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Abstract

The present cumulative thesis discusses the challenging and exciting way to
utilize the outstanding physical properties of functional oxide materials for
the development of new applications and devices, with a focus on the integra-
tion of lead-free ferroelectric thin films into bioelectronics. The cumulative
thesis comprises four publications — Publication I - IV — and is organized as
follows.

The first part (Publication I + II) is devoted to the pulsed laser deposition
(PLD) of lead-free 0.5(Ba0.7Ca0‘3)TiOg—0.5Ba(Zr0.2Tio,8)03 (BCZT) ferro-
electric thin films on different substrates and their detailed electrical charac-
terization and analysis by impedance spectroscopy. For the deconvolution of
measured impedance spectra by equivalent-circuit fitting, a new equivalent-
circuit element based on the theory of interface pinning in random systems —
the domain wall pinning element — is introduced which models the impedance
of a ferroelectric including the contribution from domain-wall-motion in the
subswitching regime. This approach is applied to impedance spectra col-
lected on polycrystalline and epitaxial BCZT thin film capacitor stacks, and
the domain-wall-motion induced field- and frequency-dependent dielectric re-
sponse of the BCZT films is extracted by domain wall pinning element mod-
eling and equivalent-circuit fitting. Moreover, an extended Rayleigh analy-
sis is presented which allows one to quantify the coupling strength between
dielectric nonlinearity and frequency dispersion and the identification of dif-
ferent domain-wall-motion regimes in the BCZT films. The corresponding
domain-wall dynamics in the BCZT thin films is discussed in detail and a
schematic diagram of the different domain-wall-motion regimes is presented.
The results from the extended Rayleigh analysis — obtained on epitaxial and
polycrystalline BCZT films — indicate, that the presence of grain boundaries
in BCZT reduces the coupling strength between dielectric nonlinearity and
frequency dispersion and suppresses the motion of internal domain-wall seg-
ments in addition to the suppression of the irreversible center-of-mass motion
of the domain walls.

In the second part (Publication IIT), microelectrodes based on conductive
sputtered IrO films (SIROFs) — which are utilized to provide electro-neural
interfaces for subretinal stimulation in the state-of-the-art retinal prosthe-
sis “Retina Implant Alpha AMS” — are analyzed in detail by electrochemi-
cal impedance spectroscopy (EIS) and subsequent equivalent-circuit analysis.
The supercapacitive behavior of the investigated SIROF-microelectrodes is
modeled by a pseudocapacitance C}, in parallel to the capacitance of the
electrochemical double layer Cpy,, and both capacitances are represented by
a constant phase element (CPE) in the equivalent-circuit model. By fitting
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the measured EIS data with the equivalent-circuit model, C, and Cpy, are
quantified from the obtained CPE fit parameters, and the resulting super-
capacitive behavior is in agreement with cyclic voltammetry measurements.
The results indicate, that the pseudocapacitance C}, due to quasi-continuous
reversible reduction and oxidation between Ir3*/ Ir** valence states is the
dominant contribution to the supercapacitance and to the charge injection
capacity (CIC) of the investigated SIROF-microelectrodes.

Finally, in the third part (Publication IV), a new approach for bioelec-
tronic interfacing of electrogenic cells or tissue is introduced, which utilizes
a conductive microelectrode coated with an insulating ferroelectric layer for
extracellular electrical stimulation. It is shown, that the ferroelectric polar-
ization current contributes to the extracellular stimulation current provided
by the ferroelectric microelectrode. The switching regime of a ferroelectric
microelectrode in an electrolyte—ferroelectric-conductor configuration is an-
alyzed based on the traditional Kolmogorov-Avrami-Ishibashi (KAI)-model
and the time-dependent stimulation current in response to an applied volt-
age step is simulated for a generic microelectrode geometry. It is shown that,
depending on the remanent polarization P, of the utilized ferroelectric, the
polarization current in the switching regime can increase the CIC by up to
two orders of magnitude as compared to the commonly used extracellular
capacitive stimulation with microelectrodes coated with an insulating dielec-
tric layer. The results pave the way for extracellular electrical stimulation
with small microelectrodes (~ 30 pm in diameter) without toxic electrochem-
ical effects, which is crucial for implantable neuroprosthetic devices such as
high-resolution retinal-implants or brain-machine interfaces.



Kurzfassung

Die vorliegende kumulative Dissertation diskutiert den herausfordernden und
spannenden Weg, die herausragenden physikalischen Eigenschaften von funk-
tionalen Oxidmaterialien fiir die Entwicklung neuer Anwendungen und Bau-
elemente zu nutzen, wobei der Schwerpunkt die Integration von bleifreien
ferroelektrischen Diinnschichten in die Bioelektronik bildet. Die kumulative
Dissertation umfasst vier Publikationen — Publikation I - IV — und ist wie
folgt gegliedert.

Der erste Teil (Publikation I + II) widmet sich der gepulsten Laserablati-
on (PLD) von bleifreien 0.5(Bag ;Cag 3) TiO3-0.5Ba(Zrg 2 Tigs)O3 (BCZT) fer-
roelektrischen Diinnschichten auf verschiedenen Substraten und ihrer detail-
lierten elektrischen Charakterisierung und Analyse mittels Impedanzspektro-
skopie. Fiir die Entfaltung der gemessenen Impedanzspektren durch fitten der
Daten mit einem Ersatzschaltkreis-Modell wird ein neues Ersatzschaltbild-
Element — das Doménenwand-Pinning-Element — eingefiihrt, welches auf
der Theorie des Grenzflachen-Pinnings in zufilligen Systemen basiert und
das die Impedanz eines Ferroelektrikums einschliefslich des Beitrags der
Doménenwand-Bewegung im “Sub-Switching”™-Regime modelliert. Dieser An-
satz wird auf Impedanzspektren angewandt, welche an polykristallinen und
epitaktischen BCZT-Diinnschicht-Kondensatoren gemessen wurden, und die
durch Doménenwand-Bewegung induzierte feld- und frequenzabhéngige di-
elektrische Antwort der BCZT-Filme wird durch Domé&nenwand-Pinning-
Element-Modellierung und fitten der Daten mit einem FKErsatzschaltkreis-
Modell extrahiert. Dariiber hinaus wird eine erweiterte Rayleigh-Analyse
vorgestellt, welche es erlaubt, die Kopplungsstiarke zwischen dielektrischer
Nichtlinearitdat und Frequenzdispersion zu quantifizieren und unterschiedliche
Regimes der Doménenwandbewegung in den BCZT-Filmen zu identifizieren.
Die entsprechende Doméanenwand-Dynamik in den BCZT-Diinnschichten
wird detailliert diskutiert und ein schematisches Diagramm der unterschied-
lichen Regimes der Doménenwandbewegung wird vorgestellt. Die Ergebnisse
der erweiterten Rayleigh-Analyse, welche an epitaktischen und polykristal-
linen BCZT-Filmen gewonnen wurden, zeigen, dass das Vorhandensein von
Korngrenzen in BCZT die Kopplungsstarke zwischen dielektrischer Nichtli-
nearitdt und Frequenzdispersion reduziert und die Bewegung der internen
Doménenwandsegmente unterdriickt, wobei ebenfalls die irreversible Schwer-
punktsbewegung der Doméanenwénde unterdriickt ist.

Im zweiten Teil (Publikation III) werden Mikroelektroden auf der Basis
von leitfahigen gesputterten IrOy-Filmen (SIROFs) - die als elektro-neurale
Schnittstellen fiir die subretinale Stimulation in der modernen Netzhautpro-
these “Retina Implant Alpha AMS” eingesetzt werden - mittels elektroche-
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mischer Impedanzspektroskopie (EIS) und anschlieflendem fitten der Daten
mit einem Ersatzschaltkreis-Modell detailliert analysiert. Das superkapaziti-
ve Verhalten der untersuchten SIROF-Mikroelektroden wird durch eine Pseu-
dokapazitat C|, parallel zur Kapazitat der elektrochemischen Doppelschicht
Cpr, modelliert, und beide Kapazitdten werden durch ein Constant phase
element (CPE) im Ersatzschaltbild dargestellt. Durch fitten der gemessenen
EIS-Daten mit dem Ersatzschaltbild-Modell werden C, und Cp;, aus den
erhaltenen CPE-Fit-Parametern quantifiziert, und das resultierende super-
kapazitive Verhalten ist in Ubereinstimmung mit zyklischen Voltammetrie
Messungen. Die Ergebnisse zeigen, dass die Pseudokapazitat C|, aufgrund
quasi-kontinuierlicher reversibler Reduktion und Oxidation zwischen Ir3*/
Ir**-Valenzzustéinden den dominanten Beitrag zur Superkapazitiit und zur
Ladungsinjektionskapazitéit (CIC) der untersuchten SIROF-Mikroelektroden
darstellt.

Im dritten Teil (Publikation IV) wird schlieflich ein neuer Ansatz fiir
die bioelektronische Kopplung elektrogener Zellen oder Gewebe vorgestellt,
bei dem eine leitfahige Mikroelektrode, welche mit einer isolierenden ferro-
elektrischen Schicht beschichtet ist, zur extrazellularen elektrischen Stimu-
lation verwendet wird. Es wird gezeigt, dass der ferroelektrische Polarisati-
onsstrom zum extrazellularen Stimulationsstrom beitragt, welcher von der
ferroelektrischen Mikroelektrode generiert wird. Das Schaltverhalten einer
ferroelektrischen Mikroelektrode in einer Elektrolyt-Ferroelektrikum-Leiter-
Konfiguration wird auf der Grundlage des traditionellen Kolmogorov-Avrami-
Ishibashi (KATI)-Modells analysiert, und der zeitabhédngige Stimulationsstrom
als Reaktion auf eine angelegte Spannungsstufe wird fiir eine generische
Mikroelektroden-Geometrie simuliert. Es wird gezeigt, dass in Abhéangigkeit
von der remanenten Polarisation P, des verwendeten Ferroelektrikums, der
Polarisationsstrom beim Umschalten der ferroelektrischen Polarisation, die
CIC um bis zu zwei Grofsenordnungen im Vergleich zur iiblicherweise verwen-
deten extrazelluldren kapazitiven Stimulation mit Mikroelektroden, welche
mit einer isolierenden dielektrischen Schicht beschichtet sind, erhéhen kann.
Die Ergebnisse ebnen den Weg fiir die extrazelluldre elektrische Stimulati-
on mit kleinen Mikroelektroden (~ 30 gm im Durchmesser) ohne schédliche
elektrochemische Effekte, was fiir implantierbare Neuroprothesen wie hoch-
auflosende Retina-Implantate oder Gehirn-Maschine-Schnittstellen dufierst
wichtig ist.
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Chapter 1

Introduction

1.1 Motivation

The invention of the transistor goes back to Julius Edgar Lilienfeld, who
formulated the basic concept in 1925 (US patent granted in 1930 [1]). In
1947, the first working transistor was built by John Bardeen, Walter Brat-
tain and William Shockley at Bell Laboratories, for which they were awarded
with the Nobel prize in physics in 1956. Three years later, the metal-
oxide-semiconductor field-effect transistor (MOSFET) was invented, which
made it possible to fabricate high density integrated circuits (ICs). The
industrial production of ICs — for example by complementary metal-oxide-
semiconductor (CMOS) technology — revolutionized the world economy and
marked the onset of the information age with the daily use of personal com-
puters, smartphones and the internet. The rapid technical development
within the information age is accompanied by Moore’s law, which states
that the number of transistors on ICs doubles every two years|2, 3].

However, novel devices such as electrical active neuroprostheses, biosen-
sors, nanogenerators and other microelectromechanical systems (MEMS) are
characterized by new functionalities, which cannot be achieved by simply
integrating more transisors on a chip. Explicit examples are high-resolution
retinal implants [4, 5|, brain-machine interfaces 6], wearable sensor arrays
for in situ perspiration analysis [7| or piezolectric nanoribbons for monitor-
ing cellular deformations [8]. Since the functionalities of such devices do
not necessarily scale according to Moore’s law, they are categorized by the
term “more than Moore”, which corresponds to a paradigm shift in the semi-
conductor industry: Rather than making the chips better and letting the
applications follow, it will start with applications and work downwards to
see what chips are needed to support them [9].

1



2 1. Introduction

A possibility to create new applications and /or devices with new function-
alities in the sense of a more than Moore strategy, is to utilize the physical
effects occurring in the wide class of functional oxide materials, e.g., ferroelec-
tricity, piezoelectricity, superconductivity and magnetism. In this thesis, the
main focus will be on functional oxides with ferroelectric properties and their
integration into (novel) micromechanical and bioelectronic devices. Here, the
successful integration of ferroelectric oxides often requires the fabrication of
high-quality thin films with tailored properties and thicknesses down to ~
5 nm, e.g., by (advanced) pulsed laser deposition (PLD) [10]. This is a
challenging task, since the physical properties of ferroelectric thin films are
influenced by strain, defects, chemical composition and crystallographic ori-
entation, which need to be controlled by the thin film deposition parameters.
Therefore, in order to optimize the physical properties of ferroelectric thin
films for their specific target application, it is necessary to establish a link
between deposition parameters and film properties.

A key material property of ferroelectric films is their dielectric response,
and the real and imaginary parts of complex relative permittivity e, = &/ —ie”
are included in various existing figures of merit (FOMs) for MEMS and (bio-)
sensor applications which act as a benchmark for device performance. For
example, the corresponding FOM for thin film energy harvesting devices
contains €. and is given by [11, 12]

e
FOMpy = —2f | (1.1)
£0€

where es; ¢ denotes the effective transversal piezoelectric coefficient and ¢
the vacuum permittivity. Moreover, the FOM for the intrinsic signal-to-noise
ratio of piezoelectric sensors

€31,f

FOMgw = —2LL (1.2)
0cy

includes the imaginary part € of the complex relative permittivity [11]. Ad-
ditionally, the dielectric loss tand = €’ /¢!, is a central material property for
energy storage applications based on thin film relaxor-ferroelectrics. [13].

In general, the complex dynamics of domain wall displacement in ferro-
electrics at subswitching conditions results in a dependence of the complex
permittivity on the amplitude E, and frequency f of an applied ac electric
field [14, 15]. Thus, the knowledge of the dielectric response ¢, (Ey, f) of fer-
roelectric films is crucial for device modeling and FOM enhancements, which
is especially true for lead-free BaTiO3s-based ferroelectrics, which are promis-
ing alternative materials to replace PbZr,Ti;_,O3 (PZT) in MEMS devices;
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however their FOMs for various MEMS applications are still inferior to the
corresponding FOMs for PZT thin films [16].

In thin film devices containing a ferroelectric placed between two metallic
electrodes, the dielectric properties can exhibit strong frequency dispersion
depending on the resistivity of both, the ferroelectric film and the electrode
layers [17], thus masking the true dielectric dispersion of the ferroelectric.
The latter is caused by pinning of domain walls on randomly distributed
defects occuring in the ferroelectric layer inside the heterostructure [18, 19].
Moreover, the interfaces to the electrodes play a more crucial role in thin
films as compared to thick ceramic samples [20, 21], i.e., interfaces can lead
to extrinsic dielectric relaxation processes [22], additionally masking the con-
tributions from the ferroelectric.

In this thesis, a new equivalent-circuit element with impedance Zpw will
be introduced, which is based on the theory of interface pinning in random
systems [18] and models the frequency-dependent impedance response of a
ferroelectric including the domain-wall-motion induced contribution. More-
over, a method to extract the domain-wall-motion induced amplitude- and
frequency-dependent dielectric response €,.(Fjy, f) in thin film ferroelectrics
from impedance spectroscopy measurements is presented. Additionally, an
extended Rayleigh analysis will be introduced, which allows one to quantify
the coupling strength between dielectric nonlinearity and frequency disper-
sion and to identify different domain-wall-motion regimes in ferroelectrics.
The method is demonstrated by applying it to thin film capacitor stacks
containing the lead-free ferroelectric 0.5(Bag 7Cag 3) TiO3-0.5Ba(Zrg 2 Tip )O3
(BCZT) [23], which is a promising candidate to replace the (toxic) standard
material PbZr,Ti;_,O3 (PZT) in MEMS and biosensor applications.

Another class of functional oxide materials investigated in this work are
conductive IrO, thin films, which are high-end electrode materials to provide
electroneural interfaces for extracellular electrical stimulation and record-
ing , e.g., in neuroprosthetic devices. Here, microelectrodes are required
to provide a high charge injection capacity (CIC) for efficient extracellu-
lar electrical stimulation. Thus, the knowledge of different charge injection
mechanism and their relative contributions to the CIC is crucial for the op-
timization of process parameters for the fabrication of microlectrodes based
on IrO, thin films. In this thesis, sputtered iridium oxide films (SIROFs)
utilized for subretinal electrical stimulation with the state-of-the-art retinal
prosthesis “Retina Implant Alpha AMS” are characterized in detail by elec-
trochemical impedance spectroscopy (EIS) and equivalent-circuit fitting to
reveal different charge injection mechanisms and to assess the stimulation
efficiency of the STIROF-microelectrodes.

Finally, a new approach for bioelectronic interfacing of electrogenic cells
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or tissue is introduced, which utilizes a conductive microelectrode insulated
with a ferroelectric layer for extracellular electrical stimulation of electro-
genic cells or tissue. Here, the switching regime of a ferroelectric micro-
electrode in an electrolyte—ferroelectric-conductor configuration is analyzed
based on the traditional Kolmogorov-Avrami-Ishibashi (KKXAI)-model and the
time-dependent stimulation current in response to an applied voltage step
is simulated for a generic microelectrode geometry. It will be shown in this
thesis, that the extracellular stimulation current provided by the ferroelectric
microelectrode and can increase the CIC by up to two orders of magnitude
as compared to the commonly used extracellular capacitive stimulation with
microelectrodes coated with an insulating dielectric and paves the way for
(new) bioelectronic devices with ferroelectric-neural interfaces for extracel-
lular electrical stimulation and recording.

Before the results of this thesis will be discussed in more detail in chapter
2, we will provide a brief introduction of the investigated material classes in
the next section.
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1.2 Functional oxide materials

This section comprises a brief (non-exhaustive) introduction into basic physi-
cal properties of the two different classes of functional oxides materials inves-
tigated in this work, in order to provide basic knowledge for the publications
discussed in chapter 2. Throughout the whole section, we make the assump-
tion that every vector quantity V is fully described by a single component
V' and all other components vanish unless otherwise stated.

1.2.1 Lead-free ferroelectrics

Ferroelectric materials are characterized by the existence of a spontaneous
ferroelectric polarization PF®) which can be reoriented by an applied electric
field E [24]. The finite value of the ferroelectric polarization at zero electric
field is called the remanent polarization P,. By applying an electric field
above the coervice field E¢ of the ferroelectric, the remanent polarization can
be switched between the bistable states +P,, which is the basis for nonvolatile
ferroelectric memory applications [25].

Materials with ferroelectric properties also exhibit dielectric properties
and in linear approximation, the dielectric polarization P(PP) is given by

PPE(E) = g(e, —1DE (1.3)

with the vacuum permittivity 5. Thus, the total electric polarization of a
ferroelectric is P = PPE) 4+ PFE) - Ag a consequence, the electric displacement
field D = ¢gE + P of a ferroelectric material is then given by

DFENE) = ¢, E+PFO(E) . (1.4)

In the switching regime £ > E¢, Eq. (1.4) is the foundation of the occurrence
of the ferroelectric hysteresis loop, i.e. the nonlinear and hysteretic D vs E
relationship [26]. A schematic sketch of a ferroelectric thin film parallel-plate
capacitor stack with plate distance d is shown in Fig. 1.1 (a), where the re-
manent polarization of the ferroelectric is in the state +P,. The nonlinear
and hysteretic relationship D vs E depicted in Fig. 1.1(b) is plotted with
the model described in Ref. [28] by taking the ferroelectric properties of a
9.5-nm-thick Hfy 5Zro 50 layer described in Ref. [27] as model parameters.
Experimentally, the D vs E hysteresis loop of a parallel-plate ferroelectric
capacitor in response to an applied bipolar voltage signal U(t) — which gen-
erates an electric field F(t) = U(t)/d — can be measured, e.g., by the virtual
ground method or by utilizing a Sawyer-Tower circuit [24].

In addition, we note that there exist also ab-inito methods to calculate
material properties of ferroelectrics. Here, the state-of-the-art method is the
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(a) (b)

Metallic Electrode

_Pr 4

. _25 1 L L 1 L 1

Metallic Electrode -5 10 05 00 05 10 15
E (MV/cm)

Figure 1.1: (a) Schematic sketch of metal-ferroelectric-metal configuration in the polar-
ization state + P,. In equilibrium, free charges in the metallic electrodes screen the bound
polarization charges of the ferroelectric layer. (b) Nonlinear and hysteretic relationship D
vs E for a ferroelectric material with ¢, = 40, B, = 16 uC/cm? and Ec = 1 MV /cm, e.g.,
Hf0.5zro_502 [27] .

so-called “modern theory of polarization” , which allows one to calculate the
electric polarization P of a given crystal structure and subsequently, material
properties such as the spontaneous ferroelectric polarization, piezoelectric co-
efficients, Born effective charges or the dielectric permittivity can be obtained
which are either finite differences or derivatives of the electric polarization
P |29, 30]. An alternative approach for calculating the properties of bulk
ferroelectrics might be based on the recently introduced theory of local fields
in crystalline dielectrics [31]. This theory provides an explicit expression to
calculate the electric polarization P of a crystal from the knowledge of the
microscopic polarizabilities of the lattice sites, which might be useful to de-
sign (new) ferroelectric materials with, e.g., giant piezoelectric coefficients
and /or enhanced remanent polarization F,.

Since the operating range of many MEMS devices based on ferroelec-
tric thin films is below the coercive field of the utilized ferroelectric [32],
we will focus in the following on the subswitching regime F < FEg. Here,
the complex dynamics of domain wall displacement can be considered as a
superposition of center-of-mass motion and relaxational motion of internal
modes (segments) [19]. This results in a dependence of the relative permit-
tivity e, on the amplitude Ej and frequency f of an applied ac electric field
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[14, 15]. For the frequency dependence of permittivity, theory predicts for
domain wall pinning processes in random systems a logarithmic dependence
of permittivity on frequency f, which is due to the relaxational contribu-
tion of domain wall segments [18, 19]. The pinning of domain wall segments
results in a distribution of relaxation times in the ferroelectric. In many fer-
roelectrics - including relaxors - it was found that the logarithmic frequency
dependence of the complex relative permittivity can be well approximated
by the following expression, which is valid for ferroelectric systems with a
broad distribution of relaxation times [15, 33-35]

, , , 1Hz
e(f) = 5r70+A5r1n(27Tf> ,

ef) = o (1.5)

where €] and ¢/, denote static contributions to the permittivity, and Ae;
is the logarithmic dispersion strength.

Regarding the field dependence of permittivity, the linear dependence of
permittivity on the field amplitude E, above a specific threshold field Er
and below the coercive field E¢ is described by the Rayleigh law and the
corresponding Rayleigh behavior in ferroelectric materials, which originates
from the irreversible center-of-mass motion of ferroelectric domain walls [32,
36-38]. The Rayleigh law for the real and imaginary parts of the complex
relative permittivity e, = &/ — ig” is given by |20, 32]

e (Eo) = et aEy
e(Ey) = enn+a'Ey . (1.6)
Here €;, and e/;, are real and imaginary parts of the reversible (initial)

Rayleigh parameter ¢,;, due to lattice and reversible domain wall contri-
butions, o/ denotes the irreversible Rayleigh parameter (Rayleigh constant)
and o = éo/ . In the following, a general linear field dependene of &/ (Ey)
and € (Ey) with positive slope will be denoted as "Rayleigh-like behavior"
and results in a nonlinear and hysteretic dielectric polarization, which is also
referred to as dielectric nonlinearity [38]. In that sense, the Rayleigh law
is a special case of Rayleigh-like behavior with the additional requirement
o = %c/ . The irreversible domain wall contribution to the real part of the
permittivity is given by o'Fy. It turns out, that o is a direct and quan-
titative measure for the mobility of domain walls, and it is dependent on
the concentration of pinning centers, film thickness and the density of do-
main walls [38]. However, the Rayleigh law Eq. (1.6) is rate-independent

and no frequency dependence of material properties can be derived from it
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[15, 34, 38]. Additionally, it should be noted that a unified theory which
describes the field and frequency behavior of material properties, e.g., the
complex relative permittivity €,(Ey, f) of ferroelectrics, with the same set of
equations is not available.

Regarding possible ferroelectric materials for applications in MEMS and
biosensor devices, great progress has been achieved in the field of lead-free fer-
roelectrics inpired by legal restrictions to replace lead by nontoxic materials
[16]. Here, a promising lead-free material for the replacement of toxic PZT is
the solid-solution BCZT, which exhibits outstanding properties prepared as
bulk ceramic sample [23|. However, BCZT thin film samples and films based
on similar BaTiOj solid-solutions are far less investigated and there is still a
huge lack of experience in thin film growth and electrical characterization of
BCZT compared to PZT. In this thesis, a method will be presented which
allows one to extract e,.(Ep, f) from impedance spectroscopy measurements
and this method will be demonstrated by applying it to capacitor stacks
containing polycrystalline or epitaxial BCZT thin films grown by PLD on
different substrates.

1.2.2 Conductive oxides for electro—neural interfaces

Extracellular electrical stimulation of neurons and recording of neural activity
are the basic principles for many in vivo applications such as implantable
neuroprosthetic devices [39]. Among them are cochlear implants, retinal
implants, deep brain stimulation for the treatment of Parkinsons’s disease
and brain-machine interfaces [4-6, 40, 41]. Moreover, extracellullar electrical
stimulation and recording are also key elements for in wvitro applications,
e.g., drug testing and the study of neural networks by microelectrode arrays
(MEAs) [42, 43].

Typically, electrically active implants and MEAs utilize conductive
(metallic) microelelectrodes with diameter < 100 ym to provide the electro-
neural interface for extracellular recording and stimulation [39]. Electrical
stimulation is achieved by the flow of ionic current between a microelectrode
in close proximity to the target excitable cell or tissue and a counter electrode
immersed in the electrolyte, which contains the cell or tissue [39]. The ionic
current flow in proximity to the cell or tissue causes a depolarization of the cell
membrane, which evokes an action potential above a specific threshold. For
efficient extracellular electrical stimulation, the utilized microelectrodes are
required to provide a high charge injection capacity (CIC), which is defined
as the amount of injected charge density across the electrode—elelctrolyte in-
terface during the leading stimulation phase of an extracellular current [39].
Exemplary materials for the fabrication of conductive microelectrodes are
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Figure 1.2: (a) Schematic sketch of the conductive electrode—electrolyte interface with
capacitive and Faradaic charge injection mechanisms. (b) Simple equivalent-circuit model
of an conductive electrode—electrolyte interface. The Ohmic resistance Ry models Faradaic
charge injection and the capacitance Cpy, represents the electrochemical double-layer. The
serial Ohmic resistor Rs models the resistance of the electrodes and the electrolyte.

Pt for high-density MEA applications [43| and IrOs which is utilized, e.g.,
in state-of-the-art retinal prostheses [5] and which can provide a CIC in the
range of 1 - 5 mC/cm? |39, 44].

For conductive microelectrodes, charge injection into an adjacent elec-
trolyte — which contains the target excitable cell or tissue — can occur by
two different charge transport mechanisms, i.e. by capacitive currents and
Faradaic currents. A schematic sketch of the conductive electrode—electrolyte
interface is depicted in Fig. 1.2 (a). Here, Faradaic charge injection cor-
responds to a direct electrochemical charge transfer across the electrode—
electrolyte interface by reversible and irreversible chemical reactions, whereas
capacitive currents across the electrode—electrolyte interface occur due to the
charging and discharging of the electrochemical double-layer which is formed
at the interface due to electrical polarization of the microelectrode. A simple
equivalent-circuit model for the conductive electrode—electrolyte interface is
shown in Fig. 1.2 (b), where the Ohmic resistor Rr models Faradaic charge
injection, the capacitance Cpy, represents the electrochemical double-layer
and Rg models the Ohmic resistance of the electrodes and the electrolyte.

Experimentally, electrode—electrolyte interfaces of microelectrodes can be
investigated by electrochemical impedance spectroscopy (EIS). By fitting
measured EIS data to an appropriate equivalent-circuit model, the Faradaic
and capacitive contributions to the CIC provided by the microelectrode can
be quantified. Here, Faradaic charge injection has the disadvantage that the
underlying chemical reaction at the electrode—electrolyte interface can be irre-
versible which results in corrosion of electrodes and cell or tissue damage [45].
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Such irreversible electrochemical processes affect detrimentally the safety and
long-term-stability of implantable neuroprosthetic devices and hence signifi-
cantly reduce their treatment outcome. Obviously, electrochemical degrada-
tion processes are also adverse effects for in vitro applications.

A possible solution to prevent toxic electrochemical effects is the uti-
lization of microelectrodes coated with a (thin) dielectric material. This
approach was crucial for the first realization of a silicon—neuron junction,
where p-doped areas of the utilized silicon chip were covered with a 10-
nm-thick dielectric layer of SiOs to prevent Faradaic currents and to stimu-
late the attached neuron by purely capacitive currents across the dielectric—
electrolyte interface [46]. Modern capacitive biochips for extracellular electri-
cal stimulation are fabricated in complementary metal-oxide-semiconductor
(CMOS) technology and include field-effect transistors to record electrical
signals from individual neurons [47], which enables the bidirectional com-
munication between neurons and active silicon chips [48|. However, despite
extensive research for dielectric coatings to enhance the purely capacitive
stimulation with microelectrodes, their CIC is still in the range of ~ 1 -
5 uC/em? [48-52|, which is approximately three orders of magnitude lower
than the CIC of generic conductive microelectrodes. Since the stimulation-
threshold for the injected charge density depends on the geometric area of
the microelectrode [53], the CIC of capacitive microelectrodes is too low to
achieve extracellular stimulation with small microelectrodes (diameter ~ 30
pm) which requires a CIC in the range of 0.1 - 0.9 mC/cm? [53], although
a tight tissue—electrode contact can lower the stimulation-threshold [51]. As
a consequence, capacitive microelectrodes are not utilized for in vivo appli-
cations such as implantable neuroprosthetic devices although the absence of
toxic electrochemical effects is highly desired in active electrical implants. In
the next chapter of this thesis, a solution to this long-stand problem will be
introduced.



Chapter 2

Summary of publications and
contributions

This chapter is divided into four sections, where each section contains a
summary and a statement of author contributions to one of the appended
publications I - IV. A significant part of this chapter contains modified text
passages and figures from the appended publications.

2.1 Publication I

The basic idea of this publication is to use impedance spectroscopy to analyze
the contribution of domain-wall-motion to the dielectric response of a ferro-
electric material. In an impedance spectroscopy experiment, the complex
impedance Z = Z' — i7" is measured as a function of frequency f of an ap-
plied ac electric field with amplitude Ej, typically in the range of f = 10—10°
Hz. Measured impedance Z(f) data can be converted into complex relative
permittivity e,(f) data by [54]
1

e(f) = Gz ()

where Cy denotes the geometrical capacitance. However, the measured
impedance contains not only contributions from the investigated material.
In fact, the measured impedance contains also contributions from, e.g., con-
tacts, (imperfect) electrodes and/or interfaces to the electrodes, and hence,
the simple conversion of impedance data into permittivity data by Eq. (2.1)
is not adequate to extract the dielectric dispersion ¢, (f) of the investigated
material over the measured frequency-range, which is especially true for thin
film samples. Thus, deconvolution of measured impedance spectra is re-
quired, which corresponds to the discrimination of different contributions to

(2.1)

11
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the impedance, originating from electronically different components of the
analyzed sample. To achieve this for ferroelectrics, a new equivalent-circuit
element is needed which models the impedance of a ferroelectric including the
contribution from domain wall pinning in a random energy landscape. In the
publication, a new equivalent-circuit element is derived as follows. Inverting
Eq. (2.1) and separating real and imaginary parts, yields

e/ (f) —ie,(f)
2 fCo{e(f)? +€](f)%}

Z(f) = (2.2)

By inserting the logarithmic frequency dependence Eq. (1.5) into Eq. (2.2),
we obtain the equivalent-circuit element Zpw, which models the impedance
of a ferroelectric including the contribution due to domain wall pinning in a
random energy landscape

: 1H

o { [ s sam ()] o)

ZDW(f) =

(2.3)

with €], €/ and Ae]. as free parameters. Consequently, Zpw will be called
the "domain wall pinning element" in the following. Impedance spectroscopy
allows one to extract the fit parameters e, ¢, and Ae; by fitting the
measured impedance over the full frequency range to the impedance of an
appropriate equivalent-circuit model of the capacitor stack, including the
ferroelectric.

In publication I, this is done for different excitation field ampli-
tudes Ey on capacitor stacks, containing ferroelectric 0.5(Bag7Cag3)TiO3—
0.5Ba(Zrp2Tips)O3 (BCZT) thin films, epitaxially grown by pulsed laser de-
position on Nb-doped SrTiO3 (Nb:STO) single crystal substrates and covered
with circular Au electrodes. Results of the fits to the measured impedance
are depicted in Fig. 2.1(a), and the equivalent circuit depicted in Fig. 2.1(b)
was used to fit the collected impedance spectra. Here the series resistance R
corresponds to the resistance of the cables, measurement probes and the elec-
trodes. The R,C:-Element represents the electrode-BCZT interfaces. The
resistance Ry and Zpw model the ferroelectric film inside the capacitor stack.
R, is attributed to losses due to possible leakage currents, whereas the losses
due to domain wall motion are contained in Zpw. Additionally, the dis-
persion parameters are contained in the domain wall pinning element. The
element Ly models the inductance of the cables used.
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Figure 2.1: (a) Bode plots Z’'(f) and Z”(f) obtained by impedance spectroscopy (sym-
bols) for different Ey on epitaxial BCZT thin film capacitor. The equivalent circuit in (b)
was used to fit the data (solid lines). Figure modified from appended publication I.

From the obtained fit parameters, the complex relative permittivity &, (f)
of the BCZT film can be calculated according to Eq. (1.5) for each field am-
plitude Ey. Fig. 2.2(a) shows a cross-sectional scanning transmission electron
microscopy (STEM) image of the epitaxial Nb:STO/BCZT interface viewed
along the [010] zone axis. Here, the STEM analysis revealed the occurrence
of edge-type misfit dislocations at the epitaxial Nb:STO/BCZT interface,
characterized by the Burgers vector b = a[100], where a denotes the lattice
constant along the [100] direction within the BCZT unit cell. These misfit
dislocations act as possible domain wall pinning centers, which was already
observed in similar epitaxial PZT heterostructures [55]. In Fig. 2.2(b), the
extracted complex relative permittivity €,(f) of the BCZT film (i.e., without
contributions from the electrodes and ferroelectric/electrode interfaces) from
the equivalent-circuit fits is depicted (for a selection of three different Fj).
We clearly observe that the dielectric dispersion ,(f) depends on the field
amplitude Fj, which indicates that dielectric nonlinearity and frequency dis-
persion are coupled in the BCZT films. From the equivalent-circuit fits, the
field dependence of the dispersion parameters ;. (Ep), €(FEo) and Ae; (Ep)
can be extracted and the results are depicted in Fig. 2.3(a).

In publication I, it is then shown that the field dependence of the disper-
sion parameters can be written in the following form

! _ ! !
5r,0(E0) = Erino T agky

1 1 Vi
8T,0<E0> — 1 + 8] EO ;

r,in

Ael(Ey) = Ael,, +AdE, . (2.4)

r,in



14 2. Summary of publications and contributions

o & o
p— 2.5 kViem = =
—12.5 KV/¢ -
—225xw§m --H=20
15
=5
10
15
Il Il 1 Il D
10° 10° 10* 10° 10°

f (Hz)

Figure 2.2: (a) Cross-section STEM image of Nb:STO/BCZT interface viewed along the
[010] zone axis. The enlarged section shows an edge-type misfit dislocation with Burgers
vector b = a[100]. (b) Extracted complex relative permittivity e,(f) of the BCZT film
for a selection of three different excitation field amplitudes Ey. Figure modified from
appended publication I.

Here, the coefficients €/.; . €., , af, o denote static contributions to the
) ) ’

complex reversible (initial) Rayleigh parameter ¢,;, = €., (f) — icl;, and

the complex irreversible Rayleigh parameter o = o/(f) — i 20, 32, 38|,
and Ae’ . . Ad’ describe the logarithmic frequency dispersion strength of the

r,in?

Rayleigh parameters, given by

1Hz
g;,in(f) = E;,in,O + Aéjff“,in In (27Tf> )

1Hz
o(f) = 046+Ao/ln<2ﬂf) : (2.5)
In publication I, it is shown that Aa’ corresponds to the coupling strength
between the logarithmic frequency dispersion and linear field dependence of
permittivity. Subsequently, linear fits according to Eq. (2.4) were carried out
in the range 6.25kV/cm < Ey < 16.25kV /cm, as indicated by the vertical
dashed lines in Fig. 2.3(a). The starting point for the linear fits at Ey =
6.25kV /cm = Etr was determined by the criterion that all subsequent data
points are required to have a higher value compared to their left neighbor.
The endpoint for the linear fits was then chosen by the longest fitting range
for which every linear fit has a correlation factor R > 0.980, which is fulfilled
for Ey = 16.25kV /cm = Epg. At higher fields, all three curves in Fig. 2.3(a),
show an upward curvature which we attribute to the partial switching of
domains [32]. For the linear fits, the estimated standard errors from the



2.1. Publication I 15

(a) (b)
550 T T 25 25
» gy | RP=10997 I
o] 1R? = 0981 I P 20k Partial-Switching
500 | A o - leE
/' {15 .= £ 1sp P8
o ¥ e w2 . _—
o . e - % - Stochastic Plnnllr;g
110 © 10 - coupled cople
450 u L TU
H ...E
45 5T
Er Eos Pinning
Low—FieId§ Rayleigh-like Partial-Switching r non-coupled
400 L 1 L 1 1 0 0 PRI EPETITT BT BT e
0 5 10 15 20 25 10" 10° 10° 10 10° 10°
E, (kV/cm) f (Hz)

Figure 2.3: (a) Field dependence of the dispersion parameters ¢;. (Ep), €} o(Eo) and
Ael (Ep) of the BCZT film. The solid lines are linear fits in the region between the two
vertical dashed lines, which mark the threshold field Er and the partial switching field
Eps.

previous equivalent-circuit fitting procedure were taken into account, which
is also indicated by the error bars within the fitting range [c.f. Fig. 2.3(a)].

Altogether, the extended Rayleigh analysis carried out in detail in publi-
cation I yields the schematic diagram depicted in Fig. 2.3(b) for the different
domain wall motion regimes in the epitaxial BCZT thin film. Note, that the
diagram constructed in Fig. 2.3(b) is not a generic diagram for any epitaxial
BCZT film. In fact, it is a schematic diagram of different domain-wall motion
regimes, which can now be identified within the framework of the extended
Rayleigh analysis.

At low field amplitudes 0 < Ey < FEr, the center-of-mass of the do-
main walls cannot overcome the potential well of the random energy land-
scape, however, domain wall segments can jump between metastable states
with close energies, which corresponds to the non-coupled pinning regime.
This observation has similarities to what has been found theoretically for
disordered ferromagnets [56]. By increasing the field amplitude above the
threshold field Er, the center-of-mass of the domain walls can additionally
jump between different potential minima, resulting in a coexistence of ir-
reversible center-of-mass motion and relaxational motion of internal modes
in the stochastic regime. Note that this coexistence is not simply additive,
due to the coupling of dielectric nonlinearity and frequency dispersion. As a
consequence of coupling, the irreversible Rayleigh parameter becomes zero at
fo ~ 63 kHz and changes to negative values in the pinned coupling regime.
Note that in this coupled-pinning regime, domain wall segments can still
jump between metastable states, which is indicated by the logarithmic fre-
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quency dispersion observed in this regime. The domain wall dynamics in the
coupled-pinning regime is not fully understood and remains as a task of a
unified theory of dielectric nonlinearity and frequency dispersion, which is
not yet available.

Author contributions to Publication I

I developed the scientific idea of the publication and I planned and carried
out all experiments except for TEM sample preparation which was organized
by C. Burkhardt. I fabricated the 200-nm-thick epitaxial BCZT thin films on
(100)-oriented Nb-doped SrTiOj3 single crystal substrates by means of PLD
and performed the subsequent microstructural analysis by x-ray diffraction
(XRD) and scanning transmission electron microscopy (STEM). For elec-
trical measurements, I fabricated BCZT capacitor stacks by electron beam
evaporation of circular Au electrodes on top of the films. I carried out the
impedance spectroscopy measurements and wrote a custom-made Wolfram
Mathematica script for equivalent-circuit fitting and data analysis. Finally,
I wrote the manuscript, with input from the other coauthors.
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2.2 Publication 1II

This publication utilizes the domain wall pinning element Zpw to extract the
field- and frequency-dependent dielectric response of polycrystalline BCZT
thin film capacitor stacks grown by PLD on platinized Si substrates. The
main scientific goal of this publication is to reveal how the presence of grain
boundaries in BCZT influences the domain-wall-motion dynamics in BCZT.
This is done, by comparing the results of the extended Rayleigh analyis
performed on a polycrystalline BCZT capacitor stack with the results from
the epitaxial BCZT thin film capacitor stack analyzed in Publication I.
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Figure 2.4: (a) Bode plots Z'(f) and Z”(f) obtained by impedance spectroscopy (sym-
bols) for different Fy on polycrystalline BCZT thin film capacitor. The equivalent circuit
in (b) was used to fit the data (solid lines). Figure modified from appended publication
II. (©AIP Publishing.

For this purpose, impedance spectra from 10 Hz to 1 MHz were collected
at different excitation field amplitudes Ey on a capacitor stack containing a
200-nm-thick polycrystalline BCZT thin film. Following the procedure de-
scribed in Publication I, the measured impedance spectra were deconvoluted
by domain wall pinning element modeling and equivalent-circuit fitting. Re-
sults of the fits can be seen in the Bode plot [57] shown in Fig. 2.4(a), where
the real and the imaginary parts of the impedance Z = Z/ — iZ" are plotted
vs frequency (for three selected values of Fy). In all cases, the fits with the
equivalent-circuit model depicted in Fig. 2.4(b) are in good agreement with
the measured data, indicating that the equivalent circuit used is a suitable
model for the capacitor stacks. Moreover, we observe columnar growth of the
grains from the cross-sectional STEM image depicted in Fig. 2.5(a), which
extend throughout the whole film thickness i.e. there are no grain boundaries
and grains connected in series, and hence their contribution cannot be sep-
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Figure 2.5: (a) Cross-section STEM image of polycrystalline thin film capacitor stack.
The columnar grains in the BCZT film extend throughout the whole film thickness. (b)
Extracted complex relative permittivity e, (f) of the BCZT film for a selection of three
different excitation field amplitudes Fy. Figure modified from appended publication II.
(©AIP Publishing.

arated by impedance spectroscopy [20], which justifies modelling the BCZT
layer as an Ry - Zpw parallel circuit.

Subsequently, the complex relative permittivity e,.(f) of the BCZT film
was calculated from the obtained fit parameters according to Eq. (1.5)
for each field amplitude Ey. The results for a selection of three different
excitation-field amplitudes are depicted in Fig. 2.5(b). Additionally, the field
dependence of the dispersion parameters ;. (Ep), €, o(Eo) and Ae;.(Ep) can
be investigated from the obtained fit parameters, and the results are shown
in Fig. 2.6(a). All dispersion parameters exhibit a linear dependence (with
positive slope) on the excitation field amplitude Fy within the threshold field
Er and the partial switching field Eps.

Following the extended data analysis introduced in Publication I, the
curves are fitted within the range 45 kV/cm < Ey < 70 kV /cm as indicated
by the dashed vertical lines [c.f. Fig. 2.6(a)] to the linear equations

ero(Eo) = ot agky

6;",,0(E0) = 5:,1n +d"Ey

Ac(Ey) = Agy, +AdE, . (2.6)
Finally, the analysis presented in publication II yields the schematic di-

agram depicted in Fig. 2.6(b) for the different domain-wall-motion regimes

in the polycrystalline BCZT thin film. At field amplitudes 0 < Ey < FEr,

the center of mass of the domain walls is pinned in a potential well of the
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Figure 2.6: (a) Field dependence of the dispersion parameters ¢;. ((Eo), €/ o(Eo) and
Ac' (Ep). The solid lines are linear fits in the region between the two vertical dashed lines,
which mark the threshold field Et and the partial switching field Eps. (b) Schematic
diagram of the different domain-wall-motion regimes of the polycrystalline BCZT thin
film. Figure modified from appended publication II. (©)AIP Publishing.

random energy landscape, however domain-wall segments can jump between
metastable states with close energies, which corresponds to the non-coupled
pinning regime (see Publication I). By increasing the field amplitude above
the threshold field Er = 45 kV /cm, the center of mass of the domain walls
can overcome the potential well and move irreversibly via hopping between
different potential minima, resulting in a coexistence of irreversible center-
of-mass motion and relaxational motion of internal domain-wall segments in
the stochastic regime (see Publication I). Note that the threshold field Er
in the polycrystalline thin film is significantly higher as compared to what
has been reported for an epitaxial BCZT film of the same thickness (see
Publication I), which we attribute to the higher density of defects present in
the polycrystalline film [58|. For field amplitudes above Epg = 70 kV /cm,
partial switching of the domains occurs. The irreversible Rayleigh parameter
o/(f) becomes zero and changes to negative values at fy ~ 682 kHz, which
originates from the coupling between dielectric nonlinearity and frequency
dispersion (see Publication I). This indicates a transition to the coupled pin-
ning regime, where the center of mass of the domain walls cannot follow the
fast driving field [19, 59| but domain wall segments can still jump between
metastable states [19]. However the comprehensive domain-wall dynamics in
the coupled pinning regime — which includes a negative irreversible Rayleigh
parameter o/(f) — is not precisely known, and more experimental and the-
oretical work is needed for an improved understanding. The results of this
publication indicate that the presence of grain boundaries does not only re-
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duce the value of the Rayleigh constant but also weakens the relaxational
motion of internal domain-wall segments and the coupling strength between
dielectric nonlinearity and frequency dispersion.

Author contributions to Publication I1

I developed the scientific idea of the publication and I planned and con-
ducted all experiments except for TEM sample preparation, which was done
by B. Schroppel. 1 fabricated the 200-nm-thick polycrytalline BCZT thin
films by means of PLD on platinized Si substrates and performed their sub-
sequent microstructural analysis by x-ray diffraction (XRD) and scanning
transmission electron microscopy (STEM). For electrical measurements, I
fabricated BCZT capacitor stacks by electron beam evaporation of circular
Au electrodes on top of the films. I carried out the impedance spectroscopy
measurements and wrote a custom-made Wolfram Mathematica script for
equivalent-circuit fitting and data analysis. Finally, I wrote the manuscript,
with input from the other coauthors.
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2.3 Publication III

This publication discusses in detail the fabrication process of conductive mi-
croelectrodes based on sputtered iridium oxide films (SIROFs) for subreti-
nal electrical stimulation with the state-of-the-art retinal prosthesis “Retina
Implant Alpha AMS” and the comprehensive electrical characterization of
the microelectrodes by cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and voltage transient measurements. The focus of the
electrical measurements is to assess the stimulation efficiency of the SIROF
microelectrodes and to reveal and quantify the contributions from different
charge injection mechanisms to the CIC.

A characteristic feature of IrOs-based electrodes is the ocurrence of a
fast and reversible Faradaic process involving reduction and oxidation of
Ir¥" / Ir** confined to the surface of the electrode [44, 60, 61]. The quasi-
continuous oxidation states of IrOs-based electrodes enable the reversible
storage of a large amount of charge, which is known as pseudocapacitance C,
[61]. As a consequence, the simple equivalent-circuit model of an electrode—
electrolyte interface depicted in Fig. 1.2 is insufficient to describe the prop-
erties of SIROF-microelectrodes, and an adequate model has to incorporate
their pseudocapacitive behavior, which can be described by a constant phase
element (CPE) with impedance [57]

_
Qizmf)r

where the capacitance-like constant () and the phenomenological exponent n
are free parameters. Moreover, in most cases, the double-layer capacitance
Chr, also exhibtis a non-ideal capacitive behavior which is better described
by a CPE instead of an ideal capacitor. Due to different time constants for
the charging and discharging of Cpy, and C), respectively, they can be dis-
criminated by EIS measurements and appropriate equivalent-circuit fitting.
Together, the double-layer capacitance Cp, and the pseudocapacitance are
often called the supercapacitance [61]. Fig. 2.7(a) shows EIS data collected
on a 650-nm-thick circular SIROF-microelectrode (30 pm in diameter). Here,
the solid and the dashed line represent fits to the equivalent-circuit model
depicted in Fig. 2.7(b), which are in good agreement with the measured
EIS data over the full frequency range. The circuit is a complete model of
the electrode-electrolyte interface [61] and includes the double-layer capaci-
tance Cpr,, the pseudocapacitance C,,, the Faradaic leakage resistance Ry, the
charge transfer resistance Rcr, the Warburg impedance Zw and the serial
resistance Rs. Additionally, a parallel stray capacitance Cy,ay Was included,
which is well-known to exist in three-electrode EIS measurements [62]. In

Zeope(f) (2.7)
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Figure 2.7: (a) Measured impedance modulus |Z| and phase angle obtained by electro-
chemical impedance spectroscopy (symbols) and the corresponding equivalent-circuit fits
(solid lines) (b) Utilized equivalent-circuit model for fitting the EIS data. Figure modified
from appended publication III; licensed under a Creative Commons Attribution (CC BY
4.0) license.

the EIS data, Cy.ay causes the phase drop at high frequencies ~ 10 kHz - 100
kHz. The Warburg impedance Zw accounts for mass-transfer limitation by
diffusion. Similar to what has been found for other STIROF-microelectrodes,
we utilized the Warburg element for finite-length diffusion with reflecting
boundary, given by [60]

coth (\/z’27rfTD)
\/i27TfTD 7

with the diffusion resistance Rp and the diffusion time constant T as free
parameters.

From the equivalent-circuit fits, the double-layer capacitance Cpr, and
the pseudo-capacitance Cj, are estimated from the obtained fit parameters of
the corresponding CPEs by using the procedure described in Ref. [63] which
yields Cpy, = 71 nF and C}, =~ 208 nF. The resulting supercapacitance corre-
sponds to the sum Cpy, + C},, which is dominated by the reversible Faradaic
process of quasi-continuous reversible reduction and oxidation between Ir3*/
Ir** valence states. By normalizing the supercapacitance to the geometric
area of the circular SIROF-microelectrode, the specific supercapacitance has
avalue of ™ — 39.4 mF /em?. The supercapacitive current flow at a sweep-
rate of 0.1 V /s yields 3.94 mA /cm?, which is in agreement with the measured
CV data in the publication and indicates, that the reversible Faradaic process
involving reduction and oxidation of Ir*"/ Ir** is the dominant contribution
to the CIC of the investigated SIROF-microelectrode.

Zw(f) = Rp (2.8)
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Author contributions to Publication III

This publication was done in collaboration with the Retina Implant AG.
I conducted the data analysis of the measured impedance spectra on the
SIROF-microelectrodes. For this purpose, I wrote a custom-made Wolfram
Mathematica script to fit the impedance data to an appropriate equivalent-
circuit model. In the publication, I wrote the section about EIS which con-
tains results of the fitting procedure and a detailed physical interpretation
and discussion of the obtained results, including a comparison with the data
obtained by CV measurements.
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2.4 Publication IV

The underlying idea of this publication is to solve the long-standing problem
of low CIC provided by microelectrodes coated with an insulating dielec-
tric layer, which are commonly utilized for extracellular capacitive stimula-
tion [46]. In publication IV, a new approach for bioelectronic interfacing of
electrogenic cells or tissue is introduced, which utilizes a conductive micro-
electrode coated with an insulating ferroelectric layer. It is shown that the
extracellular stimulation current density Jg;n, provided by the ferroelectric
microelectrode is given by

Jstim = C 2U(t) + 2P(FE)(U(L‘)) (2.9)

stim s 8t (% ) .

with the specific capacitance C; and the ferroelectric polarization current
OPYE) /9t, which acts as an additional contribution compared to the stimu-
lation current provided by the common extracellular capacitive stimulation.
Depending on the applied electric field strength E(t) = U(t)/d, two different
regimes of the ferroelectric polarization current can be identified, which are
separated by the coercive field E¢ of the ferroelectric, i.e.

QP(FE)< (1) = {J(SSW)(t) E < E¢ | (2.10)
ot JSW(t)  E> E¢
where JSW)(#) corresponds to the subswitching regime and JSW)(#) to the
switching regime of the ferroelectric. At subswitching fields, the ferroelectric
displacement current density Eq. (2.9) in response to a harmonic ac electric
field can contain higher harmonics due to the contribution from irreversible
domain wall motion contained in JSSW)(¢) [64], which might be interesting
for extracellular stimulation with low-frequency sinusoidal voltage signals
[65]. Note, that the subswitching regime E < E¢ of a ferroelectric can be
analyzed in detail by domain wall pinning element modeling in combination
with the extended Rayleigh analysis as described in Publication I + II.
However, the focus in the publication is on the ferroelectric switching
regime F/ > FEg. The corresponding switching kinetics is a very complex
problem and there exist several models to explain the time-dependence of fer-
roelectric polarization reversal [66]. The traditional approach to explain the
switching kinetics is the Kolmogorov-Avrami-Ishibashi (KAI)-model [67-69],
which is based on the classical statistical theory of nucleation and predicts
for the time-dependent change in ferroelectric polarization AP®®)(¢) during
switching between the bistable states +F, , the relationship [66]

APFE () = 2P, {1 —exp|—(t/to)"]} (2.11)
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Figure 2.8: Voltage step with height Uy = 1 V applied to the EFC configuration [cf.
inset], to switch the remanent polarization from the initial state -P, to the final state
+P,. (b) Simulated extracellular current response during polarization reversal of the EFC
configuration according to Eq. (2.14). Figure modified from appended publication IV;
licensed under a Creative Commons Attribution (CC BY 4.0) license.

with the effective dimension n and the characteristic switching time ¢y as
free parameters. For thin films, the effective dimension is n = 2 [66] and the
time-dependence of the magnitude of the corresponding switching current
density JSW)(¢) is then given by

[JEWMI@)] = 4B (/1) exp[~(t/t)’] . (2.12)

In publication IV, the time-dependent stimulation current density pro-
vided by a parallel-plate electrolyte—ferroelectric-conductor (EFC) configu-
ration in the switching regime is then investigated. The EFC configuration is
modeled by an equivalent-circuit, consisting of an Ohmic resistance — which
represents the electrolyte and the electrodes — in series to a capacitance C'
in combination with the KAl-model, which models the ferroelectric layer of
the EFC configuration. The Ohmic resistance can be approximated by the
effective resistance R, . for a circular microelectrode with radius  and an
adjacent electrolyte with specific resistance p according to [61]

Rt = = . (2.13)

wr

The stimulation current density JEEC(¢) provided by the EFC configuration
in response to an applied voltage step with height Uy, which induces polar-

ization reversal from the initial state - P, to the final state + P, is then given
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U, _
JECh = 2
stim ( ) rp exp[Rr,effC

|+ 4P(t/t5) exp[—(t/t0)?]
(2.14)

where the first term in Eq. (2.14) is the capacitive transient J(©)(¢).

The simulated stimulation current density in response to the applied volt-
age step with height Uy = 1 V depicted in Fig. 2.8(a) is shown in Fig. 2.8(b),
where the ferroelectric material properties correspond to a 9.5-nm-thick
Hfy 571050, layer [27]. Here, the capacitive transient .J(©)(¢) is superimposed
by the bell-shaped switching current density JSW)(¢), and the resulting CIC
for complete switching during the stimulation time (i.e. Tym > to) is given
by [70]

CIC = CUy+2P, | (2.15)

which exhibits the additional contribution 2P, compared to the CIC of mi-
croelectrodes with dielectric coating for extracellular capacitive stimulation
[46]. Note that repetetive stimulation with a CIC according to Eq. (2.15)
requires a subsequent voltage pulse of opposite polarity to reorient the re-
manent polarization P, back to its initial state. This is not necessary for
antiferroelectric materials or ferroelectrics in the paraelectric phase, where
the remanent polarization is zero and which might be interesting alternatives
for stimulation with solely unipolar voltage signals.

An interesting CMOS compatible material class for the fabrication of fer-
roelectric microelectrodes is Al;_,Sc, N, which exhibit ferroelectric properties
with P, up to 110 uC/cm? [71] resulting in a CIC above 200 uC/cm?, which
is in the range of previously reported stimulation-thresholds for small con-
ductive microelectrodes (30 pm in diameter) [53] and which is approximately
two orders of magnitude above the CIC of state-of-the-art capacitive micro-
electrodes [48-52]. Note, that the CIC of ferroelectric microelectrodes might
be further increased by the fabrication of 3D structures [25].

The results pave the way to utilize ferroelectrics for long-term stable
bioelectronic interfacing of electrogenic cells or tissue.

Author contributions to publication IV

I am the only author of this publication.
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Summary and outlook

In summary, this thesis provides solutions for two major problems. The first
problem is the extraction of the domain-wall-motion induced amplitude- and
frequency-dependent dielectric response ¢, (Ep, f) in thin film ferroelectrics,
embedded in a heterostructure e.g. a thin-film capacitor stack. Here, the
introduced domain wall pinning element Zpw allows one to extract €,(Ey, f)
from impedance spectroscopy measurements at different Fj; and subsequent
equivalent-circuit fitting, which can be utilized to establish a link between
thin film deposition parameters and film properties, in order to “tailor” fer-
roelectric films for their specific target application. Moreover, an extended
Rayleigh analysis is presented in this thesis, which enables the quantifica-
tion of the coupling strength between dielectric nonlinearity and frequency-
dispersion in ferroelectric films and the identification of different domain-
wall-motion regimes. In this thesis, this new approach is demonstrated by
applying it to epitaxial and polycrystalline films of the promising lead-free
ferroelectric BCZT grown by PLD on different substrates. However, it is clear
that the presented approach is not restricted to the application to BCZT thin
films alone. In fact, it is intended to serve as a guideline for future work on
ferroelectric materials, which includes to reveal the effect of temperature and
phase transitions 72|, external bias fields [38]|, dopants [35], nanopatterning
(without removal of material) by ion-bombardement [73-75| and substrate
clamping [59] on domain wall dynamics and related material properties. This
may provide new insights for the emerging field of domain boundary engi-
neering [76]| and is also of practical importance for many (new) applications
in the sense of a More than Moore strategy. In this context, it is important to
mention that the discovery of ferroelectricity in HfO,-based thin films repre-
sents a real breakthrough due to the full CMOS compatibility of this material
class and outstanding ferroelectric properties at the nanoscale [27, 77]. Thus,
this material class is predestined for the fabrication of ferroelectric field-effect

27
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transistors (FeFETS) for non-volatile memory applications [25] and /or for the
integration into (novel) bioelectronic devices, which brings us to the second
major problem treated in this thesis.

The second problem is the low CIC provided by microelectrodes coated
with an insulating dielectric layer, which are utilized for extracellular ca-
pacitive stimulation in bioelectronic applications. Here, it is shown that a
microelectrode coated with an insulating ferroelectric layer exhibits the ferro-
electric polarization current as an additional contribution to the extracelluar
stimulation current. Depending on the remanent polarization P, of the ferro-
electric, the polarization current in the switching regime can increase the CIC
by up to two orders of magnitude as compared to the commonly used extracel-
lular capacitive stimulation. Moreover, this approach also yields an addtional
contribution to the stimulation current in the subswitching regime, where the
polarization current originating from irreversible motion of ferroelectric do-
main walls can give rise to higher harmonics in the stimulation current [64]
and might be interesting for extracellular stimulation with low-frequency
sinusoidal voltage signals [65]. The subswitching regime of a ferroelectric
layer can be analyzed by the domain wall pinning element in combination
with the extended Rayleigh analysis introduced in this thesis. Irrespective
of the ferroelectric operating regime, the presented approach paves the way
to utilize ferroelectrics for bioelectronic interfacing of electrogenic cells or
tissue. The resulting ferroelectric-neural interface is a promising approach
for extracellular electrical stimulation without toxic electrochemical effects,
which is crucial for implantable neuroprosthetic devices. Clearly, substantial
work on ferroelectric-neural interfaces is needed to optimize thin film de-
position parameters and to develop stimulus protocols for specific neuronal
classes and for different ferroelectric materials with different remanent polar-
ization and switching kinetics. Additional possibilities for future studies on
ferroelectric—neural interfaces are extracellular electrical recordings by utiliz-
ing the ferroelectric layer as gate oxide of a FeFET, which polarization state
is sensitive to extracellular potentials generated by adjacent neurons. This
might result in the coupling of artificial neurons based on FeFETs [78] with
biological neurons for future neuromorphic computing applications.

Moreover, the work on this thesis resulted in the invention of a piezo-
electric membrane-microelectrode array (Publication VII) — a device for si-
multaneous electromechanical recording and stimulation of biological cells
and tissue — and a ferroelectric biochip (Publication VIII), which is based
on extracellular electrical stimulation by ferroelectric displacement current
as introduced in Publication IV. The piezoelectric membrane-microelectrode
array can be utilized, e.g., to study the excitation—contraction coupling in
heart cells (cardiomyocytes) for in wvitro drug testing and the ferroelectric
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biochip can be utilized to provide bioelectronic interfaces in neuroprosthetic
devices. Since both devices are based on ferroelectric films, impedance spec-
troscoy and domain wall pinning element modeling are useful methods to
establish a link between thin film deposition parameters and film properties
in order to optimize, e.g., the FOM Eq. (1.2) for the intrinsic signal-to-noise
ratio of the invented piezoelectric membrane-microelectrode array.

In conclusion, this thesis is a first step towards the integration of thin-film
ferroelectic oxides into bioelectronic devices such as high-resolution retinal
implants or brain-machine interfaces and bridges the gap between the fields of
oxide nanoelectronics and bioelectronics. In order to achieve further progress,
the scientific communities of both fields need to bring together their expertise.
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Impedance spectroscopy of ferroelectrics: The domain wall pinning element
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We introduce an equivalent-circuit element based on the theory of interface pinning in random sys-
tems, to analyze the contribution of domain wall motion below the coercive field to the impedance
of a ferroelectric, as a function of amplitude Fy and frequency f of an applied ac electric field.
We investigate capacitor stacks, containing ferroelectric 0.5(Bag.7Cag.3)TiO3-0.5Ba(Zro.2Tio.s)O3
(BCZT) thin films, epitaxially grown by pulsed laser deposition on Nb-doped SrTiOg3 single crystal
substrates and covered with Au electrodes. Impedance spectra from f = 10Hz to 1 MHz were col-
lected at different Ey. Deconvolution of the spectra is achieved by fitting the measured impedance
with an equivalent-circuit model of the capacitor stacks, and we extract the domain-wall-motion in-
duced amplitude- and frequency-dependent dielectric response of the BCZT films from the obtained
fit parameters. From an extended Rayleigh analysis, we quantify the coupling strength between
dielectric nonlinearity and dielectric dispersion in the BCZT films and identify different domain-
wall-motion regimes. Finally, we construct a schematic diagram of the different domain-wall-motion
regimes and discuss the corresponding domain-wall dynamics.

I. INTRODUCTION

Domain wall motion in ferroelectric materials does not
only influence their ferroelectric, but also their dielectric
and piezoelectric properties [I]. In general, the complex
dynamics of domain wall displacement in ferroelectrics
results in a dependence of their dielectric (¢;;) and piezo-
electric (d;ji) tensor components on the amplitude Ey
and frequency f of an applied ac electric field [I 2].

Regarding perovskite-type ferroelectrics, field and fre-
quency dependent dielectric and piezoelectric response
has been mostly investigated in ceramics and thin films
based on PbZr,Ti;_,O5 (PZT) [IH4]. It was found, that
the field dependence of permittivity and piezoelectric co-
efficients at subswitching fields can often be described
by the linear Rayleigh law, which results in a nonlin-
ear and hysteretic dielectric polarization and piezolec-
tric strain. Based on this, the linear field dependence
of permittivity is also referred to as dielectric nonlinear-
ity [4]. Moreover, the coupling of dielectric nonlinearity
and frequency dispersion has been studied [2]. However,
a unified theory which describes the field and frequency
behavior of material properties, e.g. the complex relative
permittivity e,.(Fy, f) of ferroelectrics, with the same set
of equations is not available. Thus, the measurement of
er(Eo, f) is crucial, since the permittivity is directly re-
lated to the microstructure of the material and essential
for device modelling [I, [5]. This is especially true for
thin film samples of new and thus less investigated lead-
free ferroelectrics such as Kg5Nags;NbOs (KNN) and
0.5(Bao.7Ca0.3)T10370.5Ba(Zr0,2Ti0‘8)03 (BCZT) [67 7]

Recently, a new method for the analysis of the field
dependence of complex relative permittivity e,.(Fo) (i.e.
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Rayleigh analysis) was introduced [§]. This method
is based on impedance spectroscopy and equivalent-
circuit fitting, which allows one to discriminate dif-
ferent contributions to the permittivity, originating
from electronically different components (electrodes,
eletrode/ferroelectric interfaces and ferroelectric) of the
analyzed thin film devices.

In thin film capacitor stacks, with a ferroelecric placed
between two metallic electrodes, the dielectric properties
can exhibit strong frequency dispersion depending on the
resistivity of both, the ferroelectric film and the electrode
layers [9], thus masking the true dielectric dispersion of
the ferroelectric caused by pinning of domain walls on
randomly distributed defects occuring in the ferroelec-
tric layer inside the heterostructure [10, II]. Moreover,
the interfaces to the electrodes play a more crucial role in
thin films as compared to thick ceramic samples [8] [12],
which can lead to extrinsic dielectric relaxation processes
[13], additionally masking the contributions from the fer-
roelectric.

The superiority of the Rayleigh analysis based on
impedance spectroscopy over the conventional approach
(i.e. without equivalent-circuit fitting) was demonstrated
in Ref. [§ for the measurement of €,.(Ep) for a ferroelec-
tric Si:HfO, thin film. However, the frequency disper-
sion €, (f) is not accessible with the method described in
Ref. 8l

In this work, we introduce an equivalent-circuit ele-
ment with impedance Zpw which is based on the theory
of interface pinning in random systems [I0] and models
the frequency-dependent impedance response of a ferro-
electric including the domain-wall-motion induced contri-
bution. Moreover, we report on a method to extract the
domain-wall-motion induced amplitude- and frequency-
dependent dielectric response ,.(Eyp, f) in thin film fer-
roelectrics, embedded in a thin film capacitor stack, from
impedance spectroscopy measurements at different Ej
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and equivalent-circuit fits with the introduced element
Zpw. Finally, we present an extended Rayleigh analy-
sis which allows one to quantify the coupling strength
between dielectric nonlinearity and frequency dispersion
and the identification of different domain-wall-motion
regimes. Our approach will be demonstrated by applying
it to thin film capacitor stacks containing the lead-free
ferroelectric BCZT.

II. THEORY

A. Rayleigh behavior and interface pinning in
random systems

Domain wall dynamics below the coercive field E¢ of a
ferroelectric can be considered as a superposition of cen-
ter of mass motion and relaxational motion of internal
modes, i.e. domain wall segments [I1]. From theory it is
known, that the interaction of domain walls with pinning
centers, that form a random energy landscape, gives rise
to the so called Rayleigh behavior and the correspond-
ing Rayleigh law [I4], 15]. Rayleigh behavior originates
from the irreversible center of mass motion of domain
walls and results in a linear dependence of permittivity
and piezoelectric coefficients on the field amplitude Ey
above a specific threshold field Et and below the coer-
cive field E¢, which was also observed experimentally on
ceramic and thin film samples [, [I6HI8]. As a conse-
quence of Rayleigh behavior, the dielectric polarization
and piezoelectric strain responses of ferroelectrics become
nonlinear in Ey and hysteretic even at subswitching fields
Er < Ey < Ec. In the following, we will solely discuss
dielectric properties and disregard piezoelectric proper-
ties.

The Rayleigh law for the real and imaginary parts of
the complex relative permittivity e, = . — ie! is given
by [8) 18]

EL(EO) = 8;“,in + O/EO ’
e (Eo) =&/ +a"Ey . (1)
Here € ;, and ];, are real and imaginary parts of the

reversible (initial) Rayleigh parameter ¢,.;, due to lattice
and reversible domain wall contributions, o/ denotes the
irreversible Rayleigh parameter (Rayleigh constant) and
o =ta.

In the following, we will denote a general linear field
dependene of &/ (Ey) and e (Ep) with positive slope as
”Rayleigh-like behavior”. In that sense, the Rayleigh law
is a special case of Rayleigh-like behavior with the addi-
tional requirement o = %ro/ .

The irreversible domain wall contribution to the real
part of the permittivity is given by o’FEy. It turns out,
that o' is a direct and quantitative measure for the mo-
bility of domain walls, and it is dependent on the concen-
tration of pinning centers, film thickness and the density
of domain walls [4]. However, the Rayleigh law Eq. (1)

is rate-independent and no frequency dependence of ma-
terial properties can be derived from it [2H4].

Theory predicts for domain wall pinning processes in
random systems a logarithmic dependence of permittiv-
ity on frequency f, which is due to the relaxational con-
tribution of internal modes [10, [1T]
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#ﬂ«h{%%JFA . 2)

Here, O is related to the roughness of the domain wall
and ty denotes a microscopic time constant, which is re-
lated to the rate of transitions of domain wall segments
between metastable states [10] [11].

In this pinned regime, the center of mass of the do-
main wall is captured in a potential valley, while domain
wall segments can still jump between different metastable
states with close energies. The potential valley of a ran-
dom energy landscape can be described by [11]

wm=%ﬂ+£ﬁww>, (3)

with a constant C,,, the transverse spatial coordinate 7, a
single relaxation time 71 and the random pinning force g.
The first term in Eq. (3]) describes the average (parabolic)
shape of the well and the second term describes spatial
fluctuations due to the residual part of the random pin-
ning force g. This term is important, because it results
in a distribution of relaxation times ¥y (7) instead of the
single relaxation time 71 [I1]. As a consequence, the di-
electric response of a ferroelectric due to domain wall
pinning in a random energy landscape is not expected
to exhibit a Debye-like dielectric relaxation with a sin-
gle relaxation time and hence one dominant relaxation
frequency.

In many ferroelectrics - including relaxors - it was
found that ©® ~ 1, which corresponds to a frequency-
independent imaginary part of permittivity, and which is
valid for systems with a broad distribution ¥ (7) of relax-
ation times [2H4, T9H2T]. In this case, the logarithmic fre-
quency dependence of the complex relative permittivity
can be well approximated by the expression [2] [3] 20} 2T]

, , 1Hz
5r(f)_6r,0+A5g"ln<2ﬂ_f> )

Elr/(f) = E/r/,O ) (4)
where €/, 5 and €/ ; denote static contributions to the per-
mittivity, and Ae’. is the logarithmic dispersion strength.
We note that in Eq. we fixed the value of ty to 1s,
which is also the common choice in the literature [4], [T9-
22]. We will use this convention throughout the remain-
ing part of this paper.

It has been shown for systems with Rayleigh-like be-
havior and logarithmic frequency dispersion, that the fre-
quency dependence of ¢/, in Eq. is due to the loga-
rithmic frequency dependence of both reversible (e].;,)




and irreversible () Rayleigh parameters defined in the
Rayleigh law Eq. (1)), which can then be expressed as [19)]

1Hz
- = . Al In| =—
E’l‘,ln(f) €7‘,1n,0 + Er,ln n (27Tf> ’

o' (f) —a6+Aalln<;7Ij;> : (5)

The physical interpretation of the coefficients Ae/ ; and
Ad' in Eq. will be discussed later in Sec. As
a consequence, the Rayleigh relation for the real part
of relative permittivity /. in Eq. , can be written
with frequency-dependent Rayleigh parameters given by

Eq. , as
er(Eo, f) = erin(f) + ' (f)Eo - (6)

However, the Rayleigh law Eq. , comprises also the
Rayleigh relation for the imaginary part of relative per-
mittivity €/ and the relations are coupled by o’ = %To/ .
The coupling relation predicts a logarithmic frequency
dependence of «” which results in a frequency disper-
sion of €, which is contradictory to the assumption of a
frequency independent imaginary part given by Eq. ,
which implies a constant «”. Thus, the logarithmic fre-
quency dispersion due to domain wall pinning in random
systems and the Rayleigh law are only compatible at a
fixed frequency. Taking account of a constant o', we can

implicitly define this frequency f = fr by

. a(f)  3n
1 = — .
fm == (™)

At f = fr, the Rayleigh law is fulfilled for variable field
amplitudes Fy within the Rayleigh region. The frequency
fr will be called the ”Rayleigh frequency” in the follow-
ing.

The more general Rayleigh-like behavior exists in the
frequency range where o/(f) is positive. At frequencies
f within this Rayleigh-like frequency range, the center
of mass of domain walls can move irreversibly via hop-
ping between different minima of the energy landscape,
since this is a basic assumption in the derivation of the
Rayleigh law. Thus, the center of mass of the domain
walls is not captured in a potential valley as in the pinned
regime and we conclude that the Rayleigh-like frequency
range corresponds to a regime with coexisting center of
mass motion and relaxational motion of internal modes.
In analogy to Ref. [L1, we will denote this regime as the
stochastic regime of complex relative permittivity.

B. Derivation of an equivalent-circuit element
based on interface pinning in random systems

In an impedance spectroscopy experiment, the com-
plex impedance Z(f) = Z'(f) — iZ"(f) is measured
as a function of frequency f, typically in the range of

f =10 — 10° Hz. The complex impedance is related to
the complex relative permittivity by [23]

1
Z2(f) = ——— 8
( ) Z?WfCUET(f) ( )
with the geometrical capacitance Cy. For a parallel-plate
capacitor, Cy = % with the vacuum permittivity e,

electrode area A and plate distance d. Separating real
and imaginary parts in Eq. , yields

) i)
27 fCo (e (P2 + <X(1)?)

By inserting the logarithmic frequency dependence
Eq. into Eq. (9, we obtain the equivalent-circuit el-
ement Zpw, which models the impedance of a ferroelec-
tric due to pinning of domain walls in a potential valley
[c.f. Eq. ] of a random energy landscape

Z(f) (9)

ey — 1t [6;70 + Ael In (;Eﬁ)}
Zpw(f) = 5 ;
2 fCo { [5;’0 + Ae/ In (é}ffz)} + E’T’%}

(10)

with €], , &y and Ae;,. as free parameters. Consequently,
Zpw will be called the ”domain wall pinning element” in
the following.

Impedance spectroscopy allows one to extract the free
parameters /., €, and Ae, by fitting the measured
impedance over the full frequency range to the impedance
of an appropriate equivalent-circuit model of the capaci-
tor stack, including the ferroelectric. Since domain wall
pinning occurs solely in the ferroelectric layer and not in
the electrodes and interfaces, the impedance response of
electrodes and interfaces do not exhibit the characteristic
logarithmic frequency dispersion over the measured fre-
quency range and hence can be discriminated by their dif-
ferent frequency dispersion from the domain wall pinning
element which models the ferroelectric layer. Thus, the
different contributions (from electrodes, interfaces and
the ferroelectric layer) to the measured impedance of the
capacitor stack are deconvoluted, by equivalent-circuit
fitting with the domain wall pinning element.

Measurements at different excitation field ampli-
tudes Ej then allow one to determine the field depen-
dence of the dispersion parameters e (Eo), € o(Eo)
and Ael(Ep). Subsequently, the field- and frequency-
dependent dielectric response e, (Ep, f) of the ferroelec-
tric is obtained by inserting the field-dependent disper-
sion parameters into Eq. . For comparison, the con-
ventional approach for the analysis of complex relative
permittivity measurements is described in appendix A.

Note that for systems in which the assumption of a
broad distribution of relaxation times and/or © ~ 1 is
not fulfilled, similar equivalent-circuit elements can be
obtained by inserting the corresponding frequency dis-
persion into Eq. @D



IIT. EXPERIMENTAL

A ceramic BCZT target was used to grow 200-nm-
thick epitaxial single crystalline films on (001)-oriented
Nb-doped (0.5 wt%) SrTiOs (Nb:STO) single crystal
by means of pulsed laser deposition (PLD). We used a
248 nm KrF excimer laser with an energy of 110 mJ and
5 Hz repetition rate. For the deposition on Nb:STO sub-
strates, the temperature was fixed at 700 °C with an oxy-
gen partial pressure po, = 0.1 mbar. After deposition,
the films were heated up to 800°C and kept there for
15 minutes before cooling down to 700 °C. Subsequently,
DPo, was increased to Smbar and the films were cooled
down to room temperature with a rate of 10 K/min.

The microstructure of the films was investigated by
x-ray diffraction (XRD) to obtain the crystallographic
orientation and to check for possible secondary phases.
One sample was further analyzed by scanning transmis-
sion electron microscopy (STEM) to investigate possible
crystal defects in BCZT, which may act as domain wall
pinning-centers.

For electrical measurements, 3-mm diameter disc-
shaped Au electrodes (~ 100-nm-thick) were deposited
on top of the BCZT films by electron beam evaporation
through a shadow mask. Impedance spectra of the ca-
pacitor stack from f = 10 Hz to 1 MHz were collected at
different excitation field amplitudes Ey using a Solartron
1260 impedance analyzer together with a probe station.
For each measurement, E; was successively increased
from 2.5 to 25kV/cm (applied root mean square volt-
age Vrms = 0.05 —0.5V) with a step-size of 1.25kV /cm,
which results in the measurement of the impedance under
19 different Fj.

IV. RESULTS AND DISCUSSION

In this section, we present XRD data and results from
electrical measurements from one representative epitaxial
BCZT device. The STEM results were obtained from
a different epitaxial BCZT device which was fabricated
with the same process parameters (see Sec. .

A. XRD and STEM

Figure[I]shows the XRD 6 — 26 diffraction pattern for a
BCZT thin film deposited on a (001)-oriented Nb:SrTiO3
(Nb:STO) single crystal. No traces of secondary phases
are observable. The structural phase diagram of BCZT
shows four possible crystallographic phases, i.e. cubic,
tetragonal, orthorhombic and rhombohedral [24]. Due
to the small variations in the lattice parameters of the
possible phases, a rigorous specification of the crystallo-
graphic phase of the films is not accessible from the XRD
data. Thus, we denote the film structure as pseudo-cubic,
which represents the four possible phases. For simplic-
ity, we use cubic metrics for the Miller indices and crystal

directions. The film grown on a Nb:STO substrate is epi-
taxial and the full width half maximum (FWHM) of the
rocking curve of the (002)-BCZT peak (inset in Figure
has a value of w = 0.08°, indicating high crystalline
quality of the film. The results are in good agreement
with BCZT thin films grown by PLD on undoped STO
[25] and SrRuOg3 coated STO [26].

The epitaxial growth of BCZT on Nb:STO was also
confirmed by STEM. Moreover, our STEM analysis re-
vealed the occurrence of edge-type misfit dislocations at
the epitaxial Nb:STO/BCZT interface, characterized by
the Burgers vector b = a[100]. Here, a denotes the lattice
constant along the [100] direction within the BCZT unit
cell (Fig.[2). These misfit dislocations act as possible do-
main wall pinning centers, which was already observed
in similar epitaxial PZT heterostructures [27].

B. Impedance spectroscopy and equivalent-circuit
analysis

Collected impedance spectroscopy data (for a selec-
tion of three different Ey) on the epitaxial device are
shown in Fig. a). A validation procedure to rule out
artifacts in the measured impedance spectra is given in
appendix B. The equivalent circuit depicted in Fig. b)
was used to fit the collected impedance spectra [28]. Here
the series resistance Ry corresponds to the resistance of
the cables, measurement probes and the electrodes. The
R1C1-Element represents the electrode-BCZT interfaces.
The resistance Ry and Zpw model the ferroelectric film
inside the capacitor stack. Rs is attributed to losses due
to possible leakage currents, whereas the losses due to
domain wall motion are contained in Zpw. Additionally,
the dispersion parameters are contained in the domain
wall pinning element. The element Ly models the induc-
tance of the cables used. Results of the fits can be seen
in the Bode plot [29] shown in Fig. [3{a) where the real
and the imaginary part of the impedance Z = 7’ — iZ"
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FIG. 1. XRD 6 — 260 scan of BCZT thin film on Nb:STO. The
inset shows the rocking curve of the (002) BCZT peak.



TABLE I. Fit parameters for the epitaxial BCZT capacitor stack at three different excitation field amplitudes Ey. The estimated

standard errors for Ry are below 1 k(2.

Ey (kV/em)  Ro (Q) R (Q) C1 (nF) Ry (MQ) o Acgl. ero (uH)
2.5 18+1 2889 +4 150.5 £ 0.3 29 457.9+0.2 7.27+0.04 10.65 £ 0.03 4.8 +0.8
12.5 16 t1 2880 £+ 3 151.8 £0.2 21 493.7 +£ 0.1 8.41 +0.03 13.23 £ 0.02 5.3+0.5
22.5 14 +3 2838 £ 7 155.1 £ 0.6 13 526.4 + 0.4 11.41 +£0.09 18.23 £ 0.07 53+1.4
= 0
+4-20

Nb:STO

5nm

FIG. 2. Cross-section STEM image of Nb:STO/BCZT in-
terface viewed along the [010] zone axis. The enlarged sec-
tion shows an edge-type misfit dislocation with Burgers vector
b = a[100].

are plotted vs frequency (for three values of Ey). An ad-
ditional logarithmic Bode plot of the fits is given in ap-
pendix C. In all cases, the fits are in good agreement with
the measured data, indicating that the utilized equivalent
circuit is a suitable model for the thin film capacitors. Fit
parameters obtained from equivalent-circuit fits at three
different excitation field amplitudes are summarized in
Table [l The standard errors are calculated from maxi-
mum likelihood estimation [30].

Subsequently, the complex relative permittivity &, (f)
of the BCZT film (i.e., without contributions from the
electrodes and ferroelectric/electrode interfaces) was cal-
culated from the obtained fit parameters according to
Eq. () for each field amplitude Ey. The results for a
selection of three different excitation field amplitudes are
depicted in Fig. We clearly observe [c.f. Fig. El and
Table@ that ¢,.(f) and the parameters €, €,y and Ae;,
depend on the field amplitude Ej, which indicates that
dielectric nonlinearity and frequency dispersion are cou-
pled in the BCZT films.

C. Extended Rayleigh analysis

From the equivalent-circuit fits, the field dependence of
the dispersion parameters €. 4(Eo), €, o(Eo) and Ae;.(Ep)
can be extracted and the results are depicted in Fig.

We observe that all dispersion parameters exhibit a
linear dependence on the field amplitude Ejy, i.e. in the

25kViem = 4-40

12.5 kV/em ] =
225kviem - | 10 2
4{-80
4{-100
. -120
L 1 L
10° 10°

Interfaces Contacts and Electrodes

Ferroelectric Layer

FIG. 3. (a) Bode plots Z'(f) and Z”(f) obtained by
impedance spectroscopy (symbols) for a selection of different
FEy on epitaxial BCZT thin film capacitor. The equivalent
circuit in (b) was used to fit the data (solid lines).

guise of the following linear equations
&r0(Eo) =ag+d'Ey
ero(Eo) = ag +a"Ey
Ael (Ey) = by + b Ey . (11)

To specify the coefficients in Eq. (L)), we insert Eq.
into Eq. (4)), which yields

1H
er(Eo, f) = lag + a'Eo] + [b + V' Eo] In (%;) :

e (Eo, f) = lag + a"Eo] . (12)

Comparing the real part e.(Ep, f) of Eq. with
Egs. (5) and @, gives rise to the identifications af, =
€rin0s Vo = Acr i, @/ = ap and V' = Ad’. Tt should
be noted, that similar identifications were previously
demonstrated to be valid for a PZT-based ferroelectric
ceramic [19]. However, the imaginary part of the mate-

rial response was not considered in Ref. Here, com-
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FIG. 4. Complex relative permittivity e, (f) of the BCZT film
for a selection of three different excitation field amplitudes Fy.

parison of the frequency-independent imaginary part in
Eq. (12), with the imaginary part of the Rayleigh law
Eq. (1) yields the additional identifications ag = &3,
and a” = a".

Altogether, the field dependence of the dispersion pa-
rameters Eq. can then be written in the following
form

€r.0(Eo) = €m0+ a0Eo
5:"/70(E0) = E/r/,in +d"Ey
Acy(Ey) = Agy i, + Ad'Ey (13)

where the coefficient Ael ; is the zero-field contribu-

tion to the logarithmic dispersion strength and the field-
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FIG. 5. Field dependence of the dispersion parameters

ero(Eo), er0(Eo) and Ae;.(Ep) of the BCZT film. The solid
lines are linear fits in the region between the two vertical
dashed lines, which mark the threshold field Et and the par-
tial switching field Epg.

dependent contribution is given by Aa’Ej.

Subsequently, linear fits according to Eq. were car-
ried out in the range 6.25kV/cm < Ey < 16.25kV /cm as
indicated by the vertical dashed lines in Fig.[5| The start-
ing point for the linear fits at Fy = 6.25kV/cm = Erp
was determined by the criterion that all subsequent data
points are required to have a higher value compared to
their left neighbor. The endpoint for the linear fits was
then chosen by the longest fitting range for which every
linear fit has a correlation factor R? > 0.980, which is ful-
filled for Ey = 16.25kV/cm = Epg. At higher fields, all
three curves in Fig. [5] show an upward curvature which
we attribute to the partial switching of domains [I§]. For
the linear fits, the estimated standard errors from the
previous equivalent-circuit fitting procedure were taken
into account, which is also indicated by the error bars
within the fitting range [c.f. Fig. [5]. The results of the
fits according to Eq. are summarized in Table

From the extracted fit parameters, the functional form
of the frequency-dependent reversible and irreversible
Rayleigh parameter of the BCZT thin film can be imme-
diately obtained according to Eq. and the results are
depicted in Fig.[f] Here, the vertical dotted line at fr ~ 1
kHz indicates the Rayleigh frequency for the BCZT thin
film, which we calculated according to Eq. . As dis-
cussed in Sec.[[T} fg is part of the Rayleigh-like frequency
range, where the center of mass of the domain walls can
move irreversibly via hopping between potential minima
corresponding to the stochastic regime.

The dashed line at fy ~ 63 kHz marks the region where
the irreversible Rayleigh parameter o’ is zero and changes
sign to negative values. This might indicate a transition
from the stochastic regime to a pinned regime, in which
the center of mass motion of the domain walls cannot
follow the fast driving field, and thus the domain walls are
captured in a potential valley. [II]. Similar experimental
indications for the freezing of the irreversible center of
mass motion of the domain walls at higher frequencies
were reported previously [22].

By inserting the functional form of the field dependent
frequency dispersion parameters [c.f. Fig. |5|and Table
into Eq. , we finally obtain the functional form of the
field and frequency dependent dielectric response in the
epitaxial BCZT thin film, which is given by

1H
e.(Eo, f) = E;”,in,O + apEy + [AE;,in + Aa’Eo]In (%’Jf)
gg"l(EIOa f) = Eg,in + OZNE(). (14)

Note that ¢/, in Eq. is not zero, which could be an
indication for an internal bias or stress field [§].

The coupling between field dependence and frequency
dispersion in the BCZT thin film arises explicitly in
Eq. as the product of Fy and the f-dependent term.
Thus, this gives rise to the identifiation of the coefficient
Acd’ as the coupling strength beetween dielectric non-
linearity and frequency dispersion, which is defined as
the change of logarithmic frequency dispersion strength
with field amplitude - or equivalent - as the change of



TABLE II. Extracted parameters from the linear fits according to Eq. . The estimated uncertainties from previous fitting

steps were taken into account.

€rin0 ag (em/kV) e in o (ecm/kV) JANCA Ad’ (cm/kV)
463.9 £ 0.1 2.41 £0.01 9.31 £0.02 0.318 £ 0.002 6.09 = 0.03 0.187 £ 0.003
the irreversible Rayleigh parameter with the logarithm 25
of frequency, i.e.
A = 30/(1{1) 0k Partial-Switching
o (8) :
OAe! (E E 15) "PS
=2 a5 §° . -
0 2 Stochastic Pinning
Wl.liCh has a value of 0.187 crp/kV in the epita.xial BQZT =10k coupled coupled
thin film. In fact, the negative values of the irreversible w
. . L 0
Rayleigh parameter are a direct consequence of the cou- Lo e 2
pling between frequency dispersion and dielectric nonlin- 5L ET L.
earity in the BCZT thin film. Pinning
Altogether, our analysis yields the schematic diagram non-coupled
depicted in Fig. [7] for the different domain wall motion o)) Y AT BT BT R
regimes in the epitaxial BCZT thin film. Note, that the 10’ 10 10° 10* 10° 10°
diagram constructed in Fig.[7]is not a generic diagram for f (Hz)

any epitaxial BCZT film. In fact, it is a schematic dia-
gram of different domain-wall motion regimes, which can
now be identified within the framework of the extended
Rayleigh analysis.

At low field amplitudes 0 < Ey < Er, the center of
mass of the domain walls cannot overcome the poten-
tial well Eq. of the random energy landscape, how-
ever, domain wall segments can jump between metastable
states with close energies, which corresponds to the non-
coupled pinning regime. This observation has similarities
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FIG. 6. Logarithmic frequency dispersion of reversible . ;,, (f)
and irreversible o’ (f) Rayleigh parameters of the BCZT film.
The vertical dotted line at ~ 1 kHz marks the Rayleigh fre-
quency fr. The irreversible Rayleigh parameter changes to
negative values at fo ~ 63 kHz, which is indicated by the
vertical dashed line.

FIG. 7. Schematic diagram of the different domain wall mo-
tion regimes of the epitaxial BCZT thin film. The thresh-
old field Bt = 6.25kV/cm and the partial switching field
Eps = 16.25kV/cm are obtained from the field dependence
of the dispersion parameters [c. f. Fig.[5] and fo ~ 63 kHz is
determined from the frequency dispersion of the irreversible
Rayleigh parameter [c. f. Fig.[f].

to what has been found theoretically for disordered fer-
romagnets [31]. By increasing the field amplitude above
the threshold field Er, the center of mass of the domain
walls can additionally jump between different potential
minima, resulting in a coexistence of irreversible center of
mass motion and relaxational motion of internal modes
in the stochastic regime. Note that this coexistence is
not simply additive, due to the coupling of dielectric
nonlinearity and frequency dispersion. As a consequence
of coupling, the irreversible Rayleigh parameter becomes
zero at fo ~ 63 kHz and changes to negative values in
the pinned coupling regime. Note that in this coupled-
pinning regime, domain wall segments can still jump be-
tween metastable states, which is indicated by the log-
arithmic frequency dispersion observed in this regime.
The domain wall dynamics in the coupled-pinning regime
is not fully understood and remains as a task of a unified
theory of dielectric nonlinearity and frequency dispersion,
which is not yet available.



V. CONCLUSION

In conclusion, this work demonstrates several key as-
pects. We introduce the domain wall pinning element
Zpw based on the theory of interface pining in random
systems, which includes the characteristic logarithmic
frequency dispersion due to domain wall pinning in a ran-
dom energy landscape and hence models the impedance
response of a ferroelectric below the coercive field. Since
domain wall pinning occurs solely in the ferroelectric and
not in the electrodes and interfaces, the impedance re-
sponse of electrodes and interfaces do not exhibit the
characteristic logarithmic frequency dispersion and hence
can be discriminated by their different frequency disper-
sion from the domain wall pinning element which mod-
els the ferroelectric. Thus, different contributions to the
measured overall impedance response are deconvoluted
by equivalent-circuit fitting with the domain wall pin-
ning element. Moreover, we demonstrate the practical
application of this new element to extract the field- and
frequency-dependent dielectric response in an epitaxial
lead-free ferroelectric BCZT thin film embedded in a ca-
pacitor stack and we reveal its superiority over the con-
ventional approach. In addition, we perform an extended
Rayleigh analysis which results in the quantification of
the coupling strength and the explicit functional form
er(FEo, f) of the coupled dielectric response in the BCZT
film. Finally, we present a schematic diagram of the dif-
ferent domain wall motion regimes in the BCZT film and
discuss the corresponding domain wall dynamics.

The present work is intended to serve as a guide-
line for future work on ferroelectric materials, which in-
cludes to reveal the effect of temperature and phase tran-
sitions [32], external bias fields [4], dopants [2I], ion-
bombardement [33] [34] and substrate clamping [22] on
domain wall dynamics and related material properties.
This may provide new insights into nonlinear contribu-
tions to the dielectric- and piezoelectric responses, which
is also of practical importance for many microelectrome-
chanical systems (MEMS) and may help to develop a
unified theory of frequency dispersion and dielectric non-
linearity in ferroelectrics.
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APPENDIX A: CONVENTIONAL APPROACH

For the conventional approach, the measured complex
impedance Z = Z' —iZ" of the capacitor stacks is con-
verted into complex permittivity data of the capacitor
stacks using the formalism described in Ref. 23] resulting
in

—z" d

/ _ _
Er,stack(f) - 27Tf€0(Z/2 4 Z//Q) A

A d

E;/,stack(f) = 27Tf€Q(Z/2 ¥ Z//Q) Z (16)
The resulting €, stack(f) plots are shown in Figurefor a
selection of three different Ey. For comparison, also the
extracted complex permittivity e,.(f) of the BCZT layer
from the equivalent-circuit fits [c.f. Fig. [i] and Eq. ()]
is depicted. The capacitor stack exhibits a Debye-like
dielectric relaxation at high frequencies (~ 10° Hz), due
to to resistive losses in the electrodes [9]. Moreover, the
dielectric spectrum of the epitaxial thin film capacitor
indicates an additional Debye-like relaxation process at
lower frequencies (~ 100Hz). We attribute this second
relaxation process to an extrinsic electrode/film inter-
face effect, which was previously reported to occur in
other ferroelectric thin films grown on Nb:STO substrates
[13]. This is also consistent with the theoretical discus-
sion of the potential well Eq. within a random en-
ergy landscape, which leads to a distribution of relax-
ation times in the BCZT layer and hence the BCZT layer
is not expected to exhibit a Debye-like dielectric relax-
ation which corresponds to a single relaxation time and
hence one dominant relaxation frequency f.. The relax-
ation frequency can be calculated from the obtained in-
terface fit parameters R; and C; according to the relation
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FIG. 8. Measured permittivities e/, ;. (f) (full symbols) and
er stack (f) (open symbols) of the BCZT capacitor stack for a
selection of different excitation field amplitudes Fy. For clar-
ity, the symbols are connected by thin lines which do not
represent fits to the data. For comparison, the extracted per-
mittivities of the BCZT layer from the equivalent-circuit fits
[c.f. Fig. [ and Eq. ()] are also shown (solid and dashed thick
lines).



fr = 1/2xR1Cy. The calculated relaxation frequencies
are in agreement with the peaks in the imaginary part of
permittvity of the capacitor stack [c.f. [8] at frequencies
(~ 100 Hz), which indicates the correct deconvolution of
film and interface contributions by our equivalent-circuit
fits. Moreover, for BCZT thin films grown on platinized
Si substrates, the second Debye-like dielectric relaxation
was absent [35]. Furthermore, we note that the slightly
negative values of ;. . (f) at frequencies around 1 MHz
are due to the inductance of the cables used [29].

It is clear, that the extraction of frequency dispersion
of permittivity from [c.f. Eq. and symbols in Fig.
does not reflect the true dielectric dispersion of the BCZT
thin film, since there is no deconvolution of electronically
distinct components forming the capacitor heterostruc-
ture. The same is true for the extraction of Rayleigh
parameters, which has been recently demonstrated [8].

APPENDIX B: VALIDATION OF IMPEDANCE
SPECTRA

Impedance spectra might be afflicted with artifacts.
To rule out artifacts introduced by experimental set-up
conditions in the measured impedance spectra, we use the
two-pole Hilbert transform (Z-HIT) described in Ref. 36l
This approach is beneficial compared to methods based
on Kramers-Kronig (KK) relations [37, 38], since the KK
relations are strictly defined within the frequency range
between zero and infinity and hence, the extrapolation of
the measured impedance data is a unavoidable task which
may lead to erroneous results [36]. The Z-HIT avoids the
necessity of an extrapolation of the frequency range and
allows one to reconstruct the modulus of the impedance
|Z] vs f from the measured values of the less artifact-
prone [8, B6] phase angle. The results of the Z-HIT for
three different excitation field amplitudes Fy are depicted
in Fig. [0 In all cases, the reconstructed curves match
fairly well with the measured data, which indicates that
the measured impedance spectra are not afflicted with
artifacts and the investigated system is stable, causal,
(sufficiently) linear [8] and exhibits finite values over the
entire frequency range.

APPENDIX C: LOGARITHMIC BODE PLOT

To further check the overall quality of the equivalent-
circuit fits, the impedance modulus |Z] and the phase an-
gle are depicted in the logarithmic Bode plot in Fig.
In all cases, the fits are in good agreement with the mea-
sured data which indicates the validity of the equivalent-
circuit model [c.f. Fig. [3[(b)].
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ABSTRACT

We use impedance spectroscopy to investigate the dielectric response in polycrystalline, lead-free 0.5(Bag;Cag 3)TiO3-0.5Ba(Zr,,Tig5)O3
(BCZT) ferroelectric thin films as a function of amplitude E, and frequency f of an applied ac electric field. Impedance spectra from
f = 10Hz to 1 MHz were collected at different E, on polycrystalline BCZT capacitor stacks, grown by pulsed laser deposition on platinized
Si substrates and covered with Au electrodes. Deconvolution of the spectra is achieved by fitting the measured impedance to the impedance
of an equivalent-circuit model of the capacitor stacks, including a recently proposed domain-wall pinning element Zpw. From an extended
data analysis, we quantify the coupling strength between dielectric nonlinearity and frequency dispersion in the BCZT thin films, and we
obtain a schematic diagram of the different domain-wall-motion regimes. Our results indicate that the presence of grain boundaries in
BCZT reduces the coupling strength and suppresses the motion of internal domain-wall segments and also the irreversible center-of-mass
motion of the domain walls.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025109

I. INTRODUCTION b0

Nanogenerators, piezoelectric biosensors, and other micro- 5
electromechanical systems (MEMS) are often based on ferroelec- FOMpy = @, 1)
tric thin films, which offer a number of advantages in MEMS €€,
devices.'® Among them are the large piezoelectric coefficients
available in ferroelectric films, which enable low-voltage opera-

given by

where e3¢ denotes the effective transversal piezoelectric coeffi-

tion of actuators and fabrication of high-sensitivity sensors.
However, the piezoelectric coefficients are not the only relevant
material parameters for MEMS applications of ferroelectric thin
films. Similarly, their dielectric response is an important material
property, and the real and imaginary parts of complex relative
permittivity &, = &, — i/ are included in various existing figures
of merit (FOMs) for piezoelectric MEMS, which act as a bench-
mark for device performance. For example, the corresponding
FOM for thin-film energy harvesting devices contains £, and is

cient and g&; the vacuum permittivity. Moreover, the FOM for the
intrinsic signal-to-noise ratio of piezoelectric sensors,

€31f )

\/€oE) ’

includes the imaginary part € of the complex relative permittiv-
ity.l Thus, the knowledge of the dielectric response &.(Ep, f)
to an applied ac electric field—with frequency f and amplitude

FOMSNR =
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Ey—of ferroelectric thin films is crucial for device modeling and
FOM enhancements. This is especially true for lead-free
BaTiO;-based ferroelectrics, which are promising alternative
materials to replace PbZr,Ti;_,Os; (PZT) in MEMS devices;
however, their FOMs for various MEMS applications are still
worse than the corresponding FOMs for PZT thin films.”

In general, comprehensive and reliable measurements of the
dielectric response in heterostructures containing ferroelectric thin
films are challenging since electrodes and film-electrode interfaces
can mask the dielectric response of the ferroelectric layer.”'" Very
recently, a solution to this problem—based on an equivalent-circuit
element Zpw, which models the impedance of a ferroelectric due
to domain-wall pinning—was proposed,’’ which allows one to
extract &.(Ep, f) from impedance spectroscopy measurements.
Additionally, this approach enables one to evaluate the coupling
strength between dielectric nonlinearity and frequency dispersion
and to identify different domain-wall-motion regimes. The method
was successfully applied to epitaxial lead-free 0.5(Bag;Cag3)TiO3-
0.5Ba(Zry»Tips)O5 (BCZT) thin films deposited on (100)-oriented
single crystalline Nb-doped SrTiOj; substrates.''

However, in MEMS technology, many of the utilized ferroelec-
trics are polycrystalline thin films deposited on platinized Si wafers.
Here, we report on the application of the novel domain-wall
pinning element Zpw to analyze the dielectric response &,(Ey, f) in
polycrystalline BCZT thin films deposited on platinized Si
substrates.

Il. EXPERIMENTAL

A ceramic BCZT target was used to grow 200-nm-thick poly-
crystalline films on (111)-textured Pt/Ti/SiO,/Si substrates by
pulsed laser deposition. We used a 248 nm KrF excimer laser with
an energy of 110 mJ and a repetition rate of 5Hz. During deposi-
tion at an oxygen partial pressure po, = 0.1 mbar, the temperature
was fixed at 650°C. After deposition, the films were heated to
680°C in po, = 5mbar and kept there for 45 min before cooling
down to room temperature with a rate of 10 K/min.

The microstructure of the BCZT films was investigated by
x-ray diffraction (XRD) to obtain the crystallographic orientation
and to check for possible secondary phases. One sample was
further analyzed by scanning transmission electron microscopy
(STEM) to investigate the grain morphology and to determine the
film thickness.

For electrical measurements, 3 -mm-diameter disk-shaped Au
electrodes, around 100-nm-thick, were deposited on top of the
BCZT films by electron beam evaporation through a shadow mask.
Impedance spectra from 10 Hz to 1 MHz were collected at different
excitation-field amplitudes E, using a Solartron 1260 impedance
analyzer together with a probe station. For each measurement, E,
was successively increased from 5 to 90 kV/cm (applied root mean
square voltage Vrms = 0.1-1.8 V) with a step-size of 5 kV/cm.

lll. RESULTS AND DISCUSSION

In this section, we present XRD data and results from electri-
cal measurements from one representative polycrystalline BCZT
device. The STEM results were obtained from a different
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FIG. 1. XRD 6-26 scan of BCZT thin film deposited on a (111)-textured PYTi/
Si0,/Si substrate.

polycrystalline BCZT device, which was fabricated with the same
process parameters (see Sec. II).

Figure 1 shows the XRD 6-26 diffraction pattern for a BCZT
thin film deposited on a (111)-textured Pt/Ti/SiO,/Si substrate. No
traces of secondary phases are observable. The structural phase
diagram of BCZT shows four possible crystallographic phases, i.e.,
cubic, tetragonal, orthorhombic, and rhombohedral.'> Due to the
small variations in the lattice parameters of the possible phases, a
rigorous specification of the crystallographic phase of the films is
not accessible from the XRD data. Thus, we denote the film struc-
ture as pseudo-cubic, which represents the four possible phases.
For simplicity, we use cubic metrics for the Miller indices. The film
grown on a (111)-textured Pt/Ti/SiO,/Si substrate is polycrystalline
with mixed orientation of the grains, which is similar to earlier
results on BCZT thin films,"” though the (111)-BCZT peak is less
pronounced in our film.

From the cross-sectional STEM image depicted in Fig. 2, the
morphology of the BCZT grains can be investigated. We observe
columnar growth of the grains, which extends throughout the
whole film thickness; i.e., there are no grain boundaries connected
in series. Moreover, the BCZT film thickness is confirmed to be
around 200 nm.

The collected impedance spectroscopy data on the polycrystal-
line BCZT capacitor stack (for three different E;) are shown in
Fig. 3(a). A validation procedure to rule out artifacts in the mea-
sured impedance spectra is given in Appendix A. The equivalent
circuit depicted in Fig. 3(b) was used to fit the collected impedance
spectra. Here, the series resistance R, corresponds to the resistance
of the cables, measurement probes, and electrodes, and the R;C
element represents the electrode-BCZT interfaces. The element L,
models the inductance of the cables used.'* The resistance R, and
the domain-wall pinning element Zpw model the ferroelectric film
inside the capacitor stack. Note that the grains of the BCZT layer
extend throughout the whole film thickness; i.e., there are no grain
boundaries and grains connected in series [cf. Fig. 2], and hence,
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FIG. 2. Cross-sectional STEM image of a polycrystalline thin-film capacitor
stack. The columnar grains in the BCZT film extend throughout the whole film
thickness.

their contribution cannot be separated by impedance spectro-
scopy,'” which justifies modeling the BCZT layer as an R,~Zpw
parallel circuit. Here, R, is attributed to losses due to possible
leakage currents and Zpw models the impedance of a ferroelectric
due to domain-wall pinning and is given by"'

ey — i[erg + e In (3]

4 :
27sz0{ [8’,’0 + A In (127}‘;)] +e’,’f,}

Zpw(f) = (3)

with the geometrical capacitance C,, which is for a parallel-plate
capacitor configuration with plate distance d and electrode area A
given by Cy = £yA/d, where g, denotes the vacuum permittivity
(here, Cy = 0.31 nF). The fit parameters £/, £/, and Ag, describe
the logarithmic frequency dispersion of the complex relative
permittivity due to domain-wall pinning in a random energy

11,16,17
landscape,'">'*!

Yoy o (1Hz
Sr(f) =& +A£r In (271'_]“)’ (4)

" o
sr )_gr,O’

where £, £/ denote static (i.e., frequency-independent) contribu-
tions to the dielectric response and Ag) is the logarithmic disper-
sion strength. It is important to note that the logarithmic frequency
dispersion in Eq. (4) originates from the motion of internal modes
(segments) of the domain walls and is quantified by the logarithmic
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FIG. 3. (a) Bode plots Z'(f) and Z”(f) obtained by impedance spectroscopy
(symbols) for different £y on the polycrystalline BCZT thin-film capacitor stack.
The equivalent circuit in (b) was used to fit the data [solid lines in (a)].

dispersion strength Ae’.'"'” The motion of internal domain-wall
segments has to be distinguished from the center-of-mass motion
of the domain walls, and the superposition of both describes the
domain-wall dynamics.'""”

Results of the fits can be seen in the Bode plot'* shown in
Fig. 3(a), where real and imaginary parts of the impedance
Z =7 —iZ" are plotted vs frequency (for three values of Ey). In
all cases, the fits are in good agreement with the measured data,
indicating that the equivalent circuit used is a suitable model for
the capacitor stacks. Note that the Bode plot of the impedance [cf.
Fig. 3(a)] gives better insight into the frequency range below 1 kHz,
where the impedance is dominated by the ferroelectric BCZT
layer.”” In addition, the Bode plot of the admittance Y = 1/Z—
which highlights more the frequency range above 1kHz—is given
in Appendix B.

For field amplitudes E; < 40kV/cm, the fitting procedure
yields values for Ry and C; in the range of 10® Q and 10° F, respec-
tively, and the other fit parameters remain unaffected by setting R;
and C; to infinity. This corresponds to a vanishing interface contri-
bution to the total impedance for excitation fields below
Ey < 40 kV/cm, which indicates that the Pt and Au electrodes are
ideally polarizable and fully blocking in this field range. For higher
fields, charge injection across the interface into the ferroelectric
BCZT layer occurs, which results in finite values for the interface
fit parameters R; and C; [cf. Table I]. Note that the electrode-film
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TABLE I. Fit parameters for the polycrystalline BCZT capacitor stack at three different excitation-field amplitudes E,.

Ey (kV/em) R () Ry (kQ) Ci WF) R, (MQ) €ro Ae, €ro” Lo (uH)
20 18+1 0 () 62.5+1.9 258.1+0.1 1.81+0.01 2.86+0.02 3.0+08
50 22+1 0.71+0.03 11.6 + 0.4 25.7+0.4 266.2+0.1 2.18+0.03 3.76 +0.04 3.0+05
80 19+2 1.04 £0.05 6.5+0.3 14.9+0.3 284.0+0.2 3.29+0.06 8.46+0.10 29+1.1

interfaces with Pt and Au electrodes exhibit different blocking
behavior than interfaces to conductive Nb-doped SrTiO; (Nb:STO)
and Au electrodes investigated on an epitaxial BCZT capacitor
stack, where charge injection into the BCZT layer was observed at
significant lower field amplitudes down to 2.5kV/cm .'" We attri-
bute this observation to different work functions of Pt and Nb:
STO.'® The work functions are 5.65eV for Pt,'” 3.9¢eV for Nb:
STO,” and 5.1 eV for Au,'” which serves for both devices as a top
electrode.

Fit parameters obtained from equivalent-circuit fits at three
different excitation-field amplitudes are summarized in Table I.
The standard errors are calculated from maximum likelihood
estimation.”'

Subsequently, the complex relative permittivity &,(f) of the
BCZT film was calculated from the obtained fit parameters accord-
ing to Eq. (4) for each field amplitude Ey. The results for three dif-
ferent excitation-field amplitudes are depicted in Fig. 4(a). For
comparison, the measured impedance of the entire capacitor stack
is converted into permittivity data using the formalism described
in Ref. 22, and the resulting &, sck(f) plots are shown in Fig. 4(b),
together with the extracted permittivity of the BCZT layer. The per-
mittivities €,(f) and & s,ck(f) are in good agreement for frequen-
cies up to ~10kHz (real part) and ~1kHz (imaginary part). At
higher frequencies (~10°Hz), the capacitor stack exhibits a
Debye-like dielectric relaxation, which we attribute to resistive
losses in the electrodes.” Note that this dielectric relaxation alters
the dielectric spectrum of the capacitor stack by several orders of
magnitude in this frequency range. For Ey = 80kV/cm, the real
part of the permittivity of the capacitor stack is slightly lower (in
the low-frequency range) compared to the permittivity of the
BCZT layer, which is not the case for the depicted lowest field
amplitude. We attribute this to charge injection at high fields,
which results in a finite interfacial capacitance connected in series
to the capacitance of the BCZT layer and hence lowers the capaci-
tance of the stack.”” Additionally, at Ey = 80 kV/cm, the imaginary
parts slightly deviate at the lowest frequencies (~10 Hz) due to the
conductivity of the BCZT film.” Furthermore, we note that the
slightly negative values of &) (f) at frequencies around 1 MHz
are due to the inductance of the cables used.'* Obviously, the
deconvolution of measured impedance spectra by appropriate
equivalent-circuit fitting is mandatory to correctly extract the prop-
erties of the ferroelectric thin film.

From the obtained fit parameters, the field dependence of the
dispersion parameters £/ ,(Eo), £}(Eo), and Ag;,(E,) can be investi-
gated, and the results are shown in Fig. 5. All dispersion parameters
exhibit a linear dependence (with a positive slope) on the
excitation-field amplitude E, within the threshold field Er and
the partial switching field Eps. In analogy to the Rayleigh

law'>****—which describes the linear dependence of complex rela-

tive permittivity on Ey—we denote the linear dependence of the
dispersion parameters on E, with a positive slope as “Rayleigh-like
behavior.”"!

Following the extended data analysis introduced in Ref. 11,
the curves are fitted within the range 45kV/cm < E; < 70kV/cm
as indicated by the dashed vertical lines [cf. Fig. 5] to the linear

280 T T T T 10
(a)
270 & E, o 48
20 kV/iem ----
260 | — 50 kV/ecm ---- 46
_ — 80 kViom ~~== _

00F mo T B W 5, 100
[ |—=— —— 20kV/icm — = | st e
- 150 F |—= —— 50kVicm — — — AL A 180 - _
W = —o— 80 kV/cm — — | Fe o W\ w
co W% s 460
100 | y/ A
- ¢ LG H40
50 TN
JalE e £ 20
O 00590000000 0o e I EE I B =
0 ”—%iﬂiﬂgq;aaaaaﬂ‘uiﬁg;wf- - - = -':"m 0
10’ 10? 10° 10* 10° 10°
f (Hz)

FIG. 4. (a) Extracted complex relative permittivity &/(f) of the BCZT film for
three different excitation-field amplitudes Ep. (b) Measured permittivities
€ sack(f) (full symbols) and &7’ (f) (open symbols) of the entire capacitor
stack for the same E; values. For clarity, the symbols are connected by thin
lines, which do not represent fits to the data. For comparison, the extracted per-
mittivities of the BCZT film are also shown (solid and dashed thick lines).
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FIG. 5. Field dependence of the dispersion parameters &;,(Eo), & (Eo),
and Ae/(E). The solid lines are linear fits in the region between the two vertical
dashed lines, which mark the threshold field E; and the partial switching
field Eps.

equations,

/ o /
8r,0(E0) - 8r,in,0 + aOEO’

£/ (Eo) = £/, + d"Eq, (5)
AE’ (Eo) = AE: in + Aa’Eo.

el ay and o’ denote static

Here, the coefficients &, ., &),

contributions to the complex reversible (initial) Rayleigh parameter
Erin = srm(f ) — and the complex irreversible Rayleigh parame-
tera = o'(f) — ” 12425 nd Ag! . and Aa’ describe the logarithmic

frequency dlsperswn strength of the ] Rayleigh parameters, given by' ">

, , 1Hz
= &g T AE,;, In 21f )

d(f) =ay +Ad In (;jf)

Note that Ae’ corresponds to the coupling strength between the loga-
rithmic frequency dispersion and the linear field dependence of per-
mittivity.'' Since a linear dependence of permittivity on the field
amplitude E, results in a nonlinear dielectric polarization in Ey, this
behavior is also referred to as dielectric nonlinearity.”

The starting point for the linear fits at Ey = 45kV/cm = Er
was determined by the criterion that all subsequent data points are
required to have a higher value compared to their left neighbor.
The end point for the linear fits was then chosen by the longest

8:',1'11 o
(6)
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fitting range for which every linear fit has a correlation factor
R? > 0.950, which is fulfilled for Ey = 70kV/cm = Eps. At higher
fields, deviations from the linear behavior occur [cf. Fig. 5], which
we attribute to the partial switching of domains.”* For the linear
fits, the estimated standard errors from the previous equivalent-
circuit fitting procedure were taken into account, which is also indi-
cated by the error bars within the fitting range [cf. Fig. 5]. The
results of the fits according to Eq. (5) are summarized in Table II.

The Rayleigh constant ay—which is a quantitative measure for
the mobility of the center-of-mass of the domain walls—is signifi-
cantly lower as compared to what has been found for an epitaxial
BCZT thin film of the same thickness."' This is attributed to the
higher defect density in the polycrystalhne BCZT film, ie., the
presence of grain boundaries.”” However, we cannot rule out that
also a variation in the domain-wall density” affects o for the two
different films. Moreover, the coupling strength has a value of
Ad' = 0.039 cm/kV, which is one order of magnitude lower as
compared to the epitaxial BCZT film investigated in Ref. 11. Thus,
we conclude that the reduced coupling strength originates from the
presence of grain boundaries in the polycrystalline BCZT thin film.
Additionally, the zero-field contribution Ag,; to the logarithmic
dispersion strength is reduced in the polycrystalline BCZT film,
which indicates that the presence of grain boundaries also weakens
the relaxational motion of internal modes of the domain walls.

Note that £, is not zero, which could be an indication for an
internal bias or a stress field.''® The internal bias field, induced by
different work functions of the top and bottom electrode in a
parallel-plate capacitor configuration, can be calculated according
to Ref. 28, which yields a value of —27.5kV/cm. In contrast, the
calculated internal bias field for the epitaxial capacitor stack in
Ref. 11 has a value of 60kV/cm. This suggests that the different
signs of the calculated bias fields are reflected in the different signs
of g/, for the polycrystalline and the epitaxial device.

By inserting the fit parameters into Eq. (6), we obtain the
frequency-dependent Rayleigh parameters for the polycrystalline
BCZT film, and the results are depicted in Fig. 6. Here, the vertical
dashed line at fg ~ 0.7 kHz indicates the Rayleigh frequency'" for
the BCZT thin film. The Rayleigh frequency is part of the more
general Rayleigh-like frequency range, which is characterized by
positive values of the irreversible Rayleigh parameter o/ (f). Within
the Rayleigh-like frequency range, the center-of-mass of the
domain walls can move irreversibly via hopping between different
potential minima corresponding to the stochastic regime.'' The
second dashed line at f; ~ 682 kHz marks the region where the
irreversible Rayleigh parameter /(f) is zero and changes sign to
negative values due to the coupling of dielectric nonlinearity and
frequency dispersion. Note that the value of f; in the polycrystalline
BCZT film is significantly higher compared to what has been
found for the epitaxial counterpart in Ref. 11, which is due to the
reduced coupling in the polycrystalline film. Interestingly, the value
of the Rayleigh frequency fi is similar in both films.

TABLE Il. Extracted parameters from the linear fits according to Eq. (5). The estimated uncertainties from previous fitting steps were taken into account.

o (cm/kV) €pin’

!
€+,in,0

o’ (cm/kV) Ae, ;) Ad! (cm/kV)

2384+04 0.565 + 0.007 —-1.54+0.15

0.108 +0.003 0.37+£0.09 0.037 +0.002
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Finally, our analysis yields the schematic diagram depicted
in Fig. 7 for the different domain-wall-motion regimes in the
polycrystalline BCZT thin film. At field amplitudes 0 < E; < Er,
the center of mass of the domain walls is pinned in a potential
well of the random energy landscape; however, domain-wall seg-
ments can jump between metastable states with close energies,
which corresponds to the non-coupled pinning regime.'" By
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FIG. 7. Schematic diagram of the different domain-wall-motion regimes of the
polycrystalline BCZT thin film. The threshold field Er = 45kV/cm and the
partial switching field Eps = 70kV /cm are obtained from the field dependence
of the dispersion parameters [cf. Fig. 5], and fy ~ 682 kHz is determined from
the frequency dispersion of the irreversible Rayleigh parameter o/ (f) [cf. Fig. 6].
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increasing the field amplitude above the threshold field
Er = 45kV/cm, the center of mass of the domain walls can over-
come the potential well and move irreversibly via hopping
between different potential minima, resulting in a coexistence of
irreversible center-of-mass motion and relaxational motion of
internal domain-wall segments in the stochastic regime.'' Note
that the threshold field Er in the polycrystalline thin film is sig-
nificantly higher as compared to what has been reported for an
epitaxial BCZT film of the same thickness,'' which we attribute
to the higher density of defects present in the polycrystalline
film.”” For field amplitudes above Eps = 70kV/cm, partial
switching of the domains occurs. The irreversible Rayleigh
parameter @ (f) becomes zero and changes to negative values at
fo ~ 682kHz, which originates from the coupling between dielec-
tric nonlinearity and frequency dispersion.' This indicates a
transition to the coupled pinning regime, where the center-of-
mass of the domain walls cannot follow the fast driving
field,""'”*” but domain-wall segments can still jump between
metastable states.'""'” However, the comprehensive domain-wall
dynamics in the coupled pinning regime—which includes a nega-
tive irreversible Rayleigh parameter o(f)—is not precisely
known, and more experimental and theoretical work is needed
for an improved understanding.

IV. CONCLUSION

This work demonstrates the practical application of the novel
domain-wall pinning element Zpy to analyze the dielectric response
and the domain-wall dynamics in polycrystalline BCZT thin films
on platinized Si substrates. We report on the coupled dielectric
response in the BCZT thin films, and we present a schematic
diagram of the different domain-wall-motion regimes. Our results
indicate that the presence of grain boundaries does not only reduce
the value of the Rayleigh constant but also weakens the relaxational
motion of internal domain-wall segments and the coupling strength
between dielectric nonlinearity and frequency dispersion. Moreover,
we reveal the superiority of the domain-wall pinning element Zpw
over the conventional approach to extract ferroelectric thin-film
properties from impedance spectroscopy data.

Future work might be done by the controlled creation of point
defects in ferroelectric films by focused He ion beam irradia-
tion.”>”" This may provide the possibility to tailor the permittivity
and the underlying domain-wall dynamics in ferroelectric thin
films, which is of practical importance for their application in
various MEMS devices.
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APPENDIX A: VALIDATION OF IMPEDANCE SPECTRA

Impedance spectra might be afflicted with artifacts. To identify
artifacts and reconstruct artifact-free (or less-artifact-afflicted)
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spectra, approaches based on the Kramers-Kronig (KK) relations
are used.”””” However, the KK relations are strictly defined within
the frequency range between zero and infinity, whereas impedance
measurements are performed in a finite frequency range. Thus, the
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FIG. 8. Comparison of measured (symbols) and Z-HIT-reconstructed (black
solid lines) impedance modulus |Z| vs f for (a) Eo =20kVicm, (b)
Ey = 50 kV/em, and (c) Ep = 80 kV/em.
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extrapolation of the measured data is an unavoidable task and may
lead to erroneous results, especially on the low-frequency side,”*
which is of central interest for the fits with the domain-wall
pinning element. Therefore, we use here—in analogy to Ref. 15—
the so-called Z-HIT (the two-pole Hilbert transform) as introduced
in Ref. 34, which avoids the necessity of an extrapolation of the fre-
quency range and allows one to reconstruct the modulus of imped-
ance |Z| vs f from the measured values of the
less-artifact-prone' >** phase angle. The results of the Z-HIT for
three different excitation-field amplitudes are depicted in Fig. 8. In
all cases, the reconstructed curves match fairly well with the mea-
sured data, which indicates that the measured impedance spectra
are not afflicted with artifacts and the investigated system is stable,
causal, (sufficiently) linear'” and exhibits finite values over the
entire frequency range.

APPENDIX B: BODE PLOT OF THE ADMITTANCE

To better assess the quality of the equivalent-circuit fits in
the frequency range above 1kHz, real and imaginary parts of
the admittance Y =1/Z are depicted in the Bode plot in
Fig. 9. For frequencies up to ~10°Hz, the fits are in good
agreement with the measured data. At higher frequencies,
where the impedance is dominated by the (imperfect) elec-
trodes® and possible interfacial contributions,’” deviations
increase. However, this frequency range is not of central inter-
est for the fit with the domain-wall pinning element since the
ferroelectric BCZT layer is more dominant at lower frequencies.
This is also indicated by the good agreement in the lower fre-
quency range between the measured permittivity of the capaci-
tor stack and the permittivity of the BCZT layer extracted from
equivalent-circuit fits with the domain-wall pinning element
[cf. Fig. 4(b)].
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FIG. 9. Bode plots Y'(f) and Y”(f) obtained by impedance spectroscopy
(symbols) and the corresponding equivalent-circuit fits (solid lines) for different
E; on the polycrystalline BCZT thin-film capacitor stack.
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The efficiency and safety of neuronal stimulation with implants strongly depend on the
electrode material. Microelectrodes composed of iridium oxide are becoming increasingly
important as they exhibit excellent charge injection capacity (CIC) as well as charge storage
capacity (CSC). We present the development of a robust process for the fabrication of sputtered
iridium oxide films (SIROF). This process has been used for the “RETINA IMPLANT
Alpha AMS” for several years of subretinal stimulation. In this paper, we describe the full
experimental investigation of the electrode material. The electrochemical and morphological
properties were investigated by cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), voltage transient measurements, and focused ion beam-scanning electron
microscopy (FIB-SEM). The implementation on the CMOS chip of the retinal prosthesis is
presented. The deposition process window was investigated extensively. Major changes in
process parameters lead to a difference in impedance of only 10% of the mean. Accelerated
aging tests revealed a long-term stability of the electrodes of at least 10 years under conditions
of use. The SIROF electrodes (diameter 30 um) show low impedance (15.9 kQ), excellent
CSC (50.9 mC/cm?), and high CIC (4.2 mC/cm?). In summary, the robustness of the presented
deposition process and the large process window enable the integration of high-quality SIROF
microelectrodes in active implants and thus long-term stability in a wide range of safe electrical
stimulation.

1. Introduction

Individuals who have lost their vision due to illness or other events now have the opportunity

to regain a small portion of their visual functions with visual prostheses.’ While cochlear

2)

implants have the longest and most successful history of neuronal prostheses,® retinal implants

have also attracted interest and have undergone remarkable development in recent years.
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All visual prostheses have one essential component in common: The stimulation electrodes
provide the functional interface between the human body and the prosthesis. They pass the
stimulating current into the surrounding neural tissue in order to evoke visual perception.
Owing to their direct contact with retinal or brain tissue, they need to fulfill several
requirements, such as biocompatibility as well as stability in biological environments over a
long period of time. In addition, the electrochemical properties of the material should ensure
the efficient and safe charge injection from the electrode into the tissue. Therefore, the material
should offer low impedance to reduce power consumption,® high charge storage capacity (CSC),
as well as high charge injection capacity (CIC).

Depending on the material, the charge injection mechanism can be capacitive or faradaic.Y
Faradaic electrodes, such as platinum or iridium oxide electrodes, typically transfer electrons
across the electrode—electrolyte interface by reversible redox reactions at the interface and
can provide a high amount of charge.(4) For efficient stimulation, the perceptual threshold
of the adjoining neuronal cells has to be exceeded to initiate the signal cascade along the
following neuronal cells and eventually trigger visual perception.’). However, the stimulation
strength should not exceed the electrochemical safety limit of the electrode material to prevent
irreversible reactions, such as gas evolution, metal corrosion or dissolution, or the introduction
of toxic reaction products that may lead to cell damage.®”
negative and positive voltages should not exceed the water window limiting the maximum CIC.

For cochlear implants, the American National Standard ANSI/AAMI CI86:2017 addresses
the limit of safe stimulation. As for retinal implants, no such standard exists; thus, the cochlear
standard can be taken as a guideline. By doing so, one has to consider the charge per electrode
area, as well as per pulse phase. As already shown by Shannon in 1992,® the stimulation
threshold between tissue damage and nondamage can be indicated by plotting the charge density (D)
versus the charge per pulse (Q) in a double logarithmic plot. By inserting the histological
evaluation of stimulation-induced tissue damage from a study of McCreery et al. in 1988, we
can express the threshold by Eq. (1).(8)

Thus, the maximum applied

log (D) =k —log (Q) @

The adjustable factor £ is typically chosen to be between 1.5 and 2.0, whereas ANSI/AAMI
CI86:2017 recommends & = 1.75 for cochlear implants. Primarily, the Shannon equation is valid
for macroelectrodes. However, even for microelectrodes with surface areas below 0.01 cmz, the
level of clinical stimulation remains within the safe area when using &k = 1.85.9

Combining the electrochemical limit of the electrode material in terms of CIC with the
safe region of stimulation determined by the Shannon equation [Eq. (1)] limits the range of
stimulation for a specific electrode material. This is shown in Fig. 1 for some typical electrode
materials. It becomes obvious that increasing the CIC expands the region of safe stimulation
and thus allows not only the stimulation of cells with higher threshold, but also the use of
smaller electrodes to increase the spatial selectivity. Small electrodes naturally have higher
charge densities than large electrodes when injecting the same amount of charge.

Typical electrodes based on noble metals or titanium nitride show relatively low CIC®* and
are therefore unsuitable for safe stimulation with microelectrodes, especially when higher levels



Sensors and Materials, Vol. 32, No. 9 (2020) 2905

10 - N
N
)
IrO: 4.0 mC/em? N
o N \’F\\ b
< 14 N
Q . 2 : ==
Gray Pt: 1.0 mC/cm :
) ’ e
E:. ..........................................
i Pt: 0.3 mCl/em?
=]
3 s
Q
o 0.1 2
: =—2
= :
(@)
Region of acceptable Region of
operation unacceptable
(ANSI/AAMI CI86:2017) : operation
0.01 o iy
0 1 10 100

Charge per phase per electrode [nC]

Fig. 1. Region of acceptable operation in terms of charge density versus charge per phase for electrical stimulation
with microelectrodes. Safe CICs of various electrode materials are indicated by horizontal lines [platinum,®? gray
platinum,®® 1r0,?)]. For a microelectrode of 30 pm diameter, the corresponding maximum charges per phase
are indicated by the vertical lines. The region of unacceptable operation for an IrOy electrode (diameter 30 pm) is
highlighted in gray.

of stimulation are required. In contrast, iridium oxide offers outstanding CIC and CSC as well
as low impedance.(%!)

Different routes for the fabrication of iridium oxide are known.*'? Sputtered iridium oxide
films (SIROFs) are typically deposited by reactive sputtering from an iridium target. Thus,
SIROFs can easily be implemented into the process routes of microsystem technologies and
structured by standard lithography methods. Moreover, post-treatment of the as-prepared
material in terms of electrochemical activation is not necessary, which is required for activated
iridium oxide films (AIROFs). This is particularly advantageous for applications where the
material is not easily accessible. For example, if the material is applied onto an application-
specific integrated circuit (ASIC), the typical protocol for electrochemical activation® may not
always be applicable.

In this work, we present the development and implementation of a SIROF material that has
been used for the subretinal stimulation in humans using microelectrodes fabricated on the
CMOS chip of the RETINA IMPLANT Alpha AMS.!® This Conformité Européenne (CE)-

marked medical device has been used for several years in clinical studies!*!>

and in every
day life.(1) Starting with microelectrode arrays (MEAs) for developing the sputter process and
investigating the electrochemical and morphological properties, the process is implemented
into the fabrication routine of the retinal prosthesis. This work describes the full experimental

examination of the electrode material by means of cyclic voltammetry (CV), electrochemical
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impedance spectroscopy (EIS), and voltage transient measurements to estimate CIC. In
addition, focused ion beam-scanning electron microscopy (FIB-SEM) is performed. The
process window, i.e., the stability of the electrochemical properties, is shown by varying the
parameters of the sputtering process. The implementation on the CMOS chip as used for the
medical device is presented, and the long-term stability of the stimulation electrodes on the chip
is tested in a laboratory environment using an accelerated aging test.

2. Materials and Methods
2.1 Sputter process

Deposition was performed in a DC magnetron sputtering system (von Ardenne LS
400 S, Dresden, Germany). Before the deposition, the substrate was cleaned by argon ion
bombardment using a bias voltage of 500 V. A titanium adhesion layer was deposited at a
chamber pressure of 5 x 10> mbar using a DC power of 350 W from a 4 inch titanium target
(purity 99.8%) in argon atmosphere. Then, a certain pressure and power ramp were used to first
deposit metallic iridium followed by iridium oxide sputtered from a 4 inch iridium target (purity
99.95%) in a reactive argon-oxygen atmosphere. Pressure was increased from 1 x 1072 mbar
without any oxygen to 5 x 1072 mbar with an oxygen flow of 14 sccm. The applied DC power
was decreased from 200 to 150 W. The process time was set to achieve an overall thickness
of the electrode material of 650 nm, whereas the last, thickest, and most oxygen-rich layer is
formed in the stack. These parameters represent the baseline process. To show the robustness
of the sputter process, several process parameters (pressure, DC power, and thickness of the
terminating IrOy layer) were varied and the impact on the impedance was determined.

For the presented electrochemical investigations of the iridium oxide films, circular
electrodes were deposited on MEAs, see Fig. 2(a). The fabrication of the stimulation electrodes
on the CMOS chip of the RETINA IMPLANT Alpha AMS is schematically shown in Fig. 2(b).
First, an 8-um-thick AZ nLOF 2070 (Microchemicals, Ulm, Germany) lithography mask was
used for the above-described sputter deposition of the electrode material followed by a lift-off
process in TechniStrip NI5S55 (Microchemicals, Ulm, Germany). The stimulation electrodes
were directly deposited on the contact holes of the CMOS chip. A protective polyimide layer of
5 um thickness was spin-coated and patterned by reactive-ion etching (Oxford Plasmalab 800+,
Abingdon, United Kingdom) to expose only the electrodes. The diameter of the electrodes
on the MEA was chosen to be 30 pm corresponding to the diameter of the electrodes of the
RETINA IMPLANT Alpha AMS.

Imaging of the electrode surface and cross section was carried out using a Zeiss Crossbeam
550 FIB-SEM system (Carl Zeiss Microscopy GmbH, Jena, Germany). To reduce the charging
of the insulating MEA surface, the field emission electron column (Gemini 2) was operated at
a beam energy of only 1.8 keV and frame averaging with drift compensation. To visualize the
layer stack titanium-iridium-iridiumoxide, a cross section was prepared with the gallium FIB
(Ionsculptor), first with a probe current of 30 nA @ 30 keV and final polishing with 700 pA.



Sensors and Materials, Vol. 32, No. 9 (2020) 2907

(a)
[ AZ ECI13027 s ;

. prebake resist coating
T | [rO, S Photomask

sputter deposition development exposure
L] | ]

*-m-_

lift off

(b)

I NLOF Polyimide

. prebake resist coating
N Ti | [rO, BN Photomask

sputter deposition development exposure
- s -

*—m-_

lift off PI coating resist coating
[
- — 4 — — B4 - —
etching and resist removal development exposure

T ~ e~ It

Fig. 2. (Color online) Schematic illustration of fabrication of iridium oxide electrodes on MEA for electrochemical
and morphological examinations (a) and on CMOS chip as used for aging test and retinal prosthesis (b).

2.2 Electrochemical characterization

All electrochemical investigations were performed using the MEAs sputtered
with the electrode material in accordance with the baseline process presented above.
IR-drop-compensated CV was performed in phosphate-buffered saline (Gibco DPBS, pH
7.0-7.3, 8 g NaCl, 0.2 g KCI, 0.2 g KH,POy4, 2.16 g NayHPO4*(H,0)7, each per I; Fresenius
Kabi Deutschland GmbH, Bad Homburg, Germany; 66.7 Q cm @ 21.7 °C) using a three-
electrode configuration with the sputtered electrodes acting as working electrodes (multichannel
potentiostat VMP3, Bio-Logic Science Instruments, Seyssinet-Pariset, France). A platinum
mesh (Pt 99.95%, 1 x 1 cm?, Labor-Platina, Pilisvorosvar, Hungary) was used as a counter
electrode, and a Ag/AgCl electrode (InLab Reference, Mettler Toledo, Columbus, USA) was
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used as a reference electrode. Measurements were performed from —600 to 700 mV at a sweep
rate of 100 mVs .

The same setup was used for EIS at an open-circuit voltage. The voltage amplitude was
set to 5 mV in the frequency range from 0.1 Hz to 100 kHz with six points per decade. In
addition, impedance was measured using the MEA-IT-System (Multi Channel Systems MCS
GmbH, Reutlingen, Germany, Ag/AgCl reference electrode) by applying a sinusoidal test
signal (100 mV, 1 kHz).

Voltage transient measurements were performed in DPBS (66.7 Q cm @ 21.7 °C). As the
RETINA IMPLANT Alpha AMS uses constant current pulses for stimulation, symmetric
biphasic, cathodal-first pulses of 5, 10, 25, and 50 pA with a pulse duration of 2 ms were applied
and the voltage drop at the electrodes was measured.

2.3 Long-term stability measurement

To prove the long-term stability of the sputtered iridium oxide as an electrode material,
accelerated aging tests were performed. The material was deposited on the chip of the RETINA
IMPLANT Alpha AMS as described above. The chip was operated in a laboratory environment
at the maximum output voltage (£1.2 V) and submerged in DPBS at 60 °C. All electrodes
were activated and were stimulating simultaneously. The output current was determined
by measuring the voltage using a shunt resistance. Current was integrated over the pulse
duration and divided by the number of pixels. Stimulation parameters typically used in clinical
applications were used (2 ms each pulse width, 5 Hz stimulation frequency). The detailed setup
and operation were described by Daschner et al®

3. Results and Discussion
3.1 Robustness of sputtering process

The process stability was examined by varying one or more parameters while all other
parameters were unchanged. The effects of the changes were characterized by measuring
the impedance of the electrodes at 1 kHz. The process window tests included the following
parameter changes:

1. Thickness variation: Increasing the thickness of the terminating iridium oxide by ~90%

from 650 to 1250 nm decreased the impedance by 5% from 15.9 to 15.2 kQ.

2. Pressure variation: The process pressure was increased by 20% from 5 x 1072 to
6 x 102 mbar, resulting in an increase in the impedance by 2.5% to 16.3 kQ.

3. Variations of pressure and thickness: The thickness of the terminating iridium oxide layer
was increased by ~50% to 1000 nm and the process pressure was increased by 80% to
9 x 1072 mbar, resulting in a decrease in the impedance by 7% to 14.8 k<.

4. Variations of thickness, pressure, and DC power: The thickness of the terminating
iridium oxide layer was decreased by ~30% to 460 nm using a lower DC power of 50 W
instead of 150 W, and the process pressure was increased to 9 x 1072 mbar. This resulted
in an increase in the impedance by ~10% to 17.4 kQ.
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5. DC pulse variation with short pulse duration: Instead of nonpulsed DC power, pulses with
a frequency of 100 kHz and a duration of 0.4 us were applied, resulting in an increase in
the impedance by ~15% to 18.2 kQ.

6. DC pulse variation with long pulse duration: Instead of nonpulsed DC power, pulses with
a frequency of 100 kHz and a duration of 4 ps were applied, resulting in an increase in
the impedance by ~10% to 17.6 kQ.

7. Alloy-type transition between Ti and Ir: Instead of an abrupt transition between the
adhesion layer and iridium, Ti-Ir alloys with increasing Ir content were sputtered,
resulting in an increase in the impedance by ~5% to 16.6 kQ.

All the parameter changes caused only small effects on the resulting impedance; thus,
one can conclude that the baseline process already has well-selected parameters. Only the
thickness increase of the IrOy layer and pressure increase led to a small decrease in impedance.
This can be explained by a larger inner volume because of the thicker material and the more
cauliflower-like structure of IrOx. No adjustment of the baseline process using these more
advantageous parameters was made with regard to process time and stability in the sputtering
system used. All other variations led to a small increase in impedance, but the overall
differences in impedance were within 10% of the mean.

This proves the robustness of the baseline process and indicates a large process window,
which is important for consistent quality in the fabrication of the electrode material and thus a
consistent and safe stimulation with different implants. As a result, this deposition process is
very well suited for the series production of active implantable medical devices, since even large
deviations in the process parameters do not impair the quality of the electrode material.

3.2 Film morphology

The surface morphology of the sputtered iridium oxide electrode material after performing
the electrochemical experiments is shown in Fig. 3(a). The bright area shows the deposited
material in the electrode opening of the MEA. The rough surface indicates the increased
surface area, which is desirable for stimulation.

The prepared cross section is shown in Fig. 3(b). The titanium adhesion layer (thickness,
approx. 100 nm) cannot be distinguished from the titanium circuit path of the MEA itself.
The Ir-IrOy layer initially grows with a columnar morphology on the adhesion layer. Towards
the top of the layer, the columnar morphology of the film changes into a cauliflower-like
morphology.

The intended increase in the oxygen content can be seen in the results of energy-dispersive
X-ray (EDX) spectroscopy shown in Fig. 4 (O Kal). The same trend can be seen in the cross
section, as the recorded signal becomes weaker (darker in the image) with increasing layer
thickness. Thus, the cauliflower-like region corresponds to the highest oxygen content. As
already reported in the literature, the electrochemical activation of the as-deposited iridium
oxide electrode material by potential cycling leads to morphological changes of the activated
region. Wessling ef al.'”) indicated that the structural change is beneficial for charge injection
as more redox centers can be reached by an ionic solution.
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100 nm
—

Fig. 3. SEM images of sputtered electrode material. (a) Rough surface of electrode material (bright area)
deposited on MEA. (b) Cross section of electrode material prepared by FIB-SEM, showing the initially columnar
and subsequently cauliflower-like structure of the electrode material. To protect the microstructure during the
preparation of the cross section, a 200-nm-thick platinum protective top layer was deposited. The arrow indicates
the direction of the performed EDX line scan across the Ir-IrOy layer.

Scan length [pm]

Intensity [arb. unit]

Fig. 4. (Color online) EDX spectroscopy of electrode cross section. The line scan along the Ir-IrOy layer from
bottom to top of the material is indicated by the yellow vertical line. For better illustration, a black trend line is
plotted through the O Kol signal. An increase in oxygen content can be seen with increasing scan length.

3.3 Electrochemical properties
3.3.1 CVand CSC

The CV of the iridium oxide electrode material is shown for one electrode as an example in Fig. 5.
The CSC is calculated by integrating the area under the curve according to Eq. (2),
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Fig. 5. (Color online) Cyclic voltammograms of SIROF electrode deposited on MEA during 2nd, 13th, and 25th
cycles. Typical reduction and oxidation peaks for iridium oxide can be seen at —0.2 and 0.5 V, respectively. At these
points, an increase in the area under the curve can be seen with increasing cycle number.

CcSC = [vlau, ()

with the current /, the potential U, and the sweep rate v for both positive (anodic, CSC,4) and
negative voltage ramps (cathodic, CSC¢). Table 1 shows the calculated CSC values for eight
electrodes.

As can easily be seen in the CV, the area under the curve increases with the number of
cycles, typically next to the reduction and oxidation peaks (0.2 and 0.5 V, respectively), which
is due to the electrochemical activation of the iridium oxide material!® CSC¢ increases
to up to 50.9 mC/em? after 25 cycles. Compared with the SIROF electrodes reported in the
literature, the presented sputtering process results in similar CSC values at comparable sweep
rates.10712192D The high CSC can be attributed to the previously described morphology of the
sputtered iridium oxide that represents a greatly increased and, in slow-sweep CV, accessible
electrochemical surface.

Particularly when comparing the difference between pre- (i.e., cycle 2) and post-activations (i.e.,
cycle 25), the presented material is superior to a previously reported SIROF,?Y which initially
exhibits only about 17% of the post-activated CSC¢. This is particularly advantageous when
using the electrodes in a complex implant where no activation protocol can be performed before
usage but still a high charge injection is required.

3.3.2 EIS

The EIS data are shown in Fig. 6(a). Here, the solid and dashed lines represent fits to the
equivalent-circuit depicted in Fig. 6(b). The circuit is a complete model of the electrode—
electrolyte interface®® and includes the double-layer capacitance Cpy, the pseudo-capacitance
Cp, the faradaic leakage resistance Rp, the charge transfer resistance Rcr, the Warburg
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Table 1

CSCc¢ and CSCy4 (mean and standard deviation) calculated from cyclic voltammograms for eight electrodes at the
2nd, 13th, and 25th cycles.

[mC/em?] Cycle 2 Cycle 13 Cycle 25

CSCy 350+03 391+03  40.5+0.3

CSCc 477+0.5 49.6 £ 0.4 509+04

(b)

Log |Z| (@)
o

Rs

Log f (Hz)

Fig. 6. (Color online) (a) Plot of impedance |Z|(f) and phase ¢(f) obtained by EIS (symbols) on SIROF
microelectrode. (b) Equivalent circuit used for fitting the EIS data (solid and dashed line). Rg: series resistance, Rr:
faradaic leakage resistance, Cp: pseudo-capacitance, Rcr: charge transfer resistance, Zy: Warburg impedance, Cpy:
double-layer capacitance, Cs: stray capacitance.

impedance Zy, and the serial resistance Rs. Additionally, a parallel stray capacitance Cs was
included, which 1s well-known to exist in three-electrode EIS measurements.*> In our data, Cyg
causes the phase drop at high frequencies above 10 kHz.

The pseudo-capacitance Cp models the quasi-continuous, reversible faradaic reaction
involving reduction and oxidation of Ir**/Ir*" at the surface of the SIROF microelectrodes.?>?%
The Warburg impedance Zj accounts for mass-transfer limitation by diffusion. Similarly to
what has been used for other SIROF microelectrodes,(lo) we used the Warburg element for
finite-length diffusion with a reflecting boundary, as given by Eq. (3),(25)

coth\/iwT},
JioTy ’

with the diffusion resistance Rp and the diffusion time constant 7 as free parameters. The
double-layer capacitance Cp; and the pseudo-capacitance Cp are modelled by a constant phase
element (CPE) respectively, which has the impedance given by Eq. (4).3>)

Zy (@)= Rp )

Zcpp(0) =1/ Q(iw)" C))
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Here, Q and n are phenomenological parameters. The CPEs are used to model the non-ideal
capacitive behavior of the double-layer capacitance Cpy, and the pseudocapacitance Cp. Forn =1,
the impedance in Eq. (4) simplifies to that of a linear capacitor.

The fit, see Fig. 6(a), is in good agreement with the measured EIS data over the full
frequency range, indicating that the equivalent circuit shown in Fig. 6(b) is a valid description
of the SIROF microelectrodes. The extracted fit parameters are shown in Table 2.

The values of the double-layer capacitance Cp; and the pseudo-capacitance Cp can be
estimated from the fit parameters of the corresponding CPEs by using a standard procedure,®>
which yields Cp; ~ 71 nF and Cpy ~ 208 nF. As expected for SIROF microelectrodes, the
pseudo-capacitance is significantly higher compared with the double-layer capacitance.(22’24)
The resulting capacitive current flow at a sweep rate of 0.1 V/s through a parallel circuit of Cpy,
and Cp has a value of 3.94 mA/cm?, which is in agreement with the measured CV data (see Fig. 5).

As mentioned earlier, impedance was additionally measured at 1 kHz using a commercial
setup for impedance testing. Thereby, the impedance was determined to be 15.9 kQ averaged
over 59 electrodes on one MEA with a standard deviation of 320 Q, which is in good agreement
with EIS data at 1 kHz. The measurement was performed immediately after the deposition
without prior potential cycling, which again showed the excellent properties of the as-deposited
material. The determined impedance is similar to that of comparable materials described

previously in the literature.®!2%

3.3.3 Voltage transients and CIC

Voltage transient measurements were performed by applying four different currents (5,
10, 25, and 50 pA). The measurements are shown in Fig. 7. For each current, the maximum
cathodal potential excursion (E,,) is determined by subtracting the access voltage (V) from the
maximum negative potential measured, i.e., the driving voltage (V).

To estimate the CIC, E,,. is interpolated as a function of the injected charge per electrode
area for the data points close or above the voltage limit of the water window using a linear

Table 2

Extracted parameters from the equivalent-circuit fit to the measured EIS data depicted in Fig. 6. The stray
capacitance Cy in the equivalent-circuit model was set to 50 pF. Rg: series resistance, Rr: faradaic leakage
resistance; Rer: charge transfer resistance, Opr, npr, Op, np: see text, Cpz: double-layer capacitance, Cp: pseudo-
capacitance, R p: diffusion resistance, 7p: diffusion time constant.

Rs (kQ) 14.36 + 2.00
Rr (MQ) 71.9+0.0
Rer (MQ) 11.3+0.0
Opr (Q7's") x107° 135.8+0.2
npr, 0.906 + 0.002
CpL (IIF) ~71
Op(Q's"yx107? 191.2+2.2
np 0.883 +0.008
Cp (nF) ~ 208

Rp (Q) 2616 + 1

Tp (5) 0.015 = 0.008
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Fig. 7. Measurement of voltage transient by applying four different currents. At higher currents, the curve
indicates that the water window is exceeded.

regression (see Fig. 8). This linear relationship was previously observed by Wang et al. in 2009.%)
Limiting the safe region of charge injection, the water window limit (—0.6 V) determines the
maximum potential excursion (£,,) that is allowed. Thus, the CIC for the presented iridium
2. Compared with previously

published, comparable SIROFs, the CIC of the presented material is one of the highest in
(3.4,7,10,21,26,27)

oxide electrode material was estimated to be about 4.2 mC/cm
the literature. This ensures the safe and efficient stimulation of neural tissues
in a wide range of acceptable operations (Fig. 1). However, for the assessment of the safety
of the use of implanted electrodes for electrical stimulation, it must be considered that the
electrochemical properties of the electrodes differ in vitro and in vivo. The environment of an
implanted electrode has a higher ionic resistance than the fluid used in laboratory testing. In
addition, protein and cell adhesion may possess a diffusion limitation. As a result, the access
resistance is higher in vivo and the CIC is lower in vitro, as comparative investigations with
TiN,%® Pt,?? and 1rO,C? electrodes have shown.

3.4 Long-term stability

The charge delivery of the electrode material during a long-term measurement carried out
with the CMOS chip of the retinal prosthesis in a laboratory environment is shown in Fig. 9.
The CMOS chip with the electrode material is operated using the same stimulation parameters
as it is in the implant in the human body. The delivered charge is recorded during the lifetime
of the test object.

In the first approximately 50 h of operation, a marked increase in the delivered charge per
pixel can be observed. This is both to the complete wetting of the cauliflower-like structure of
the electrode (Fig. 3) and the activation of SIROF electrodes.
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‘Water window limit -0.6 V

En [V

\ Linear regression

N y=-0dnax

R =1

(=]
~
CIC = 4.24 mC/cm? /

6 8 10 12 14 16
Charge density [mC/cm?]

=1
8]
S~

Fig. 8. Linear regression of estimated maximum potential excursion as a function of injected charge density.
Only points above or close to the voltage limit (—0.6 V) are considered for the regression (filled symbol). The data
point corresponding to the highest current value of 50 pA (empty symbol) shows a clear deviation from the linear
relationship and was therefore excluded from the regression.

0 10 20 30 40 50 60 70 8 90

o 1000 2000 3000 4000 5000 6000
Operating hours

Fig. 9. Typical example of long-term measurement of charge per pixel delivered by the CMOS chip of the
Retina Implant Alpha AMS in a laboratory environment at 60 °C. After activation, a stable charge injection can be
observed over 6000 h of continuous operation (horizontal dashed line). Inset: Charge delivery during the first 90 h
of operation.

The following small, almost linear increase is due to the evaporation of water out of
the electrolyte and the associated increase in the ion concentration and conductivity of the
electrolytic solution. The abrupt jump downward of the charge after an operation time of about
2800 h and 4700 h in the example shown in Fig. 9 is due to the filling-up with water and the
related adjusted electrolyte concentration to compensate for water evaporation.

Neglecting these two effects, the electrode material delivers an almost constant charge over
about 6000 h of continuous operation. This indicates the long-term stability of the iridium
oxide electrodes in saline environments. In this example, the long-term test ended abruptly
after about 6150 h owing to bondpad and PCB corrosion of the test object.
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To determine the durability of the electrodes under conditions of use, a conversion factor
between 60 °C (test condition) and 37 °C (body temperature) is assumed, which was determined
for the RETINA IMPLANT Alpha AMS from tests in a laboratory environment and confirmed
with clinical data in earlier work.®?  Since also here, the reason for failure was not the
stimulation electrodes, it is legitimate to assume the same factor for the SIROF material. In
fact, it even describes the minimum expected runtime. With the factor 4.92,(31) a runtime
of approximately 30000 h of continuous operation at body temperature can be assumed.
Conversion to the actual application in patients (8 h of operating time per day) show that the
minimum expected lifetime of the IrOx microelectrodes is at least 10 years under conditions of
intended use.

4. Conclusions

We have presented the fabrication of the SIROF, which has been used clinically as the
stimulation electrode material for several years now in the subretinal implant RETINA
IMPLANT Alpha AMS. Both the development of the material on the MEA level and the
implementation of the fabrication on the CMOS chip into the process routine of the retinal
prosthesis are described.

The material is fully experimentally examined for its suitability as an electrode material.
Therefore, the morphological and electrochemical properties of the electrode materials are
investigated by FIB-SEM, CV, EIS, and voltage transient measurements. The presented
SIROF shows low impedance as well as high CSC and CIC, which can be attributed to the
film morphology. Variations of specific process parameters show only a small deviation of
the impedance, indicating a very stable process with a large process window. This ensures the
fabrication of high-quality films and thus safe and consistently strong stimulation by the retinal
prosthesis in a wide range of acceptable operations in accordance with the American National
Standard ANSI/AAMI CI86:2017. The electrode material exhibits long-term stability and stable
charge injection in a laboratory environment over several months of continuous operation at
an elevated temperature. By converting to body temperature and the actual operating time
by patients, we found that the presented material allows stimulation for at least 10 years under
conditions of intended use. All these properties taken together make the presented SIROF
an excellent material predestined for the efficient and safe stimulation of neural tissues by
microelectrodes imbedded in active implantable devices.
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ABSTRACT

We analyze the extracellular stimulation current and the charge injection capacity (CIC) of microelectrodes coated with an insulating layer to
prevent toxic electrochemical effects in bioelectronic applications. We show for a microelectrode coated with an insulating ferroelectric layer
that the ferroelectric polarization current contributes to the extracellular stimulation current. Depending on the remanent polarization P; of
the ferroelectric, the polarization current in the switching regime can increase the CIC by up to two orders of magnitude as compared to the
commonly used extracellular capacitive stimulation with microelectrodes that are coated with a dielectric layer.
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Extracellular electrical stimulation of neurons and recording
of neural activity are the basic principles for many in vivo applica-
tions such as implantable neuroprosthetic devices.! Among them are
cochlear implants, retinal implants, deep brain stimulation for the
treatment of Parkinson’s disease, and brain-machine interfaces.”””
Moreover, extracellular electrical stimulation and recording are also
key elements for in vitro applications, e.g., drug testing and the study
of neural networks by microelectrode arrays (MEAs).*’

Typically, electrically active implants and MEAs utilize conduc-
tive (metallic) microelectrodes with <100 ym diameter to provide
the electro-neural interface for extracellular recording and stimula-
tion." In general, the main advantage of conductive microelectrodes
is their high charge injection capacity (CIC), which is defined as the
amount of injected charge density across the electrode-electrolyte
interface during the leading stimulation phase of an extracellular
current. Note that the stimulation efficacy of a microelectrode is
commonly quantified by the CIC." Nonetheless, also the time curve
of an extracellular current provided by a microelectrode can have an
impact on their stimulation efficacy,'’ which should be kept in mind.
Exemplary materials for the fabrication of conductive microelec-
trodes are Pt for high-density MEA applications’ and IrO,, which is
utilized, e.g., in state-of-the-art retinal prostheses'! and which can
provide a CIC typically in the range of 1-5 mC/cm? 11112

The major disadvantage of conductive microelectrodes is the
difficulty in avoiding electrochemical reactions (Faradaic processes)

at the electrode-electrolyte interface, which induce corrosion of
electrodes and cell or tissue damage'® and hence detrimentally affect
the safety and long-term-stability of implantable neuroprosthetic
devices. A possible solution to prevent toxic electrochemical effects
is the utilization of microelectrodes coated with a (thin) dielectric
material. This approach was crucial for the first realization of a
silicon-neuron junction, where p-doped areas of the utilized sili-
con chip were covered with a 10-nm-thick dielectric layer of SiO,
to prevent Faradaic processes and to stimulate the attached neu-
ron by purely capacitive currents across the dielectric-electrolyte
interface."”

Modern capacitive biochips for extracellular electrical stimula-
tion are fabricated in complementary metal-oxide-semiconductor
(CMOS) technology and include field-effect transistors to record
electrical signals from individual neurons,'” which enables bidirec-
tional communication between neurons and active silicon chips.'®
However, despite extensive research on dielectric coatings to
enhance the purely capacitive stimulation with microelectrodes,
their CIC is still in the range of ~1-5 uC/cm?,'* " which is approx-
imately three orders of magnitude lower than the CIC of generic
conductive microelectrodes. Since the stimulation-threshold for the
injected charge density depends on the geometric area of the micro-
electrode,”’ the CIC of capacitive microelectrodes is too low to
achieve efficient extracellular stimulation with small microelec-
trodes (diameter ~30 ym), which requires a CIC in the range of
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0.1-0.9 mC/cm?,”! although a tight tissue—electrode contact can
lower the stimulation-threshold.'” As a consequence, implantable
neuroprosthetic devices utilize conductive metal-based microelec-
trodes although the absence of toxic electrochemical effects is highly
desired in active electrical implants. In this paper, we introduce an
approach to significantly increase the CIC of insulated microelec-
trodes for efficient and long-term stable bioelectronic interfacing of
electrogenic cells or tissue.

In general, extracellular electrical stimulation is achieved by the
flow of ionic current between a microelectrode in close proximity to
the target excitable cell or tissue and a counter electrode immersed in
the electrolyte, which contains the cell or tissue.! The ionic current
flow in proximity to the cell or tissue causes depolarization of the cell
membrane, which evokes an action potential above a specific thresh-
old. A schematic experimental setup for the extracellular electrical
stimulation of electrogenic cells or tissue with insulated microelec-
trodes in a parallel-plate configuration with an insulator thickness
d is depicted in Fig. 1. Here, an applied voltage signal U(t) gener-
ates an electric field E(¢#) across the insulating layer, which results
in the occurrence of bound polarization charges at the surface of
the insulator. As a consequence, a flow of free charges in the elec-
trolyte is generated to screen the bound polarization charges, and
this ionic current corresponds to the extracellular stimulation cur-
rent. A simple stimulation signal is a voltage step U(t) = Uo®(¢),
where © denotes the Heaviside function. Other generic voltage sig-
nals for extracellular stimulation are rectangular voltage pulses with
stimulation time Tsim ~ 1 ms, which are utilized in retinal implants®
or deep brain stimulation.®

In the following, we will analyze the experimental setup for
extracellular electrical stimulation with insulated microelectrodes
(cf. Fig. 1) within the framework of macroscopic electrodynam-
ics.”” We make the assumption that every vector quantity V is fully
described by its component V normal to the plane of the insulating
layer and all other components vanish. The focus of our analysis will
be the insulating layer depicted in Fig. 1, which is described by the

Electrolyte

Counter

electrode
[ O O
Conductive Microelectrode U(t)

Substrate

FIG. 1. Schematic experimental setup for extracellular electrical stimulation of elec-
trogenic cells or tissue with a conductive microelectrode coated with an insulating

ARTICLE scitation.org/journall/adv

electric displacement field D defined as”
D =¢gE+P, (1)

with ¢ being the vacuum permittivity and P being the electrical
polarization. We assume that the insulating layer has an infinite
Ohmic resistance, which requires the absence of free charges, i.e.,
V - D =0. We now consider Ampeére’s law, which is part of the
macroscopic Maxwell equations and is given by*

oD
H=J+—, 2
V x ]+ T (2)

with H being the magnetic field strength, J being the conduction
current density, and D/t being the time derivative, which cor-
responds to the density of Maxwell’s displacement current. Due to
the insulation of the conductive microelectrode (cf. Fig. 1), electro-
chemical (Faradaic) charge transport is suppressed, which results
in a vanishing conduction current density J, as shown in Eq. (2).
Thus, the extracellular stimulation current density J;,, provided by
an insulated microelectrode corresponds to the displacement cur-
rent density, i.e., Jim = 0D/0t, and by definition, the CIC can be
calculated according to

Tslim
cIC = | A Isﬁmdt|
0
/‘ Tstim 82 @dt‘
0 OE Ot

E(Tstim)
Ji @dE‘
E(0) OE

= |Dmax - Dinit|: (3)

with Dinax = D[E(Tstim ) ] being the maximum displacement field and
Dinit = D[E(0)] being the initial displacement field. It follows from
Eq. (3) that the CIC for an insulated microelectrode can be quan-
tified from the knowledge of the D vs E—or equivalently the D vs
U—relationship of the insulator.

The common extracellular capacitive stimulation utilizes an
insulating layer, which consists of a material with solely dielectric
properties. In linear approximation, the electrical polarization of a
dielectric material is given by*?

P(E) = &(e, - 1)E = PP, (4)

where ¢, denotes the relative permittivity of the material. Inserting
Eq. (4) in Eq. (1) yields the linear relationship

D(E) = & E. (5)

By introducing the specific capacitance C; = ¢, /d, the resulting
capacitive stimulation current density in response to a time-varying
electric field E(t) = U(t)/d is then given by

layer of thickness d (parallel-plate configuration) to prevent Faradaic processes at o
the electrode—electrolyte interface. Jstim = Cs 5 U(t). (6)
AIP Advances 11, 065106 (2021); doi: 10.1063/5.0049202 11, 065106-2
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Thus, previous attempts to enhance the CIC of capacitive micro-
electrodes were based on the approach to increase the specific
capacitance of the dielectric layer.

We now consider a material with ferroelectric properties. Fer-
roelectrics are characterized by the existence of a (spontaneous) fer-
roelectric polarization P™, which can be reoriented by an applied
electric field, i.e., P = p(FE) (E).” The finite value of the ferroelec-
tric polarization at zero electric field is called the remanent polariza-
tion P;. By applying an electric field above the coercive field Ec of
the ferroelectric, the remanent polarization can be switched between
the bistable states +P;, which is the basis for nonvolatile ferroelec-
tric memory applications.”* Here, the discovery of ferroelectricity
in HfO,-based thin films represents a real breakthrough due to
the full CMOS compatibility of this material class and outstand-
ing ferroelectric properties at the nanoscale.”*~*® Moreover, conven-
tional dielectric HfO, layers have been previously utilized in capaci-
tive biochips,'”'*?’ which demonstrates their biocompatibility. Note
that materials with ferroelectric properties also exhibit dielectric
properties but not vice versa. Thus, the electrical polarization of a
material with ferroelectric properties is given by P = PP 4 p®),
As a consequence, it follows from Eq. (1) that

D(E) = g&E + P (E), ?)

and the resulting ferroelectric displacement current density for
extracellular stimulation [, in response to a time-varying electric
field E(t) = U(t)/d is then given by

_c9 9 p(re)
]stlm = Cs 8t U(t) + 8tP (U(t)), (8)

which exhibits the ferroelectric polarization current 9P /9t as
an additional contribution as compared to the purely capacitive
stimulation current density [Eq. (6)].

Depending on the applied electric field strength E(¢) = U(t)/d,
we can identify two different regimes of the ferroelectric polarization
current that are separated by the coercive field Ec of the ferroelectric,
ie.,

](SSW) (t),
](SW) (t),

0

(FE) _ E< Ec
P (B(r)) = {

E > Ec,

)

where J*W)(t) corresponds to the subswitching regime and /" (¢)
corresponds to the switching regime of the ferroelectric. For sub-
switching fields above a specific threshold field Er, the linear approx-
imation equation (4) is no longer valid for a ferroelectric material
due to the irreversible motion of ferroelectric domain walls, which
results in a nonlinear P vs E relationship described by the Rayleigh
law.?” As a consequence, the ferroelectric displacement current den-
sity equation (8) in response to a harmonic ac electric field can
contain higher harmonics due to the contribution from irreversible
domain wall motion contained in J**"V)(¢),”* which might be inter-
esting for extracellular stimulation with low-frequency sinusoidal
voltage signals.”” Experimentally, the subswitching regime of a fer-
roelectric can be analyzed in detail by impedance spectroscopy and
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equivalent-circuit fitting with the recently introduced domain wall
pinning element Zpw.*’

In the following, we will focus our discussion on the ferroelec-
tric switching regime E > Ec. The corresponding switching dynam-
ics are a very complex problem, and there exist several models to
explain the time-dependence of ferroelectric polarization reversal.’!
The traditional approach for explaining the switching dynamics is
using the Kolmogorov—Avrami-Ishibashi (KAI) model,>** which
is based on the classical statistical theory of nucleation and pre-
dicts the relationship for the time-dependent change in ferroelectric
polarization AP (¢) during switching between the bistable states
+ Pr ’3 1

APU®) (£) = 2P {1 - exp[~(t/t0)"]}, (10)
with n being the effective dimension and the characteristic switch-
ing time ty as free parameters. For thin films, the effective dimen-
sion is n = 2,°! and the time-dependence of the magnitude of the
corresponding switching current density /") (¢) is then given by

|](SW)(t)‘ :4Pr(t/t(2))exp[—(t/t0)2]- (11)

We now reconsider the schematic experimental setup for extracellu-
lar stimulation depicted in Fig. 1 with the specification that the con-
ductive microelectrode with radius r and geometrical surface area
A = i is insulated with a ferroelectric layer, which corresponds to
the electrolyte—ferroelectric—conductor (EFC) configuration shown
in Fig. 2(a). To analyze the CIC and the time-dependence of the
stimulation current density provided by the EFC configuration in
the switching regime Jhio(t), we describe the EFC configuration
by the equivalent-circuit depicted in Fig. 2(b). Here, the Ohmic
resistance models the electrolyte and the electrodes, and the capac-
itance C = g¢,A/d in combination with the KAI-model models the
ferroelectric layer of the EFC configuration. The Ohmic resistance

(b)

1

Ohmic
Resistor

Rr eff

Capacitance C
+
KAI-Model

)

FIG. 2. (a) Electrolyte—ferroelectric-conductor (EFC) configuration in the polariza-
tion state —P;. In equilibrium, free charges in the electrolyte and in the conductive
microelectrode screen the bound polarization charges at the surface of the ferro-
electric. (b) The equivalent circuit model of the EFC configuration, which consists
of an Ohmic resistor to model the resistance of the electrolyte and the elec-
trodes and a capacitance in combination with the KAl model, which represents
the ferroelectric layer.

Conductive Microelectrode
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can be approximated by the effective resistance R, for a circular
microelectrode with radius r and an adjacent electrolyte with specific
resistance p according to Ref. 35,

Regi = £ (12)
r

The stimulation current density J5i () provided by the EFC con-
figuration (cf. Fig. 2) in response to an applied voltage pulse with
height Uy, which induces polarization reversal from the initial state
—P; to the final state +P;, is then given by

U —_
s - 2 p[R;C] CaP (B exp[- ()] (13)

where the first term in Eq. (13) is the capacitive transient J‘©(t).
Note that ferroelectric polarization reversal in the EFC configura-
tion has been demonstrated for various ferroelectric materials.’*~*
Moreover, it has been shown in Ref. 36 that the screening charge
density at the electrolyte—ferroelectric interface (Helmholtz plane)
is equivalent to the remanent polarization P; of the ferroelec-
tric measured in a conventional metal-ferroelectric-metal (MFM)
configuration. This allows one to utilize values of P; obtained
from measurements on MFM-capacitors to calculate properties
of EFC-microelectrodes. Nonetheless, we note that the switch-
ing dynamics might be not necessarily equal for a ferroelec-
tric in EFC and MFM configurations, which should be kept in
mind.

To simulate the extracellular stimulation current response of an
insulated microelectrode in the EFC configuration (cf. Fig. 2) during
polarization reversal, we utilize Eq. (13) with the specifications sum-
marized in Table I. The applied voltage pulse with height Uy = 1V
depicted in Fig. 3(a) generates an electric field above the coercive
field of the ferroelectric layer (cf. Table I), and the resulting cur-
rent response Jiig () in the switching regime is shown in Fig. 3(b).
Here, the capacitive transient J©'(¢) is superimposed by the bell-
shaped switching current density /") (¢), and the resulting CIC for
complete switching during the stimulation time (i.e., Tstim > to) can
be calculated according to Eq. (3), which can be specified for an
insulating ferroelectric material, resulting in (Ref. 27)

CIC = C,Up + 2P;. (14)

We observe from Eq. (14) that the CIC of ferroelectric microelec-
trodes exhibits the additional contribution 2P; compared to the CIC
of microelectrodes with a dielectric coating for extracellular capaci-
tive stimulation.* The additional contribution originates from the

TABLE |. Specifications to simulate the extracellular stimulation current response
equation (13) of an insulated microelectrode (50 um in diameter) in the EFC config-
uration (cf. Fig. 2) in the switching regime. The listed ferroelectric material properties
correspond to a 9.5-nm-thick Hfg 5Zrg 50, layer.25 The resistivity p of the electrolyte
corresponds to the value of phosphate-buffered saline at room temperature. '’

d P, T EC
(nm)  (uC/cm?)

to r P Uy
(MV/ecm) (us) & (um) (Qcm) (V)

9.5 16 1 10 40 25 66.7 1

ARTICLE scitation.org/journall/adv

2 Initial Final

0.0 ’ . |
( b) Ohmic Resistor apacitance
5}k o- Ry et A “
Electrolyte arEd Electrodes Ferroelectric layer
< 4r i
g ©)
2 s — |
N J(EFC)
21 J stim |
1 i -
0 -
-5 0 5 10 15 20 25

t (us)

FIG. 3. (a) Voltage pulse with height Uy = 1V applied to the EFC configuration (cf.
inset and Fig. 2) to switch the remanent polarization from the initial state —P; to
the final state +P;. (b) Simulated extracellular current response during polariza-
tion reversal of the EFC configuration according to Eq. (13) with the specifications
summarized in Table |.

ferroelectric polarization, which is the foundation for the occur-
rence of the ferroelectric hysteresis loop, i.e., the nonlinear and
hysteretic relationship of D vs E.** To illustrate this further, Fig. 4
shows the ferroelectric hysteresis loop D vs E of the EFC configu-
ration (cf. Fig. 3), simulated with the model described in Ref. 40,
by taking the ferroelectric properties summarized in Table I as
model parameters. Here, the initial displacement field Dini; corre-
sponds to the polarization state —P;. By applying a voltage pulse with
height Uy = 1V, the ferroelectric reaches the maximum displace-
ment field Dimax at E = Up/d. At zero field, i.e., after the voltage pulse,
the ferroelectric remains in the final state +P;. As a consequence,
repetitive stimulation with a CIC according to Eq. (14) requires a
subsequent voltage pulse of opposite polarity to reorient the rema-
nent polarization P; back to its initial state. This is not necessary
for antiferroelectric materials or ferroelectrics in the paraelectric
phase, where the remanent polarization is zero and which might be
interesting alternatives for stimulation with solely unipolar voltage
signals.

For a ferroelectric microelectrode with the specifications listed
in Table I, Eq. (14) yields a CIC of 35.7 uC/cm?, which is
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FIG. 4. Simulated ferroelectric hysteresis loop D vs E for the EFC configuration
(cf. Fig. 3 and Table |). By applying a voltage pulse with height Uy = 1V, the
ferroelectric reaches the maximum displacement field Dmax at E = Up/d. At zero
field, the ferroelectric remains in the final state +P;. For comparison, the linear D
vs E relationship equation (5) for a dielectric coating of the same thickness and
with &, = 13, e.g., dielectric HfO,,'7.1¢ is also shown.

dominated by the contribution of 2P; (see also Eq. (3) and Fig. 4).
Therefore, another interesting CMOS compatible material class is
Al_<ScxN, which exhibits ferroelectric properties with Py up to
110 uC/cm?,"" resulting in a CIC above 200 uC/cm?, which is in the
range of previously reported stimulation-thresholds for small con-
ductive microelectrodes (30 ym in diameter)’' and which is approx-
imately two orders of magnitude above the CIC of state-of-the-art
capacitive microelectrodes.'®?’ Note that the CIC of ferroelectric
microelectrodes might be further increased by the fabrication of 3D
structures.”? Furthermore, ferroelectric microelectrodes can also be
useful in the emerging field of flexible organic bioelectronics** by
utilizing the material class of ferroelectric polymers* as insulating
electrode coatings.

In conclusion, our results pave the way for utilizing ferro-
electrics for bioelectronic interfacing of electrogenic cells or tissue.
The resulting ferroelectric-neural interface is a promising approach
for extracellular electrical stimulation without toxic electrochemical
effects, which is crucial for implantable neuroprosthetic devices such
as retinal-implants or brain-machine interfaces. Clearly, substan-
tial future work is needed to develop stimulus protocols for specific
neuronal classes and for different ferroelectric materials with dif-
ferent remanent polarization and switching dynamics. Note in this
context that the occurrence of a voltage drop in a ferroelectric capac-
itor has been recently observed, which can be explained by retarded
nucleation of ferroelectric domains caused by charge inflow.** This
observation could be interesting for electrical stimulation with (con-
stant) current pulses instead of voltage pulses. Additional possibili-
ties for future studies on ferroelectric—neural interfaces are extracel-
lular electrical recordings by utilizing the ferroelectric layer as the
gate oxide of a ferroelectric field-effect transistor (FeFET), whose
polarization state is sensitive to extracellular potentials generated
by adjacent neurons. This might result in the coupling of artifi-
cial neurons based on FeFETs* with biological neurons for future
neuromorphic computing applications.
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