of
Dcio,,ppy = 1.46 - 107" cm? s ! is obtained. In literature a range of diffusion coefficients
is reported. The diffusion coefficient significantly depends on the synthesis conditions, i.e.
the species of counter ion and its concentration, solvent and oxidation state. Values in
literature vary from 1-107'2cm?s! to 1-107% cm? s71.[294-297] The diffusion coefficient
of the polypyrrole film with the specifications most similar to the here synthesised hybrid
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Figure 5.7.: Electrochemical characterisation of a polypyrrole porous silicon
membrane in perchloric acid. Electrochemical characterisation of a PPy-
pSi membrane in 1mol L=! perchloric acid. (a) CV measurements in the
potential range of 0.2V to 0.6V with different scan rates from 1mVs™! to
200mVs~!. (b) Averaged current values for the CV measurements in (a).
Averaged in the range of 0.35V to 0.45V and plotted versus increasing scan
rate dE/dt. The red line indicates a linear regression. Due to diffusion lim-
itation, the determination of capacitance is only implemented up to a scan
rate of 3mV s~!. Tt yields a capacitance of 9.8 £0.9mF. (c) Scan rate specific
capacitance C, obtained by the averaged currents from (b) divided by the
respective scan rate, plotted versus the scan rate to the power of —0.5. The
point of transition determines the critical scan rate (dE/dt)cyit. .
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Figure 5.8.: Electrochemical characterisation of a polypyrrole porous silicon
membrane in isotonic saline solution. Electrochemical characterisation
of a PPy-pSi membrane in 154 mmol L~! aqueous sodium chloride solution.
(a) CV measurements from 0.2V to 0.6 V with scan rates from 0.5mVs~! to
50mVs~!. (b) Scan rate specific capacitance C, plotted versus the scan rate
to the power of —0.5 with the critical scan rate (dE/dt)cyit..

is on the upper end of the range at 1-107%cm?s~!. Thus, it would mean a faster diffusion
in a polypyrrole film than in the here investigated PPy-pSi hybrid material, which seems
reasonable.

The electrochemical characterisation is repeated for the same sample but with a differ-
ent electrolyte solution — an aqueous sodium chloride solution with a concentration of
154 mmol L=!. The results are displayed in Figure 5.8. Part (a) shows CV measurements
in the same potential region of 0.2V to 0.6 V with scan rates ranging from 0.5mVs~! to
50mVs~!. The same significant diffusion limitation is visible in the CVs. Higher scan
rates than 5mVs~! do not lead to a significant, proportional increase of the constant
current level. Rather, the square like current course starts to tilt. The capacitance is only
determined up to a scan rate of 2mV s~ !, see Figure A.14 in the appendix. A capacitance
of 13.3 + 0.7mF, or 54264 mF cm ™3 normalised to the outer volume of the porous sil-
icon membrane, is determined. Thus, the capacitance is slightly larger for isotonic saline
solution than for perchloric acid. Figure 5.8(b) shows the determination of the critical
scan rate (dE/dt)qit.. Again, the scan rate specific capacitance, which is estimated from
the averaged current values, cf. Figure A.14, is divided by the respective scan rate. As
before, two regimes are visible and (dE/dt)ci,. = 1.3mVs~! is at the transition of the
two regimes. A diffusion coefficient of D¢y ppy, = 4.74 - 108 cm?s™! is obtained. This
value for chloride anions is approximately an order of magnitude smaller than for per-
chlorate anions. It is also approximately a factor of ten smaller than in a bulk polypyrrole
film.[298] Thus, for both electrolyte solutions investigated here, the diffusion coefficient
appears to be smaller for a PPy-pSi hybrid than for a pure bulk polypyrrole film, which
would emphasise the impact of the porous structure on diffusion. Furthermore, the here
determined diffusion coefficients for the PPy-pSi hybrid are smaller than the anions self
diffusion coefficient in a bulk electrolyte solution.[260]
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5.4. Dilatometry

In the previous section the electrochemical characterisation and control of a PPy-pSi mem-
brane is established. Thus, in this section the electrochemical actuation measurement in
the in situ dilatometry setup is discussed. The membrane is electrically contacted, in-
stalled in the dilatometer and the glass beaker is filled with 1mol L~! perchloric acid.
The sample has a length of [ = 0.626 + 0.005 mm, a width of 3.49 + 0.01 mm and a thick-
ness of 85 + 1 um resulting in an outer volume of 0.19 4 0.03mm?. The electrochemical
actuation measurement is depicted in Figure 5.9. A CV measurement in the potential
range of 0.4V to 0.9V with a scan rate of 10mVs~! is conducted. The respective CV
measurement is shown in the appendix in Figure A.15 and it shows a mostly capacitive
behaviour with a capacitance of 12.1 & 0.7mF. This value translates to 63 680 mF cm ™3,
which is the largest volume specific capacitance of all investigated PPy-pSi hybrids. To-
wards the upper vertex potential Faradaic currents are visible, likely from an oxidation of
the pSi pore walls. This effect is accounted for by subtracting the charge that is consumed
in this process.

While the CV is conducted, the change in sample length [ is recorded and therefore en-
ables a detailed characterisation of the electrochemical actuation effect. Furthermore,
while the potential is reversibly changed from the lower to the upper vertex potential, the
charge is recorded. Five representative cycles of potential E are shown in Figure 5.9(a),
plotted versus time ¢t. In (b) the charge response, normalised to the sample volume gy,
upon the change of potential is depicted. Clearly, the transferred charge linearly and in
phase coincides with the applied potential. So, an increasing potential results in an inser-
tion of charge carriers into the polymer and, vice versa, a potential decrease leads to an
ejection of charge carriers. Figure 5.9(c) shows the resulting change in strain ¢ = Al/ly.
The repeated change of E from the lower to the upper vertex potential equally linearly
changes strain €. Increasing the potential leads to an accumulation of charge carriers and,
in return, to an expansion of the polymer and the PPy-pSi hybrid in total. A subsequent
decrease in potential reduces the charge and the sample contracts. The process shows no
sign that the actuation amplitude decreases and it reproducibly reaches the same level. A
CV conducted on the same sample with 15 cycles further illustrates this, as shown in Fig-
ure A.16 in the appendix. Most importantly, the dependence of strain ¢ on potential and
volumetric charge is positive. By contrast, the dependence for electrosorption-induced
actuation on porous silicon, not filled with polypyrrole, is negative. As above for the
unfilled porous silicon, further information about the electrochemical actuation can be in-
ferred by averaging both volumetric charge gy and strain e for up- and down-sweep of the
five cycles. Thereby, peak-to-peak amplitudes of €ayg ppy—psi = (+0.044 £ 0.002) % and
QVavg,PPy—psi = 0.034 £0.002C mm~? are obtained. The strain amplitude translates to a
change in sample length of 0.313+0.001 pm. In comparison to unfilled porous silicon, as a
first result it can be registered that the achievable strain €,y¢ ppy—psi in a similar potential
range is about an order of magnitude larger than for the electrosorption-induced actuation
in plain porous silicon €ayg psicp = ((1.69 £ 0.04) - 1073) %. However, the two actuation
mechanisms differ and thus, the strain-charge coupling coefficient is determined to permit a
comparison. Figure 5.10 provides a plot of € versus ¢y, both averaged over five cycles in the
same potential range associated with Figure 5.9. The graph shows that the relation of the
two variables is highly linear and confirms that a robust actuation functionality exists. The
corresponding linear fit yields a strain-charge of A*PPy—pSi = +0.0103 4 0.0001 mm?3 C~1.

113



5. Electrochemical Actuation of Polypyrrole-Porous-Silicon Hybrids

0.9} ]
S 08t ]
W07t ]
k|
< 06} .
IS]
S 05} ]
0.4} .
(b) ~ . ; . : . .
£ 20t ]
£
S 10t :
E
= Of -
S -10f ]
2
o -20t 1
9]
2 30} -
(C) 7)) .
<
\co/ -
C
£ ]
[z 1

0 100 200 300 400 500
time t (s)

Figure 5.9.: Electrochemical actuation of a polypyrrole porous silicon mem-
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brane. In situ dilatometry measurement of a PPy-pSi membrane in perchloric
acid in the potential range of 0.4V to 0.9V with a scan rate of 10mVs!.
Five representative cycles of (a) potential E, (b) resulting volumetric charge
gy and (c) introduced effective strain ¢ of the PPy-pSi membrane hybrid.
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Figure 5.10.: Strain-charge coupling parameter of a polypyrrole porous silicon
membrane. Strain ¢ versus accumulated volumetric charge ¢v to determine
the strain-charge coupling parameter A* by a linear fit, which results in a
value of App, o = 0.0103 £ 0.0001 mm? C~1.

The value is, in absolute terms, approximately equally large as the value obtained for
plain porous silicon A;;SLCB = —0.011 £ 0.004 mm? C~'. However, it should be stressed
again that the dependence of strain on charge is of opposite nature, as symbolised by the
opposite sign of the strain-charge coupling coefficient.

Polypyrrole can also be integrated into other porous materials, for example nanoporous
gold.[299-301] The isotropic pore network consisting of ligaments is, as already mentioned,
highly conductive. Rather than filling the entire pore space, as in the case of the here
presented PPy-pSi hybrid, polypyrrole is deposited on the ligament surface of nanoporous
gold. The electrochemical actuation depends on the thickness of the polypyrrole film.[299,
300] The strain-charge coupling parameter A* reaches from approximately 0.015 mm?3 C~*
to 0.07mm3 C~! for polypyrrole thicknesses of 10nm and 40 nm, respectively.[302] Hence,
A* for PPy-npg is larger than for PPy-pSi but still in the same order of magnitude.

5.4.1. Actuation Kinetics

The kinetic properties of the electrochemical actuation are determined by step-coulomb-
metry as before in the case of the electrosorption-induced actuation of plain porous silicon,
see Figure 4.12. The square potential is applied from 0.4V to 0.8V for five consecutive
potential steps. An exemplary cycle of strain € and volumetric charge gy is depicted in
Figure 5.11. Upon increasing potential F to 0.8V, the associated strain saturates at a
level of 0.015 % and qv reaches approximately 0.04 C mm™3. Vice versa, ¢ and gy approach
zero when the potential is lowered to 0.4V. The actuation amplitude is smaller than for
an applied CV potential, whereas ¢y is at an equal level, see Figure 5.9. For the fit of
both variables, simple exponential functions in the form of [112]

Ax (1 —exp(—(t —to)/7)) (5.3)

for the potential increase and
Axexp(—(t —tg)/T) (5.4)
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Figure 5.11.: Kinetic dilatometry measurement on the electrochemical actuation
of a polypyrrole porous silicon hybrid. Step-coulombmetry in per-
chloric acid to determine the electrochemical actuation kinetics. The applied
potential E (green) is changed in a step-like manner from 0.4V to 0.8V and
back while incorporated volumetric charge ¢y (red) and strain e (blue) are
measured. The respective variables are plotted versus time t.

for the potential decrease are used, where A and ty are fit parameters for the amplitude
and a time shift. 7 denotes the characteristic time constant of the respective process,
i.e. the incorporation and ejection of charge carriers and the respective response of the
strain. The analysis yields values of: 74 iner = 16.52 &£ 0.07s for the volume-specific
charge increase, 7. iner = 4.3 £ 0.2s for the strain increase, 74 decr = 14.31 £0.07's for the
volume-specific charge decrease and 7, gecr = 2.8 £0.1s for the strain decrease. Hence, the
strain response time is an order of magnitude smaller than the charge response for both
directions of potential alteration. Different effects might contribute to this outcome. The
polypyrrole inside the pores might reach its yield limit at 2 MPa, where plastic deformation
sets in.[303] Hence, the polypyrrole and the whole hybrid material is not expanding any
further, although more anions are incorporated. The already investigated diffusion limita-
tion can also hinder a faster transfer of anions. Additionally, as discussed in section 5.1 the
polypyrrole filling of the pores has a lower density compared to bulk polypyrrole. Thus,
the polypyrrole might be undergoing a process of increasing its density by closing out
hollow voids inside its structure when it expands due to anion incorporation. Polypyrrole
would still incorporate anions but the polymer expansion would then be rather directed
inwards and would not lead to a strain transfer onto the porous silicon structure.

The here determined diffusion coefficient for perchloric acid Dgio,,ppy suggests a charac-
teristic diffusion time from the bulk electrolyte to the centre of the membrane of approx-
imately 122s. As a first order estimate, it fits the here determined values relatively well.
Compared to the kinetic properties of electrosorption-induced actuation in plain porous
silicon, see section 4.3, the characteristic time scale of the electrochemical actuation on
the PPy-pSi is about an order of magnitude larger. Hence, the diffusion limitation is more
distinct for the polypyrrole-filled porous silicon. Nevertheless, in both cases the actuation
response is at least an order of magnitude faster than the flow of charge carriers, which
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would suggest that the pores play a major role in these processes. Thus, the pores seem
to be the primary reason for a restricted charge transport, while the mechanic response is
not affected.

5.4.2. lIsotonic Saline Solution

The effect of a different electrolyte on the electrochemical actuation of the polypyrrole-
porous-silicon hybrid material is studied with an isotonic saline solution. In section 5.3
it is established that a PPy-pSi hybrid shows equal electrochemical features in perchloric
acid as well as isotonic saline solution. The characteristic capacitive behaviour is present
in both electrolytes and the obtained capacitances are in good agreement with each other.
Thus, an in situ dilatometry investigation on the electrochemical actuation with perchloric
acid as well as isotonic saline solution is conducted to ascertain whether an influence of
the electrolyte type on the actuation of PPy-pSi is present while it exhibits equal capacit-
ive features. A second PPy-pSi membrane is fabricated. The potential curve during the
electrochemical polymerisation is shown in the appendix in Figure A.17 and has similar
characteristics as observed before, see Figure 5.6. However, the initial polymer nucleation
stage is more extended and the transition stage begins later than expected for an epi-layer
of equal thickness. Additionally, the density of polypyrrole inside the pore space amounts
to approximately 0.65gcm ™3, so less than 0.81 gcm ™ determined for the other PPy-pSi
membrane, see section 5.3. The differences in the synthesis may be due to an inferior
contact on the sputtered gold layer at the bottom where the polymer nucleates.

A sample is prepared for the in situ dilatometry experiment, as described in the meth-
ods section 3.5.1. The length of the installed sample is [p = 0.12cm. First, the ac-
tuation properties with perchloric acid are examined and afterwards compared to iso-
tonic saline solution. A resulting electrochemical actuation measurement is shown in Fig-
ure 5.12(a). The Figure shows five representative potential cycles and the corresponding
accumulated volumetric charge gy and the effective strain €. The measurement exhibits
the already established characteristics, i.e. the strain linearly coincides in-phase with F
and qy. The amplitudes of the strain and volumetric charge are (0.012 £ 0.002) % and
21.56040.007 mCmm 3, respectively. Figure 5.12(b) shows a plot of € versus qy. A linear
fit to the data yields a strain-charge coupling parameter of A* = 0.005440.0001 mm? C~.
It is apparent that a larger hysteresis is present than for the other PPy-pSi sample depicted
in Figure 5.10. Moreover, the determined strain-charge coupling coefficient is approxim-
ately 50 % smaller. This reduction can likely be ascribed to the differences during the
synthesis procedure. However, it will be investigated for this specific sample if a change
of electrolyte solution has an influence on the actuation properties. Since comparative
measurements are performed on the same sample, a direct, quantitative evaluation of the
electrolyte influence is possible.

Figure 5.13 displays the resulting electrochemical actuation measurement in isotonic sa-
line solution. The potential range and the scan rate are the same. The strain essentially
shows the same electrochemical actuation characteristics. The volumetric charge has an
oscillation amplitude of 21.800 & 0.003 mC mm ™3, which agrees well with the value for
perchloric acid 21.560 4 0.007 mC mm 2. Thus, the hybrid material’s capacitance for the
two monovalent anions does not differ. However, it is apparent that the ¢ amplitude is
smaller than in the case of perchloric acid. Averaging over five cycles yields an average
strain amplitude of (0.0053 £ 0.0005) %, which is merely approximately half as large to
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Figure 5.12.: Electrochemical actuation of a polypyrrole porous silicon mem-
brane in perchloric acid. (a) In situ dilatometry measurement of a PPy-
pSi membrane in perchloric acid in the potential range of 0.2V to 0.6 V with
a scan rate of 1mVs~!. Five representative cycles of potential E (green),
volumetric charge ¢y (red) and effective strain e (blue) of a PPy-pSi mem-
brane hybrid. (b) Strain e versus accumulated volumetric charge gy to de-
termine the strain-charge coupling parameter via a linear fit, which yields
A* = 0.0054 £ 0.0001 mm? C~1.
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Figure 5.13.: Electrochemical actuation of a polypyrrole porous silicon mem-
brane in isotonic saline solution. (a) In situ dilatometry measurement of
a PPy-pSi membrane in isotonic saline solution in the potential range of 0.2 V
to 0.6 V with a scan rate of 1 mV s~!. Five representative cycles of potential
E (green), volumetric charge gy (red) and effective strain e (blue) of the same
PPy-pSi membrane hybrid, as in Figure 5.12. (b) Strain ¢, displayed on the
same scale as in Figure 5.12, versus accumulated volumetric charge gy. De-
termined strain-charge coupling parameter is A* = 0.0025+0.0001 mm?3 C~1.
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Figure 5.14.: Electrochemical actuation amplitude in isotonic saline solution.
Electrochemical actuation amplitudes (blue) from different measurements
of a PPy-pSi membrane in isotonic saline solution, averaged in the potential
range of 0.2V to 0.6 V with different scan rates from 0.5 mVs~! to 50 mV s~ 1.
The volumetric charge gy amplitude (red) is obtained by averaging over the
cycles of the respective CV.

an equal amount of incorporated anions. The plot of ¢ versus gy confirms this, as depic-
ted in Figure 5.13(b). Interestingly, the same hysteresis is present for the isotonic saline
solution. So the reason for it does not seem to be the electrolyte. Rather, it is likely that
the synthesis of this specific PPy-pSi hybrid is responsible for the observed hysteresis.
The resulting strain-charge coupling coefficient is A* = 0.0025 £ 0.0001 mm? C~!, which
is only about 45 % of the value for perchloric acid. For a polypyrrole film prepared on a
metal substrate it has been reported that the electrochemical actuation response strongly
depends on the size of the anion.[304] The polypyrrole film actuation amplitude caused by
an electrolyte containing C1~ is about 30 % smaller than for C104~ anions.[304] Evidently,
for the electrochemical actuation of polypyrrole incorporated into porous silicon, a similar
point can be made.

Figure 5.14 shows a graph of the electrochemical actuation amplitude which is averaged
over five potential cycles during CV measurements with different scan rates in the poten-
tial range of 0.2V to 0.6 V. The amplitude is plotted versus the scan rate from 0.5 mV s~}
to 50mV s~! along the respective amplitude of the volumetric charge ¢gy. The amplitude
reduces with an increasing scan rate, from approximately 0.13 pm to approaching a level
of 0.03 pm. Similarly, the volumetric charge reduces with increasing scan rates. Increased
scan rates lead to a significantly reduced incorporation of anions and the PPy-pSi hybrid
is not expanding as much. This investigation emphasises the results from the coulomb-
metry measurement with an applied square potential, see Figure 5.11. Overall, the rate
of potential change has a remarkable influence on the ion capacitance and the actuation
response of the PPy-pSi hybrid material.

5.4.3. Micromechanical Simulation Analysis

A micromechanical modelling approach enables further insight into the electrochemical
actuation process of PPy-pSi.[112] The details of the model creation are given in reference
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[112] and shall here only be briefly summarised followed by the main results. A TEM top
view section, as depicted in Figure 5.1, is converted into a 21/2-dimensional finite element
model (FEM) according to the pixels of the TEM image. The image is assumed to be
extendable in the third dimension of the image plane. The pixel greyscale value of the
TEM picture defines which sections are attributed to the silicon scaffold of the pore wall
and the pore space, respectively. The mechanical properties of bulk silicon, see section 2.1,
is accordingly assigned to pore wall segments.[112, 122] Therefore, the greyscale threshold
that defines pore wall and pore space has to be chosen carefully. Firstly, an FEM model
with a pore space unfilled and not occupied by polypyrrole is investigated. A tension is ap-
plied to this FEM model in one lateral direction and hence, it is possible to determine the
Young’s modulus of the model. Applying this procedure for models of different thresholds
yields their Young’s moduli. Hence, the model that matches the experimentally determ-
ined Young’s modulus is obtained.[112] Interestingly, at this threshold, the anisotropy of
the Young’s modulus between [100] and [110] directions is negligible [112], which coincides
well with the result of the laser-excited elastic guided wave study introduced above [177].
Moreover, the stress distribution within the silicon pore walls reveals that only a section,
which represents approximately 70 % of the porous silicon mass, contributes to the load
transfer from bottom to top of the model.

Next, the sections which represent pore space are assigned polypyrrole mechanical values,
i.e. a Young’s modulus of 500 + 10 MPa and a Poisson’s ratio of 0.35.[97, 112, 213] The
resulting Young’s modulus of the PPy-pSi hybrid is approximately 40 % larger than for
the unfilled porous silicon. The polypyrrole filling of the pores enables an enhanced load
transfer through additionally activated pore walls and thereby could be described as a
glue material.

For the modelling of the electrochemical actuation characteristics, the polypyrrole phase
in the model is equipped with a volume change property. Polypyrrole gradually swells
and hence, the entire FEM model of the hybrid material expands until the experimentally
determined strain amplitude of €,y pPy—psi is achieved. At this point polypyrrole exhibits
a stress-free swelling of 0.77 %. A polypyrrole film with an equal perchlorate doping has a
uniaxial strain-charge coupling coefficient of 0.17 mm?3 C~!, as stated in section 2.6 in the
theory chapter. Hence, the charge qv,, ppy—_psi incorporated during the electrochemical
actuation studied here would lead to a strain of 0.58 %. This strain is in close proximity to
the simulated value of 0.77 %, although the polypyrrole is within the pSi pore space and
not in the shape of a film. Furthermore, in this state of maximum PPy-pSi expansion,
the simulation shows that the pSi pore walls are in an even more uniform stress state
so that effectively 83 % of the pore walls is affected. The polypyrrole incorporated into
the pores here shows pressures of up to 15 MPa for smaller pores and slightly less, i.e.
8 — 12 MPa, for larger pores. Surprisingly, despite these high pressures, the stress within
the polypyrrole in a number of pores exceeds the yield limit of 2 MPa. Plastic flow would
occur in the polypyrrole in these pores. Therefore, plasticity as a probable reason for the
notable difference in the actuation kinetics compared to the charging kinetics would be
supported by these numerical simulations.
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Figure 5.15.: X-ray diffraction measurement on 400 Bragg peak for an as-
prepared polypyrrole porous silicon hybrid. XRD 6 — 26 scan on
an as-prepared, 25.4pm thick PPy-pSi epi-layer on the 400 Bragg peak in
reflection geometry. Ordinate shows the intensity in arbitrary units in lin-
ear scale, normalised to the silicon peak (Si) intensity. The abscissa shows
angle 26 at the bottom. At the top, the corresponding lattice mismatch
da/a  with respect to the main silicon peak is shown. Clearly visible are the
400 Bragg peak from the silicon layer and the smaller peak from the hybrid
PPy-pSi layer. The inset depicts an actual detector image with the Si and
PPy-pSi peak for illustrating purposes.

5.5. X-Ray Diffraction

This section will present the results of the comprehensive in situ X-ray diffraction study
on the electrochemical actuation of a polypyrrole-porous-silicon hybrid material. First,
the measurement in the out-of-plane measurement geometry will be presented, along a
detailed explanation on the electrochemical control of the experiment and electrochemical
characterisation. Next, the kinetics of the actuation will be explored. At the end, the
results of the in-plane geometry will be discussed.

5.5.1. Qut-of-Plane Lattice Strain

The first XRD measurement is conducted on sample S..g in reflection geometry and
without an electrolyte solution in the cell. The PPy-pSi sample S,eq is in an as-prepared
state and the 400 peak is investigated in a 8 — 26 scan. The resulting measurement is
depicted in Figure 5.15. The graph shows the presence of two Bragg peaks in the 6 — 20
measurement. These are due to the bulk silicon and the PPy-pSi layer. The larger, Si
peak, is at an angle of approximately 20 ~ 29.42°. The ordinate is normalised to the
intensity of this peak and displayed in a linear scale. Figure A.18 in the appendix displays
a close up of the Si peak. Clearly visible are the error bars for each measurement point.
The second, PPy-pSi peak is at 20 ~ 29.34°, albeit with about one tenth of the intens-
ity. These two distinctive 400 Bragg peaks in a § — 20 measurement are characteristic of
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a layered sample with adjacent, monocrystalline layers of porous silicon and underlying
bulk silicon, as described in sections 2.4 and 3.5.3. The difference in intensity between
these peaks is ascribed to the different thicknesses of the PPy-pSi and the silicon layer,
respectively. In contrast to the 500 um thick bulk silicon layer, the PPy-pSi layer has
only a thickness of 25.4 pm at only roughly half of the density of bulk silicon. Hence, the
PPy-pSi layer has a smaller scattering volume and a lower Bragg peak intensity.[238]
The PPy-pSi Bragg peak is at a smaller 20 angle than the Si Bragg peak. Therefore,
the lattice mismatch da/a is positive, according to equation 3.13. Hence, the lattice of
the porous silicon layer is expanded in the out-of-plane direction. Both Bragg peaks are
approximated by a fit-function to determine their precise 26 angles. Then, it is possible
to obtain a value for da/a by the splitting of the peaks and, thus, a result, exceeding the
mere observation that the lattice is expanded.

The fit extension LIPRAS for Matlab is used for this purpose.[305] Both peaks do not
feature a clear symmetric shape, which resembles a Lorentz or Gauss profile. Rather, a
broad shoulder at a slightly lower 20 distorts the Si peak. Furthermore, the Si peak also
exhibits a foot at a higher angle. Distortions to the Si peak in such a layered sample
can occur due to a bending of the sample.[238] The distortions and their reasons will be
debated further below. The Si peak is approximated with several fit-functions to account
for the distortions. The resulting fit is conducted with four pseudo-Voigt functions [306]
and is depicted in Figure 5.16(a). One function is utilised for the main peak and inde-
pendent functions each cover the large shoulder at a smaller 20 and the shoulder and
the foot at larger 20. The resulting fit, in total, approximates the entire peak well, as
displayed in Figure 5.16(a).! In the further analysis, as a value for the Si main peak the
20 peak value of the partial fit to the largest main peak is used. The result for the Si
peak, displayed in Figures 5.15 and 5.16(a), is 20 = (29.4159 + 0.0003) °.2 The angular
uncertainty is determined here according to the description in the methods section 3.5.3.
The value for 26 is slightly larger in comparison to the angle 20 = 29.3934°, calculated
by equation 3.10. The disparity might be due to a slight misalignment of the sample with
respect to both, the sample holder and the beam. However, as explicitly emphasised in
the methods section 3.5.3, a perfect alignment is not required, as both the Si and pSi
peak will be affected by a misalignment equally and only the difference in 6 of the peaks
determines da/a .

The underlying Si layer can be considered to clamp the porous silicon layer. The lattice
planes, oriented perpendicular to the boundary of Si and pSi layer, can therefore be con-
sidered as constrained to the interatomic spacing of the adjacent bulk silicon, i.e. the Si
lattice constant would be imprinted on the pSi in the in-plane direction.[8] Hence, the pSi
lattice constant in the out-of-plane direction increases and, in this direction, compensates
the strains evolving in the entire lattice.[8] Important to note here is that this directional
difference of the pSi lattice parameters could lead to a bending of the sample. For plain,
unfilled porous silicon the curvature has not been found to significantly affect the XRD
measurement if the area of the beam is limited.[8] Additionally, the bulk silicon layer here
has a thickness of 500 pm compared to the 25.4 pm of the PPy-pSi layer to suppress the
occurrence of a possible curvature. However, the additional peaks and the overall asym-
metric peak shape for the Si peak is striking. The large shoulder, almost resembling a

!The adjusted 2 value of the fit amounts to 99.36 %.
2The fit yields a peak for the shoulder of 20 = 29.4094 ° and 260 = 29.4317° for the foot.
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Figure 5.16.: Applied fit-functions on the 400 Bragg peak. Fit-functions applied
to the 400 Bragg peak of (a) bulk Si and (b) the PPy-pSi hybrid in the
out-of-plane direction of the # — 26 scan in reflection geometry depicted in
Figure 5.15. The single components that approximate the different peak
features, are displayed as well as the resulting total fit of the entire peak.

second peak, might very well be due to a bending of the wafer. An increasing porous
silicon thickness has been reported to substantially distort the Si peak.[238] The filling of
polypyrrole inside the pore space alone might lead to such a bending effect. Lastly, the
observed foot of the Si peak at higher angles, is possibly the result of a diffuse scattering
of the porous silicon structure.[141]

The described fit procedure is applied to the PPy-pSi peak as well. As the peak only shows
a distortion to smaller 26 values in the form of a shoulder on the main PPy-pSi peak, two
independent fit-functions suffice, as depicted in Figure 5.16(b). The main PPy-pSi peak
is located at 26 = (29.3437 4+ 0.0003) °.

Two effects may contribute to the distortion of the PPy-pSi peak. Firstly, an irregular
filling by PPy of the pSi pores could lead to a divergence of strained areas at the interface
between polymer and pore wall. The measured lattice mismatch might then be distinctly
irregular in dependence of the polymer filling. Secondly, side-pores, already discussed
in section 4.3, might be the reason for a divergence in strain distribution in the porous
silicon layer. This irregular porous microstructure may lead to a spread in the distribu-
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tion of micro-strains and hence an asymmetric peak shape.[307] As the side-pores branch
off the main pore, they do not substantially contribute to a load transfer in macroscopic
tension.[112] Thus, strains in the pSi lattice due to polypyrrole expansion might influence
these side-pores distinctively different than in the main pore. Whereas an out-of-plane
expansion of the pSi lattice in the main pore may occur, the expansion might not be as
strong in sections where side-pores are located. Side-pores constitute essentially a broad-
ening of the pore wall. Stresses caused by polymer swelling would be distributed over a
larger fraction of the pore wall. Therefore, they would generate smaller strains. Addi-
tionally, the side-pores might also not be filled to the same degree with polypyrrole as the
main pore. Hence, a different transfer onto the pore wall lattice might result, which would
also entail a distortion of the PPy-pSi peak. Furthermore, an oxidation of the silicon pore
walls during the first stage of the polymerisation process or at unfilled pore sections during
the electrochemical experiments might lead to a broadening of the PPy-pSi peak. An ox-
idation of the pore walls leads to a stress in porous silicon, as already observed for unfilled
porous silicon, see Figure 4.6(a). Such an influence through a progressive oxidation has
already been observed on the lattice mismatch da/a .[141]

As is established and discussed above, with the specific fitting procedure the 260 position
of the main Si and the main PPy-pSi peak are obtained. This specific fitting protocol
is deployed for all 6 — 26 scans here. The separation between the peaks yields a lattice
mismatch of da/a; = (+2.40 £ 0.01) - 102 for as-prepared PPy-pSi. Such a positive lat-
tice mismatch in the out-of-plane direction is characteristic for an XRD investigation on
a pSi epi-layer with underlying bulk Si.[8, 141, 178, 235-238] A comparison of the lattice
mismatch da/a | for PPy-pSi to an unfilled pSi epi-layer requires equal porous silicon char-
acteristics with respect to porosity and pore diameter. Porous silicon synthesised from
silicon with an identical resistivity and with an equal final porosity has a lattice mismatch
of +5.2 - 107%.[141] Thus, the polypyrrole filling itself, without an applied potential, is
responsible for a noticeable da/a | increase by a factor of approximately 4.5. It can be
assessed that the polypyrrole filling leads to a significant lattice strain and an expansion
of the pSi lattice in the out-of-plane direction. Generally, such a significant pSi lattice
strain is possible and a lattice mismatch as high as 40.002 has been reported, albeit for
porous silicon with a vastly different pore morphology, i.e. higher porosity and larger pore
diameter.[141] This concludes the assessment of the as-prepared PPy-pSi.

Next, perchloric acid is filled into the cell and is allowed to imbibe into the PPy-pSi sample
for 15min. Afterwards, a @ — 26 scan is conducted within the same range as for the as-
prepared material. It is compared to the as-prepared scan to investigate if a change in
pSi lattice mismatch is observed due to the infiltration of perchloric acid. The resulting
measurement is displayed in Figure 5.17. The Si main peaks of the two measurements are
at the same value. However, the PPy-pSi peak is slightly shifted after the liquid uptake.
The resulting lattice mismatch amounts to (4+2.4840.01)-1073, which is a small difference
to the as-prepared state but still detectable. The lattice mismatch is larger compared to
the as-prepared state. Hence, the pSi lattice expands further upon the liquid infiltration
in the out-of-plane direction. The difference in lattice mismatch between the two states
is 6a/a1 pyeptiqu = (0.8 £0.1) - 10~* and is thus two orders of magnitude smaller than
the lattice mismatch of the two states themselves. A comparable in situ study investig-
ated the adsorption of pentane vapour in porous silicon, which yields +1.8 - 10~* between
as-prepared porous silicon and fully pentane-filled porous silicon. For both studies the
difference in lattice mismatch da/a | is positive. The lattice expands further on adsorp-
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Figure 5.17.: X-ray diffraction measurement on 400 Bragg peak for a liquid-
infiltrated polypyrrole porous silicon hybrid. XRD 6 — 26 scan of
HClOy infiltrated PPy-pSi on the 400 Bragg peak in reflection geometry,
with the intensity on the ordinate in arbitrary units in logarithmic scale and
normalised to the Si peak. Electrolyte-infiltrated (red) in comparison to the
as-prepared state (black).

tion, which can be associated with the Bangham effect. Surface stress at the pore wall is
reduced due to molecular adsorption.[65]. However, the amplitude of the lattice mismatch
da/a, change is about twice as large for the pentane vapour adsorption than the liquid
imbibition of the here investigated PPy-pSi. The results are not easy to compare, as the
effect of pentane adsorption is measured in porous silicon with a larger porosity of 80 %.
As stiffness decreases in porous silicon with increasing porosity [8], surface stress changes
might result in larger lattice mismatches in porous silicon with higher porosities.

5.5.2. Out-of-Plane Lattice Strain - Electrochemical Dependence and
Kinetics

The counter electrode and the reference electrode are inserted into the in situ XRD meas-
urement cell and all electrodes are connected to the potentiostat so that electrochemical
measurements can be performed. First it is checked whether sample S,eq shows the typical
electrochemical characteristics. A CV measurement is conducted. The respective meas-
urement is depicted in Figure A.19 in the appendix. A capacitive behaviour is observed in
the potential region of 0.4—0.8 V, although a diffusion limitation is visible for a higher scan
rate of 10mV s~!. Overall, the electrochemical characteristics are in accordance with the
behaviour here established for PPy-pSi, see section 5.2. The accompanying capacitance
is 34.7 £ 0.5mF. S,eq has an area of 46.61 mm?. Hence, the volume normalised capacit-
ance is 29300 £ 400 mF cm ™3, which matches the capacitance determined for PPy-pSi in
sections 5.2 and 5.3. So overall, the electrochemical properties of S;eq are as desired and
the potential dependent lattice mismatch can be examined.

A full 8—260 scan is time consuming. Thus, a CV measurement, even with a slow scan rate,
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is too quick to conduct it in parallel to several, subsequent § — 26 scans. Thus, another
method is applied. The potential is successively adjusted to discrete potential steps of 0.4,
0.6 and 0.8V and reversed. At each step the potential is retained constant. In response,
the current either has a drastic up or downward slope, depending if the potential step is
an increase or decrease, before asymptotically approaching zero. Figure A.20 shows the
respective step wise potential course and two exemplary current responses to an increasing
and decreasing potential step, respectively. The current is integrated to obtain the charge
incorporated at each step. When the initial alteration has passed and the current reaches
a stable level, the 8 — 26 scan is started. The next potential step is set at the end of the
scan. By these means a CV measurement is mimicked.

Figure 5.18(a) shows two exemplary 6 — 26 scans for two potential steps of 0.4V and
0.8V, which are recorded in succession. The main silicon peak does not markedly shift
with a change of potential. However, the PPy-pSi peak exhibits a clear shift to larger
values of 260 with the 0.8V potential step, as shown in the inset in Figure 5.18(a). In
particular, the right edge of the peak shifts noticeably. The lattice mismatch da/a; is
calculated according to the fitting procedure and is shown in dependence of potential
steps E in Figure 5.18(b). The graphic also displays the volumetric charge gy for each
potential step. Lattice mismatch da/a; clearly follows the applied potential E and the
incorporated charge ¢y in phase. Thus, the applied potential leads to an incorporation
of charge carriers and also to an increase of da/a, so an expansion of the pSi lattice in
the out-of-plane direction. Vice versa, reducing the potential expels charge carriers and
the lattice contracts. The lattice mismatch da/a; shifts from a level of approximately
+0.0028 to +0.0030. A da/a, average of the central potential cycles (cycles two to ten)
yields da/a,,, = +(1.50 +0.04) - 10~%. Overall, the electrochemical actuation expressed
in lattice mismatch da/a; can be designated as reversible and reproducible.

The reproducibility and linearity of the lattice mismatch actuation is further examined
by an applied linearly changing CV potential. The incidence and exit angle 8 are fixed
so that 20 = 29.3443°. At his angle the diffraction condition is in the middle of the right
PPy-pSi peak edge. Hence, the intensity will increase or decrease when the peak shifts to
smaller or larger 20-angles with the applied potential. As the diffraction condition is in the
middle of the peak edge, the intensity change will be maximal. The intensity is summed
in time intervals of 1s. Only a change in intensity is measured. For a comparison to
other results, the intensity change needs to be converted into a lattice mismatch with the
following procedure. The fit parameters of the last preceding full 8 — 26 scan are used. All
fit parameters are held constant and the 26 value of the PPy-pSi peak is adjusted so that
the intensity of the time dependent scan is met. The PPy-pSi peak position then yields
the lattice mismatch in the time dependent measurement. The resulting measurement is
shown in Figure 5.19. The measurement is conducted in the same potential range. gy is
also determined. Clearly, lattice mismatch da/a; coincides linear and in phase with the
applied potential £ and volumetric charge gy, thus confirming the results from the step-
wise potential method. The amplitude over the potential cycles is +(1.55 £ 0.03) - 10~*
and is thus consistent with the step-wise lattice mismatch average da/a_,,,.

A square potential with potential steps of 0.4V and 0.8V is applied to probe the kinet-
ics of the lattice mismatch. The steps last for 15s. The method to measure the lattice
mismatch change in response to the applied square potential has to be adapted. The
previous method sums over the central detector region, see methods section 3.5.3, and for
the applied CV potential, the temporal resolution is 1s. However, the temporal resolution
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Figure 5.18.: Potential dependent XRD measurements and out-of-plane lattice
mismatch determination. (a) Potential dependent 6 — 20 scans on the
400 Bragg peak of a PPy-pSi epi-layer in perchloric acid in out-of-plane
direction with potential steps of 0.4V and 0.8V, respectively. The inset
represents a zoom onto the PPy-pSi peak in logarithmic scale. (b) Resulting
lattice mismatch da/a; (blue) together with charge gy (red), normalised to
the volume of the porous silicon layer, in dependence of the applied potential
E (green) at each step.

has to be increased for the quick da/a  response upon an instant changing potential.
The time resolution is adjusted to 0.1s. The lattice mismatch is obtained by evaluating
the actual detector pictures, recorded with the increased time resolution. The incidence
angle is set to the PPy-pSi peak at 260 = 29.3342°. Thus, the diffraction condition focuses
the PPy-pSi peak to maximise its intensity. The Si peak is also visible on the detector
pictures. A profile of the two peaks is obtained from the detector picture. The lattice
mismatch is determined by approximating the two peaks with Lorentzian functions. An
exemplary detector image and its extracted profile is displayed in Figure 5.20(a). The fit
yields the position of the peaks in detector pixels. With the knowledge of the size of a
pixel p, the incident angle 6 and the distance of sample to detector L, the pixel position
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Figure 5.19.: Lattice mismatch in dependence of a cyclic voltammetry measure-
ment. Lattice mismatch da/a; (blue) along volume specific charge gy (red)
in dependence of an applied, linearly changing CV potential E (green).

is transformed into 260 values and, thus, finally a value for da/a] is obtained. By all these
means the temporal resolution suffices the requirement of the step-coulombmetry.

Figure 5.20(b) shows the resulting lattice mismatch da/a; and the volumetric charge gy in
response to the step-coulombmetry. The same potential dependence observed in response
to the CV potential is present, as da/a; increases upon a potential increase and vice
versa. Overall, the same characteristics as observed for the macroscopic electrochemical
actuation of the membrane, see Figure 5.11, are present. da/a, replicates the square form
of the potential course. The course of ¢y is significantly different, as it takes longer to
start to settle. The exponential fit-functions known from equations 5.3 and 5.4 are used
to approximate the course of da/a; and gy to obtain characteristic time constants of the
respective processes. The fits yield averaged values of 1.6 + 0.1s and 8.07 £ 0.08 s for the
response of da/a, and gy upon a potential increase, respectively. For a potential decrease
the values are 1.9£0.2s for da/a  and 7.574+0.06s for gy. Thus, a significant difference for
the reaction of the lattice mismatch compared to the charge movement is present, as the
latter is slower by a factor of leastwise four for both directions of potential change. That
means, the observations for the macroscopic actuation kinetics study by in situ dilato-
metry on a PPy-pSi membrane can be replicated here on the microscopic level of the
crystal lattice. Again, the probable reasons for this disparity are the diffusion limitation,
the densification of the polypyrrole filling and the onset of plastic deformation. However,
the reaction time of the lattice is slightly faster with values of 1.6 s and 1.9 s for increasing
and decreasing potentials, compared to 4.26 s and 2.8 s for the macroscopic strain reaction.

5.5.3. In-Plane Lattice Strain

For sample S¢rans an XRD measurement is conducted in the transmission geometry so
that the lattice mismatch in the in-plane direction, i.e. the 044 Bragg peak, is probed. In
the initial measurement the electrolyte solution HCIOy is filled into the cell and imbibes
into the sample Strans, but no potential is applied. It is in an as-prepared, electrolyte-
infiltrated state. The resulting 8 — 20 scan from approximately 20 ~ 42.08° to 42.095°
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Figure 5.20.: Actuation kinetics of lattice mismatch by step-coulombmetry. (a)
Exemplary detector image with the Si main peak and the PPy-pSi peak
visible. A profile of the two peaks is extracted and displayed in the main
graph, which shows the pixel position and the intensity normalised to the
Si peak. (b) Step-coulombmetry with a temporal resolution of 0.1s for the
determination of the electrochemical actuation kinetics. Potentials E' (green)
of 0.4V and 0.8V are applied in steps, which last 15s. Volumetric charge
gv (red) is displayed along the resulting lattice mismatch da/a; (blue, with
the average in turquoise).

is displayed in Figure 5.21 in comparison to the same measurement for an equal porous
silicon sample but without the polypyrrole filling of the pore space. The measurement
shows that a second peak at higher 20 is present, which has about half the intensity of
the Si main peak. Again pseudo-Voigt functions are used to approximate the peaks and
extract the peak positions. The main silicon peak is at 20 = (42.0847 £+ 0.0002) ° and the
PPy-pSi peak at 20 = (42.0899 + 0.0002) °. As the PPy-pSi peak is at a larger 20 angle
than the Si main peak, the lattice mismatch da/ aj has a negative sign. Hence, the lattice
of the porous silicon layer is contracted with respect to the bulk silicon lattice constant.
The two determined peaks yield a value of da/aj| = (—=1.17 £0.07) - 10~%. In comparison
to the out-of-plane direction, da/a|| has an opposite sign and it is approximately one order
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Figure 5.21.: X-ray diffraction measurement for an as-prepared polypyrrole por-
ous silicon hybrid on the 044 Bragg peak. XRD 6—26 scan of a 25.4 nm
thick as-prepared PPy-pSi epi-layer in perchloric acid on the 044 Bragg peak
in transmission geometry (red), which shows a Si main peak and a second
PPy-pSi peak. The latter peak is not visible in the comparison to an equal
scan of porous silicon without the PPy pore filling (black). The intensity is
normalised to the silicon peak (Si) intensity and the abscissa shows angle 26
at the bottom and the corresponding lattice mismatch da/a; with respect
to the silicon peak at the top. The inset depicts an actual detector image,
in which the Si and PPy-pSi peaks are visible.

of magnitude smaller in absolute terms.

Since the underlying bulk silicon clamps the porous silicon layer, a lattice mismatch
between the Si and the pSi lattice in-plane is not to be expected. Rather, induced stress
would be released via the out-of-plane lattice mismatch.[8] For a § — 20 scan on an equal
sample with a porous silicon layer which has no polypyrrole pore filling it is ascertained
that the second peak is not visible, as Figure 5.21 displays. Plain porous silicon only shows
one clear peak at identical Si peak position. A very slight deviation on the bottom of the
peak towards higher 20 might be present, but by no means it is markedly visible. The
absence of the PPy-pSi peak means that the pSi lattice has the same lattice constant as
the underlying bulk silicon. The emergence of the second peak can be ascribed to the PPy
filling of the pores. Evidently, the polymer is responsible for causing significant strains
on the in-plane lattice so that a separate peak becomes measurable. Such an additional
peak is not even observed when stress is exerted onto the pSi lattice by a significant oxid-
ation.[141] The in-plane lattice mismatch is reported in the referenced experiment as an
estimate of da/a; = 0+ 5-107°.[141] Therefore, the in-plane lattice mismatch measured
here, is beyond the cited margin of uncertainty by about one order of magnitude.
Interestingly, the in-plane lattice mismatch determined here, is negative and the lattice is
contracted in-plane. Assuming the pore walls possess bulk silicon’s Poisson’s ratio [273],
such a contraction is to be expected to some extend, as the lattice expands in the out-
of-plane direction. Sections of the silicon pore walls, which are highly strained in the
out-of-plane direction, might cause significant lateral contractions.
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Figure 5.22.: Potential dependent XRD measurements and in-plane lattice mis-
match determination. (a) Potential dependent § — 26 scans on the 044
Bragg peak of a 25.4 pm thick as-prepared PPy-pSi epi-layer in perchloric
acid in in-plane direction with potential steps of 0.4V and 0.8V, respect-
ively. (b) Resulting lattice mismatch da/a) (blue) together with volumetric
charge gy (red), in dependence of the applied potential E (green) at each
step.

Lattice mismatch da/ aj for sample Strans is measured also in dependence of an applied
potential with the introduced step-wise method. The sample also shows the established
capacitive behaviour, see Figure A.21 in the appendix. Four exemplary 6 — 20 scans are
depicted in Figure 5.22(a). The PPy-pSi peak shifts noticeably to smaller 26 and thus, to
smaller lattice mismatch da/ aj| values for the higher potential steps of 0.8 V. The lattice
mismatch da/a)|, along volumetric charge gy for all potential steps is displayed in (b). gv
oscillates between a level of 210 mCmm ™. The course replicates the reflection measure-
ment well, see Figure 5.18(b), which exhibits an equal range for ¢y. This result stands
to reason, as both samples have similar capacitances. The in-plane lattice mismatch, on
the other hand, exhibits a distinctively different behaviour. For increasing potential steps,
da/a) exhibits an even larger decrease to negative values. So, the lattice contracts further
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in-plane. Vice versa, a da/ aj increase, i.e. a lattice expansion, is observed for smaller
potential steps. Thus, the dependency of da/ aj| on E' is of opposite nature, compared to
the out-of-plane lattice mismatch da/a ;. Even though the uncertainty is relatively larger
for the da/ ay variation, an lattice mismatch potential dependence can unmistakably be
identified. The amplitude of the lattice mismatch averaged over cycles number two to nine
amounts to (Sa/aHavg = —(1.06 £0.09) - 10~°. Again, the same scale difference is observed,
as da/ all,.. is approximately one order of magnitude smaller than da/a,,,.

A summary of the results of the in situ X-ray diffraction experiment on the electrochem-
ical actuation of the PPy-pSi hybrid is specified in Figure 5.23.

Apart from PPy-pSi hybrids, unfilled, anodically oxidised porous silicon has also been in-
vestigated in the out-of-plane direction with the in situ XRD measurement procedure. The
lattice mismatch da/a; on the 400 Bragg peak is probed. A lattice mismatch da/a; # 0
on porous silicon can be confirmed. However, the measurements with stepwise applied
potentials do not provide conclusive evidence about the dependence of da/a; on applied
potentials within the margin of uncertainty, see Figure A.22 in the appendix.

5.5.4. Micromechanical Simulation Analysis

The results of the in situ XRD study may be further examined by a micromechanical
simulation analysis. Such a study, as also discussed in section 5.4.3, yields inside into the
mechanistic characteristics of the actuation process on the pore scale.[243] For the purpose
of obtaining a three-dimensional (3D) FEM model of porous silicon that resembles its
morphology as closely as possible, a TEM tomography on the PPy-pSi is performed. A
series of TEM detector pictures of a thin, needle-shaped PPy-pSi sample is recorded while
it is rotated. The single TEM pictures are reconstructed to form a 3D model.[243] The
creation of the model and the most important simulation results are here summarised.
Such a tomography model clearly depicts the side-pores branching off from the main pore.
Interestingly, also pore-interconnections between main pores are present [243], which have
been intensively discussed with respect to their importance for self-diffusion [17] and
cavitation events in porous silicon [308].

The pixels of the tomography model are transferred to an FEM model of the material,
which is made up of voxels. The model is calibrated by the porosity of macroscopic
PPy-pSi.[243] The elements of the model are individually assessed with respect to their
mechanical properties and in particular their strain state, referred to as micro-strains.[243]
Thus, it is possible to gain information about the strain distribution on the micro-structure
level. The X-ray beam has a larger size than the microstructure model and, thus, averages
over a larger PPy-pSi volume. So, the analysis of the strain of the whole model volume is
prone to artefacts and errors due to the limited model volume when compared to the results
of the XRD study. Rather, the distribution of the micro-strains allows a comparison.
The micro-strain distribution is calibrated to reproduce the measured out-of-plane lattice
mismatch from the XRD measurements on as-prepared and electrolyte-infiltrated PPy-
pSi. For the calibration, the surface of the silicon pore walls is strained on purpose.
The resulting micro-strain distribution can be transformed into a series of 26 values.
Qualitatively, it matches the shape of the PPy-pSi Bragg peak, which is depicted in
Figure 5.16(b).[243] However, the range of the 20 distribution is much wider in the model,
as the porous silicon microstructure is quite irregular. This irregularity can lead to a large
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reflection geometry lattice mismatch lattice mismatch amplitude
probing 400 da/a, (107) A(10%)
PPy-pSi - as-prepared +(2.40 £ 0.01)
PPy-pSi - electrolyte-infiltrated ‘ +(2.48 £ 0.01)

1M HCIO, i i !
PPy-pSi - potential +(3.00 £ 0.05)

applied:

0.8V (1.50 % 0.04)
PPy-pSi - potential +(2.85 £ 0.03)

applied: '

04V
transmission geometry lattice mismatch lattice mismatch amplitude
probing 044 da/a; (10%) A (10%)
PPy-pSi - electrolyte-infiltrated -(1.17 £ 0.07)

1M HCIO,

(|

PPy-pSi - potential -(1.34 £ 0.02)

applied:

0.8V -(1.06 £ 0.09)

PPy-pSi - potential

applied: a
04V ‘

-(1.234 £ 0.005)

Figure 5.23.: Overall results of the in situ XRD experiment on the electrochem-
ical actuation of a polypyrrole porous silicon hybrid. Out-of-plane
lattice mismatch da/a  for the reflection geometry, probing the 400 Bragg
peak and in-plane lattice mismatch da/ aj for the transmission geometry,
probing the 044 Bragg peak, for all states of the PPy-pSi hybrid.
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range of micro-strain distribution and thus an altered shape of the Bragg peak.

It is possible to model the electrochemical actuation of PPy-pSi by an applied potential
by assigning an expansion property to the PPy phase in the model.[243] Again, the micro-
strain distribution is used to tune the expansion property to match the measured out-of-
plane lattice mismatch for the applied potentials of 0.4V and 0.8V, see Figure 5.23.

As a result, the PPy phase is found to experience a volumetric swelling of 2.3 % and 3.2 %,
respectively, for the two potentials.[243] Pressures of up to 55 MPa at an applied potential
of 0.8V are determined.[243] Remarkably, the swelling, as well as the pressure, is larger
than for the micromechanical study conducted obtained from a single TEM picture in a
21/2D FEM model, see section 5.4.3. Thus, the third, out-of-plane dimension significantly
adds to the complexity of the material and cannot be easily neglected.

Furthermore, in the simulation the peak of the in-plane micro-strain distribution shifts
slightly but noticeably to negative values, while the out-of-plane strain is positive. The
out-of-plane strain also changes with a positive dependence on the applied potential. Both
of these outcomes reproduce the results of the experimental XRD study well. In an analysis
of the model, it is determined that the larger strains are located at sites in the pore walls
that may be described as notches. At these thin cross-sections the out-of-plane strains are
concentrated, whereas thicker parts of the pore wall experience lower strains. Interestingly,
the distribution of the in-plane strain component correlates with the notch sections. The
occurrence of the in-plane strain in the XRD measurements can be attributed to these
sections that experience a high out-of-plane strain. Ultimately, the in-plane strain is due
to transverse contraction of these silicon pore wall notches. Simultaneously, large parts
of the remaining pore wall with a thicker cross-section are unstrained in the in-plane
direction. It explains why the extent of the in-plane lattice mismatch in the XRD study is
an order of magnitude smaller, whereas the clamping of the underlying bulk silicon leads
to an expansion of PPy-pSi due to polymer swelling directed in the out-of-plane direction.
Overall, such a comprehensive approach of a TEM-tomography- based model combined
with micromechanical simulations complements the here presented in situ XRD study on
the electrochemical actuation of PPy-pSi well. It enables insight on the scale of single
pores up to the entire PPy-pSi hybrid material behaviour.[243]

5.6. Performance of Polypyrrole-Porous-Silicon Actuators

The polypyrrole-porous-silicon hybrid material can be evaluated in terms of its superca-
pacitor properties.[113] Supercapacitors are characterised by the parameters energy and
power density. The energy density Ey is estimated in a straightforward manner by [309]

Ev = % E? (5.5)

where ¢ denotes capacitance and F the potential range. For the hybrid material a capa-
citance of 63.68 F cm ™3 is determined at the beginning of section 5.4 for a potential range
of 0.4 —0.9V. By taking into account the density of the material, i.e. 1.49gcm™3, an
energy density of & = 1.48 Whkg™! is determined. The power density Py is obtained,
by considering the time it takes to completely discharge the material. Here, a typical dis-
charge time of 74 decr = 14.31s is determined, see Figure 5.11. Thus, the power density
amounts to 1.48thg_1/14.31s = 374 Wkg~! for the hybrid material. Both densities

are well in range of energy and power densities observed for similar PPy-pSi hybrids.[113]
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The energy and power density for plain porous silicon, without the polypyrrole filling,
are &y = 0.13Whkg™! and Py = 141 Wkg~! and thus, well below the PPy-pSi hybrid’s
supercapacitor features. However, it has to be stated that it has not been the explicit
goal of this work to create a material with outstanding supercapacitor properties. Ded-
icated materials exist whose intrinsic properties are more suited to fulfil the task of a
supercapacitor. For instance, graphene-based supercapacitors exhibit energy densities up
to 90 Whkg ™! and power densities of approximately 10000 W kg~*.[310]

A critical performance parameter that characterises actuators is work density. It quanti-
fies mechanical work performed by the actuator against an external load. Normalised to
the actuator volume, it is denoted as Wy and calculated by [74, 212]

ampl>

1
Wy = ZY€2 (5.6)

where Y is the Young’s modulus and €,mp the maximum strain amplitude. The equation
is valid if the occurring maximal load ¢pax = 1/2Y5§mp1 does not exceed the material’s
yield limit [74]. The actuation experiments on porous silicon and the polypyrrole-porous-
silicon hybrid fulfil this constraint. The performance parameters of the here discussed
materials are summarised in Table 5.1.

The strain amplitude of porous silicon, determined in section 4.3, in a potential regime of
0.0V to 0.9V amounts to €avg psi,cs = ((1.69 £ 0.04) - 1073) % and its Young’s modulus
in-plane, i.e. in load direction, is ¥} = 26.1 GPa, determined in section 4.3. Hence, the
work density amounts to wy psi = 1.9 - 1073 kJm~3, normalised to material volume or
wy psi = 1.7+ 103 Jkg~! normalised to the mass by taking account the material’s density
of 1.07gcm™3.

Nanoporous gold constitutes another type of porous material that exhibits electrosorption-
induced actuation in aqueous electrolyte solutions.[10] The strain amplitude measured for
npg amounts to (4.7-1073) % with a Young’s modulus of 1.03 GPa.[299] Hence, the volu-
metric work density is Wy = 5.5-1074kJ m~>. Note however that this value is obtained for
npg that is submitted to a plastic deformation of 18 % pre-measurement, which enhances
the Young’s modulus. A plastic deformation of only 3 % results in a Young’s modulus of
approximately 200 MPa [299], an identical strain amplitude and thus, a volumetric work
density of 1.1-10*kJ m™2, merely a fifth of the original value. In comparison to porous
silicon the volumetric work density of npg is smaller by a factor of approximately three.
Since npg has a much higher density, porous silicon’s work density normalised to mass
Wh, is even larger by a factor of more than fifteen.

Equation 5.6 shows that the work density depends quadratically on the achievable strain
amplitude but only linearly on Young’s modulus. The filling of polypyrrole in the pSi
pore space increases the Young’s modulus of the hybrid by only approximately 4 GPa.[112]
Thus, an enhancement of the strain amplitude by the polypyrrole filling has a significant
impact on the work density. The hybrid material has a strain amplitude of €,vg PPy—psi =
(40.044 + 0.002) % in the potential regime of 0.4V to 0.9V, see section 5.4, so approx-
imately thirty times larger. Accordingly, the hybrid’s volumetric work density Wy =
1.46kJm™3 is about three orders of magnitude larger. As the densities of the two ma-
terials are similar, the work density per mass is also larger for the hybrid material. Per
mass a value of 0.98Jkg~! is obtained, by taking into account the hybrid’s density of
1.49gcm™3,

As described above, polypyrrole can be deposited on the inner surface area of npg. Here,
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we compare the PPy-pSi hybrid to PPy-npg, which has a PPy film thickness ranging from
10.2nm to 30.3nm. These represent a volume share of 10 % and 30 %, respectively.[299]
Their volumetric work densities amount to 0.1 — 6.7kJm~3 .[302] The PPy-pSi hybrid
is well within that range. When normalised to mass, its work density is on par with the
upper end of the range since its density is lower. Note that the PPy-npg samples are again
15 % pre-deformed so that the stated work densities represent upper limits.

Lastly, the performance of the pSi and PPy-pSi actuators are compared to common piezo
ceramic materials, which show strain amplitudes of up to 0.1 % [311-313] and have max-
imal Young’s moduli around 80 GPa [314]. The result of these maximum values would
be a volumetric work density of Wy = 17.5kJ m™3. Actual, commercially available piezo
actuators, lead-zirconium-titanate (pzt) based, are PZT8 and PZT4.[314] PZT4 has a
piezoelectric coefficient of dzz = 372 pCN~1.[314] With a typical applied electric field of
U =2kVmm~! [313] a strain amplitude of Udss = 0.074 % is obtained. With a Young’s
modulus of 58.9 GPa and a density of 7.65gcm™3 [314] it is possible to estimate work
densities of 8.15kJ m~3 and 1.06 J kg~! normalised to volume and mass, respectively. The
volumetric work density is slightly exceeding the one of the here investigated PPy-pSi.
Overall, it can be ascertained that the PPy-pSi hybrid’s work density per mass is on par
with commercially available piezo materials.
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Table 5.1.: Performance parameters of porous silicon and polypyrrole-porous-
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silicon in comparison to different materials. Performance of the here
investigated porous silicon (pSi) and polypyrrole-porous-silicon (PPy-pSi) as
specified by the work density normalised to the material volume and mass.
The performance is compared to the electrosorption-induced actuation of nan-
oporous gold (npg) and electrochemical actuation of polypyrrole-nanoporous
gold hybrid materials (PPy-npg). The latter is displayed with polypyrrole film
thicknesses of 10.2nm and 30.3nm.[299, 302] The work density for npg and
PPy-npg are stated in load direction, in which the strain is measured. However,
these actuator materials isotropically expand and contract in all directions.[74,
182] Hence, the work density would be larger by a factor of three. Here, only
the unidirectional strain and work density is considered for a better compar-
ison to the PPy-pSi hybrids. Moreover, the nanoporous gold is plastically
pre-deformed by 18 % and 15 % for npg and PPy-npg, respectively.[299] This
procedure enhances Y and, in the case of PPy-npg, also e4mp1.[299] Addition-
ally, two classical lead-zirconium-titanate piezo-actuator are listed — PZT4 and
PZT8.[314] The strain amplitude is computed by assuming an applied electrical
field of U = 2kVmm~! [313] and piezoelectric coefficient d33 = 372pCN~!
(PZT4) and ds3 = 275pCN~! (PZT8)[314].

material | €ampl Y density work density
Wy Win
% GPa gcm ™3 kJm~3 Jkg™!
pSi 1.69-1072 | 26.1 1.07 1.9-1073 | 1.7-1073
PPy-pSi | 0.044 30.1 1.49 1.46 0.98
npg 4.7-1073 1 5.2 55-107% | 1.1-10~*
PPy-npg | 0.10 — 0.51 | 0.5 — 1.0 | 5.4 — 5.7 | 0.1 — 6.7 | 2.2-1072 — 1.2
PZT4 0.074 58.9 7.65 8.15 1.06
PZTS 0.055 80 7.75 6.05 0.78




6. Conclusion

Overall in this work, the successful demonstration of electrochemical actuation in porous
silicon is presented. The electrosorption-induced mechanical actuation of electrolyte-filled
porous silicon, i.e. without the polypyrrole pore filling, is extensively studied. A detailed
electrochemical characterisation of its behaviour in acidic and salt solutions leads to a
deeper understanding of porous silicon. An anodic oxidation leads to a stable electro-
chemical behaviour. Porous silicon as well as bulk silicon electrodes exhibit near ideal
polarisability in aqueous electrolytes. With respect to its actuation mechanism, it is es-
tablished that an induced surface stress change through the accumulation of electrolyte
anions in the electric double layer is responsible for the stable and highly reproducible
actuation of the entire porous silicon structure. Surprisingly, the electrosorption-induced
actuation in porous silicon exhibits an inverse proportionality on applied potential and
accumulated charge. That means, porous silicon expands upon a potential reduction and
a thereby caused charge ejection, which is in clear contrast to other nanoporous mater-
ials, especially metals. The electrocapillary coupling parameter ¢ = +0.657 + 0.007V is
successfully determined for a bulk silicon surface for the first time in this thesis. On a mi-
croscopical level, the cause of electrosorption-induced actuation is embedded in a change
of surface stress. Due to the combined approach of in situ dilatometry and laser canti-
lever bending, it can be corroborated that this relation also holds true for porous silicon.
The qualitative analysis of the actuation with respect to the porous silicon mechanics
and in comparison to surface-stress-induced actuation at bulk silicon surfaces particularly
highlights the importance of the porous silicon morphology on the single-pore scale, its
semiconductor features and the formation of silicon oxides. In this regard, future research
on tuning the pore morphology of porous silicon to obtain smoother pore walls and in
particular a higher electrochemically addressable surface area would be beneficial for the
electrosorption-induced actuation. Moreover, the influence of the doping concentration on
the electrosorption-induced actuation could be a further topic to investigate. The doping
could be for example adjusted after the porous silicon synthesis by a re-doping proced-
ure.[315]

Furthermore, within the framework of this work comprehensive research has been con-
ducted to gain a deeper understanding of the mechanics of porous silicon. Porous silicon
represents a challenging material for the assessments of its mechanical properties due to
its anisotropic crystal structure coupled with the intricate, thin layer sample geometry.
A technique of laser-excited elastic guided wave characterisation, established here for
the measurement on porous silicon, allows a detailed analysis of porous silicon mechan-
ics including the elastic coefficients. It reveals that porous silicon possesses an in-plane,
transverse isotropy, in which the pore structure itself offsets the cubic symmetry within
the pore walls.

All in all, the presented work demonstrates the robustness of porous silicon with regard to
potential actuation applications which utilise the electrochemo-mechanical coupling occur-
ring at silicon surfaces. Akin to a variety of studies which demonstrate the versatile nature
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of liquid-filled porous silicon with respect to, for instance, phase selection controlled by
the pore confinement [18, 316], an adaptable wetting [317], photonic properties [40, 318],
a controllable pore wall topography [319] and liquid-influenced mechanical properties [38,
320], this work shows that porous silicon is a candidate for a facilely and straightforwardly
fabricated, material-integrated actuator functionality.

The integration of the electroactive, electrically conductive polymer polypyrrole into the
porous structure, is the second main approach to achieve an actuator functionality in
porous silicon. The presented work shows that a robust, highly reproducible electrochem-
ical actuation of a polypyrrole porous silicon hybrid material is achieved. In this work
polypyrrole-filled porous silicon is prepared with a higher aspect ratio of pore length to
pore diameter than reported before in literature. Furthermore, not only porous silicon epi-
layers with dead-end pores but also open-pore membranes are successfully functionalised,
which has not been reported yet. A comprehensive investigation of the synthesis process
as well as the electrochemical behaviour demonstrates that the hybrid material exhibits
characteristics known from studies on polypyrrole in thin-film geometries. Thus, the study
of the actuation functionality of the hybrid material is performed under an electrochem-
ical control that is well established. The study is here successfully carried out both in
acidic aqueous solutions as well as an isotonic saline solution. In both electrolytes a highly
controllable, repeatable mechanical actuation is demonstrated. The change in strain of
the polypyrrole porous silicon hybrid follows the applied potential and the accumulated
charge with a highly linear dependency in phase. This is also reflected in the strain-charge
coupling coefficient which has a positive sign. By contrast, the electrosorption-induced
actuation of unfilled porous silicon exhibits an inverse dependency of actuation strain on
potential and charge. Interestingly, it is found that the amplitude of the strain-charge
coupling coefficient is similar for both actuation mechanisms investigated in this work.
The achievable strain amplitudes, however, are one order of magnitude larger for the
polypyrrole porous silicon hybrid material. The actuation performance with respect to
the strain-charge coupling coefficient is comparable to a polypyrrole nanoporous gold hy-
brid material. Furthermore, it is corroborated that the actuation performance strongly
depends on the type of anion.

The macroscopic actuation measurements are complemented by a high resolution in situ
X-ray diffraction measurements that yield extensive insight into the electrochemical actu-
ation on the microscopic level of the pSi pore wall crystal lattice. With two different meas-
urement geometries it is possible to investigate the actuation impact of the polypyrrole
filling on the pore walls in the in-plane and out-of-plane direction of a PPy-pSi epi-layer.
In both directions the crystal-lattice-level actuation clearly linearly follows applied po-
tential and accumulated charge. A TEM-tomography-based micromechanical simulation
successfully links microscopic and macroscopic level. Furthermore, it confirms the results
obtained on the porous silicon mechanics in the independent laser-excited elastic guided
wave study. Namely, the in-plane mechanical behaviour is prevalently isotropic, even
though the monocrystalline silicon pore walls are anisotropic in their elasticity. All in all,
the polypyrrole porous silicon hybrid material exhibits a robust actuator functionality. In
comparison to classical piezo actuators and polypyrrole-functionalised nanoporous gold,
the PPy-pSi hybrid material performs well with regard to its work density.

In particular, this work demonstrates the benefit of combining the preparation of porous
materials in a self-organised manner in combination with self-assembled functionalisa-
tion on the single nanopore scale, especially, as functional nanocomposites integrated in
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a macroscopic device constitute a particular challenge [321]. This approach enables the
fabrication of reliable three-dimensional materials. Furthermore, porous silicon and the
PPy-pSi hybrid solely comprises a combination of light, abundantly available elements
as hydrogen, carbon, silicon, oxygen, nitrogen and chloride on different scales to achieve
its functionality, resembling thereby biological multiscale composites.[114] That means in
particular, the here investigated materials do not contain any heavy-metals, which are
often responsible for the high performance of piezo-ceramics.

Porous silicon with its versatile, manifold features such as the abundance of surface modi-
fication routes, structuring processes and functionalities, e.g. its photoluminescence [35,
52], in combination with the here introduced, robust actuation functionality, has the
possibility to prompt novel domains of applications. These could possibly include a com-
bination with electrochemical energy storages [23, 28, 29, 31, 113], fluidics [15, 322], sen-
sorics [51, 323] and integrated, on-chip photonics [324]. Biology is another field of research
that could profit from porous silicon actuators. In biological systems, mechanical stress
influences living tissue with regard to its growth, its form and even function.[325-327]
A mechanical impulse alters cells. The cell morphology, the signalling between cells and
transcription of genes is influenced by piezo-channels for example.[328] Since both porous
silicon and polypyrrole are biocompatible, the hybrid material and the mechanical stim-
ulation they provide could be utilised in biological or bio-medical environments. Thus,
mechanical impulses could be converted to a biomedical signal on the single-cell level.

It can also be envisioned that both porous silicon and the PPy-pSi hybrid material ex-
hibit the inverse functionality to an actuation. Thus, a mechanical load would result in a
change in potential and accumulated charge. Since both the movement of anions in pSi
and PPy-pSi and their mechanical response is highly reversible, an applied external load
should also lead to a change of the amount of incorporated ions and therefore in potential
between the material and electrolyte. Nanoporous gold for example clearly exhibits this
inverse actuation functionality.[182] For the polypyrrole-functionalised material it is still
under discussion what the exact cause of this inverse effect in the polymer is. It is either
attributed to an ion motion induced by stress gradients, Donnan potentials that emerge
at the polypyrrole-electrolyte interface or a mixture of the two.[329] The comparison with
other actuator materials shows, however, that achievable strain amplitudes are in the same
range for the here investigated materials. Thus, it would be interesting to study porous
silicon with regard to an electrical potential emergence through mechanical loads or its
use as a strain sensor. In terms of (bio-)medical technologies and applications, porous
silicon could be employed as a stress sensor in vivo or generally in aqueous electrolytes,
e.g. for structural health monitoring [326, 327].

Another type of sensor might be realised by coupling the actuation effect with the unique
photoluminescence property of porous silicon. The photoluminescent response of porous
silicon is utilised for different sensing applications. Changes in the surface chemistry for
example are eminently sensitively detected by a shift of the photoluminescence peak in
intensity or wavelength.[57] A change in strain of the porous silicon pore walls could pos-
sibly affect the photoluminescence in a similar manner. The thickness of the pore walls is
the origin of the quantum-wire effect, which gives microporous silicon its photolumines-
cent properties. Thus, a reversible straining of the pore walls, as studied in this work in
detail, should have a significant impact on the photoluminescent response. However, the
type of porous silicon studied here is not exhibiting any photoluminescence according to
literature.[35] Therefore, it has to be investigated if an electrochemo-mechanical coupling
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Figure 6.1.: Hierarchically porous silicon. (a) Top view of photolithographically pro-
duced macropores arranged in a hexagonal pattern. The membrane is covered
with precipitated silver nanoparticles, also shown in a magnification in the in-
set. The nanoparticles are introducing the mesoporous pore network in the
pore wall between macropores in a further MACE etching process, which has
not yet been performed for the depicted membrane. (b)-(e) Side view of two
macropores with a pore wall in between in different stages of the prepara-
tion process. Each scale bar represents 500 nm. (b) Macroporous membrane
without the mesoporous pore network. (c) The silver nanoparticles are start-
ing to migrate further into the membrane and a meso-pore formation ensues
at the beginning of the MACE etching process. (d) The nanoparticles are
starting to etch deeper into the pore wall so that the macropores start to be
interconnected. (e) A thermal oxidation that preserves the porous features
results in hierarchically porous silica. Adapted with permission from reference
[330].

is also present in microporous silicon and determine the magnitude of the effect. Research
in this direction could open up a pathway to a porous-silicon-based optical strain sensor
which is able to operate in aqueous electrolytes.

A general approach to further improve functional characteristics is the introduction of hier-
archically porous silicon. A hierarchical pore structure encompasses nanopores in the low
mesoporous regime, i.e. pore diameters in the proximity of 10—60 nm, together with larger
macropores. The latter enable a fast ion transport, comparable to bulk electrolyte prop-
erties, without the strong confinement effects of smaller pores, while a functionalisation
on the level of the nanopores is providing a large effective mechanical response. Overall,
this hierarchical approach is a promising concept that can achieve a substantial increase
in dynamic functional capacity. The same basic working principle is utilised in nature by
pore-capillary-networks such as biological tissues, which combine nano and macropores to
achieve mass transport capabilities, while having a large inner surface area that provides
functionality and an overall lightweight, robust structure.[114, 331-334] Conceiving artifi-
cial materials that exhibit a hierarchical porosity attracts attention as an active research
field, especially with regard to their fabrication methods.[22, 333, 335-344] Recently such
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hierarchical materials have been realised in nanoporous gold [345] or ceramics [346]. In
particular, a hierarchically porous structure in the common, mainstream semiconductor
silicon would be interesting for a variety of fields. So far, a hierarchical structure has been
implemented in porous nanoparticles or epi-layers with dead-end pores.[347-350] Within
the framework of this thesis, it has been possible to fabricate hierarchically porous sil-
icon membranes by using different processing techniques within the scope of a master
thesis supervised by the author.[330, 351, 352] A wafer-scale synthesis of up to 300 pm
thick membranes is achieved by combining photolithography-prepared macropores with
self-organised metal-assisted chemical etching (MACE) for nanopores. From a materi-
als science standpoint, this approach bridges the gap between two fundamental methods,
i.e. bottom-up and top-down, to achieve a tailored material synthesis. The pores in the
resulting porous material are bimodally distributed. The macropores have a diameter in
the range of 1 pm and are organised in a hexagonal pattern, as depicted in Figure 6.1(a).
The second part of the preparation process aims to embed a mesoporous pore network
within the macropore pore walls, which are shown in Figure 6.1(b). A MACE approach,
which works without an applied current and is independent of the silicon crystal ori-
entation, is chosen.[52, 353-357] So far, MACE is primarily utilised to synthesise silicon
nanowires [353, 358-361] and rarely porous silicon structures [362]. Silver nanoparticles are
deposited onto the macroporous membrane by a precipitation reaction, see Figure 6.1(a)
and the magnified inset. In an HF solution together with an oxidising agent, the nano-
particles catalyse a reduction-oxidation reaction, during which holes are injected into the
silicon pore walls, which, in turn, enable the removal of silicon atoms by HF molecules.
Interestingly, it is found that the nanoparticles are mobile during this process.[352] They
are etching into the pore wall before detaching, entering into solution and reattaching
at another site and repeating the etching of silicon. Thus, the nanoparticles may be
considered as self-propelled particles that autonomously create the desired mesoporous
pore-space between the macropores.[352] Adjusting the concentration of the particles and
the chemical conditions enables tailored pore characteristics as visible when comparing
Figure 6.1(c) with 6.1(d).[352] Lastly, a thermal oxidation step transforms hierarchically
porous silicon without any major changes in its structure into a monolithic, amorphous
hierarchically porous silica material, which could be beneficial for optical applications. An
example of its structure is shown in Figure 6.1(e).

Overall, in this work it can be ascertained that the actuation performance on the basis of
the work density of porous-silicon-based actuators is in the range of other porous materi-
als and classical piezo ceramics. However, in comparison especially to piezo ceramics the
kinetics of porous silicon actuators occur on another time scale. The step-coulombmetry
experiments reveal that the hydrodynamic flow and the anions in their diffusion and drift-
dynamics are limited in the pore space due to strong confinement effects and interactions
with the pore wall. This applies in particular to the polypyrrole-functionalised porous sil-
icon. The resulting switching times are on the scale of seconds, whereas piezo ceramics are
operating with achievable actuation rates in the kHz-regime or even higher [60, 314]. The
hierarchically porous structure of the material is a promising approach for future research
to significantly improve the actuation kinetics while maintaining the overall mechanical
actuation performance.
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A. Complementary Figures

gold contact wire

pushrod

epoxy mount

Figure A.1.: Dilatometry setup for in situ actuation measurements. (a) Picture
of the in situ dilatometry setup with the epoxy-encased PPy-pSi membrane
immersed in electrolyte solution and installed in the dilatometer with the
glass pushrod on top. The membrane is contacted by a gold wire and con-
nected to a potentiostat, which also contacts a reversible hydrogen RE and a
carbon cloth CE. The inset shows a picture of the as-prepared epoxy-encased
PPy-pSi membrane. The scale bars represent 1+ 0.1 cm and provide an ap-
proximate length scale.

169



A. Complementary Figures

(@)

as-prepared 1.1V

ttot

Figure A.2.: Electrosorption-induced actuation mechanism of electrolyte-
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infiltrated porous silicon. (a) The sample consists of two symmetrical
porous layers (in dark grey) attached to a remaining bulk silicon layer in the
middle (light grey). The pores are filled with electrolyte solution indicated
by the blue colour and the ClO, (blue, red) and HaO (red, white) molecules.
The dimensions of the as-prepared sample are length [y, width w and total
thickness tio (two porous layers in addition to the remaining bulk silicon
layer in between). (b) The left section illustrates the case of an applied po-
tential of 1.1 V. The ClO, anions are accumulated on the porous silicon pore
surface resulting in the contraction of the sample. Vice versa, in the right
section a potential of 0.8 V is applied and the anions are expelled followed by

the subsequent expansion of the sample. The change in length is indicated
by Al.
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Figure A.3.: Electrochemical impedance spectroscopy of electric double layer
charging of an anodically oxidised bulk silicon electrode. Mott-
Schottky plot of an anodically oxidised porous silicon electrode in 1mol L~*
perchloric acid. The capacitances determined by EIS are plotted in the form
of CEIQS versus the respective static potential Fgat. cgrs is determined via EIS
measurements with frequencies in the range of 1 MHz to 500 mHz and static
potentials in the range of 0.05 —1.5V. A linear fit to the Mott-Schottky plot
yields a flatband potential of Vg, = 1.4+ 0.1V and a doping concentration of
N, = (2.6 £0.3) - 10" cm~3.
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Figure A.4.: Capacitance determination of a porous silicon sample installed in
the cantilever bending setup. Values for current J from CV measure-
ments depicted in Figure 4.9(b), averaged in the potential range of 0.35V to
0.45V. Values are plotted versus increasing potential scan rate dE/dt from
10mVs~! to 500mV s~!. The red line shows a linear regression. It yields a
capacitance of cpgicp = 0.466 = 0.004 mF.
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Figure A.5.: Actuation parameters of the cantilever bending experiments in iso-
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tonic saline solution. (a)Values for current J from CV measurements
depicted in Figure 4.11(a), averaged in the potential range of 0.35V to
0.45V. Values are plotted versus increasing potential scan rate dE/dt from
10mVs~! to 100mVs~!. A linear regression (red line) yields a capacitance
of ¢psicB,iso = 0.473+£0.003 mF. (b) Averaged film stress Ao versus averaged
accumulated volume specific charge gy, from Figure 4.11(b), and a linear fit,
which yields a stress charge coupling parameter of £ = —374 + 2mV.
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Figure A.6.: Capacitance determination of a bulk silicon sample measured in
the cantilever bending setup. Values for current of J, averaged, from the
CV measurements depicted in Figure 4.13(a), in the range of 0.6 V to 0.8V
and plotted versus increasing scan rate dE/d¢. The red line indicates a linear
regression and yields a capacitance of cgi cp = 10.07 £ 0.08 pF'.
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Figure A.7.: Capacitance determination of n-type porous silicon. Averaged values
of current J in the CV measurement with potential range 0.3V to 0.4 V, which
is depicted in Figure 4.16(a). Values of .J for different scan rates 2—50mV s~!
plotted versus the respective scan rate. The capacitance derived from a linear
fit amounts to cy—type = 1.06 £ 0.025 mF.
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Figure A.8.: Cyclic voltammetry measurement of n-type bulk silicon. CV meas-
urement on planar, n-type bulk silicon in perchloric acid performed in the
laser cantilever setup for the measurement depicted in Figure 4.17. CV is
conducted with a scan rate of 500mV s~! in the potential region of 0.0V to

4.0V.
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Figure A.9.: Electrochemical polymerisation of polypyrrole in porous silicon.
Time evolution of potential F during the electrochemical polymerisation of
pyrrole in a porous silicon epi-layer.
transition stage to a polymerisation of bulk polypyrrole on top occurs.
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Figure A.10.: Nitrogen sorption isotherm of a porous silicon epi-layer used for
the filling by polypyrrole. Nitrogen sorption isotherm measurement re-
corded for a porous silicon epi-layer with a thickness of 25.4pm, which is
investigated with regard to a polypyrrole filling in section 5.1. The in-

set shows the pore radius distribution obtained by analysis with the BJH
model.
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Figure A.11.: Electrochemical polymerisation of polypyrrole porous silicon with
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a shorter polymerisation time. (a) Electrochemical polymerisation of
pyrrole in a porous silicon epi-layer with a thickness of 25.4pum stopped
at 1.2h, which translates to approximately half of the pore filling time ¢,
determined for an equal epi-layer, see Figure 5.1(a). (b) Energy dispersive X-
ray measurement recorded for a half-synthesised polypyrrole porous silicon
hybrid.
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Figure A.12.: Over-oxidation of bulk polypyrrole film. CV measurement of a bulk
polypyrrole film with a thickness of 500 nm. Conducted in the potential
range of 0.1V to 1.2V with a scan rate of 10mVs~! in 1 mol L~! perchloric
acid. On the first cycle the over-oxidation of the polypyrrole is clearly
visible at approximately 1.05V when the current abruptly decreases due to
the destruction of the film.
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Figure A.13.: Comparison of step-wise and linear cyclic voltammetry measure-
ment. CV measurements on a 25.4pm thick polypyrrole-filled porous sil-
icon epi-layer by a step-wise (black) and linear (red) procedure. The CVs
are conducted in 1 mol L~! perchloric acid with a scan rate of 10mVs~! in
the potential region of 0.4V to 0.8V.
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Figure A.14.: Capacitance determination for a polypyrrole porous silicon mem-

brane in isotonic saline solution. Current values for the CV meas-
urements conducted in isotonic saline solution depicted in Figure 5.8(a),
averaged from 0.35V to 0.45V and plotted versus scan rate dE /d¢. The red
line is a linear regression for the determination of the capacitance, limited
up to a scan rate of 2mVs~!. It yields a capacitance of 13.3 4 0.7 mF.
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Figure A.15.: Electrochemical characterisation for a electrochemical actuation
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measurement in the dilatometer. (a) CV measurement of a PPy-pSi
membrane installed in the in situ dilatometry setup, see Figure 5.9. CV
conducted in 1mol L=! perchloric acid from 0.4V to 0.9V with scan rates
of 10mVs™ and 20mVs~!. Note that at 20mVs~! a diffusion limita-
tion becomes visible. (b) Plot of averaged currents of the respective CV
measurements versus their scan rate. The capacitance of the PPy-pSi hy-
brid is determined by a linear fit of the first two data points, which yields
12.1 £ 0.7mF.
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Figure A.16.: Electrochemical actuation of a polypyrrole porous silicon mem-
brane. In situ dilatometry measurement of a PPy-pSi membrane in per-
chloric acid in the potential range of 0.4V to 0.9V with a scan rate of
10mV s~! with 15 representative cycles of potential E and effective strain e
of the same PPy-pSi membrane hybrid also shown in Figure 5.9.
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Figure A.17.: Electrochemical polymerisation of polypyrrole in a porous silicon
membrane. Time evolution of potential £ during the electrochemical poly-
merisation of pyrrole with a current density of 0.255mA cm™?2 in a porous
silicon membrane with a thickness of 70 pm. The lateral size of the porous
silicon membrane amounts to 1.981 cm?. The mass difference through the
polymer filling is 0.004 51 g, which results in a density of polypyrrole inside
the pore space of 0.65 gcm™3.

179



A. Complementary Figures

lattice mismatch da/a (107)
0.3 0.2 0.1 0.0 -0.1

1.00 1

0.95¢ 1

0.90+ 1

intensity (arb. units)

0.85¢ 1

20410 29415 29.420
20 (°)

Figure A.18.: X-ray diffraction measurement of 400 silicon Bragg peak with er-
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ror bars. Close up of the 400 Si Bragg peak in the out-of-plane direction
for as-prepared PPy-pSi sample S.eq, extracted from the 6 — 20 scan dis-
played in Figure 5.15. Ordinate is displayed in linear scale, normalised to
the intensity of the peak. Lower abscissa shows angle 26 and upper abscissa
the lattice mismatch da/a;. The intensity uncertainty, i.e. the error bars,
for every single data point is derived from the angular uncertainty, see equa-
tion 3.14
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Figure A.19.: Electrochemical characterisation of S..q. (a) Exemplary cyclic voltam-
metry measurements of PPy-pSi hybrid sample S;¢q of the in situ XRD study
on electrochemical characterisation in reflection geometry. Conducted in
1mol L=! HCIO4 electrolyte solution. The potential range is 0.4 — 0.8V
and scan rates are increasing from 0.5mVs~! to 10mVs~!. (b) Averaged
current in the potential range of 0.55 — 0.65 V plotted versus the respective
scan rate to determine the capacitance by a linear fit, indicated by the red
line. Due to diffusion limitation, only the first three data points are con-
sidered, which yields a capacitance of 34.740.5mF or 29300 4400 mF cm 3
normalised to the pSi layer volume.
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Figure A.20.: Electrochemical control during the XRD measurement. Method to
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assert electrochemical control during a 6 — 20 measurement, see Figure 5.18.
Upper graph depicts the stepwise adjustment of potential 0.4V over 0.6 V
to 0.8V and back. Each potential step is applied for the duration of the
XRD measurement. The two lower graphs exemplarily show the response of
current J at an increasing (left) and decreasing (right) potential step. The
charge ¢y can be inferred by integration of current J.
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Figure A.21.: Electrochemical characterisation of Sians. (a) Exemplary cyclic
voltammetry measurements of PPy-pSi hybrid sample Sipans of the in situ
XRD study on electrochemical characterisation in transmission geometry.
Conducted in 1molL~! HCIO, electrolyte solution. The potential range
is 0.4 — 0.8V and scan rates increase from 0.5mVs~! to 10mVs~!. (b)
Averaged current in the potential range of 0.55 — 0.65 V plotted versus the
respective scan rate to determine the capacitance by a linear fit, indicated by
the red line. A diffusion limitation is present. Thus, not all data points are
considered for a fit to obtain the capacitance. Here, only the first three data
points are considered. The obtained volumetric capacitance is 49.4+0.9 mF
or 30800 + 600 mF cm ™3 normalised to volume. Its capacitance compares
well to the one of Sief.
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Figure A.22.: X-ray diffraction measurement on 400 Bragg peak for anodically
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oxidised porous silicon. (a) XRD 6 — 26 scan of porous silicon on the
400 Bragg peak in reflection geometry. An anodic oxidation of the porous
silicon sample is performed with an applied potential of 1.2V for 16.5h, as
established in section 4.1. Ordinate shows the intensity in arbitrary units in
logarithmic scale, normalised to the silicon peak (Si) intensity. The abscissa
shows angle 20. Clearly visible are the 400 Bragg peak from the silicon
layer and the smaller peak from the porous silicon layer. The established
fit procedure yields 20 = (23.389 £ 0.002) ° and 26 = (29.2590 £ 0.0004) °
for Si main and pSi peak. The shape of both peaks is different to the
PPy-pSi sample, cf. Figure 5.17. The shoulder on the Si peak is not as
pronounced and the pSi peak is narrower. The lattice mismatch amounts
to daja; = (+4.31 £0.07) - 1073, which is about twice as large as the
lattice mismatch in out-of-plane direction of the PPy-pSi hybrid. Thus,
the oxidation procedure leads to a significant strain, which has also been
observed in literature.[141] (b) Lattice mismatch da/a  (blue) in dependence
of applied potential steps (green) from 0.75V to 0.95V and the resulting
volumetric charge gy (red). Within the error bars, no dependence of da/a
on E can be ascertained.



B. Surface States

This supplementary section adds information on surface states. They are not essential to
the understanding of this work but are interesting in the context of anodic oxidation and
the overall properties of the silicon electrolyte interface.
A Lewis acid site accepts electron pairs from an adsorbed molecule and thus renders the
solution more acidic. For instance a Lewis acid site might attract a hydroxide ion (OH™)
from water. Conversely, a Lewis basic site acts as an electron pair donor with respect to
an adsorbed molecule and thus causes a basic shift in the electrolyte. An example would
be the adsorption of a hydrogen ion (H'). Lewis sites contribute to the electric double
layer and they also contribute to an adsorption of ions and thus to the occupation of
intrinsic active surface sites.[120] At the silicon surface basic Lewis sites are dominant as
silicon features a swift hydrogen adsorption.
In genera,l the energy of surface states can be considered as bands because a variety of
surface inhomogeneities, as vacancies, steps, kinks, emergent dislocations and other atoms
lead to a broadening of the specific surface state energy. In the case of an emerging bulk
silicon oxide film on the silicon surface, different states and charges which exist in the
oxide film can also be considered as surface states.
A realistic description of the surface states in semiconductors is an intricate task due
to the abundance of different types of surface states.[134] Generally, the surface states
are energetically located within the bandgap of the semiconductor. The respective charge
density Qsg is a function of the band bending potential V5. A quantitative description can
only be obtained for some idealising assumptions. In this regard, it is assumed that the
surface states are located, for instance, at a single energy level or are uniformly distributed.
The latter is described for acceptor surface states with a centre energy of Ej as [363]
1

QSS ~ eNss (E(J — eVS — EF) . E707 (B.l)
where Ngg is the total number of surface states per cm?. Qgg becomes zero if eVy =
FEo— Ep. In contrast, if the surface states are at a single energy Fgg, Qss is approximated
by [363]

eNss

1+ ggg exp (_ Bss=2V% —EF) ’

QRss ~ (B.2)

where ggg denotes the degeneracy of the energy level. The differential capacitance associ-
ated with the surface states can be expressed by

dQss
Cgg = .
55 =

(B.3)

This capacitance differentiates itself from the space charge region capacitance Cy. or the
Helmholtz layer capacitance Cy, in that there is no length scale related to the surface
state capacitance.
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B. Surface States

A high density of surface states might influence the Mott-Schottky plot since the as-
sumption of Csg < Cser is not valid. The Mott-Schottky plot is then divided into three
regions. Fully unoccupied donor surface states or fully occupied acceptor surface states
result in an evolving positive surface charge of +Qq and —Q,, respectively. For both cases
the Mott-Schottky plot has the same slope as without assumed surface states. Yet, for
mono-energetic surface state, V, is shifted either to higher values by +Qq4/Vy for donor
or to lower values by —Q./Vi for acceptor surface states. In the Mott-Schottky plot
this becomes apparent by a changing intersect. In an intermediate region, between the
two extreme occupancy cases, the Fermi level might be pinned in the potential range of
the two types of surface states. An applied potential is therefore rather dropped in the
Helmholtz layer and not in the SCR. Thus, the capacitance measured in this intermediate
region has no or only a small dependence on a changing potential. The lower the slope in
this central region is, the higher the density of surface states.
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