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Abstract

This thesis concerns experimental research of material functionality at the nano-

scale in electrochemically active materials performed through localised conductivity

measurements. Investigation covers characterisation of both material properties

and chemical structure together with modification of these properties through elec-

trochemical means. Three different material systems are investigated; a lithium-

ion conducting glass-ceramic, used in electrochemical cells as an electrolyte or

stabilising interface; thin film cerium oxide (CeO2), a material that has several

important applications relying on its electrochemical activity including catalysis

and solid fuel cell components; and proton-exchanged congruent lithium niobate,

which has applications in non-linear optics and wave-guiding technologies.

Introduction to the topic of conductivity in electrochemically active solid ma-

terials is provided in Chapter 1, discussing concepts relevant to the overall thesis,

motivations for research within this field and why nanoscale investigation is essen-

tial to further research. Materials under investigation are also introduced in this

chapter with Chapter 2 continuing on to practical experimental considerations

and limitations for research performed during the course of this study together

with the analytical and statistical methods used for data processing. Research

was carried out on a selection of different materials wherein each experimental

chapter addresses a different material and can be read independently with the

overall conclusions tied together in the final chapter- Chapter 6.

In Chapter 3 analysis of the local conductivity and reversibility of a lithium-ion

conducting glass ceramic was performed. Solid-state lithium conducting materi-

als are generally limited both by low ionic conductivity at standard temperatures

and by the reversibility of electrochemical reactions occurring at the interface or

within the electrodes. This work showed high reversibility for lithium extraction

and resorption under microscale gold electrodes which is an uncommon feature

in solid state lithium battery research. Investigations of surface reactivity, con-

ductivity and topographic changes were undertaken to try and determine the

basis for this phenomena. Results suggest an unusual interface between electrode

and electrolyte which is likely caused by absorbed water in the ceramic being ex-
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tracted beneath the metallic electrode creating an encapsulated liquid electrode

thereby enhancing reversibility. Electrochemical reactions between this encapsu-

lated water and lithium drawn from the film itself led to chemical reactions such

that the gold electrode acted as the cathode of an electrochemical cell and cyclic

voltammetry sweeps showed a net electrical current as a result of this reaction.

In Chapter 4 the electrical conductivity of thin film cerium oxide was inves-

tigated at the nanoscale. Spectroscopic conductive atomic force microscopy with

galvanic control was performed on thin films of CeO2 allowing observation of a

discrepancy in conductivity unrelated to topography. Conductivity changes were

ascribed to regional differences in the defect distribution of the film probed be-

neath the tip. Fabrication of microscale gold electrodes on the material surface

allowed alteration of film conductivity through application of external bias and

resistive switching was observed. Further atomic force and transmission elec-

tron microscopies (with elemental analysis via energy dispersive X-ray), were

attempted were made to locate the origin of this property change and the chem-

ical cause for these changes with the most likely cause attributed to formation of

conductive filaments.

Chapter 5 concerns the effects of proton exchange in lithium niobate (wherein

lattice lithium is partially substituted with hydrogen). Previous groups have

noted ionic conductivity in regions of lithium niobate altered by protonation,

which they assigned to the presence of interstitial hydrogen becoming mobile

under high electric fields. Experiments performed using MicroRaman confirmed

the presence of interstitial hydrogen in regions affected by proton exchange (PE)

with evidence of three neighbouring Raman bands likely caused by three similar

but not identical lattice sites for the interstitial ions. Switching-spectroscopy

piezoresponse force microscopy (SS-PFM) analysis showed that these mobile ions

can also introduce electrochemical strains to the material, detectable through

PFM or more accurately a mixture of PFM and electrochemical strain microscopy.

SS-PFM results suggest that hydrogen can be drawn from PE regions into the

pure crystal under high electric fields suggesting new methods of sub-micron

electrochemical patterning in LiNbO3.
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Chapter 1

Introduction & Motivation

Determination of links between local chemistry and the properties exhibited by

electrochemically active solid materials is essential for the development of practi-

cal devices, especially those whose chemistry, and hence properties, can be modi-

fied either post-fabrication or in operation. This thesis considers probing of local

functionalities and the electrochemistry governing such properties through highly

localised current detection methods. General motivations for research into elec-

trochemical functionality using nanoscale current detection methods and the ba-

sic theoretical background to mixed ionic and electronic conduction behaviour in

solids is provided in this chapter along with a background on the three materials

investigated.

1.1 Applications of solid state electrochemistry

The rigidity, compactness and general stability of solids makes them desirable

for any number of practical applications, in fact it is almost impossible to imagine

a world without them. Solid materials have exceedingly useful properties that

have long been exploited in technological applications, with prime examples being

the extensive use of solids in optics[1, 2, 3] and numerous solid-state electronic

devices[4, 5] to give just a cursory overview.

A comparatively recent extension to the practical applications of solid sys-

tems is solid-state electrochemistry[6, 7, 8], a field of research concerned with

the interaction between chemical change and electrical forces, both as a means

of generating electrical force such as an electrochemical cell or using electrical

force to induce chemical changes e.g. electrolysis. Although electrochemistry

in liquid and aqueous environments is a well established science with numerous

utilities; solid-state electrochemistry, in which the chemical activity of the solid

itself is considered(i), remains a field in its relative infancy but is finding rapid

expansion[8, 9] due in the main part to the benefits of solid materials.

(i) Solid-state electrochemistry typically covers systems in which at least active phase is solid.
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Useful implementations of electrochemically active solid-state materials are

numerous as solid materials are frequently much more practical to implement in

functional devices. Examples of electrochemically active solids include catalysts[10],

gas sensors[11, 12, 13] and chemically selective membranes[14, 15] amongst many

others. One of the best known uses is energy storage and generation as an alter-

native component for electrochemical cells[16] allowing a wider range of temper-

atures and increase safety compared to liquid electrolytes[17, 18].

In more general terms the differences in the properties of any solid and the

next are governed almost entirely by their chemistry which includes not only the

elemental composition of the material but also the structure. This includes the

effects of interfaces[19, 20, 21, 22] and defects[23, 24] such as grains and grain

boundaries[25, 26] all the way down to the atomic scale with changes in bonding

completely altering the phase with a classic example being carbon forming both

graphite and diamond.

Essentially, this means that functionality in many solids can often be con-

trolled through changes in material chemistry such that the physical proper-

ties can be tailored to those needed for any individual application or, in many

cases, novel characteristics introduced. Even relatively small changes in chem-

ical structure such as doping can change electronic[27], ionic[28], magnetic[29]

and catalytic[30] properties to name but a few examples. Alternatively, post-

processing of materials is essential, particularly for those with sub-micrometre

features, comprising of techniques such as lithography[31, 32], vital to the for-

mation of integrated circuitry, with less common techniques involve electrical[33]

and chemical[34] post-processing.

1.1.1 Limits of nanoscale chemical analysis

To improve on the desired characteristics of any of the functional materi-

als requires it is necessary to determine just how the local properties and local

chemistry are linked. In order to do so an analysis of these properties must be

performed at the relevant scale, necessitating analysis at the nanoscale and be-

low. Without a complete picture of the electrochemical properties advances in

this field and the potential for commercial devices is severely limited.
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Experimental analysis of electrochemistry at the nanoscale is exceedingly

difficult[35]. Standard techniques such as voltammetric, impedance and galvanic

measurements[36] traditionally occur at or above several tens of micrometres,

precluding direct relations between local chemistry and fundamental properties

from being obtained. Whilst ex-situ processes such as TEM allow highly accurate

detection of chemical structure attempting to match properties at the same scale

requires a different set of experiments.

One of the most versatile methods of detecting material properties at the

nanoscale is the scanning probe microscopy (SPM)[37] family of experiments

which detect interactions between a sample and a sharp probe. This allows lo-

calised analysis of material properties and with the use of different probes and

different forces applied to the tip and sample can image a number of different

properties with further discussion in section 2.1.

Electrochemical analysis through scanning probe microscopy (SPM) has only

recently begun to take off but offers great promise[38]. For surface electrochem-

istry a comparatively recent invention, scanning electrochemical microscopy[39] is

a method of directly assessing electrochemical activity at the solid-liquid interface

of materials. Practically, it uses current detection through an SPM tip immersed

in a solution and kept in close contact with a substrate. Electrochemical redox

reactions are then restricted close to the tip-surface junction, enabling Faradaic

current responses across the lateral surface of a material. However, scanning

electrochemical microscopy is limited to liquid-solid interfaces[40] which makes

it unsuitable for investigation of completely solid systems and can only operate

on materials where chemical redox produces noticeable currents requiring either

highly conductive materials or greater volumes of substrate (thereby losing reso-

lution).

For solid state materials a number of techniques have been established but

they have yet to be fully realised with only a handful of possible uses undertaken

and with new techniques being developed on a regular basis (recent review by

Strelcov et al.[41]). Therefore there is great value in exploring the use of SPM

techniques for electrochemical analysis and a number of insights that cannot be
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gleaned in any other fashion are expected.

1.2 Electrical analysis at the nanoscale

In this work experimental investigation concerns three well known applications

of solid-state electrochemistry and aims to link local chemical differences to the

active properties which make these materials suitable for practical devices. As

electrochemistry directly considers the connection between electrical forces and

chemical change some of the most effective methods for measuring a connection

between the two involve probing material conductivity.

For direct surface analysis at the nanoscale and for conductivity in particular,

one of the greatest advances in this field was the development of scanning tun-

nelling microscopy (STM)[42], enabling atomic resolution imaging of surfaces for

the first time[43, 44]. STM however, is limited in non-metallic systems requir-

ing highly conductive samples in order to maintain adequate feedback, prompt-

ing the design of a similar scanning probe system, the atomic force microscopy

(AFM)[45] which negates the requirement for highly conductive samples allowing

a much greater range of analysis though both vertical (topographic) and lateral

resolution are somewhat reduced.

Conductivity analysis in this work therefore made extensive of conductive

atomic force microscopy (CAFM), a conceptually simple extension to atomic force

microscopy (AFM) (described further in subsection 2.1.2- Electrical measure-

ments and conductive atomic force microscopy). Basic CAFM operation is per-

formed as with AFM but with an electronically conductive probe, allowing elec-

trical biasing and current detection with the assistance of low-noise current am-

plification. Although CAFM operation is generally unable to directly detect the

effects of redox reactions (electrochemical currents are on the order of fA, below

standard instrument sensitivity[46]) conductivity in electrochemically active ma-

terials is closely linked to chemical structure and therefore inferences can be made

about the chemistry of the material through maps of conductivity[47, 48, 49].

Since direct detection of the relevant chemistry is not possible through CAFM,

results are best improved by complementary study with spectroscopic and ele-

mental analysis methods. Both TEM and confocal Raman spectroscopy are used
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to affirm inferences made about local chemistry and are introduced in Chapter 2

in section 2.2 and section 2.4 respectively. Interpretation of conductivity mea-

surements made on electrochemically active materials must consider the origins

of conduction which requires some background knowledge in defect chemistry.

1.3 Ionic and electronic conductivity in solids

Conductivity in electrochemically active systems is directly tied into local de-

fect chemistry, with changes in crystallinity typically affecting both ionic and

electronic motion. In particular, ionic motion in crystalline solids is only pos-

sible due to imperfections in material crystallinity[50] and conduction in these

materials is typically approached from a view in which defects(ii) are responsible

for ionic transport through the material[51]. Point defects (one dimensional) can

be separated into a number of different groups including interstitials, which are

atoms in the crystal that are not part of the repeated lattice structure; vacan-

cies, which are unoccupied lattice sites; and extrinsic ions that are not part of

the standard crystal formula, consisting of dopants(iii) and unwanted impurities.

Ionic conductivity in crystalline solids occurs as a result of either ions hopping

between unoccupied lattice sites (vacancy mediated) or hopping between sites

outside the lattice as interstitials.

Defect chemistry also considers changes to electronic conductivity as a result

of crystallographic defects such as charge balancing from ionic defects leading

to electron transitions from their typical bands and introduction of mobile or

semi-mobile electrons and holes. Ionically conducting materials with σi >> σel

(ionic conductivity >> electronic conductivity) are referred to in this text as solid

electrolytes (SEs) or (super)ionic conductors and those with comparable (within

two orders of magnitude) σi and σel are referred to as mixed ionic-electronic

conductors though the term is often used for any material with non-zero ionic

conductivity including SEs[52].

(ii) Ionic conduction in amorphous systems is also expected to proceed through ‘hopping’
between low energy sites occasionally referred to as ‘defects’ though the term is typically avoided
for such systems.
(iii)Dopants are impurities intentionally introduced to crystalline (or occasionally glassy) ma-

terials to alter, or introduce, properties to a material.
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1.3.1 Defect notations for ionic conductivity

Notation for defects follows the common Kröger-Vink notation AC
S wherein

A specifies the defect type e.g. H, Li for interstitial chemical species, V for a

vacant lattice point and e′ and h for electrons and holes respectively. C denotes

the effective charge of the defect relative to the site it occupies, A for a single

positive charge, A× or A for neutral and A′′ for double negative and S denotes

the defect location (either the atomic symbol of the sub-lattice where it replaced

a regular atom of the crystal or “i” which specifies an interstitial site).

A simplistic view of ionic conduction can be obtained using a simple thermally

activated hopping model based on the Arrhenius equation (Eq. (1.1)) where σ0

(effectively the maximum possible conductivity) is dependent on charge, concen-

tration and mobility, Ea is the energy barrier between two adjacent sites for the

ion, with kB as the Boltzmann constant and temperature (T). The strong de-

pendence on temperature prompts many ionically conducting solid systems to be

operated at raised temperatures in order to allow significant current flow to be

observed.

σ =
σ0
T

exp

(
Ea
kBT

)
(1.1)

1.4 Aims and objectives

Electrochemistry at the nanoscale is explored in this work in three differ-

ent material systems with different applications. SPM analysis was required in

each case in order to try and solve some of the issues present in these devices.

Experimental aimed to show how these techniques can be used to assess electro-

chemical functionality at the nanoscale and to improve the functionality of the

given devices with potential application in similar systems.

1.4.1 Surface redox reactions and reversibility on a lithium-ion con-

ducting solid electrolyte

In Chapter 3 research was performed on the commercial electrolyte LICGC,

introduced in section 1.5. LICGC has one of the highest conductivities avail-

able for Li+ ion conducting substrates available[53] and its stability in ambient
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conditions makes it a promising contender for evaluation of lithium-air battery

systems. With in-situ formation of an electrode by means of lithium electroplat-

ing under the surface of a protective metallic cap, cyclability in this system is

seen to improve[54] and research aims to explore this process.

It is widely noted that the interface layers between metallic lithium and most

solid electrolytes are unstable[55] resulting in rapid deterioration of cell properties

for solid lithium electrolytes limiting their possible development as viable battery

system. Nanoscale analysis of these layers could help locate important interface

locations, not just those for efficient ionic transfer, but also those responsible

for degradation, thereby giving insight into the local electrochemical causes and

consequently offering potential solutions.

1.4.2 Conductivity measurements of thin film CeO2

Chapter 4 concerns a number of thin film cerium oxide samples were ob-

tained for analysis. Cerium oxide, introduced below-section 1.6 has an active

redox chemistry and supports numerous oxygen vacancies [56] Before attempting

nanoscale analysis of these samples via SPM and TEM the macroscopic properties

of each material should be analysed so as to allow relations between the two to be

drawn up. The general aims for this chapter are to analyse local conductivities

and electrochemical activities on the nanoscale and to tie this into the local struc-

ture observed within that area (e.g. vacancy concentration, grain structure and

strain). By doing so relations between the two should be observable which can

help link macroscopic properties to those observed at nanometre length scales.

1.4.3 Resistive switching in thin film CeO2

In addition to the work investigating nanoscale conductivity experiments were

also performed on thin films of cerium oxide testing its use as a resistive switch-

ing component, discussed in section 4.4. Although not directly related the use

of ceria as a SOFC, theories on resistive switching currently rely on the for-

mation of conducting filaments between electrodes due to a reorganisation of

oxygen vacancies[57]. The complex interplay between deviations in stoichiometry

and carrier conductivities are central to this research and therefore are worth

exploring. In particular an anode formed from a mixed conducting mixed ionic-
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electronic conductor (MIEC) could help boost efficiency[58, 59] by saving space

and maximising gas exchange (an ion conductor requires a metal component to

transfer electrons to do work in the cell and reaction is restricted to the triple

phase boundary greatly reducing active surface area). Therefore improving ei-

ther ionic or electronic conductivity could be of use in practical application and

establishing a more direct link between the two would be incredibly useful.

1.4.4 Effects of proton exchange on local ferroelectric switching in

LiNbO3

In Chapter 5 the ferroelectric (a material that exhibits spontaneous electric

polarisation as discussed in subsection 1.7.1) LNO shows significantly different

properties following chemical patterning through proton exchange which is dis-

cussed in subsection 1.7.4 including conductivity in exchanged regions[60]. Elec-

trochemical analysis was required to link this new conductivity to the altered

chemistry of the film.

Additionally the ferroelectric properties were also altered by the exchange pro-

cess. LNO is an important material for photonics and sensing purposes[61] and

the ferroelectric properties are exploited in various ways but perhaps most notably

in non-linear optics for frequency mixing and conversion[62]. Sub-micrometre tai-

loring of frequency doubling in LNO could lead to high efficiency conversion even

of wavelengths below this, but poling methods are restricted by limitations placed

on the formation and relative stability of written domains. Better understand-

ing of switching kinetics and domain patterning techniques could lead to domain

writing with reduced spatial dimensions for previously unavailable applications,

help alleviate losses from imperfect spacing in current designs and have potential

wide reaching impacts in various other fields[63].

1.5 Background information on OHARA inc. Lithium-

ion conducting glass-ceramic™ (LICGC)

Chapter 3 details investigations into ionic conductivity and the effects of lo-

cal chemistry at the surface of a thin film of a commercially produced lithium

conducting glass-ceramic, LICGC AG-01 thin (∼500 µm) plates[53] designed for



9

use as a SE or electrolyte/electrode interface protector. LICGC is a solid lithium

ion conducting material of the sodium (Na) (S)uper (I)onic (CON)ductor (NA-

SICON) family of chemical structures. Solid-state ionic conduction in certain

NASICONs can occur as the structure forms with a series of [PO4] tetrahedra

and [MO6] octahedra linked at corner oxygen atoms, see diagram in Fig. 1.1.

Filling of cation sites between these polyhedra is only partial allowing hopping of

cations between sites leading to ionic conduction.

Extensive research has been performed on improving the properties of NASICONs[64,

65] as the atomic positions may be occupied by a large range of similar atoms

and the materials can adopt several different crystalline structures, features which

allow significant changes to material properties and ionic conductivities of syn-

thesised products. The general formula for NASICONs is Ax[M/M′](BO4)
3. In

this formula A is a light element from group I or II although some forms have

been made with elements from different groups and heavier elements[66]. Site B

is typically occupied by phosphorus[67] but can be all or partially replaced with

Si, S or As and a number of atoms suitable to sit within the oxygen tetrahedra. M

can be filled with a number of different transition metals, including for example

Al, Ge, Ti, Cr. Valence changes in the M components allow a certain degree of

control over lithium content (with lithium in site A) in the crystal through charge

conservation, well illustrated by a generalised formula with phosphorus in site B-

Li1+2x+y–zM
(II)
x M(III)

y M(IV)
2–x–y–zM

(V)
z (PO4)3.

LICGC shows high ionic conductivity (10e−4 Scm−1 at room temperature[53])(iv),

remaining thermally stable up to 600◦C where conductivity increases by more

than two orders of magnitude. It is non-flammable, a useful property for batt-

eries, and atmospherically stable with minimal electrical conductivity making it

suitable for use as a SE. Chemically the material is composed of lithium, alu-

minium, germanium, titanium, silicon and phosphorus, with a chemical formula

of- Li1+x+3zAlIIIx (Ti,Ge)IV2–x–y(Si3zP3–zO12).

One of the major steps for improving the properties of LICGC in particular is

in its manufacture process. Unlike a standard ceramic, LICGC is manufactured

(iv) LICGC has shown non-zero conductivity at 150K[69], a value significantly lower than
observed in most liquid electrolytes though the conductivity is impractical for SEs.
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Figure 1.1: Image of a three-dimensional (3D) visualisation created in VESTA[68]
of the repeated crystalline structure shown in the NASICON with oxygen poly-
hedra included for PO4 in lilac and MO6 in red where M is a metal ion of Al, Ti
or Si with some doping of Ge in LICGC. Lithium locations are shown in purple
with white indicating the degree of filling at each site. These sites provide a
relatively low energy path for ionic transport with the placing of sites such that
ionic transport can follow a 3D path with limited σion anisotropy.

as a glass-ceramic, a process where an initial melt is formed as an amorphous

glass sheet before annealing is performed leading to partial crystallisation and

phase separation producing a disordered granular structure of crystallites. This

forming process is considered responsible for the relatively high intergranular

conductivity[70, 71] and low porosity, and therefore water impermeability[53],

that LICGC displays, features which are not present in several similar ceramics.

The structure of the LICGC glass-ceramic is formed of three major gran-

ular components- two ionically conducting crystallites with chemical formulae

of [Li1+xAlxGeyTi2–x–yP3O12] and [Li1+x+3zAlIIIx (Ti,Ge)IV2–x(SizPO4)3]
(v) and an ion-

ically blocking, piezoelectric material phase of [AlPO4]. Fig. 1.2 shows a backscat-

tered scanning electron microscopy (SEM) image of a polished LICGC surface,

highlighting the granular structure observed at the surface of the material.

LICGC finds uses in certain battery designs as an electrolyte/electrode sepa-

ration layer enhancing the safety of practical devices and minimising irreversible

(v)No literature concerning the difference in conductivity between these two chemically dis-
similar grains was found by the author.
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Figure 1.2: Image reproduced from OHARA presentation on the properties of
LICGC[53] displaying a) SEM backscattering response with three crystalline
phases.

degradation for both solid state and aqueous electrolyte batteries. Most research

focuses on improvements to the overall NASICON structure of similar materials,

substituting atoms designed to maximise conductivity through changes in the

structure of the material itself. However, many of the major limitations for solid

state batteries relate to the interfaces of electrolyte and electrodes, particularly

when exposed to atmospheric components. In this work the surface conductivity

and reversibility of lithium extraction at the surface of LICGC is investigated by

conductive atomic force microscopy (CAFM) and current-voltage-deflection (IV-

Z) spectroscopy, described in subsection 2.1.2 and subsection 2.1.6 respectively.

1.6 Background information on cerium oxide

Chapter 4 describes investigations into the role of defect chemistry in a thin

film of cerium oxide and connections to local electronic conductivity. Pure cer-
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ium(IV) oxide (CeO2), or ceria, is a ceramic material that crystallises in the

cubic fluorite lattice structure, shown in Fig. 1.3a. One of the most useful fea-

tures of the fluorite structure is that it can sustain a high degree of disorder and

substitution[72], particularly at higher temperatures. When exposed to standard

atmospheric conditions the structure partially reduces with oxygen released from

the lattice to form CeO2–x with the degree of vacancy formation dependent on

temperature and oxygen partial pressure.

Oxygen evolved from the surface results in the formation of oxygen vacancies

within the crystalline lattice VÖ
(vi) in place of the former anion together with

charge compensation of two quasi-free electrons (see Eq. (1.2)) that localise on

nearby cations(vii) changing Ce4+ → Ce3+.

a) b)

VÖ

Figure 1.3: Image of a) the unit cell of slightly reduced CeO2–x displaying a single
oxide vacancy (marked with translucent red sphere), yellow spheres are Ce cations
and blue spheres are O anions. Image b) is a schematic of the experimentally
recorded band structure of CeO2 reproduced from[75] where the dimmed colouring
indicates the wide range of values recorded from various experimental techniques.

1.6.1 Properties of cerium oxide

The active redox chemistry of ceria is exploited in applications such as cata-

lysis[76, 77], gas sensing[11, 12, 13], intermediate-temperature SOFCs componen-

ts[78, 79] and chemomechanical polishing[80] amongst a number of other appli-

(vi)At small deviations from stoichiometry defects in cerium oxide are largely doubly ionised
oxygen vacancies[73] of the form shown in Eq. (1.2) with larger deviations showing higher
proportions of singly-ionised and neutral vacancies. In this work only small deviations are
expected and vacancies are therefore treated as if they are doubly ionised.
(vii)The exact location of these electrons is still somewhat contentious, see for example[74]. The
energy required to de-localise these electrons so that they act as free (or quasi-free) polarons is
relatively low and oxygen vacancy defects therefore have a large effect on electronic conductivity.
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cations. Both ionic and electronic conductivity can be observed in cerium oxide

and both can be altered significantly through morphological and compositional

changes.

Electronic conduction in ceria is limited as it is recognised as a wide bandgap

semiconductor (≈6 eV between the O(2p) valence bands and the Ce(5d) con-

duction bands[81]). However, Ce(4f) states exist between these two bands (a

schematic of the band structure is shown in Fig. 1.3b) and electrons introduced

to the material can occupy this very narrow band[82] though they become par-

tially trapped in this state with a small energy barrier that must be overcome[75].

In ceria these quasi-free charges are recognised as small polarons[83], which can

be described as electron-phonon coupling as the charge will be screened by lo-

cal polarisation of the lattice, displacing nearby ions. Conductivity in CeO2 and

CeO2–x is therefore expected to follow a thermally activated hopping mechanism

(see Eq. (1.1)) rather than through band conduction, affecting the interpretation

of current-voltage (IV) results in subsection 4.3.4.

2Ce×Ce + O×O→ 2Ce′Ce + VO +
1

2
O2(g) (1.2)

Ionic conductivity occurs as a result of partially mobile oxygen vacancies with

conductivity dependent mainly on the concentration of oxygen vacancies and

temperature, see Eq. (1.1), though vacancy transport and distribution can be

significantly altered at grain boundaries[84]. At raised temperatures in the range

of 500-800◦C vacancies can diffuse swiftly through the lattice raising the possi-

bility of using ceria as a SE. Similarly to the well known oxygen ion conducting

SE yttria stabilised zirconia[85, 86], practical electrolytes utilising CeO2 tend to

be doped, typically with trivalent cations such as gadolinium, resulting in the

formation of oxygen vacancies with fewer quasi-free electrons as in Eq. (1.3). For

a trivalent dopant, two dopant atoms provide one oxygen vacancy negating the

entropic contribution of reduction (vacancies form solely due to doping concentra-

tions) reducing the number of free electrons making ionic conductivity dominant

providing the necessary characteristics for a SE.
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Gd2O3 + 2CeO2→ 2Gd′Ce + 3O×O + VO (1.3)

1.6.2 Ceria as a SOFC electrode

As electron conductivity in ceria is difficult to suppress completely the MIECs

nature has been exploited to create an anode for SOFCs[87, 88] enhancing the

active triple phase boundary for redox reactions to occur. Porous and struc-

tured MIECs therefore gave substantial surface area for oxidation and overall gas

exchange in comparison to electrodes made of separate ionic transporting and

electron gathering components. At present most electrodes are still formed as

ceramic/metal cements[89] to maximise their electronic conductivity, but tech-

niques to increase the electronic conductivity of the ceramic oxide such as using

nanocrystalline materials are increasing[90] and MIECs are generally recognised

as more suitable electrodes for gas exchange processes[91]. As an addition to the

investigation of localised conductivity in thin film cerium oxide work also con-

sidered altering the conductivity of the films through a gold electrode and the

process of resistive switching (RS).

1.6.3 Mechanism of resistive switching in CeO2

Resistive switching is a term that covers the properties of two-terminal(viii)

devices that have a reversible change in resistance under application of external

electric fields and currents. Typically this involves changing between two states,

a high and a low resistance state though some structures allow for multiple re-

sistance states to be accessed dependent upon the history of electrical processing

performed on the material[92, 93].

Mechanistic origins for switching have been attributed to two major effects;

one being interfacial reactions e.g. oxygen exchange with connecting layers typ-

ically resulting in additional charge carriers or trapping states and secondly in

the formation of conductive paths, commonly referred to as filaments, formed

(viii)One of the main strengths of resistive switching is that devices can be created with just
two terminals, potentially saving space when compared to typical logic circuitry such as field
effect transistors. However, such switching devices have been created with more terminals in
order to achieve other potential improvements such as multi-state logic components though
most components aim to be two terminal based.
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between electrodes through mechanisms such as ionic path formation between

electrodes[94, 95] reorganisation of chemical species or material defects[96] into

regions of enhanced conductivity or phase changes[97] such as semiconductor-

metal transitions. In many cases these two effects are not clearly separated e.g.

work by Liao et al.[98] who showed that reactive electrodes show improved switch-

ing characteristics and in work using by Dou et al. who used silicon interlayer to

improve switching characteristics[99].

Whilst resistive switching can be underpinned by several different mechanisms

in ceria it is the oxygen vacancy chemistry that has been linked to observations of

this effect[100, 101]. Mechanistic origins for RS have been attributed to two major

effects, one being interfacial reactions e.g. oxygen exchange with connecting

layers[98] and secondly conductivity changes within the film due to changes in the

defect chemistry of the film itself attributed to charge trapping/detrapping[102]

and oxygen vacancy realignment to form conductive filaments[103]. No clear

picture for the fundamental mechanism of RS in cerium oxide can be determined

but this may be due in part to the numerous methods of altering the film with

the dominant switching mechanism dependent on the materials and processes

used. What is clear however is that the local chemistry of the film directly affects

conductivity and investigation of both chemistry and conductivity is required to

clarify the RS mechanisms of ceria based devices. section 4.4 investigates the

mechanisms of RS in a thin film of cerium oxide when covered by a microscale

gold electrode.

1.7 Background information on lithium niobate

Many of the properties of lithium niobate rely on the strong uniaxial ferro-

electricity it displays. Ferroelectrics are used in a number of devices and improve-

ments in the control of domain structures formed on these materials is an ongoing

goal[63]. A brief introduction to piezoelectric and ferroelectrics is provided below

to clarify how this is useful for LNO.

1.7.1 Background theory of Ferroelectrics

Piezoelectrics are materials in which stress applied to the lattice can change

internal polarisation, inducing or altering an internal electric field (which is typi-
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cally charge compensated by internal or environmental charged species) or, in the

converse piezoelectric effect, an externally applied field will strain the lattice[104].

Although all dielectrics show some degree of polarisation under applied electric

field the effect is minor. Piezoelectricity only occurs in materials lacking centro-

symmetry (wherein at least one atom in a unit cell with a position defined by

x, y, z does not have repeat of the same chemical element at −x,−y,−z, inver-

sion symmetry). The piezoelectric effect is a response to stress altering energy

levels within the crystal structure which leads to an alteration of electric dipole

moments within unit cells. Notably, under an external electric field that is not

perpendicular to any dipole moments, an inverse effect is also observed in which

the unit cell exhibits strain known as the inverse piezoelectric effect. Piezoelectric

materials find use in a number of practical applications from producing sparks

for ignition to sensing and detection devices.

Ferroelectrics are a subset of piezoelectric materials that have a spontaneous

electric polarisation even in the absence of externally applied forces that may be

reversed by application of an external field (Eext)[105]. Switching of the spon-

taneous polarisation P is possible through application of large enough external

fields and the response of the material polarisations to Eext will show hysteretic

behaviour very similar to the magnetisation of ferromagnets, after which ferro-

electrics were named. Fig. 1.4 displays an idealised version of this hysteretic

P-Eext behaviour, including the remnant polarisation (PR) that is the sponta-

neous polarisation in the absence of applied field, the coercive field (EC) required

to reduce polarisation to zero (when field is opposed to internal polarisation) and

the saturated polarisation (PSat) in which polarisation and field are collinear and

every dipole is aligned with this field maximising polarisation (although increas-

ing external fields can increase crystal distortion, increasing polarisation).

1.7.2 Properties of lithium niobate

Chapter 5 covers investigation into local chemistry and the effects of hydrogen

interstitials on material properties in lithium niobate (LNO) affected by chemical

patterning involving the exchange of lithium ions in the lattice with hydrogen-

proton exchange (PE). LNO is a synthetic compound, chemical formula (LiNbO3),
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Figure 1.4: Schematic of a ferroelectric hysteresis curve showing polarisation (P)
against applied electric field Eext. Locations of remnant polarisation (PR, polar-
isation in the absence of applied field), coercive field (EC , applied field required
to reduce net polarisation to zero) and PSat (the saturated polarisation where all
dipoles are aligned) are also labelled.

which displays a number of interesting properties that have resulted in significant

research being devoted to this material. It is a wide band gap semiconductor,

transparent for wavelengths from 350 nm to 5 µm[106] and lacks centro-symmetry

displaying the piezoelectric effect and a stable uniaxial ferroelectricity (Curie tem-

perature ≈ 1100 ◦C)[107]. Fig. 1.5a and Fig. 1.5b show the structural differences

between paraelectric and ferroelectric forms of LNO (LNO is a displacement fer-

roelectric) displaying the positional shifts of lithium atoms above and below TC

respectively.

LNO also displays birefringence and photoelastic effects[109] with compar-

atively high differences between ordinary and extraordinary refractive indices
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Figure 1.5: Schematics of ferroelectric displacement and poling for LNO. The
structural differences of lithium and niobium ion placements in the hexagonal
unit cell of LiNbO3 (including oxygen octahedra) between a) paraelectric and b)
ferroelectric phases are indicated (adapted from Manikandan et al.(2015)[108]).
Image c) shows the method and ferroelectric domain structure formed by bulk
electric field poling of LiNbO3 to create periodically poled lithium niobate, making
use of a conductive gel and masking to limit poling to specified locations.

along with widely recognised large[107] electro-optic coefficients (38 pm/V for

stoichiometric and 31 pm/V for congruent lithium niobate (CLN)[110]). Due to

the materials numerous properties and the fact it can be grown as large single

crystal though the Czochralski process(ix)[113] it finds use in numerous practical

applications.

Because of its high electromechanical coupling coefficient[114, 115, 116], the

practical efficiency for the conversion between electrical and mechanical energy,

it is frequently used for surface acoustic wave devices, which use the piezoelectric

effect to transduce mechanical and electrical signals, sometimes relying on exter-

nal conditions to alter acoustic prorogation thereby acting as an environmental

sensor[61]. LNO is also employed in numerous optical applications, making use

of the unusual optical properties and the strong electro-optic coefficients[117] of

lithium niobate with several methods of forming waveguides described for lithium

niobate[118] and a large portion of research concerning non-linear optical effects in

LNO[119]. The numerous electro-optical properties of this material mean that is

considered to be one of a few materials suitable for integrated optics[120, 121, 122],

named for its similarities to integrated electronics.

(ix) It is worth noting that the standard Czochralksi process for lithium niobate produces a
slightly lithium deficient crystal referred to as CLN which has a sizeable effect on a number of
the material properties compared to a perfect ratio of 1:1:3 of Li, Nb and O[111, 112].
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1.7.3 Ferroelectric switching in LiNbO3

The ferroelectric nature of LNO has also been exploited largely as a means of

developing and controlling the optical properties of the material to develop spe-

cific devices. Perhaps most notable for lithium niobate in are the periodic poling

methods used to develop applications in non-linear optics[119] such as frequency

mixers and wavelength converters[123]. Periodic poling of domain structures in

LNO enables modulation of the non-linear optical susceptibilities and therefore

fabrication of microstructured devices, such as frequency doublers down to the

optical limits of transparency[124] (requiring a periodicity of 3-10µm for the most

efficient first order conversion of optical wavelengths[125]).

Poling is typically performed using electric fields externally applied through

an electrolyte in combination with surface masking[126] to create patterned 180◦

domains, a process referred to as periodically poled lithium niobate (PPLN)

schematically shown in Fig. 1.5c. However, poling of LNO is difficult due to

its exceedingly high coercive field, frequently cited as 21 kV/mm for the congru-

ent form[127, 128, 129] although often found in practice to vary considerably with

composition and external conditions[128, 130].

Devices are generally restricted therefore by difficulties in the formation and

relative stability of written domains[131], limiting the available frequencies avail-

able for conversion and lowering efficiencies through imperfect domain spacing.

Whilst improved techniques and thinning of the LNO crystal can improve switch-

ing characteristics[132] a better understanding of the precise switching kinetics

and domain patterning techniques could lead to domain writing with reduced spa-

tial dimensions[133] for previously unavailable applications, help alleviate losses

from imperfect spacing in current designs and have potential impacts in various

other fields.

As the size of domain structures, and in particular the effects such as domain

spreading (such as in work by Manzo et al. (2011)[134]) become more obvious,

are pushed further to their limits the necessity of nanoscale analysis becomes

more and more apparent[135] and more recent work such as that by Neumayer

et al.[130, 136] show how the importance of accurate analysis.
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1.7.4 Proton exchange in LiNbO3

A commonly used alternative method of manipulating crystal properties in

LNO that has found significant traction in optical applications is proton exchange

(PE) initially explored by Jackel and Rice[137, 138, 139]. PE involves a thermally

activated substitution of lithium with hydrogen in the crystal lattice; to achieve

this the material is patterned with a protecting mask and exposed to an acid

(typically benozic or toluic acid[140]) at raised temperatures for several hours

or more[141] prompting diffusion of hydrogen ions into the crystal, ion exchange

and out diffusion of lithium. The resultant hydrogen exchanged lithium niobate

(H(x)Li(1−x)NbO3) (HLNO) can be expressed simply in Eq. (1.4) with the value

of x dependent on the processing conditions used.

LiNbO3 + Hx→ Li1–xHxNbO3 + Lix (1.4)

Whilst the basic exchange process is quite simple H(x)Li(1–x)NbO3 has a com-

plex phase diagram based on the methodology used for fabrication along with

further changes due to processes like annealing[142] and reverse exchange (to

create buried waveguides and repair surface damage)[143]. Fig. 1.6b shows the

several recognised phases of HLNO consisting of the soft proton exchanged α

phase and the more heavily exchanged β phases (of which the β3 and β1 phases

are explored in this work) with the κ phases occurring only through annealing

of the sample[144]. Fig. 1.6a shows how the phase relates to the effects on the

extraordinary optical index (δne) in Fig. 1.6b and the strain along the optical

z-axis (ε33).

Exchange affects both ordinary and extraordinary refractive indices allowing

simple formation of patterned waveguide structures[147, 148] and also directly

affects the spontaneous polarisation of the crystal which may be exploited in

non-linear optical devices. It is the formation of waveguides and their use in

integrated optical devices[120] that has predominantly driven research into PE in

LNO.

Notably combinations of electrical poling and PE have been used to create

non-linear devices[149, 148] and of further interest is the effects the two processes
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Figure 1.6: Diagrams of the effects of different degrees of proton exchange and
associated phases for HLNO. In a) (Adapted from De Micheli (2006)[145, 146])
the change in the extraordinary refractive index (δne) is plotted against the strain
along the z-axis (ε33) and in b) (reproduced from Korkishko et al. (1997)[144])
the relevant phases for a given exchange value and the temperature required to
create such a phase are shown. Values are marked to show whether they were
obtained through direct exchange or whether an annealing process was necessary
(κ phases can only be obtained through annealing[144])

have on one another. Analysis of these interactions requires extensive knowl-

edge both of the chemistry and the ferroelectric properties of the material at the

microscale and below. In this work both field poling and the effects of PE on

ferroelectric switching are studied using SPM techniques, discussed below in sec-

tion 2.1 allowing nanoscale investigation of the switching properties when affected

locally by PE.

1.7.5 Fabrication method of proton exchanged congruent LiNbO3

Fabrication of the sample used in this work was performed by Michele Manzo

at KTH Royal Institue of Technology, Stockholm. A single crystal of CLN was

chemically exchanged using benzoic acid under a mask to create a periodic pat-

tern of proton-exchanged congruent lithium niobate (PE:CLN) (full PE method

described elsewhere [60]). Chemical exchange under the mask produced stripes

parallel to the y-axis with a periodicity of 34 µm, consisting of 5 µm wide CLN

stripes and PE:CLN channels with a width of 29 µm along the x-axis. The maxi-
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mum depth of the exchanged region was 7.7 µm in the z-axis with a characteristic

shape seen in other experiments[60]. Exchange leads to the formation of β-phase

layers that were experimentally determined[60] to consist of 4.6 µm of β3- HLNO

and 3.1 µm of β1-HLNO in depth along the z-axis of the material (as per image

in Fig. 1.7c) determined through the inverse WKB method[150, 151].

Figure 1.7: Schematic of the wedge-shaped sample of PE-LNO and the relevant
buried HLNO phase waveguide structure. Image a) shows the structure viewed
from the top-down (z-axis) that is directly probed by Raman (scanning region
used in the Raman analysis marked with a dashed black line) and by switching
spectroscopy piezoresponse force microscopy (SS-PFM) marked with a dashed
green line, notably depth increases along the z-axis (see c) cross-section). Image
b) shows a three dimensional view of the wedge shaped structure which is used
and c) shows a cross-section through part of the exchanged region showing how
the relative composition and depth change with distance along the y-axis.

After removal of the mask an electrode of Au was deposited on top of the

crystal (+z face) and the sample was subsequently rotated 180◦ with respect to the

x-y plane, turning the sample upside down, and then polished to an angle of 15.9◦

against the zy-plane to allow investigation of the sample cross-section. Fig. 1.7

shows the effective wedge shape produced by this process with the locations used

for experimental work marked with a dashed black line for Raman spectroscopy

and a dashed green line for SS-PFM measurements.

High frequency piezoreponse force microscopy (PFM) was performed on the

as-polished sample surface before SS-PFM[152] was used to investigate ferro-
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Figure 1.8: Image of a) optical mapping (with false colours) of periodically
PE:CLN located at the thinnest section of the wedge shaped sample with re-
gions of pure CLN and PE:CLN marked together with an overlay, indicated by
a dashed rectangle, of a scanning Raman response showing clear differences be-
tween the two regions. Image b) shows the same Raman mapping zoomed in
highlighting the different regions.

electric switching characteristics and periodically pole domains in the sample.

SS-PFM measurements were taken by Michele Manzo at Oak Ridge National

Laboratory using an Asylum Research Cypher AFM.
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Chapter 2

Background & Experimental methods

This chapter introduces the experimental techniques and equipment used to in-

vestigate electrochemsitry on the naoscale in this work. Material functions and

nanoscale conductivities are briefly introduced with a focus on SPM techniques

for localised measurements of material properties.

2.1 Scanning probe microscopy techniques

Scanning probe microscopy (SPM) is the collective name for a series of exper-

imental techniques based on detecting interactions between a sharp probe and

the sample of interest. Ideally the sharp probe limits interactions to a small area

and a number of different forces between probe and sample are then possible.

SPM can be used to detect various material characteristics from surface hardness

and topography to electrical and magnetic properties as a very limited list of

examples. Probe-surface interactions can be used with raster scanning to build

two dimensional images of material properties over a given area or on a point by

point basis for more detailed spectroscopy.

In addition to the varied ways in which the probe can be fucntionalised[1]

one of the greatest advantages of SPM, especially compared to standard optical

techniques which are diffraction limited, is the increase in resolution offered by a

local probe, which has been shown to attain atomic resolution in some cases[2, 3].

Although many techniques and different modes of feedback exist discussion will

be limited to those relevant to this work.

2.1.1 Principles of atomic force microscopy

All experimental investigation (Chapter 3, Chapter 4 and Chapter 5) was per-

formed primarily using techniques from the scanning force microscopy, more fre-

quently referred to as atomic force microscopy (AFM), family of scanning probe

microscopies in which tip-surface interactions are detected via minor displace-

ments of a flexible cantilever due to the force exerted between the two depicted

in Fig. 2.1. Topographic measurements, the basis for many AFM techniques, are



43

generally taken in tapping (frequently referred to as intermittent or alternating-

contact) or contact modes of operation(i).

A B

C D

Light

Cantilever

4 quadrant

X, Y, Z

Source

Piezotube

photodetector

PID Controller

A

Figure 2.1: Schematic of CAFM operation for a head-scanning AFM such as the
Veeco 3100 used in Chapter 3 (wherein lateral x-y control of the probe occurs at
the cantilever holder above the sample) consisting of a flexible cantilever with a
sharp probe which is used to detect tip-surface interactions. Electrically conduct-
ing probes or those have been coated in conductive materials may then be used to
detect current flow between the sample and the nanoscale tip thereby providing
a basis for lateral conductivity measurements as described in subsection 2.1.2.

In the contact mode of operation, used throughout this work, probe and sam-

ple are brought close together until the repulsive effect of overlapping electron

clouds (due to the Pauli exclusion principle), begins to take effect and the probe

tip and surface are said to be in contact- see Fig. 2.2 and C and D in Fig. 2.3.

Forces between tip and sample then lead to minor deflections of the cantilever

which are typically(ii) detected and amplified by shining a laser or super-bright

(i) Non-contact AFM is another frequently used form of tapping mode that operates in the
weak attractive portion of the force-distance curve. It therefore avoids almost all tip and sample
degradation at the expense of resolution and is typically used for imaging exceedingly fragile
samples which are not considered in this work.
(ii)Optical detection and amplification are the best known and most commonly used methods

of detecting tip deflection but other methods such as acoustic sensing and piezoelectrics are
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light emitting diode onto the cantilever surface (either fabricated from reflective

materials and polished or processed with a reflective layer) and tracking the re-

sponse with a four-quadrant photodetector (see Fig. 2.1) which can detect and

digitise both vertical (vertical bending) and horizontal (torsional twisting) dis-

tortions of the cantilever.

Distance

F
or

ce

Attractive

Repulsive
Weak attractive
interaction begins

Repulsive effects of
overlapping electron clouds

Contact AFM

Non-contact AFM

Intermittent contact
AFM

begin to take effect (∼1 Å)

Figure 2.2: Schematic of the Leonard-Jones potential (intermolecular force be-
tween two neutral atoms) and the various modes of AFM that may be used in
specific regions of this curve.

Once in contact with the surface it is possible to perform force-distance anal-

ysis (as in Fig. 2.3) and various spectroscopic methods such as the point by point

IV used in Chapter 4-subsection 4.3.1 and the SS-PFM, described in subsec-

tion 2.1.10 and used in Chapter 5-section 5.3. Perhaps the most important use

of AFM techniques involves rastering the probe in the X-Y directions across the

sample surface allowing for two-dimensional (2D) mapping of material properties

(and topography) at exceedingly high lateral resolutions.

In this work two separate system were used the Veeco Dimension 3100 with

a Nanoscope IIIa controller which performs raster scanning by moving the probe

above the sample or by moving the sample with stage control, a method used in

the Asylum Instruments MFP-3D (the major difference between these systems

being improved quality measurements on the Asylum system due to a modernised

design and control system).

used for certain applications.
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Figure 2.3: Diagram of a deflection(force)-distance curve recorded via AFM based
on data obtained in Chapter 3 when recording spectroscopic IV-Z measurements.
Initially the probe is driven towards the sample surface (A) until interactions with
the surface begin, deflecting the cantilever, initially showing (B) an attractive
force (snap to contact[4]). Driving the probe closer to the surface (C) results in a
repulsive force between tip and sample with the shape of the curve corresponding
to the strain coupling between cantilever flexion and sample stiffness. Probes
are driven closer to the surface until a predefined deflection limit is reached (D)
at which any spectroscopic measurements are typically taken before being lifted
away from the surface. Typically samples show a greater attractive force when
removing the cantilever from the sample surface, known as the adhesion (E)
which depends on numerous inputs including relative atmospheric humidity and
the chemistry and morphology of both probe and surface[4].

Typical AFM operation results in significant changes in the height (Z-direction),

which would lead to unstable deflection results and rapid damage of tip and sam-

ple. One of the major functions of an AFM control system is to rapidly and

accurately adjust probe height during operation to avoid these issues(iii). Height

control is performed using a piezocrystal(iv) with a deflection based feedback loop

making use of techniques such as proportional-integral-derivative control or sim-

ilar methods to maintain a steady deflection setpoint[5].

Although not as accurate as STM this control system allows exceedingly accu-

rate measurements of vertical and lateral resolution (frequently stated as approx-

(iii) In some cases feedback is removed and only deflection is recorded.
(iv) Coarse height control is often performed mechanically such as when bringing probe and

sample together and the piezo system is then used once in contact.
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imately 1 and 10 Å respectively[6, 7]). Practically resolution may be lower than

this depending on experimental conditions including factors such as the control

system, the probe used which must be carefully selected sometimes on a sample

by sample basis and the local environmental conditions including temperature,

pressure and the ambient chemistry.

Selecting an adequate scan rate for rastering is also important, too fast and

the feedback system is unable to compensate reducing accuracy and increasing

probe/sample wear whereas too slowly would limit experimental throughput and

be subject to distortions through thermal drift[8, 9]. PPP-EFM Pt/Ir coated

silicon cantilevers from Nanosensors[10] were used throughout this work for their

decent mechanical properties and perhaps most importantly for their conductive

properties for use in CAFM measurements.

2.1.2 Electrical measurements and conductive atomic force microscopy

CAFM is a conceptually simple extension of contact mode AFM that uses an

electronically conducting tip as an electrode to record electronic current whilst

continuing to use cantilever deflection as a feedback mechanism for probe height,

allowing concurrent detection of topography and local conductivity. As a result

of this alternative feedback mechanism CAFM is capable of analysing the com-

paratively low ionic conductivities[11] such as those shown in LICGC[12] and

hydrogen exchanged lithium niobate (H(x)Li(1−x)NbO3)[13] and covered in Chap-

ter 3 and Chapter 5 respectively, and the properties of semiconductors such as

the CeO2[14] covered in Chapter 4 which would be difficult or impossible to assess

using STM.

In most cases electrical potential is applied to the sample as per Fig. 2.4

or a bottom electrode to which the sample of interest is either grown upon or

affixed with a highly conductive interlayer. With the tip then held at virtual

ground a current can flow between the bottom electrode and the mobile upper

electrode of the tip. As CAFM relies on current drawn through the probe tip,

electronic conductivity can be imaged with extremely high lateral resolution and
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Figure 2.4: Schematic of basic CAFM operation and amplification system based
on the voltage applied to the sample (VDC), virtual ground (VGND) gain resistor
(Rgain) used in the initial amplification. Further amplification and filtering of the
signal is not uncommon using devices such as a low-pass filter to minimise the
signal noise.

amplification systems allow detection of currents down to the fA range(v).

Current detection at the lowest scales generally requires amplification and fil-

tering of the signal prior to any recording and display. In many cases a balance

must be found between sensitivity and the observable current range as a limita-

tion of the noise amplification system used. In this work CAFM measurements

were performed with three different systems, an Asylum Cypher with external

current amplification, an Asylum MFP-3D with ORCA detection module and a

Dimension 3100 with a Veeco extended TUNA module.

Current analysis for the Asylum Cypher system used a National Instruments

PXI-6115 module for current detection and sample bias with a FLC Electron-

ics F10A linear bias amplifier and current amplification from a FEMTO Labs

DLPCA-200 for an approximate noise floor of 100 fA. For the Asylum MFP-

3D system the 200 pA/V sensitivity ORCA holder was used for current detec-

tion which makes use of a 5 GΩ internal resistor and transimpedance amplifier,

(Vout = IinRgain) in direct current (voltage) (DC)/low frequency response with

the basic design shown in Fig. 2.4, to provide a manufacturer specified noise floor

of 0.5 pA and an effective maximum current limit of ±2 nA. For the extended

TUNA module amplification is separated with four sensitivity and gain settings

shown in Table 2.1 together with the maximum current that the hardware allows

to be sourced for each setting, with a manufacturer specified minimum of 60 fA

at the lowest setting.

(v) Although many systems claim fA resolution is possible practical observation of fA currents
is very difficult and may occur for a number of different reasons.
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Sensitivity 1 pA/V 10 pA/V 1 nA/V 100 nA/V

Gain 1012 1011 109 107

Maximum 12 pA 120 pA 12 nA 1.2 µA

Table 2.1: Sensitivity, gain and current limitations for the four available settings
of the Extended TUNA module.

2.1.3 Experimental set-up of conductivity measurements

In addition to the sensitivity limitations imposed by the current detection sys-

tem high current measurements are strongly affected by Joule heating of the tip

altering the conductivity of the tip itself and often resulting in damage and de-

lamination of coated tips such as the PPP-EFM tips used in this work. Electrical

measurements of resistive switching in CeO2, covered in Chapter 4- section 4.4,

required supply of currents up to 1 mA that have a high chance of damaging the

CAFM probe tip. Measurements were therefore performed using a Keithley 237

high voltage source-measure unit and metallic tungsten probes model 7B from

The Micromanipulator Company. Machine control was performed using LabView

codes provided by Keithley and custom-written IV sweep methods in LabView

and Python with PyVisa libraries.

The Asylum MFP-3D was used for current detection in section 3.2 and the

Dimension system in section 3.7 where current was larger than the MFP-3D and

ORCA detector could deal with the extended TUNA module set to a sensitivity

of 1 nA/V.

Interpretation of CAFM results is complicated by a number of issues. Con-

tact between tip and surface is rarely ideal with conductivity dependent on the

morphology of the tip and the surface, the chemical make-up of tip and sur-

face and the presence of any surface contamination, especially liquids which can

significantly change the geometry of the given electrical contact[15, 16, 17](vi).

Measurements performed in ultra-high vacuum or glovebox environments and

careful sample preparation can avoid most issues with contamination and water

layers[20, 21].

(vi) Resolution depends on tip and sample and is strongly affected by environmental conditions
especially adsorbed species such as water[18] which generally increase current spreading and
reduce resolution and in some cases may result in electrochemical reaction[19].
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Even in high quality vacuum conditions quantification of conductivity remains

difficult as 2D CAFM mapping can be subject to topographic cross-talk when

performed at high scan rates and coated cantilevers are prone to damage and

delamination when measuring larger currents affecting both current detection

and the quality of topography recorded[18]. Current analysis even at a single

location must consider the shape and chemical make-up of the probe tip, the

tip-surface contact quality and any instrumental resistance and artefacts[15] in

addition to the sample itself, especially the presence of oxide layers at the surface

and chemical adsorbates. For many applications of CAFM conduction is further

affected by the polarisation and capacitance often observed for the samples of

interest.

CAFM conductivity measurements are mainly considered in Chapter 3 and

Chapter 4 with the origin of ionic conductivity explored in Chapter 5. In Chap-

ter 3 the recorded current is dominated by the ionic conductivity of the mate-

rial with spectroscopic CAFM measurements performed directly between tip and

sample (section 3.2) affected strongly by the nucleation of a lithium particulate

which then acts as an electrical contact rapidly increasing the contact area[11, 22]

and measurements performed beneath a deposited gold electrode (section 3.10)

affected strongly by electrochemical reaction. As a result of this current can be

directly related to the volume of lithium deposited[23] but the differing size of

the electrode and the presence of electrochemical reactions makes quantitative

measurements of conductivity difficult, with further discussion included in these

sections.

2.1.4 Current compliant conductive atomic force microscopy experi-

ments

In Chapter 4-section 4.3 conductivity is measured using spectroscopic CAFM

in a dry argon environment as CAFM with non-zero humidity was shown to

induce electrochemical reactions[19]. An additional issue is film damage that was

shown to occur even in glovebox conditions, associated more directly with the

current passing through the sample than with the applied bias[24].To mitigate

film damage, measurements were performed with a current limiting set-up such
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that the IV sweep was terminated and the CAFM tip lifted immediately once the

given current threshold was detected. Mapping of conductivity then relies on the

bias required to reach this threshold current.

Fig. 2.5 is a schematic detailing how this method can be used to map conduc-

tivity in thin films with minimal electrical biasing. IV sweeps are taken at each

point, making use of a linearly increasing bias that was digitally terminated the

moment the compliance current is met and the next point is then probed. For

each point, the voltage required to drive enough current to meet compliance is

then used to create a 2D map of film conductivity.

Figure 2.5: Schematic showing how compliance voltage maps were formed at each
lateral location of the spectroscopic grid. The applied bias required to drive the
compliance current is used to colour a single pixel of the lateral spectroscopic grid
effectively mapping conductivity (for a given current limit).

Application of current limited IV spectroscopy were performed on a pulsed

laser deposition (PLD) formed 35 nm thick cerium oxide film on a Nb:STO elec-

tronically conducting, ionically blocking substrate. Nb:STO (niobium doped

strontium titanate) was obtained from MTI Corp.[25] (0 0 1) orientated with

a 0.7% wt. doping of niobium leading to a resistivity specified as 10-70 µΩm.

Nb:STO was chosen due to its high electronic conductivity and lattice parameters
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that sit very close to that of CeO2, discussed in section 1.6, allowing epitaxial

growth with production of an slightly oxygen deficient lattice[26, 19].

Measurements of compliance limited current used in section 4.3 were per-

formed in a dry glovebox atmosphere by Nan Yang and Amit Kumar at Oak

Ridge National Laboratory. CAFM was performed using the Cypher system

with the National Instruments PXI-6115 card using a digital trigger for current

compliance.

In Chapter 4-section 4.3 conductivity is measured using spectroscopic CAFM

in a dry argon environment avoiding the effects of humidity. Conductivity in

this situation then depends strongly on the tip-surface junction and the material

itself and non-linear conduction through effects such as Schottky barriers (dis-

cussed below in subsection 2.1.5) must be considered. Without modelling these

interaction the effective resistance contribution of the tip-surface junction and

the material are almost impossible to separate and therefore measurements are

largely qualitative showing differences between locations (discussed further within

this section).

2.1.5 Schottky barriers at metal-semiconductor interfaces

For semiconductors in particular, CAFM must take into account the effect of

rectifying Schottky barriers at the tip-surface junction[27]. Schottky barriers are

a consequence of electrical contact made between a metal and a semiconductor

with different Fermi levels; electrical contact results in the transfer of charge

between these materials at the junction forming an internal electric field which

alters the local band structure and introduces a non-linear contact resistance.

Mathematically the idealised Schottky barrier (ΦB) can be expressed through

the Schottky-Mott rule[28, 29], the relation of the metal work function (ΦM) ,

the semiconductor electron affinity (χ), which is the difference between the free

electron energy (E0) and the conduction band (EC) minimum, and the Fermi

level of the metal (EFM) and semiconductor (EFS). Fig. 2.6 shows a schematic of

the relevant energy levels of a high work function metal, such as the 5.3±0.1 eV

Pt/Ir alloy[30, 31] which is used as the coating of the CAFM tips in this work[10],

and a semiconductor.
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Figure 2.6: Schematic of the relevant energy levels in a) an isolated high work
function metal and b) an isolated semiconductor relative to the free electron en-
ergy with the effects of bringing the two materials into contact and allowing the
Fermi levels to match up and settle to thermal equilibrium shown in c). E0 is
the vacuum energy, ΦM , ΦS and EFM , EFS are the work functions for metal
and semiconductor and Fermi levels for metal and semiconductor respectively.
EC and EV are respectively the levels for the conduction and valence band of the
semiconductor, χ is the electron affinity of the same and ΦB and Vi are the Schot-
tky barrier / internal barrier for electrons moving from metal to semiconductor
/ semiconductor to metal respectively.

When the two materials are brought close together as in Fig. 2.6c the vacuum

energy and Fermi level of the two will align[32, 33]. At the interface this leads to a

transfer of charge bending the conduction and valence bands of the semiconductor

and in the case of a high work function metal, such as those used in this work,

will lead to flow of negative charge from the semiconductor to the metal until

the Fermi level is balanced. This is the depletion type Schottky barrier where

electrons transferred from the semiconductor result in an effective positive charge

in this region

Electrons traversing this barrier from the metal must then overcome the dif-

ference between the Fermi level and the conduction band such that the barrier

height (ΦB) is described by Eq. (2.1) with holes facing a barrier described by

Eq. (2.2) where (ΦB(h)) is the barrier height and Eg is the band gap. Electrons

travelling from the semiconductor to the metal must instead surpass an inter-

nal energy barrier (Vi) described in Eq. (2.3) which scales with ΦB but always

remains smaller than it.
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ΦB = ΦM − χ (2.1)

ΦB(h) = Eg − (ΦM − χ) (2.2)

Vi = ΦM − ΦS (2.3)

Whilst these barrier heights are useful to give a rough estimation of the barrier

height in practice the barrier is affected by a number of other effects which must

be taken into account. The termination of the periodic lattice at the surface

changes the effective band structure and in a situation where multiple electron

energy levels exists between conduction and valence bands at a surface, contact

with a metal can lead to ‘pinning’ of the Fermi level such that the measured

Schottky barrier relates more directly to the semiconductor band gap. Due to this

possibility and the effects of surface chemistry and atomic structure[33] fabricated

films such as the cerium oxide used in Chapter 4 can have significantly different

barriers than expected.

With a large enough Schottky barrier IV relations show rectifying behaviour.

Under positive applied bias (to the metal) the Fermi level of the metal will de-

crease bringing it closer to that of the semiconductor (shown in Fig. 2.7b) reducing

and eventually removing the depletion region and the effective barrier for elec-

trons to travel from semiconductor to metal. This effect results in a fairly rapid

increase of current, relative to negative bias, to a more linear response as shown

in the +V region of the graph-Fig. 2.7c.

Under negative bias the Fermi energy of the metal is raised, and the transfer of

charge, depletion region and band bending increase at the junction such that the

barrier for electrons transferring from metal to semiconductor remains the same.

Current is then limited by this barrier to thermionic/tunnelling currents which

increases only slowly with increasing negative bias until an effective breakdown

of the barrier and depletion region occurs, or the bending of the semiconductor

valence band lowers the ΦB(h) barrier making hole transport from semiconductor

to metal preferable.

Schottky barriers in CAFM measurements make quantification of material
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Figure 2.7: Diagram of the IV response for a Schottky barrier displaying the
differences between positive and negative bias (of the metal in the junction, com-
parable to the AFM tip in this work).

impedance difficult and in the case of spectroscopic CAFM measurements will

introduce a non-linear component complicating the recorded IV response[34]. Al-

though the theoretical barrier height can be estimated with the work function

of the tip (5.3 ± 0.1 eV) and ceria (rarely quoted in literature but calculated in

optical and X-ray photoelectron measurements at ≈4.5 eV) the conductivity in

ceria cannot be adequately described by band theory due to the presence of po-

laronic conduction. In Chapter 4-section 4.4 the shape of the IV curves appears

to be heavily influenced by a Schottky barrier response that influences switching

characteristics but does not account for the apparent resistance states observed.

For scanning CAFM measurements such as those performed on LICGC in

Chapter 3 Schottky barriers mean that quantitative results are almost impossible

to interpret and scan rates become very important as the rate of charge transfer

can introduce or remove an apparent current in CAFM scans. As results were

repeatable, showing only slight relation to scan rates and included obvious signs of

true current transfer (e.g. height change) these results are attributed to sample

response and not just Schottky barrier effects, discussed further in Chapter 3-

section 3.5.

2.1.6 Current-voltage-deflection (IV-Z) spectrosocpy

For more extensive analysis of the properties of a material, CAFM can also

be used to complete full IV curves by keeping the probe at individual locations

and applying various DC waveforms[18, 15]. In addition to avoiding cross-talk
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and friction induced tip damage, complete curves allow analysis of non-linear

behaviours in local conductivity including local material charging, ferroelectric

switching currents, ionic transport properties and any another causes of non-

linearity with extremely high lateral resolution. It is also possible to detect ma-

terial height changes whilst IV measurements are performed, either through direct

observation of cantilever deflection via the 4-quadrant photodetector or by en-

abling feedback to maintain deflection and recording the motion of the z-piezo

actuator.

A technique that has not been explored in great detail is the so-called IV-Z

spectroscopy (an equivalent to current sensing dilatometry[35]) used typically for

detection of irreversible chemical reactions and the associated height change. IV-

Z spectroscopy requires no additional functions from a standard CAFM set-up,

relying only the concurrent recording of current (I) and deflection (Z) as a function

of applied voltage. Quantifying the height change of the probe relies either on the

stiffness of the cantilever for measurements without z-feedback (typically specified

by manufacturers), or on the height interpreted by the feedback electronics when

the z-piezo actuator is used to maintain stable contact.

In this work IV-Z analysis of the formation, and partial reversal of, metallic

islands on the surface of a solid ionic conductor using CAFM, first noted in a solid

ionic conductor by Lee et al.([36]) and initially explored in LICGC by Arruda et

al.[37]. IV-Z spectroscopy is used with active feedback to maintain tip-surface

contact in the lithium nucleation experiments performed on the raw LICGC sur-

face in Chapter 3-section 3.2. Consequently two forms of data are recorded,

current and height, as a function of voltage directly linking deposition current

to the height of the nucleated lithium particle and also to the reversal process

(wherein a distinct chemical reaction appears to tie in to rapid deflection change,

seen in Fig. 3.16 and Fig. 3.9 linking the spatial change of a voltage mediated elec-

trochemical reaction to current detection). IV-Z spectroscopy is also employed

in the second set of experiments on LICGC (the deposition of microscale Au

electrodes-section 3.7), to retain electrical contact in spite of significant electrode

expansion and distortion (discussed in subsection 3.10.2).
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2.1.7 Piezoreponse force microscopy (PFM)

Many functions of the material LiNbO3 (introduced in section 1.7 and analysed

in Chapter 5) are linked to its ferroelectric properties and PE (introduced in sub-

section 1.7.4) has a dramatic effect on these properties[38]. Research therefore

investigated how this chemical exchange process affected the local ferroelectric

response both in and near to the PE region using another form of electrome-

chanical strain, the piezoelectric strain, investigated at the nanoscale through

piezoreponse force microscopy (PFM) and switching spectroscopy piezoresponse

force microscopy (SS-PFM)(described in subsection 2.1.10).

PFM[39] is an SPM based technique that can be used to laterally map surface

changes in material piezoresponse[38] and in spectroscopic modes can obtain lo-

cal ferroelectric hysteresis loops[40, 41] but it has been more commonly used for

the imaging of ferroelectric domains[42]. PFM relies on the inverse piezoelectric

effect (a mechanical strain response to an applied electric field, described in sub-

section 1.7.1) to detect minor time-varying deviations in sample height (through

tip deflection and the photodetector system) in response to an applied alternating

current (voltage) (AC) electric field. Strain responses are extremely small, fre-

quently sub-picometre[42, 43], and typical PFM imaging relies on the application

of AC bias at a specific frequency (ω), as per Eq. (2.4), and the use of a lock-in

amplifier to separate the piezoresponse signal from background noise.

Vtip = VDC + VAC cos(ωt) (2.4)

A lock-in amplifier for PFM makes use of phase sensitive detection using an

initial excitation wave, created by an AC function generator, to both excite the

sample and as a reference wave for the lock-in. This reference wave is frequency

mixed (effectively multiplied) with the response signal obtained from the material

via the photodetector and a low-pass filter which removes any higher frequency

AC components from the signal product dramatically reducing most forms of

noise. The output for an excitation and response with the same frequency is

a DC signal with an amplitude dependent upon the phase difference between

reference and signal. Dual phase detection is commonly used for PFM, splitting
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the reference signal into two separate signals, one phase shifted by π/2 rad.,

ensuring a signal regardless of phase difference and allowing determination of

both signal amplitude and phase through analysis of the two outputs ideal for

detection of domains.

The idealised induced strain response (εij) in a piezoelectric can be obtained

through combination of the material dependent piezoelectric coefficient (dijk)

and the applied field (Ek) following the formula-Eq. (2.5). Piezoelectric strain

coefficients for many ferroelectrics are typically on the order of tens or hun-

dreds of pm/V with a lower response for many piezoelectric materials[44, 45]. In

LNO the piezoelectric tensor (dijk) can be reduced somewhat to four independent

coefficients[13]- d15, d22, d31 and d33. Of these the d33 response that is qualitatively

probed in this work-section 5.3- Ferroelectric switching spectroscopy of proton ex-

changed congruent LiNbO3 is the strongest, approximately ≈ 16 pm/V[46, 47, 48]

at room temperature with values varying somewhat in the literature[13] that is

aligned with the z-axis or optical c-axis in LNO.

εij = Ekdijk (2.5)

A simple view of the vertical deflection (∆z) for z-cut LiNbO3 used in Chap-

ter 5 can be expressed as Eq. (2.6) where φ indicates the phase difference between

applied bias and strain response. Phase response differs depending on the direc-

tion of the spontaneous polarisation (P(s)) and applied field. A uniaxial domain

in z-cut LiNbO3 will be in phase (+VAC leads to a positive deflection +∆z, -

VAC leads to -∆z) for a domain with polarisation directed along the -Z axis,

domain orientation shown on the right hand side (red) in Fig. 2.8. For a domain

with spontaneous polarisation in the +Z direction, as shown on the left (blue)

of Fig. 2.8, deflection will be π rad. out of phase such +VAC leads to a negative

deflection -∆z and -VAC leads to +∆z.

∆z = d33VAC cos(ωt+ φ) (2.6)
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Figure 2.8: A schematic of the material strain response and detected tip deflection
for a domain with spontaneous polarisation (P(S)) oriented in the +Z direction
(left hand side, blue) and in the -Z direction (right hand side, red) when affected
by the positive section of an AC bias (electric field (E) points along the -Z di-
rection). -VAC would then have the inverse strain response for each domain. A
graphical schematic (shown below) for the PFM response for an applied sinusoidal
AC bias wave showing the deflection changes (∆z) for a domain facing along the
+Z direction in blue and along the -Z direction in red.

Detection of this mechanical signal relies on the coupling of excitation, mate-

rial response and cantilever flexion with an important value being the so-called

contact resonance (ωr) where excitation at or close to this frequency induces in-

duces a maximised amplitude (A) response. Mathematically this can be described

for any given frequency (ω) with a simple harmonic response[49] such that the

frequency dependent amplitude at the ith harmonic (Ai (ω)) can be described by

Eq. (2.7)[45] where ωi0 is the resonant frequency of the ith harmonic, Amaxi is

the amplitude at this frequency and (Q) is the quality factor which concerns en-

ergy loss or damping in the system. Eq. (2.8) then describes the phases response

(φ) for this system. Although most experiments don’t directly excite the contact

resonance and can often ignore minor changes in amplitude and phase, band exci-

tation (BE) described in subsection 2.1.9 and used in Chapter 5-section 5.3, relies

on fitting data to these equations in order to extract the relevant parameters.

Ai(ω) =
Amaxi ω2

i0/Qi√
(ω2

i0 − ω2) + (ωωi0/Qi)
2

(2.7)

tan(φ(ω)) =
ωωi0/Q

ω2
i0 − ω2

(2.8)

Typical PFM are performed at a singular excitation frequency in either the
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so-called low-frequency or high-frequency regimes. High frequency PFM aims to

excite close to the first contact resonance frequency(vii) between cantilever and

material piezoresponse in order to maximise the signal. Difficulties with high

frequency PFM occur due to the unstable contact resonance often observed when

scanning as a result of the rapidly changing nature of the contact between tip

and surface[51] as even small changes can disturb the amplitude response[52]

disrupting the accuracy of lateral mapping.

Low frequency PFM uses a comparatively low frequency excitation signal

(typically tens of kHz) which induces a lower response amplitude than would be

obtained on resonance but it generally remains more stable than high frequency

measurements. All experiments on raster scanned PFM in this work, performed

in section 5.3- Ferroelectric switching spectroscopy of proton exchanged congru-

ent LiNbO3 are taken in the high frequency regime. PPP-EFM conducting SPM

probes from Nanosensors[10], were used with feedback performed by Asylum In-

struments MFP-3D AFM instrument with lock-in amplification performed by the

onboard detectors of the MFP-3D.

Quantitative measurement of the piezoelectric response through PFM is dif-

ficult and subject to controversy[53, 54], with several possible contributions to

an electromechanical response that must be taken into consideration[55]. Ideally

deflection on the cantilever occurs solely due to the inverse piezoelectric strains

caused by the applied potential between tip and sample; ignoring lateral responses

amplitude (A) is then equal to vertical piezoresponse (Apr). One issue with this is

the effect of bias across a dielectric material which causes the cantilever-material

junction to act as a capacitor introducing a capacitative force between tip and

sample affecting deflection (Acap)[42].

In addition to the effectively local force between tip and sample the cantilever

itself there in a non-local force between the cantilever itself and the sample surface

(Anl) though it is typically smaller than the other contributions when directly in

contact for PFM measurements. A further term that is rarely included in this

equation is the displacement due to electrostriction[56] of the dielectric due to

(vii) Analysis of higher resonance modes has been performed for certain research purposes, e.g.
Vasudevan et al.(2013)[50] but such analysis remains relatively uncommon.
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slight polarisation of all ions in the lattice. In general it is ignored as its effects are

often much smaller than the piezoelectric response at typical fields strengths[42].

Therefore the response observed by a cantilever can be expanded to the equation

in Eq. (2.9).

A = Apr + Acap + Anl (2.9)

For charged surfaces an additional contribution to response comes from Coulom-

bic forces (AC) dependent on the charge density of tip and sample. Although a

charge is expected at the surface of ferroelectrics due to polarisation charging,

it is almost always at least partially screened[57] and therefore the Coulombic

effect is minimal. In Chapter 5- section 5.3 experiments on HLNO in Chapter 5

appear to be affected by responses other than piezoelectric displacement under

the applied field. It is predicted that this effect is due to the presence of par-

tially mobile hydrogen ions, discussed in further detail in subsection 5.3.3, in the

proton exchanged regions of the crystal and therefore the additional mechanical

response may be associated with an electrostatic or Coulombic response and a

possible electrochemical strain microscopy (ESM) response (detailed below, sub-

section 2.1.8).

2.1.8 Electrochemical strain microscopy (ESM)

Electrochemical strain microscopy (ESM) is performed in an identical manner

to PFM, using an AC driving voltage bias to induce a time varying strain response

in a material with the difference being the origin of the strain response. In ESM

ionic motion(viii) within a material (either polarisation of mobile species, a more

general redistribution of ionic species such as intercalation or the effects of certain

electrochemical reactions) that has only recently been explored as a separate form

of SPM, Balke et al.(2010)[59].

Applications of ESM have yet to be fully realised but most research has focused

on electrochemical battery[59, 60] and fuel cell systems[61] including oxygen re-

(viii) Materials do not have to be pure ionic conductors[58] but non-zero, appreciable diffusivity
of ionic species under applied electric fields is a necessity, in contrast to electrostriction which
is generally termed only for polarisation of atoms within the lattice.
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duction and evolution reactions[62] with further interest in ionic conductivity[63],

RS[64] and separation of electrochemical diffusion/reactions[65] just some of the

possibilities explored. Much like PFM, capacitative and electrostrictive respons-

es[56](ix) amongst others must be taken into account for a complete assessment

of the system.

In Chapter 5-section 5.3 the electromechanical response that can be expected

from piezoelectric LNO is observed to be much larger than expected in regions

heavily affected by PE which is attributed to a potential mixture of piezoelec-

tric, capacitative/Coulombic strains and potentially electrochemical strain. It is

unclear however how large each of these contributions are, discussed further in

subsection 5.3.3, and it is unlikely they can be separated through SPM measure-

ments alone[56].

2.1.9 Band excitation (BE) and dual-AC resonance tracking (DART)

frequency tracking methods

Rapidly acquired SPM images making use of time-varying excitations (e.g.

excitation with VAC) often struggle with cross-talk between topography and the

signal of interest[52]. For PFM/ESM the greatest issue is the change in contact

resonance that occurs whilst scanning uneven surfaces, limiting the accuracy of

any measurements performed on or near resonance. For some high frequency

measurements methods of resonance tracking are therefore employed in order to

ensure data respond to changes in the material rather than changes in tip-surface

contact.

Two of the best known frequency tracking or mixed frequency mechanisms are

dual AC resonance tracking (DART)[66] and band excitation (BE)[67]. Dual AC

resonance tracking (DART), occasionally referred to as dual resonance frequency

tracking, is used in this work for ESM imaging of LICGC in Chapter 3. Practically

it makes use of excitation performed at two frequencies (ω0 and ω1) separated by

∆f that are located slightly above and slightly below the contact resonance (ωR),

see schematic in Fig. 2.9. As measurements are recorded and contact resonance

(ix) In this work the term electrostriction is used for polarisation of non-mobile atoms within
the lattice and electrochemical strains are instead associated with at least partially mobile ions,
or electrochemical reactions.
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changes this shift in frequency results in a change of amplitude and phase for the

two excitation frequencies[58]. Rodriguez et al.(2007)[66] made use of feedback

that maintains constant relative amplitude between the two peaks (A0 - A1 = 0)

by shifting the excitation frequencies such that ∆f does not change.
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Figure 2.9: Schematics of a) dual AC resonance tracking (DART) adapted
from Lushta et al.(2017)[58] and b) band excitation (BE) adapted from Jesse
et al.(2007)[67] in frequency space.

Band excitation relies on using a broad range of frequencies simultaneously in

the system excitation signal. Limits are chosen for an effective window of inves-

tigated frequencies(x) (ωmin to ωmax), typically centred at the contact resonance,

see schematic in Fig. 2.9.

The excitation pulse is Fourier transformed (inverse) to a series of super-

posed sinusoidal waves(xi) used to excite the material, or cantilever. Since the

response is effectively probed at several frequencies simultaneously the response

can be Fourier transformed to the frequency domain and fit to a simple harmonic

oscillator model[67, 51] which can be compared to excitation signal to yield the

effective cantilever transfer function, in addition to the central resonant frequency

and the resonator Q-factor. Feedback may be employed to alter the excitation

signal (adaptive band excitation) but in many cases a static excitation signal can

(x) As noted in the original paper of band excitation for SPM, Jesse et al.(2007)[67], the
excitation pulse is not restricted to a simple excitation of fixed amplitude over a given frequency
window and may be tailored to suit various purposes.
(xi) In many cases the frequency space excitation phase and amplitude may be chosen specif-

ically to avoid extreme peaks in the signal applied to the system (the superposed sinusoidal
waves).
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be used.

Fitting the recorded data of amplitude and phase (φ) responses as a function

of ω to the basic harmonic oscillator model Eq. (2.7) and Eq. (2.8) then allows

a significant number of useful values to be extracted from experimental data.

Parameters include contact resonance and Q-factor responses along with values

for amplitude and phase on resonance allowing for highly accurate mapping of

piezoresponse whilst avoiding the issue of changing contact resonance at expense

of some computational power.

2.1.10 Switching spectroscopy piezoresponse force microscopy (SS-

PFM)

Spectroscopic PFM analysis has the potential to provide much more informa-

tion than lateral scanning PFM on the nature of the material and any ferroelectric

properties it may display, particularly those on the nanoscale[68]. By using an

SPM tip as the top electrode used to induce switching, analysis can sometimes

be limited to a singular domain formed directly beneath the tip (as displayed

in Fig. 2.10), allowing insights into switching at significantly lower dimensions

than are typically available and with greater lateral resolution[69] for example

assessing switching near defects[70] and boundaries[71] that would be impossible

with macroscale analysis.

In order to detect the condition of the domain formation underneath the tip

regular PFM must be performed periodically whilst the poling process contin-

ues. This allows the basis of a ferroelectric hysteresis curve (P-E curve as shown

in Fig. 1.4) to be created from a series of PFM results taken whilst poling is

performed as per the numbering system in Fig. 2.10 though more points are

typically used. Although spectroscopic PFM, also known as piezoresponse force

spectroscopy, has been performed for a number of years analysis was either ex-

ceedingly slow e.g. pulsed switching[41] or subject to issues with electrostatic

effects[40, 73] from the large DC poling bias affecting PFM measurements.

SS-PFM is a relatively new technique developed by Jesse et al.[74, 75] for

probing highly localised switching characteristics of ferroelectric materials in-situ

that makes use of a number of different techniques to provide rapid measurement
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Figure 2.10: Schematic of tip induced ferroelectric switching reproduced from
Morozovska et al.(2007)[72]. A bias waveform a) applied to the tip induces nu-
cleation of a (down) domain (locations 1, 2 and 3 in c). As bias is reversed as per
locations (4, 5) the domain can undergo two competing (potentially simultane-
ous) processes either reversing or nucleating a secondary (up) domain within the
poled (down) domain which spreads and eventually wipes out the (down) domain
(6). Analysis of the piezoelectric response with PFM during this poling process
allows a (P)olarisation-(E)lectric field hysteresis curve to be plotted as in b).

and analysis of ferroelectric switching properties avoiding some of the earlier

drawbacks. In SS-PFM a pulsed DC bias is applied to a scanning probe tip in

order to induce switching of ferroelectric domains whilst the inverse piezoresponse

(which is strongly affected by the state of the domain(s) underneath the probe)

is measured intermittently as poling is completed using a smaller VAC excitation

to perform PFM as shown in Fig. 2.11. To improve the rate of data capture

and the accuracy of results PFM responses were detected using mixed frequency

techniques such as band excitation[76] often referred to as BE-SS-PFM, thereby

avoiding issues with changing contact resonance. Data must then be fit for a
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significant number of BE responses consisting of the number of lateral x and y

steps taken multiplied by the number of BE-PFM responses taken during the

poling waveform.
P

ol
in

g
B

ia
s

(V
)

Time (s)

τhigh

B
ia

s
(V

)

Time(s)

τlow

V
A
C

c) BE-PFM

a) Poling waveform (zoomed)
b) Poling bias

Figure 2.11: Schematic of the DC first order reversal curve bias used for SS-
PFM. Poling is performed using a)- a triangular staircase waveform constructed
of periodic square waves with a set time for poling (τhigh) separated by a given
relaxation time (τlow). The black dashed box indicates the zoomed in section of
poling bias shown in b) clearly indicating the pulsed staircase shape of the poling
bias with c) indicating a single BE-PFM response (represented by a sine wave
rather than the complete BE chirp pulse) captured during the τlow portion of the
poling waveform.

Ideally SS-PFM results produce a full hysteresis loop of the form shown in

Fig. 1.4 but a number of effects can affect switching distorting the loop shape.

Fig. 2.12 shows four different ways in which hysteresis can be deformed for

polarisation-bias curves(xii). Of these distortions imprint-Fig. 2.12b is perhaps

the most notable in CLN used in Chapter 5 as the material shows a strong in-

ternal field aligned with original polarisation direction based on defects in the

material[77]. Experiments have shown in many cases that SS-PFM loops are

very similar to full macroscopically obtained P-E switching curves[52] however

methods have been devised to extract even more accurate switching characteris-

(xii) SS-PFM is not affected by leakage current in the same way as capacitance measurements
are excess charge can still introduce the appearance of increased polarisation in a P-E loop
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tics from SS-PFM data.

Figure 2.12: Reproduction of (P)olarisation-(E)lectric field plots of ferroelec-
tric switching calculated using current measurement techniques reproduced from
Schenk et al. (2014)[78] showing the idealised (dashed loops) and distorted hys-
teresis curves due to a) leakage current, b) ferroelectric imprint, c) a mixed distri-
bution of switching fields wherein a domain is formed of numerous micro-domains
that switch at different fields and d) polarisation fatigue wherein switching is in-
complete and domains are pinned by defects or otherwise.

2.1.11 First order reversal curve (FORC) measurements

In addition to the rapidly acquired BE-SS-PFM hysteresis loops a more com-

plete analysis of ferroelectric switching can be made using first order reversal

curve (FORC) techniques. First order reversal curve (FORC) data allow more

information about hysteretic switching (originally developed for ferromagnetic

hysteresis[79]) processes to be determined through mathematical modelling. The

basis for these processes were formed from Preisach density analysis[80] in which

ferromagnetic switching is modelled as a series of discrete binary domains that can

switch from positive to negative magnetisation individually with varying coercive

fields and differing degrees of interaction. FORC methods are more generalised

and for ferroelectrics Ricinschi et al. and others[81, 82, 83] worked on using FORC

diagrams for ferroelectric hysteresis in order to extrapolate full switching curves

from FORC, providing not just remnant and saturation polarisations but full

hysteresis curves including nucleation and coercive biases along with the overall

work of switching.

Fig. 2.13a shows FORC loops performed on a film of ferroelectric Pb(Zr,Ti)O3

from Stancu et al.[82] with a good example of complete switching. Fig. 2.13b

shows a series of FORC loops on BiFeO3 for a single location of an SS-PFM

experiment. In this example the loop shows a large degree of ferroelectric im-
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Figure 2.13: Graphical plots of a) FORC loops for macroscale (sputtered elec-
trodes) polarisation against electric field produced on Pb(Zr,Ti)O3 reproduced
from Stancu et al.[82] and b) FORC loops produced by SS-PFM on BiFeO3 repro-
duced from Kim et al.[84] showing a degree of imprint and incomplete switching.

print, similar to the example shown in Fig. 2.12b. Ferroelectric imprint (built-in

field from original direction of polarisation) and frozen layers (polarised but non-

switching layers) are particularly notable in SS-PFM measurements[85] causing

horizontal and vertical shift respectively. Whilst imprint is clear in the SS-PFM

measurements performed on HLNO in Chapter 5 the incomplete switching makes

it difficult to determine if a vertical shift has also occurred. As discussed in

subsection 5.3.4 a vertical shift is observable on regions affected by PE but the

mechanical amplitude of the response suggests an effect that is not piezoelectric

in origin.

Due to the unstable and incomplete switching observed in the LNO SS-PFM

experiments discussed further in subsection 5.3.3- Strain response from protons

in LiNbO3 Preisach modelling and fitting of the observed hysteresis was not used.

However, FORC measurements are still useful for investigating switching proper-

ties of LNO through simple phenomenological observations of the curves obtained

with SS-PFM.

2.1.12 Ferroelectric switching spectroscopy on proton exchanged lithium

niobate

In this work BE-SS-PFM is used to analyse the ferroelectric properties of

HLNO in Chapter 5, comparing the local switching properties of the pure CLN
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film and the effects of PE on such properties at a scale that is impossible for

most other techniques. SS-PFM was performed by Michele Manzo at Oak Ridge

National Laboratory using FORC methods consisting of a DC sawtooth poling

waveform made of 8 triangular bias pulses, each starting at -70 Vtip and ramping

towards +(5, 14.3, 23.6, 32.9, 42.1, 51.4, 60.7, 70) Vtip respectively before re-

turning to -70 Vtip using an F10A, FLC Electronics linear amplifier to reach the

required bias and a National Instruments PXI6115 for creation of the waveform.

Data for each BE-SS-PFM result were fit with a simple harmonic oscillator

model as per Eq. (2.7) and Eq. (2.8) for both amplitude and phase. A total of

2500 locations were used for spectroscopy consisting of 50 by 50 points scanned

over 25 µm square area (as depicted in Fig. 1.7a) leading to a dataset consisting of

1,280,000 values for both amplitude and phase (on resonance) with an additional

set of piezoresponse values calculated for PFM images as A cos(φ).

De-noising of the FORC spectra was performed using singular vector de-

composition (SVD) of the dataset[86] and recombination of the first six vec-

tor components with further analysis performed using custom written MATLAB

and Python(xiii) codes. The results of this analysis are presented in Chapter 5-

section 5.3.

2.2 Transmission electron microscopy (TEM)

In addition to analysis by SPM, TEM was used for analysis of the crystal struc-

ture and elemental composition of CeO2 before and after bias driven RS and for

HLNO in regions affected and unaffected by PE. Although electron microscopy is

almost always performed ex-situ(xiv), the resolution of TEM analysis is essentially

unmatched[92]. In this work high-resolution transmission electron microscope

(HRTEM) analysis was used to check crystal structure before and after electro-

chemical alteration and elemental analysis was performed by scanning transmis-

sion electron microscopy (STEM)-energy-dispersive X-ray spectroscopy (EDX).

TEM analysis of samples was performed using an FEI Tecnai F20 TEM/STEM

(xiii)Including Numpy[87], SciPy[88] and matplotlib[89] libraries.
(xiv)In-situ TEM experiments are finding more traction[90, 91] but they require specific equip-
ment that was unavailable for this work and can complicate results for electrochemically active
materials due to electron irradiation.
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with operation assisted by Dr. Aaron Naden.

TEM analysis makes use of the improved resolution available from imaging

performed with electrons accelerated towards the sample of interest which have

a wavelength significantly lower than available for most optical methods(xv). The

basic design for a TEM is shown in Fig. 2.14 consisting of an electron gun com-

posed of several parts which rely on a high voltage source to create a beam of

electrons which is then accelerated by a series of electrostatic plates. Once formed

the electron beam is controlled by a combination of apertures, deflectors and elec-

tron lensing in order to focus the electron beam onto the sample[93]. As both

the acceleration and lensing of electrons, performed by a series of electromagnetic

and electrostatic lenses, are controlled by the applied voltage they can be altered

rapidly through changing this voltages allowing not only focus of the beam but

control of the location, the diameter and the wavelength of the electron beam.

Standard TEM makes use of electrons transmitted through the sample which

undergo Bragg diffraction forming patterns (based on the reciprocal lattice) when

scattering through crystalline materials. Diffraction patterns produced by the

sample may then by analysed using selected area electron diffraction in which

only small sections of the diffraction pattern are assessed at any one time by use of

a small aperture in the image plane. Altering the beam/sample alignment allows

different crystallographic axes to be probed which combined with selected area

electron diffraction allows analysis of sample crystallinity even in granular and

multi-phase materials at the nanoscale. Modern detection is typically performed

with a charge-coupled device (CCD) detector, with a fluorescent screen response

used for convenience by the operator for alignment of beam and sample and to

avoid CCD damage[94].

Electrons have mass and so have a wavelength associated with their momen-

tum, the de Broglie wavelength-Eq. (2.10) where λe is the electron wavelength,

h is the Planck constant and (p) is momentum. Notably in TEM electrons are

affected by accelerating voltages high enough to introduce relativistic effects to

(xv) Whilst higher energy, shorter wavelength photons can be created, accurately focusing them
is difficult, diffraction is fairly small requiring improved detection methods and many samples
are quickly degraded by high energy photon irradiation.
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Figure 2.14: Schematic of a simplified beam path for TEM and STEM machinery.
Detection can occur through several modes including the bright field, annular
bright field, annular dark field and high angle annular dark field (differing by the
solid angle used for detection) transmitted electron detectors. An EDX detector
is included, typically placed above the sample and used for elemental analysis.

the electrons such that wavelength is affected by the kinetic energy of the parti-

cles (Ek(e) = eU) where Ek(e) is kinetic energy on an electron, e is the charge of

an electron and U is the accelerating voltage.

λe =
h

p
(2.10)

The momentum of an electron can be defined as Eq. (2.11) and when substi-

tuting for relativistic mass wavelength must then be calculated using Eq. (2.12)

where me is the mass of an electron, e is the charge of an electron, U is the

accelerating voltage and c is the speed of light.
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p =
√

(2meeU) (2.11)

λe =
h√

2meeU(1 + eU
2mec2

)
(2.12)

For a maximum accelerating voltage of the given microscope (200 kV) the

shortest possible wavelength with Eq. (2.12) is as low as 2.51 pm. Theoretically

resolution would then be described by the Rayleigh criterion, Eq. (2.13) where

D is the smallest resolvable distance µ is the refractive index od the medium in

which imaging is performed and β is the semi-angle of collection. Instrumental

limitations however mean that this value is never achieved in practice due to

various aberrations in the focusing equipment and resolution is much lower than

this given value[95].

D =
0.61λ

µ sin(β)
(2.13)

Some degree of aberration occurs from technical limitations in the electron

source and the accelerating equipment but the largest contributing factor is the

electron lensing equipment which is perhaps the most complex design requirement

of the TEM column[93]. A combination of electrostatic and electromagnetic lenses

are used which operate on the effective beam current and can be easily adapted

by driving voltage, allowing control over beam width and focus.

However, limitations to the lensing equipment have long been recognised no-

tably the work of Scherzer(1936)[96] showed that the electron lenses will always

display spherical (electrons off-axis from the centre of the lens will be refracted

more) and chromatic (electrons with different energies will be diffracted to a dif-

ferent degree) aberration regardless of their design. Practically this means that

the image of a single point will be spread into a disk lowering resolution such that

the Rayleigh criterion is never approached. Whilst corrections for spherical and

chromatic have been developed in recent years[93, 95] they were are not available

on the equipment used in this work.
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Another technique which is available and extensively used in many TEM sys-

tem is STEM that focuses beam to a fine point (typically on the order of a single

nm or below) and the beam is then rastered across the sample in order to col-

lect data that is not available through large area scattering measurements[97].

STEM allows imaging of Z-contrast (effectively mapping atomic number(xvi) as

beam transmittance is proportional to atomic weight and can be used in combina-

tion with detection techniques such as EDX, described below-subsection 2.2.1, to

perform elemental analysis with atomic resolution dependent on the TEM device

and sample investigated.

2.2.1 Characteristic X-ray spectroscopy

A powerful extension to both SEM and TEM occurs as a result of sample ir-

radiation with high energy charged particles resulting in various material depen-

dent forms of excitation and scattering(xvii) which can be used for determination

of sample structure and chemistry. In this work only EDX(xviii), a method of ele-

mental analysis and mapping was utilised. Detection relies on an X-ray detector,

typically located above the sample as shown in Fig. 2.14 to pick up characteris-

tic X-rays excited from the sample. EDX in TEM is performed in STEM mode

limiting the signal to the region directly probed by the electron beam (allowing

resolution of areas below the size of a single atom[99, 100] when using specialised

equipment and advanced aberration correction which were not utilised in this

work).

For EDX in particular, the X-rays of interest occur due to the ejection of an

electron from the inner shells of atoms and the subsequent migration of outer

shell electrons to this hole resulting in the release of one or more photons with

an energy defined by gap between the inner and outer shell electrons depicted in

Fig. 2.15. Individual transitions can be described using the Siegbahn notation(xix)

(xvi) In some situations this scattering has been shown to be strongly affected by effects other
than simply atomic number[98] but these are situations not explored in this work.
(xvii) Multiple effects are possible including elastically and inelastically scattered incident elec-
trons, secondary and Auger electrons and several optical emissions.

(xviii) Also known as EDS, XEDS or several similar abbreviations but referred to as EDX through-
out this work.
(xix) Although there are some arguments for using different nomenclatures[102] for these tran-
sitions the Siegbahn notation is still used extensively in X-ray spectroscopy and will be used in
this work.
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Figure 2.15: Schematic reproduced from Kamarulzaman(2012)[101] of the process
for EDX in an electron microscope wherein electrons scatter inner shell electrons
leaving behind a hole which is subsequently filled by the transition of an outer
shell electron into the inner shell resulting in the creation of a photon with a
characteristic energy that may then be detected.

initially for the shell in which the vacancy was filled (K, L, M etc.), secondly for

the size of the transition (how many shells did the outer electron need to traverse

to fill the hole, 1=α, 2=β, 3=γ etc.) and finally for the relative intensity of the

line such that a transition from the 2nd (L) shell (third subshell of L, L3) to the

innermost (K) shell is denoted Kα1.

2.2.2 Analysis of energy dispersive X-ray spectra

Although these energy bands are relatively well defined, instrumental limita-

tions and complex chemical structures can result in extremely convoluted spec-

tra for samples containing multiple different elements. Therefore analysis often

requires computational post-processing to correctly fit and separate the full spec-

trum into the individual elemental components in order to identify these species.

In this work spectral analysis was performed using HyperSpy[103] an open source

python based series of tools for data analysis and signal processing with a partic-

ular focus on those commonly obtained from TEM.
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2.3 Focused ion beam (FIB) milling

TEM samples need to be electron transparent, requiring sample thickness on

the order of 6 100 nm[104] in order to allow appreciable transmission. Techniques

which can accurately locate regions of interest and sculpt the area for use in TEM

are almost impossible with traditional polishing techniques and electrochemical

etching methods can only be used on certain samples without risking chemical

alteration of the sample. For solids, ion milling techniques are used to ablate

samples to the desired thickness. In this work TEM samples are prepared as

lamella by focused ion beam (FIB) milling[105] using a dual-beam FEI Nova 600

focused ion beam (FIB)/SEM(xx).

e−

e−

e−

e−

Electron gun

Focused ion beam

Ga+

Ga+

Ga+

Ga+

Gas injection

Electron/ion beam
induced deposition

Material redeposition

e−

Figure 2.16: Schematic of a dual-beam focused ion beam/scanning electron mi-
croscopy design consisting of a focused ion source, a focused electron source and
an additional gas injection source for deposition of metallic films by electron and
ion beam deposition.

For FIB milling, samples are placed in a vacuum chamber and high electric

(xx) Lamella processing was performed with the assistance of Dr. Aaron Naden.
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fields are applied to a given liquid metal source ionising and emitting metal ions

towards the target. Gallium is typically used[106] as its low melting point allows it

to be used as a source with minimal heating. Ions accelerated towards the surface

can be focused to specific areas of the target on the order of tens of nanometres

through electrostatic lenses and the high energy ions impact the material with

enough energy to break bonds leading to sputtering of material from the sample.

In addition to sputtering from the material, target damage may be caused both

by gallium implantation in the sample and damage of the target lattice structure

caused by atoms knocked out of place by gallium ions, leading to amorphisation

of the local lattice structure[107]. Another issue is the redeposition of sputtered

material as chemical and atomic species removed from the bulk material can

easily bond with the surface due to their high energy state indicated in Fig. 2.16.

Careful control of beam currents and ion acceleration voltages allows the tar-

get to be milled at different rates affecting the degree of surface damage and

redeposition that occurs. Typical lamella formation begins with higher currents

to mill trenches either side of the area of interest followed to by an effective clean-

ing and thinning of the sample with lower beam currents to minimise implantation

and redeposition of sputtered material[105].

2.3.1 Ion and electron beam deposition

In order to minimise gallium implantation and surface damage lamella for-

mation is preceded by deposition of a protective/sacrificial metallic later. This

is achieved through the use of a gas injection system, noted in Fig. 2.16, which

pumps an organometallic gas into the chamber close to the target surface. Elec-

trons or ions from the FIB/SEM can decompose this gas allowing metal deposition

precisely at the focus of these beams, leading to electron and ion beam deposi-

tion respectively, with an accuracy comparable to the beam used to decompose

the gas (practically the deposition is of a greater spread than the beam used to

produce it).

Lamellae in Chapter 4 were prepared by magnetron sputtering a thin layer

of sputtered gold across the entire surface to reduce charging and each electrode
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was then protected with a thin layer of electron beam deposited(xxi) W before a

thicker layer was deposited via ion beam. Samples were milled as thin as possible

to produce lamella approximately 8 µm wide and 80-100 nm thick.

2.4 Raman spectroscopy

Assessment of chemical composition for a sample following chemical or elec-

trochemical changes can be difficult requiring a level of control over reactions that

is frequently not possible. TEM analysis is a powerful tool for this form of analy-

sis but it is almost always performed ex-situ on small areas of the sample and the

requirements of vacuum conditions and high beam currents can damage fragile

samples. A simple alternative for certain chemical analyses to analyse larger ar-

eas quickly is Raman spectroscopy, a non-destructive optical technique that can

analyse various low frequency excitations in solids, liquids and gases, capable of

probing large areas and may obtain resolutions as low as a few hundreds of nm,

both laterally and in the depth of samples. Spectroscopy may provide information

including, but not limited to, abundance of chemical species, bonding strengths,

temperature and crystallographic information in solid-state materials and under

controlled experimental conditions may allow in-situ analysis of electrochemical

changes[108, 109, 110].

2.4.1 Fundamentals of Raman spectroscopy

Raman spectroscopy relies on incident light, typically from a laser, to excite or

induce a drop in energy level for various rotational, vibrational and other quasi-

particle wave modes (such as plasmons and magnons) within the target that can

be detected as a shift in the frequency of light inelastically scattered from the

sample. Atomic and molecular vibrations, rotations and stretches are quantised

into discrete energy levels and careful analysis of the shift in wavelength of light

inelastically scattered by interaction with these modes, frequently referred to as

Raman shift and measured in wavenumber units (cm−1), can identify frequencies

associated with distinct chemical structures. Raman spectroscopy can therefore

be used in chemical analysis as the Raman shift, defined by Eq. (2.14), provides

(xxi) Similar studies seem to suggest that carbon contamination in the film is worse with e-beam
deposition but as the conductivity of the deposited materials is unimportant in the given work
this was generally ignored.
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information about the frequency and therefore energy of several excited modes

in a system. A given spectroscopic Raman response can then potentially be used

to fingerprint a chemical species by the number, location, size and shape of the

peaks in the spectra. Raman shift (∆ν) is defined in Eq. (2.14) where λ0 is the

wavelength of the incident light and λs is the wavelength of the scattered light.

∆ν =

(
1

λ0
− 1

λs

)
(2.14)

A brief description of the Raman shift can be described classically[111, 112,

113] as follows. Excitation of a single characteristic oscillation with an incident

electromagnetic wave (Ei) induces a dipole moment, or polarisation, (P) within

the selected medium of a magnitude that depends on the so-called polarisability

(α) of the complex that is excited as given in Eq. (2.15).

P = α ·E (2.15)

Polarisability depends upon the distortion of electron clouds and in many,

but not all, excited modes will then change as the complex is mechanically dis-

torted by the electromagnetic wave and can then be described by a Taylor series

(given in Eq. (2.16)) based on displacement (q) from the equilibrium position

q0. Only the second term (first order) of this equation is of relevance for stan-

dard (spontaneous) Raman scattering with higher order terms being significantly

weaker and are only considered for extremely high intensity excitations such as

hyper-Raman[114, 115] which is not explored in this work.

α = α0 +
1

2

(
∂α

∂q

)
0

(q − q0) +
1

6

(
∂2α

∂q2

)
0

(q − q0)2 + . . . (2.16)

By describing the time varying electric field strength and dipole displacement

for a single characteristic oscillation as Eq. (2.17) and Eq. (2.18) respectively,

where (t) is time (ωi) is the frequency of the electromagnetic wave and (ωvib) is the

frequency of the vibrational excitation, the polarisation can be mathematically

described by Eq. (2.19) (for the first-order approximation of polarisability).
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E = E0 cos(2πωit) (2.17)

q = q0 cos(2πωvibt) (2.18)

P = E0α0 cos(2πvit) +
1

2

(
∂α

∂q

)
0

E0

[
cos(ωi + ωvib)t+ cos(ωi − ωvib)t

]
(2.19)

Practically the first term in Eq. (2.19) (E0α0 cos(2πvit)) describes the almost

immediate elastic Rayleigh scattering (τ < 10−14 s) and the second term con-

cerns the relevant inelastic scattering terms that are used in Raman spectroscopy,

namely the Stokes (ωi − ωvib) and Anti-Stokes (ωi + ωvib) processes (which occur

for approximately 1 in 106 photons). At typical temperatures such as those used

in this work (Chapter 5-section 5.2) Stokes scattering is predominant wherein the

incident photon scatters with a quantised decrease in energy directly related to

the newly excited vibration (or other transitions). Anti-Stokes scattering wherein

a photon scatters with more energy than it began is only relevant at high temper-

ature (with a ratio determined by the increase in excited energy levels given by a

Boltzmann distribution). Fig. 2.17 schematically depicts this process for Stokes,

Anti-Stokes and Rayleigh scattering processes.

Virtual state

Ground state

Excited state

i) ii) iii)

νAS νS

Figure 2.17: Schematic of photon scattering for i) Anti-Stokes, ii) Rayleigh and
iii) Stokes processes.

The intensity (I) of a single characteristic oscillation can be simplistically de-

scribed by Eq. (2.20)[116] (ignoring other factors such as temperature related

energy level occupancy). Practically this shows that the intensity of the Raman
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signal obtained is proportional not only to the polarisability which directly de-

termines the scattering cross-section and differs for any single oscillation but also

to the fourth power of the frequency of the incident excitation used (I ∝ (ωi)
4).

Whilst this suggests that irradiation with shorter wavelength sources should pro-

vide the highest signal in many cases fluorescence becomes a serious problem,

dominating the weak Raman signals, and longer wavelength excitations may then

be preferable as they produce much less fluorescence[112].

I ∝
(
∂α

∂q

)2

0

· (ωi − ωvib)4 · E2
0 (2.20)

2.4.2 Raman spectra of LNO

Only a limited number of phonons are relevant to the Raman spectra as only

certain mechanical vibrations change the polarisation; for a 3 dimensional solid

containing N atoms in the unit a total of 3N degrees of freedom exist, 3 of which

are acoustic branches (coherent/in-phase motion of atoms) and 3N-3 optical (at

least one atom moves out of phase) branches. In order for a phonon to be Raman

active the polarisability must change when active such that (∂α/∂q)0 6= 0 and

notably for solids conservation of momentum effectively limits excited phonons to

the centre of the first Brillouin zone[111, 113]. For crystals, the point and space

group can provide a significant amount of information on the Raman active modes

due to the symmetry involved.

LNO analysed in Chapter 5 has 10 atoms in its unit cell and therefore shows

30 degrees of freedom. Irreducible representation for phonons with a wave vec-

tor (k) near zero, (1st Brillouin zone), consist of 5 A1, 5 A2 and 10 E phonon

branches[117]. Of these one A1 and one E mode are acoustic, the A2 phonons and

both Raman and Infra-Red inactive with the reaming four A1 and 9 E modes

showing both Raman and Infra-Red responses. In ferroelectric LNO the long

range electrostatic forces alter the energy of these phonon modes leading to a

splitting of their observed Raman shifts into transverse optical (TO) and longi-

tudinal optical (LO) modes (respectively perpendicular and parallel to the fer-

roelectric polarisation along the z-axis in LNO with LO modes) such that the

full Raman response consists of 4 A1(TO), 4 A1(LO), 9 E(TO) and 9 E(LO)
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modes[118].

Notably these modes are therefore sensitive to both the propagation direction

and polarisation of the exciting wavelength such that there are effective selection

rules for the incident scattering geometry used. A simple way of depicting these

scattering geometry selections rules is Porto’s notation [A(BC)D] where A is the

propagation direction and B is the polarisation of the incident light with C the

polarisation and D the direction of the scattered light. A bar above the propaga-

tion direction is used to indicate backscattering such that X(YY)X̄ describes the

excitation and detection of Y-polarised light(xxii) when excited from, and detected

along, the X-direction.

Porto notation Expected excitable phonon modes

Z(XY )Z̄ E(TO)

Z(XY )Z̄ E(TO)

Z(XX)Z̄ E(TO) + A1(LO)

Z(Y Y )Z̄ E(TO) + A1(LO)

Table 2.2: Selection rules for observable Raman modes in backscattering config-
uration along the principal (z) axis in LiNbO3.

2.4.3 Fitting of Raman peaks in LNO

Data for Raman spectroscopy of LNO, investigated in Chapter 5-section 5.2,

were obtained using a WiTeC Alpha 300 at Q.U.B. using a 785 nm laser (proved

in operation to run at 784.4 nm), a 40x objective lens with a numerical aperture

of 0.6 and a pinhole of 100 µm and by Ilia Ivanov et al. using a 633 nm HeNe

laser with a 50x objective lens at Oak Ridge National Laboratory. Neither set-

up is truly confocal losing the strong depth resolution typically obtained with

confocal Raman spectroscopy and resulting in the capture of MicroRaman data

with lateral resolution limited largely by the laser spot width. Whilst lateral

imaging with the 785 nm laser set-up was improved (shown to be roughly 1-2

µm compared to the 2-3 µm)), the spectroscopic data obtained was inferior to

that obtained at Oak Ridge National Laboratory, expected due to the inverse Ra-

(xxii) Requires use of a polarised filter and is dependent upon accurate alignment with the laser
polarisation and the orientation of the crystal.
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man response strength with increasing wavelength and therefore analysis focused

mainly on this dataset.

Raman measurements were performed in a backscattering configuration along

the z -axis of the crystal, effective Porto notation of ZZ̄ without the use of polaris-

ing filters allowing excitation and detection of the traverse E(TO) and z-polarised

A11(LO) phonon modes. Spectroscopic mapping was performed in a grid pattern

over a 47-by-69 µm area marked in Fig. 1.7.

Data were analysed with custom written Python(xxiii) codes. After corrections

for cosmic rays, background correction was performed by using an anchored poly-

nomial fit at the points 109.7 cm−1, 204.1 cm−1, 495.6 cm−1, 1009.2 cm−1, 1192.7

cm−1 recognised as minima in the spectra, shown in Fig. 2.18. De-noising of the

spectra was performed using SVD of the dataset[86] and recombination of the

first six vector components. Performing fitting without de-noising showed similar

results for prominent Raman peaks but failed completely for smaller peaks.

Numerous peaks can be observed in the spectroscopic data, with a strong

contrast observed between PE and CLN regions. Due to the number and effec-

tive convolution of Raman peaks obtained data were separated into four discrete

wavenumber response groups, running from 110:200 cm−1, 200:502 cm−1, 502:850

cm−1 and 851:986 cm−1 to simplify analysis. Initial fitting focused on the region

110:200 cm−1 with the spectra shown in Fig. 5.2c that shows peaks at 123, 136,

163, 174 and 193 cm−1 with a final large peak apparently drifting from 154 cm−1

to 149 cm−1.

Data in this region were fit initially using a series of Gaussian peaks, which

best matched the peak profile and can be expected for Raman spectra from a

solid[119], the basic formula of which is shown in Eq. (2.21), where (A) is the

height of the peak, (x) is the value of the Raman shift, (λc) is the centre of

the peak in question and (σ) is the standard deviation of the peak. Initially

variable heights, widths and wavelengths were used for fitting making use of a

least squares cost optimisation function from the Scipy libraries[88] for the sum of

the seven peaks identified in the averaged Raman spectra between 110:200 cm−1.

(xxiii)Including Numpy[87], SciPy[88] and matplotlib[89] libraries.
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Figure 2.18: Raman spectroscopy background removal method for proton ex-
changed congruent lithium. Data are fit to a second-order polynomial using a set
of anchored points recognised as dips in the spectra (110, 204, 496, 1009, 1192
cm−1 marked with dark crosses.
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However, the degree of convolution led to peak drift and poor width fitting. To

circumvent these problems, the peak centres were set to specific values, which

were chosen by fitting peaks to the summed average of the entire spectra and the

central locations of best fit for each peak location were then chosen from this fit.

These peak centres are listed in the tables from Chapter 5: Table 5.1, Table 5.3,

Table 5.3, Table 5.2.

f(x) = A exp

(
−x− λ

2
c

2σ2

)
(2.21)

Peak fitting was then performed individually for each pixel of the Raman

mapping with predefined wavelengths, variable amplitudes and variable width.

After fitting of peaks such as the very low amplitude peak at 134.1 cm−1 showed

rapid increases in width bounding limits were placed on the width of these peaks

to avoid this occurrence listed in Table 2.3. These limits were only reached for

minor peaks in PE regions which do not appear at all in CLN locations leading to

rapid width expansion (intensity tends to zero and width increases as a result of

the least squares cost fitting used) with negligible amplitude and therefore have

no effect on the actual peak fitting. Nonetheless as these peaks are not clearly

resolved analysis focused on the more significant peaks whose fits were almost

identical regardless of the boundary conditions used.

Peak 124.2 134.1 149.0 154.1 162.2 175.5 192.0

σ2 30 30 10 10 50 70 30

Table 2.3: Upper bounds used for σ2 when fitting peaks in the wavenumber
range 110:200 cm−1 to avoid rapid width increases when intensity approaches
zero. Bounds were only reached for peaks from PE regions which do not exist
in responses from purely CLN regions with limits included for all peaks as a
necessity of the function used.

For the peaks in region 851:956 cm−1 initial fitting included only the two well

known peaks of the A(LO)4 mode at≈872 cm−1[118] and the OH librational mode

at ≈960 cm−1[120, 121]. Notably these fits when compared to the raw spectra

left peaks in the spectra with a low intensity broad peak around 896 cm−1 and

two peaks close to the 960 cm−1 librational peak approximately ±10 cm−1 either
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side with an amplitude only slightly lower than the larger central peak, shown in

Chapter 5-Fig. 5.5 and discussed in more detail in subsection 5.2.2.

Consequently fitting was performed for these five peaks in total as for the

region 110:200 cm−1. Gaussian fits for the peaks at 950.0, 963.0, 975.0 showed a

poor response for the peak spreading suggesting Lorentzian spreading was more

obvious than in peaks observed for Raman peaks from LNO. Fits for these peaks

were instead performed using the Voigt function-Eq. (2.22) where (z) is defined

by Eq. (2.23) and (w) is the Faddeeva function implemented with Scipy. Values

of (σ) and (γ) relate the relative strengths of the Gaussian and Lorentzian line

broadening effects in the Voigt profile which was found to work best with roughly

equal values for the two such that the values were set to (σ) = (γ) for peak fitting.

f(x, σ, γ) =
Re{w(z)}
σ
√

2π
(2.22)

z =
x+ iγ

σ
√

2π
(2.23)

Gaussian Peaks 872.0 896.5 Voigt Peaks 950.0 963.0 975.0

σ2 16 8 σ = γ 9 10 7

Table 2.4: Upper bounds used for σ2 when fitting Gaussian peaks at 872.0 and
896.5 cm−1 and for σ = γ in the peaks fit by Voigt profile at 950.0, 963.0 and
975.0 cm−1.
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Chapter 3

Improving the reversibility of lithium deposition on a

lithium conducting glass

This chapter covers experimental investigations into the reversibility of lithium ex-

traction from the surface of a lithium ion conducting glass ceramic under highly lo-

calised electric fields. Lithium electroplating on the surface showed slightly higher

reversibility than observed in previous work when contacted in a raster scan or on

application of larger electric potentials than were previously explored. Of greater

interest is an exceedingly high reversibility observed when the surface is contacted

through microscale gold electrodes, an uncommon feature in solid-state lithium

battery research. Investigations of surface reactivity, conductivity and topographic

changes were undertaken to try and determine the basis for this phenomena. Data

suggest absorbed water is extracted from the electrolyte beneath the micro-electrode

acting both as a catholyte, thereby enhancing reversibility, and as a reactant lead-

ing to electrochemical cell behaviour(i).

3.1 Background and context

Research in this chapter focuses on analysing surface electrochemical reactions

and their reversibility for a commercially produced solid electrolyte, LICGC, man-

ufactured by O’Hara Inc.[1]. LICGC, discussed in greater detail in section 1.5, is

recognised as a well-rounded solid-state lithium conductor, exhibiting both ther-

mal and environmental stability[2, 3], in addition to a high ionic conductivity

even at room temperature.

Previous scientific research on solid lithium electrolytes has typically focused

on analysing the rate limiting steps for conduction as a means of developing im-

proved electrolyte materials. For LICGC, inter-grain boundaries[4, 5] dominate

conductive limits. However a great deal of research has also considered the inter-

faces between electrolyte and anode/cathode which are often the limiting factors

(i)Lithium-water reactions at the top electrode result in this electrode acting as the positive
electrode (cathode under discharge conditions) in the cell.
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for long term battery operation.

In section 3.2 of this work lithium is directly driven to the surface under ap-

plied bias, which can be compared to the charging of a solid lithium battery[6],

investigating limitations to reversibility at the negative terminal of a solid-state

battery. Conversely, in section 3.7 a gold electrode is deposited on the surface

allowing the upper electrode to act as the positive terminal, permitting inves-

tigation at the opposite side of an effective battery, see subsection 3.10.2 and

footnote (i) for explanation of why this device is not entirely solid-state.

Half reaction E◦ (V) Eq.

Li+ + e– Li(s) -3.05 (3.1)

Cu+ + e– Cu(s) 0.52 (3.2)

Cu2+ + 2 e– Cu(s) 0.337 (3.3)

Cu2+ + e– Cu+
0.16 (3.4)

H2O + e– OH– + 1
2

H2(g) -0.828 (3.5)

O2(g) + 2 H2O(l) + 4 e– 4 OH–
0.4 (3.6)

Ag+ + e– Ag(s) 0.80 (3.7)

Table 3.1: Standard electrode potentials for relevant electrochemical half-
reactions in the LICGC experimental set-up (see Fig. 3.3).

3.1.1 Background literature for deposition of Li(s) on the LICGC elec-

trolyte surface

In addition to bulk conductivity measurements on LICGC, early research

showed that an SPM tip could be used to locally extract lithium from the LICGC

substrate under applied bias[7] thereby offering insights into localised surface elec-

trochemistry. Biasing the SPM tip to a negative potential relative to a current

collecting Cu baseplate affixed to LICGC with Ag paste, lithium could be elec-

troplated on the surface of the LICGC film following a reduction from ionic to

metallic lithium- Eq. (3.1) and an oxidation reaction at the counter electrode(ii).

Fig. 3.1 depicts how this process occurs, with metallic lithium forming tiny islands

(ii) It is unclear in this system involving both copper and silver exactly what oxidation process
is taking place at this electrode out of the possible (Eq. (3.2), Eq. (3.3), Eq. (3.4) and Eq. (3.7))
reactions.
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Figure 3.1: a) Artistic rendering of deposited Li(s) islands and (b) an AFM topo-
graphic image of the same effect for a LICGC film and copper (connected with
silver paste) counter electrode following a triangular voltage sweep from 0 to +5
to -5 to 0 V performed on a spectroscopic grid (4-by-10) under ambient condi-
tions. Locations of AlPO4 crystallites, associated with depressions in the surface
topography, are marked with dashed outlines in light blue (note that not every
AlPO4 crystallite is marked).

This deposition process which occurs only on the NASICON phases of LICGC

and not the AlPO4 crystallites was observed to be almost entirely irreversible.

Further investigation was continued in the same vein by Kruempelmann et al.

who performed a similar experiment but in ultra-high vacuum and at a signifi-

cantly slower ramping bias, investigating the volume of the deposition[8]. As ob-

served previously, reversal was practically non-existent, attributed by the group

to degradation of the interface between the electrolyte and deposited lithium.

Arruda et al. later showed partially reversibility (maximum of 10-15% volume

reduction) using the same method at higher cycling frequencies (and consequently

smaller volumes deposited) in an argon glovebox environment[9]. No literature

directly investigating the effects of using a biased tip and raster scanned CAFM

such as was explored in section 3.5 of this work was found in the literature.

A small link between reversibility and particle size (larger particles were found

to be less reversible) was noted in later work[10] utilising current limited feedback

controls. Lateral resolution was improved by the galvanostatic control avoiding

expansive lithium deposition and the corresponding electrolyte depletion. Re-

sults from this work also noted that the granular structure affects the rates of

deposition, with a reduced nucleation bias in locations closer to AlPO4 grains.

Although the exact cause is unknown, the group speculated that of the two causes
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possible; either enhanced electric field in the electrolyte due to the dielectric na-

ture of AlPO4, or increased lithium concentration near AlPO4 grains, the latter

was of greater importance.

The same group attempted to determine the relevant chemical reactivity by

analysing the effects of replacing the copper electrode in the same set-up both with

a lithium counter electrode and with a non-conductive glass[11]. In the absence

of a conducting bottom electrode the nucleation bias increased and continued to

increase with time after the sample was removed from ambient conditions and

placed in an Ar glovebox environment suggesting counter reactions for lithium de-

position without a well defined counter electrode rely on the presence of adsorbed

layers.

With a lithium counter electrode nucleation bias was dramatically reduced

shifting the onset of particle nucleation close to -0.5 Vtip. Since the area for the

counter electrode was significantly greater than that of the nucleated lithium it

can be effectively treated as a counter electrode such that the nucleation bias

represents the overpotential for the onset of lithium reduction (including overpo-

tential in the film and relevant reactions at the interfaces).

Figure 3.2: Figure reproduced from[12] showing topography a) before 1000 +5
to -5 V cyclic voltammograms and b) after, c) and d) show line profiles of the
electrodes with rough idea of the electroplating effect.
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In an effort to improve reversibility in this system the same group fabricated

microscale gold electrodes on the surface of the electrolyte film (see Fig. 3.2)[12].

Voltage was cycled between ±5 V at a rate of 4.88 Vs−1 with recorded currents

indicating lithium electroplating. Initial cyclic voltammetry (CV) measurements

also showed relatively high inverse currents when the bias polarity was inverted to

the -Vtip portion of CV sweep suggesting some degree of reversibility (magnitude

of current observed significantly higher than expected for any stray counter reac-

tions), but repeated sweeps slowly lost this apparent reversal. Topographic data

showed a significant increase of the electrode height following this cycling caused

by electroplating of solid lithium underneath the electrode, effectively forming

the negative electrode for a solid lithium battery in-situ.

3.1.2 Limitations to reversibility of Li(s) deposition

An SPM tip can be used to locally deposit lithium on the surface of a LICGC

film. Only the NASICON phases of LICGC show this feature and the AlPO4

grains show no ionic conduction, though locations close to AlPO4 show reduced

nucleation bias. Deposition rates are limited by both electrolyte depletion, seen in

the differences between copper and lithium bottom electrodes, and more generally

by mass transport of lithium.

The reversibility of this deposition when using IV spectroscopy was practically

zero for particles nucleated in atmospheric conditions, but could be improved

when performed in ultra-high vacuum or Ar glovebox conditions, with increased

reversal seen for smaller lithium deposits. Generally the reversibility is expected

to be limited by degradation of the electrolyte in contact with metallic lithium.

This issue is well noted in solid lithium conductors containing Ti[13, 14, 15] and in

LICGC itself [16, 17]. Protection of nucleated lithium underneath a gold electrode

helped slightly increase reversal of lithium extraction and results hinted at the

possibility of forming the negative terminal for a lithium battery though the lack

of long term reversibility in this system prevents any practical applications.

A summary of the limitations on reversibility at this scale include the surface

passivation of nucleated lithium in ambient atmosphere, the breakdown of the

electrolyte in contact with metallic lithium and the depletion of ionic charge
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carriers in the electrolyte without a source of replacement lithium. For small

volumes of deposited lithium which showed the greatest reversal it is the interface

between nucleated particle and electrolyte which seems to be the most significant

limitation.

3.1.3 Experimental investigation of reversibility on LICGC

To investigate and attempt to improve reversibility in the LICGC system

two avenues of research were undertaken. Firstly, analysis of lithium electro-

plating was considered directly under an SPM tip in ambient conditions in an

attempt to further analyse the limits of reversibility and to consider any poten-

tial improvements. In ambient conditions it is expected that electroplated lithium

will react with atmospheric components which may result in the formation of a

highly resistive layer at the surface of any deposited lithium, however this does

allow determination of the limiting factor for reversal of deposition at either the

lithium-electrolyte interface or the surface of the deposited lithium.

Following results obtained in the second half of the investigation that showed

numerous lumps appear beneath a deposited gold electrode (see section 3.10)

attempts were made to compare deflection under -Vtip (expected to relate to ionic

conductivity) across a small area of LICGC to nucleation bias across the same

area to try and find a correlation between the two. Secondly, gold electrodes were

deposited on the surface of LICGC and used to analyse the effects of repeated

volmtammetric sweeps, with the aim of improving the partial reversal observed

in previous work.

3.2 Surface deposition of Li(s) by conducting AFM

In order to analyse the deposition of metallic lithium on the surface of LICGC

the experiment was designed to match that of previous work (see Fig. 3.3). To

provide the counter electrode to the electroplated lithium, the LICGC was at-

tached to a large copper plate using a conducting silver paste.

Initial analysis of surface nucleation at single point was performed via IV-Z

spectroscopy using a sawtooth bias sweep applied to the copper baseplate(iii). The

(iii) Data are shown with potentials applied to the copper base and consequently the effective
potential of the tip which would be the inverse of this value.
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Figure 3.3: Schematic of experimental set-up using a CAFM tip to nucleate small
deposits of metallic lithium on the surface of a thin film of LICGC when tip bias
is held at a negative potential relative to a copper current collector attached to
the base of the LICGC with conductive silver paste.

bias waveform used was performed at a sweep rate of 5 Vs−1) from 0 → +5 →

-5 → 0 Vbase, shown in Fig. 3.4c, as a comparison to the work of Arruda et al

(2014)[12]. As with previous experiments the onset of current under -Vtip (+Vbase

in this work) and deflection of the cantilever due to deposited material is clearly

observed. Topographic scans performed before and after application of +5 Vbase

match this result. One of the interesting features was a small negative current

observed on nucleated particles in raster scanned CAFM images when current

detection was left active, even with external biasing set to 0 V.

3.3 Raster scanned CAFM reversal of nucleated Li(s)

Further investigation of this weak reversal seen in raster scanned CAFM im-

ages in the absence of external bias was undertaken as reversal in this system

following deposition on the surface is expected to be fundamentally limited. No-

tably the copper/silver baseplate is ionically blocking to Li and electroplating

is unlikely to occur in this direction as the electric field concentration is lower

than that of the tip-surface interaction. As a consequence of this set-up, removal

of lithium from the surface is only possible by reabsorption into the electrolyte,

a process that is diffusion limited and consequently expected to be very slow.

Raster scanned CAFM may therefore increase the reversal of lithium deposition

by allowing a greater volume to diffuse back into the electrolyte. However, this

same process would be expected to show a lower current than previous work us-

ing single point IV measurements as the volume of charge transferred per unit of

time would also be lower (excluding any sudden changes when first coming into
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Figure 3.4: IV-Z Spectroscopy of lithium nucleation on the surface of LICGC
showing a) current against baseplate voltage, b) deflection against baseplate volt-
age, under a sawtooth bias waveform detailed in c) with baseplate voltage against
time (bias sweep rate of 5 Vs−1). The effective height change in b) is noted to-
gether with a schematic of the lithium extracted from the surface causing this
deflection.

contact with deposited lithium).

To check whether the detected current was an anomaly or a symptom of

cross-talk(iv) from deflection a positive tip bias was set to try and enhance the

detected current. Baseplate voltage was set to -3 V, which is approximately the

inverse of the bias required for nucleation of lithium (+3.05 V)[7], to increase the

rate of reversal in order to determine whether reversal of the deposition process

was observed and raster scans were repeated three times with the results shown

in Fig. 3.5. Lateral current mapping, shown in Fig. 3.5b, displays the current

response of the first raster scan with negative current observed in exactly the

same location as the topographic distortion from deposited lithium.

Repeated raster scans show diminishing currents suggesting reversal becomes

limited after a number of scans. A similar sweep performed an hour and several

hours after the initial nucleation showed almost identical results suggesting sur-

(iv)Large changes in deflection can cause false signals to be observed in other data channels.
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Figure 3.5: a) Close-up AFM topography of a nucleated lithium island, b) CAFM
response of the same area under application of -3 Vbase and c) the topography after
this raster scan was repeated three times, showing ≈22 ±4% volume decrease.

face reactivity is not the limiting step for this process. Based on the total charge

transferred and the possible chemical reactions for lithium in atmospheric con-

ditions this current is highly unlikely to be Faradaic and corresponds instead to

solid lithium removed from the top surface and absorbed back into the substrate.

Analysis of the Li particle after three raster scans shows particle volume has

decreased, supporting the conclusion of lithium reabsorption, by approximately

22% ±4(v), surpassing previous experimental reversibility limits of 8-16%[9].

Maximum reversibility was previously observed only under controlled atmo-

spheric conditions, with little to no reversal seen in ambient atmosphere, sug-

gesting that the process of raster scanning may be helpful for reversing lithium

deposition as opposed to single point IV experiments used previously. Initially

it was assumed that reversibility in single point lithium deposition experiments

may be limited by the contact area between the tip and the nucleated particles,

likely caused by passivation of the surface, although later experiments in this

work show the tip-surface contact is not the limitation of reversal, see section 3.6.

Limitations to reversal of lithium deposition are therefore expected to be

largest at the interface between the electrolyte and the deposited lithium. In

this experimental set-up an additional restriction involved in the reintroduction

of lithium to the electrolyte is caused by the bottom (Cu/Ag) electrode as it

acts as a blocking electrode for ionic current flow. Lithium reabsorption by the

(v) Volume was calculated using WSxM software[18] with thresholding of the data performed
manually to isolate the nucleated particle from the substrate. Errors include the changes in
volume encountered with slightly different threshold values.
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electrolyte is therefore limited by diffusion into the film and raster scanning may

show improved reversal due to the length of time the particle is biased allowing

more diffusion.

3.4 Current-voltage (IV) analysis of Li(s) deposition

In order to characterise the differences in the volume of lithium removed from

the surface between raster scanning and CAFM IV curves a more complete anal-

ysis of IV curves was performed. A series of CAFM IV spectroscopy experiments

were performed using the same bias waveform as shown in Fig. 3.4c followed

by CAFM raster scans. Both height and deflection data were recorded in the

same way as Fig. 3.4. A 4-by4 spectroscopic grid of IV measurements were per-

formed on a clean section of LICGC. The applied bias was identical to that used

in Fig. 3.4c, a triangular waveform driving from 0→-5→5→0 Vbase at 5 Vs−1.

Topographic changes to the film following the IV-Z spectroscopy are shown in

Fig. 3.6 clearly depicting locations of lithium deposited on the material surface.
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Figure 3.6: Topography a) before and b) after performing spectroscopic IV mea-
surements on LICGC across a 4-by4 grid showing the significant height changes
caused by deposition of lithium on the LICGC surface.

A feature repeated for each peak obtained was differing currents observed

for the same bias between the rising and falling edges of the +5 Vbase sawtooth

peak responsible for electroplating lithium on the surface of the electrolyte. For

example, the data shown in Fig. 3.4a displays a reduction of 400 pA between 4.5

Vbase on the forward sweep of the bias curve and 4.5 Vbase on the reverse. Other
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points instead show higher currents at the tail end of the sweep, for example

point 12 (when starting at point 1 in the upper left corner, reading top-down left

to right) in the spectroscopic grid shown in Fig. 3.10 shows an increased current

(+140 pA between 4.5 Vbase on the falling edge of the 5 V peak and 4.5 Vbase on

the rising edge).

Based on the results shown in Fig. 3.7 it seems likely that there are two com-

peting processes governing this behaviour. Increased current flow is expected as

the formation of a lithium particle creates an improved contact to the electrolyte

surface. However, as discussed in subsection 3.4.1, depletion of lithium in the elec-

trolyte has a pronounced effect on the current response, due to both the localised

reduction in mobile lithium ions available for extraction and the formation of a

significant space charge layer that opposes the negative tip potential responsible

to lithium electroplating. Results generally match this but accurate analysis is

difficult to characterise due to the changeable IV responses produced at different

locations on LICGC.

3.4.1 Effects of electrolyte depletion

Analysis of current responses at locations where a lithium particle was formed

on the surface shows a change in the direction of current flow between 4.7 and

3.7 Vbase, visible in Fig. 3.7, suggesting lithium is being removed from the surface

and reabsorbed by the electrolyte. Measured tip deflection, shown in Fig. 3.8,

supports this conclusion with a maximum in deflection occurring shortly after the

change in current direction (within 100-300 mV). The magnitudes of the observed

negative currents and simultaneous decreases in tip deflection hint at reversal of

electroplated lithium rather than stray electrochemical reactions.

Considering the experimental set-up this reversal is cautiously associated with

changes in the system potential due to reduction reactions occurring at the Cu/Ag

counter electrode and a depletion region formed in the substrate due following

the removal of lithium (this depletion region is caused by limited mass transport

in the material and the lack of a proper counter electrode to replace lithium in

the electrolyte). Experimental results of lithium nucleation on LICGC performed

by Arruda et al.[11] without a counter-electrode (the copper used in this work
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Figure 3.7: A plot of current versus baseplate bias in a limited section of the bias
waveform (marked on the inset) for five different IV spectra (limited to keep the
graph clear). Current data for the IV spectra plotted are offset from one another
(+10 pA for every line past the first) for easy viewing and marked by colour
for each of the selected spectra. Note that every current response is therefore
negative in this section of the externally applied bias waveform. A dashed line
at 4 V is included to help highlight the change from positive to negative current
flow, which typically occurred a few hundred mV above this potential.

was replaced by an insulating glass layer) show a reduction in deflection up to a

nanometre for particles with heights as low as 10 nm, even under external bias of

several volts, highlighting the importance of the space charge region formed by

electrolyte depletion.

One unusual feature repeated through multiple IV measurements was the

appearance of an apparent electrochemical peak on the trailing end of the bias

waveform, from 5 to 0 Vbase as shown in Fig. 3.7. In Fig. 3.9a shows the current

response for the first five points (with an applied current offset added to each

line) of a 4-by-4 spectroscopic grid highlighting an apparent dip in the observed

current between 0 and 2 V.

Although every IV curve displays this drop in current each curve displays a

different current change at a different bias which can be observed as two separate

peaks at some locations. Since this peak occurs at a different bias for each

nucleated point it may be useful as a measure of potential or resistance in the

circuit. Based on the size of this peak it seems very likely this peak is related to

a very minor oxidation reaction at the top electrode which would be worthy of
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Figure 3.8: Deflection against baseplate bias (between 0 to -4 Vbase, at the trailing
end of the +5 V peak, also displayed in the inset for Fig. 3.7) for a selection of
IV spectra. Deflection data are markedly different for each point, based on the
size of the nucleated lithium particle and have been offset manually for each line
to show trends in the data. A dashed line at 4 V is included to help highlight
deflection changes which typically occurred around this potential.

further investigation.

3.5 Raster CAFM reversal of Li(s) deposition

CAFM raster scans taken after the 4-by-4 IV spectroscopy measurements are

shown in Fig. 3.10 and Fig. 3.11 at -5 Vbase and -8 Vbase respectively with the

increased voltage relative to Fig. 3.5 at -3 Vbase used to try and increase reversal.

Fig. 3.10 shows a number of features which were not visible in the scan at -3

Vbase, in this image AlPO4 grains show little to no current whilst the rest of the

film surface has an apparent leakage current of roughly 1 pA (for the given scan

rate).

Deposited lithium particles also appear to be highly resistive, with most of

the particles showing conduction similar to the highly resistive AlPO4 crystallites

across most of their surface. However several particles show a non-zero current of

greater magnitude than that of the leakage current, but only at small locations at

the centre of the particles. Although difficult to observe, a smaller current is also

present at the very edges of most particles which is unaffected by scan direction

and therefore not attributed to topographic cross-talk (this effect is more obvious

in Fig. 3.12d).
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Figure 3.9: Current and deflection responses against baseplate bias (between -2 to
0 V, at the trailing end of the +5 V peak) for a selection of IV spectra showing an
electrochemical peak in current and a corresponding deflection change. Current
data are offset from one another (+10 pA for every line past the first) for easy
viewing and marked by colour for each of the selected spectra. Deflection data
are markedly different for each point based on the size of the nucleated lithium
particle and are therefore set to start at 0 nm at 2 V (with an offset of +2 nm
for every line after the first).

Following the CAFM raster scan at -5 Vbase, the potential was increased to

-8 Vbase and the scan was repeated. At this potential all particles begin to show

negative current flow across almost all of their surface. For some particle locations

the crystallite phases of AlPO4 can be observed in the current response of the

particles displaying zero current which can be directly related to topographic

scans taken before spectroscopic CAFM measurements. Similar to results shown

at -5Vbase a slight increase in current is observed at the edges of particles.

Assessing reversal of lithium deposition becomes more difficult at these po-

tentials as a non-zero leakage current is clearly displayed in the results. If the

lithium particle were to act as an electrical contact with the surface then the
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Figure 3.10: Raster scanned CAFM current response under -5 Vbase for LICGC
after application of ±5 V CV sweeps in a 4 by 4 IV spectroscopy measurement.
Some of the locations for AlPO4 crystallites and metallic lithium deposits are
marked for ease. The LICGC substrate shows a non-zero leakage current across
most of the material (specifically the lithium conducting grains) with at least one
order of magnitude extra resistance observed on AlPO4 crystallites. Nucleated
lithium particles show a resistive response with observed current limited to the
centre of smaller nucleated particles.

detected current responses could be a consequence of better electrical contact

coupled with increased contact area. However, results suggest electrical conduc-

tivity of the nucleated lithium is not metallic as features of the film beneath the

particle can be seen in the CAFM data as in Fig. 3.12.

Based on these features and the high currents observed at the edges of the

particles, it appears that the nucleated particles are poor conductors. Repeated

scans show decreased current responses attributed to a reduction of the total

Li(s) available for conduction, for example Fig. 3.12d displays a reduced current

compared to the first scan at -8 Vbase with noticeable current restricted to the

edges of the particle.
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Figure 3.11: Raster scanned CAFM current response under -8 Vbase for LICGC
after application of a 2 by 2 IV spectroscopy measurement. In contrast to the
results observed at -5 Vbase in Fig. 3.10, results show non-zero current across
deposited lithium particles. Features of the substrate, the highly resistive AlPO4

crystallites, are apparently visible beneath some nucleated particles and driven
current is largest at the edges of the lithium particles.

Further evidence for the partial reversal of nucleated particles is visible in

Fig. 3.13c(inside the dashed red rectangle) where the slow scan direction travels

from top to bottom and significantly higher current is observed at the upper edge

of the particle. This current change is attributed to a limited volume of lithium

being reversible at the given potential with the majority of reversal occurring

within the first few scan lines in contact with the particle.

A similar effect at a lower current is observed in the opposite scan direction

(not shown) suggesting the effect has no relation to the electrolyte composition

underneath the particle. A smaller, less obvious current can be observed just to

the bottom left of the main particle which can be clearly differentiated in the sec-

ond CAFM scan- Fig. 3.13d. Based on the topography of the area before lithium

deposition-Fig. 3.13a this appears to be a situation where particle expansion has
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Figure 3.12: a) Topographic data of a 780 nm square before spectroscopic IV
measurements and b) topography after (with a clipped maximum for height, true
maximum is ∼70 nm). Topography shows the nucleated particle sits part way
across a depression on hte LICGC surface attributed to AlPO4. Shown in c) are
CAFM results (with reduced colourbar limits, previous maximum was ∼-15 pA)
from the same location after deposition of a lithium particle on the surface at
-8 Vbase and d) shows a repeat of this scan at -8 Vbase with significantly reduced
current.

travelled over the top of an AlPO4 crystallite and lithium electroplating has be-

gun once the particle has come into contact with another lithium conducting

crystallite.

A more direct assessment of reversal can be attempted with analysis of particle

volume before and after CAFM scans were performed, volume was calculated

using the method employed previously- footnote (v). For the particles formed

in the 4 by 4 spectroscopic IV grid, topography was at 0 V and again at 0 V

following one raster scan at -5 Vbase and three more scans at -8 Vbase. Before

-Vbase CAFM raster scanning, total particle volume was calculated at 133 ± 8

× 106 nm3 and the particle volume after was recorded as 66 ± 5 × 106 nm3, a

reduction to 50 ± 5% of the originally deposited volume.
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Figure 3.13: Topographic images with lateral dimensions in nm, a) before and
b) after nucleation of two lithium particles and c) the CAFM current response
at -5 Vbase over a 1 µm square when scanning top to bottom where the dashed
red rectangle indicates a second scan performed at -5 Vbase from bottom to top,
performed after this scan with the image shown in d). Maximum current mag-
nitude in the second scan d) has decreased by more than an order of magnitude
compared to the first scan (c).

Investigation of the long-term stability of this system was not explored in

any great detail. Fig. 3.14 shows the CAFM response at -8 Vbase 1 hour after

the original deposition of a smaller 4 by 4 spectroscopic IV which made use

of the same bias sweep shown in Fig. 3.4c. Contrary to the reversal attempted

immediately, current is only observed at the edges of the deposited particles. One

of the simplest explanations for this effect is an increased resistance in the system

due to either passivation of the surface layer or degradation of the electrolyte

interface. Without further investigation it is not possible to determine with any

certainty which of these effects is the most important.

Data from CAFM experiments with a copper/silver counter electrode show
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Figure 3.14: Raster scanned CAFM current response under 0 Vbase for LICGC
after application of a 2 by 2 IV spectroscopy measurement and a delay of ≈1 hour
to allow nucleated lithium to react with atmospheric components. Nucleated
particles show lithium relaxation is limited to the edges of the lithium lumps.
AlPO4 crystallites are clear in this image as locations of very high resistance.

that small deposits of lithium on the surface of LICGC are at least partially re-

versible under application of CAFM raster scans with a negatively biased tip.

Without a properly defined counter electrode, the limit to the degree of reversal

possible appears to be linked to depletion of lithium in the electrolyte itself. Re-

peated scans over a lengthy period of time may prove to be a better method of

returning lithium to the electrolyte, allowing further relaxation of ionic species

within the electrolyte. However, the reaction of metallic lithium with the elec-

trolyte may cause problems for long term cycling of such a system and the effects

of leaving metallic lithium exposed to ambient conditions is not something that

was explored in this work.
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3.6 Local probe reversal of Li(s) deposition

In order to establish clearly whether tip-surface or particle-electrolyte inter-

faces are the most significant limitation to the reversal of lithium deposition ex-

perimental work was directed towards determining the limitations of single point

IV. Many previous experiments either terminated the external biasing after com-

pleting the nucleation process (-Vtip to 0 Vtip) or used a maximum inverse bias

equal to the maximum deposition bias. Since CAFM results showed increased

reversal currents at higher potentials the bias wave used for single point IV was

altered to drive from 0 → 4.5 V → -6 V → 0 Vbase with the same bias rate as

previous experiments of 5 Vs−1.

Fig. 3.15 shows the results of a single point IV measurement performed using

this waveform. Unlike data taken using the previous bias sweep, Fig. 3.4c, a

large current can be observed in the negative sweep direction suggesting signif-

icant reversal of lithium deposition. This current change also relates to a large

decrease in tip deflection confirming the reduction in the deposited particle size

and therefore reversal of lithium deposition.
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Figure 3.15: Results from a single IV curve performed on LICGC from 0 → 4.5
V → -6 V → 0 V baseplate voltage performed at 5 Vs−1 showing the onset of
lithium nucleation and large currents under -Vtip suggesting reversal of lithium
deposition. Arrows and a changing line colour are included to help show how the
current response changes throughout the measurement.
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During the negative portion of the bias sweep current does not show a simple

linear, exponential or power law response and instead displays apparent electro-

chemical peaks[19, 20] visible in Fig. 3.16a. These peaks also relate strongly to

the apparent deflection changes, shown in Fig. 3.16b, highlighting their impor-

tance to reversal of the lithium deposition. Based on the experimental set-up

used it is unclear exactly what reactions are responsible for the appearance of

these peaks discussed further in subsection 3.10.2.
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Figure 3.16: Spectroscopic CAFM results showing lithium deposition on the
LICGC surface and partial reversal from sweeping bias (baseplate bias, inverse
of tip bias) from 0 → 4.5 V → -6 V → 0 V at 5 Vs−1. Graphs show the region
switching from positive to negative applied surface bias against (a) current and
(b) deflection for a selection of 4 points with added offsets, dashed lines at -3.5
and -1.5 V highlight the onset of apparent current and deflection changes.

Since single point IV measurements show reversal comparable to that of raster

scanned images it can be concluded that tip-surface contact is therefore not the

limiting factor to reversal of lithium deposition. Instead the interface between

the electrolyte and the metallic lithium is expected to be the greatest source of

overpotential for reversal of lithium deposition on the raw LICGC surface. Pas-

sivation of deposited Li(s) in ambient atmospheric conditions may play a more

prominent role if allowed to continue for a longer period of time than was al-
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lowed for in these experiments, however Li(s) isolated from ambient conditions is

expected to be limited by the electrolyte interface.

3.6.1 Summary of local probe reversal

Results of single point IV measurements on LICGC are in agreement with

previous experiments that show lithium can be extracted from the electrolyte

(even without a lithium counter electrode to replenish the ions removed) and

deposited on the surface via an electroplating process. Unlike previous experi-

ments, when tip potential was inverted and increased to greater magnitudes than

used to deposit lithium, significant reversal of lithium deposition was observed.

Based on the experimental design with a copper/silver counter electrode, elec-

trodeposition at this electrode is electrochemically blocked and reversal of lithium

electroplating can only occur in lithium depleted regions of the electrolyte. This

process is limited by diffusion rates as ionic currents cannot be driven in the

opposite direction. Limitations to reversibility are therefore linked more closely

to the Li(s)-electrolyte interface than to lithium passivation due to reaction with

atmospheric components (at least on the order of several hours).

3.7 Improving reversibility with protective Au electrodes

Some of the highest reversibility was previously observed with microscale gold

electrodes grown on the surface of the LICGC film[12] and further experiments

were based on the same experimental design in an effort to improve reversibility.

Unlike the work by Arruda et al.[12] which used lift-off processes and electron

beam physical vapour deposition, electrode deposition in this work was performed

using magnetron sputtering (Agar auto sputter coater, AGB7341, Agar Inc.) and

a surface mask. Similar to experiments performed by Beaulieu et al.[21, 22]

masking was provided by TEM sample grids with a well-defined mesh spacing.

Fig. 3.17 shows how this process occurs and the resultant pattern of electrodes

that are produced on the surface of the electrolyte.

3.7.1 Experimental set-up and electrode fabrication

Deposition was precluded by cleaning of the sample, initially in acetone and

secondly with isopropyl alcohol. Masks were typically weighted down at the edges
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Figure 3.17: Schematic of the technique used to create microscale gold electrodes
on the LICGC surface by sputtering gold through a TEM grid, leading to partial
collimation of the beam (see Fig. 3.18 and section 3.8).

in order to improve surface contact; without close contact between the mask

and the substrate sputtering can spread beneath the mask, electrically shorting

electrodes. Deposition was performed for 100 seconds at 10 ± 2 cm from the

target at a pressure of 0.08 mbar. Initial AFM topographic images showed debris

left on the surface, predominantly located between deposited electrodes that was

attributed to gold leftover from the mask removal process fracturing the edges

of the electrodes (observed in Fig. 3.18). Samples were therefore washed once

again in isopropyl alcohol and allowed to dry in order remove this debris prior to

further experiments.

To provide the counter electrode to the electroplated lithium, the LICGC was

attached to a large copper plate using a conducting silver paste in a manner

identical to the raw surface IV experiments, as per Fig. 3.3. As a matter of

simplicity and due to issues associated with electrode dilation when IV cycled

most measurements have been performed using CAFM, allowing contact to be

maintained under expansion.

Similar experiments using a macroscale probe for electronic contact to the top
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Figure 3.18: a) 10 µm square topographic image of the gap between the edges of
two deposited Au electrodes. The dashed blue box indicates the section used for
line plotting in b) which is a median of 50 lines (to reduce the distortion seen at
the uneven edges). Indicated on the figure are the approximate locations of the
LICGC electrolyte and the Au electrodes.

electrode show no significant changes in the current response. This suggests the

SPM tip acts as a simple ohmic contact at the given voltage range, having no

obvious effect on the recorded electronic current (negligible non-linear response

or catalytic effects) compared to a macroscale probe.

3.8 Analysis of electrode fabrication

Initial experiments made use of the AGAR 3.05 mm diameter 1000 square

mesh copper TEM grids, which have square holes of 19 µm and a separation of

6 µm. Analysis of the electrode deposition characteristics on the LICGC films

is then necessary, as the technique used to grow them has a significant risk of

producing misplaced or malformed electrodes. AFM was used to observe the

topography of the as-deposited electrodes and the resultant topographic images

are provided in Fig. 3.18 and Fig. 3.19.

Electrodes show a clear gap between electrodes of 5.5 ± 1.0 µm, where the

edges of the electrodes are not smooth but slightly jagged, either as a result of

imperfect masking or a situation where gold also adhered to the mask and broke

away when it was removed(vi). Images also suggest height is lower at the edges

of electrodes, starting at 20±4 µm and increasing slowly towards the central

point of the deposited squares up to 30±4 µm. Another interesting feature is

the appearance of a granular morphology almost identical to that of the LICGC

(vi) Topographic images taken in tapping mode showed leftover debris between the electrodes
which could be cleared with a very quick rinse in suitable solvents suggesting the jagged edges
are caused by mask removal.
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(smooth lithium conducting phases, and dips where AlPO4 crystallites exist)

suggesting deposition was almost linear from the gold target to the sample.

Typically sputter coating is used to create an even deposition of target mate-

rial across samples, the relatively slow speed of sputtered particles allows them

to scatter off one another enabling a more even deposition on thee dimensional

structures such as those with sharp edges and overhangs. However, in this work

the combination of masking grid and low argon pressure (which leads to a larger

mean free path for scattered gold particles) appears to have resulted in a depo-

sition which was collimated through the TEM grid (see Fig. 3.17). Collimation

would explain both the reduced height at the edges of the deposited electrodes

and the apparent mapping of the substrate topography to the surface of the

gold electrode. Overall topographic data suggest good separation of individual

electrodes; in order to test this theory further two separate tests were performed.

Firstly, a two probe impedance device was used to measure the impedance

spectrum between a number of these closely spaced electrodes. Data suggest de-

cent separation with a resistance in the MΩ range a phase angle of ≈ 90◦. Clearly

no metallic path is available between the sputtered gold electrodes, however de-

termination of the true resistance is impossible in this case as the system has

ionic transport for lithium (transport number of 1) and ac impedance measure-

ment will induce some current even if the potential remains below that required

for simple electroplating.

Secondly, a single pad had a bias of 12 V applied to it for approximately 30

seconds. Topography of this electrode shows the height has increased from the

≈30-40 nm initial starting point to a height of around 400 nm. The width of the

affected region apparent in the line profiles in Fig. 3.20 also appears to be closer

to 25 µm than the original 19 µm and there significant distortion near to the

electrode which can only be explained by large volumes of electroplated lithium

under the surface. More importantly, even with the excess volume of lithium

plated and the apparent lateral dilation of the electrode, the neighbouring gold

pads were not obviously affected. CV performed in further experiments on any

gold pads was followed by topographic scans of the electrode and its nearest
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Figure 3.19: Topography of a 30 µm square area on LICGC after Au electrode
sputtering showing the pattern and separation of deposited Au pads. Granular
features (AlPO4 crystallites which appear as noted as dips in the LICGC surface)
are visible in both the electrolyte and the raised electrodes highlighting the effects
of collimated sputter coating.
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neighbours to ensure electrical contact was restricted to a single electrode.
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Figure 3.20: Image showing the effects of constant high voltage applied to a single
microelectrode on LICGC displaying a) the topography following application of
12 Vbase for approximately 30 seconds and b) the average height of the region
marked by a pale blue box in a) is plotted together with a schematic of the
expected cause for the rapid height increase (deposition of metallic lithium).

3.9 Unipolar IV measurements of Li(s) deposition under

Au electrodes

Since sputtered electrodes appear to be well formed, electronically isolated

and were shown to draw lithium from the LICGC material, research moved on

to investigating IV characteristics. Using a unipolar sawtooth waveform, voltage

was applied in a cyclic manner to a single electrode whilst current was recorded

using the CAFM. A positive applied bias was applied to the copper baseplate as

a sawtooth function from 0→ +5→ 0Vbase at a rate of 5 Vs−1 to compare with

previous work[12] with the results given in Fig. 3.21.

Current in the first loop shows unexpected behaviour when compared to pre-

vious results. Whilst the current spikes around 3.5 Vbase to produce an almost

linear response related to electrodeposition of lithium as observed previously,

there is also a peak in current between 2.2 and 3 Vbase (more accurate analysis

suggests these are two separate peaks and a minor peak can also be seen at 1.2

Vbase in Fig. 3.22, totalling at least three separate electrochemical peaks).

Since these peaks can be partially observed at significantly lower current in

repeated loops, see Fig. 3.22, and are apparent in the full CV loops shown in

Fig. 3.24 they can be attributed to an electrochemical reaction with limited reac-

tants. Repeated IV sweeps continue to show lithium electroplating but at signif-
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Figure 3.21: IV response for the first fifteen cycles of a 19.5 µm gold pad on
LICGC when repeatedly bias driven from 0 to +5 to 0 Vbase. Line colour denotes
cycle number as per the colourbar. The rectangle outlined with red does indicates
the position of the zoom used for Fig. 3.22.

icantly reduced currents, either due to depletion in the electrolyte or increasing

resistance in the circuit. Although data suggests more lithium is being extracted

to the surface, the electrochemical peaks visible in the first loop become signif-

icantly smaller suggesting extracted lithium is not the limiting factor for these

reactions.

Fig. 3.22 also displays how current flows in the negative direction even with

positive external biasing. Similar to a reversible reaction in standard cyclic

voltammetry the first loop displays strong negative current at a bias only slightly

lower than the positive currents although the magnitude of this current and ac-

tual charge transferred is significantly lower hinting at a process with limited

reversibility. All loops show non-zero negative currents between 3.2 and 2 Vbase

on the falling edge of the sawtooth bias, though only the first loop displays an

electrochemical peak. Negative current decreases with repeated CV loops in spite

of the fact more lithium is extracted theoretically increasing any possible space

charge regions in the electrolyte which suggests reversal becomes limited with

increased lithium deposition.
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Figure 3.22: Zoomed in IV response of a 19.5 µm gold pad on LICGC when
repeatedly cycled from 0 to +5 to 0 Vbase. The full graph of data and the zoomed
in location (indicated by a rectangle outlined with red dots) is shown in Fig. 3.21.
Line colour denotes cycle number as per the colourbar.

Previous experimental work by Arruda et al. has shown that lithium surface

deposition only occurred at potentials >3.5 V which matched the onset of the

second (see Fig. 3.21) apparent shape in the conductivity curve. This agrees

with the surprisingly linear current flow with bias at >3.5 V observed in the first

curve suggesting that both the previously observed electroplating of lithium has

occurred along with an unknown electrochemical reaction at a significantly lower

voltage.

It is unclear from this series of experiments why a negative current is observed

in the reverse cycles though it should be noted that whilst metallic lithium is

unstable with respect to the surface of LICGC[17], previous experiments have

shown lithium deposition without current reversal. Current therefore may be due

to lithium drawn back into the film, but it may just as easily involve a reversal of

the electrochemical reactions observed, a more precise analysis technique would

be required to qualify this experimentally.
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As a comparison to positive Vbase experiments a negative bias was applied

to the base plate and a fresh electrode with the results are shown in Fig. 3.23.

Non-zero current appears to flow under application of negative bias. It is of a

much smaller magnitude than under positive bias, which can be explained by

the lack of transport opportunities for lithium ions, it appears lithium does not

electroplate on the copper electrode to an appreciable level, Arruda et al.[11]

explain this difference as a function of field strength being a limiting factor in the

onset of nucleation.

-5 -4 -3 -2 -1 0

-30

-20

-10

0

0

2

4

6

8

10

12

14

Baseplate bias (V)

C
u
rr

en
t

(p
A

)

S
w

eep
n
u
m

b
er

Figure 3.23: IV response of a 19.5 µm gold pad on LICGC when repeatedly cycled
from 0 to -5 to 0 Vbase. Line colour denotes cycle number as per the colourbar.

Since the system cannot be driven in the opposite direction the most likely

cause of the observed currents is film leakage as observed previously in CAFM

raster scans, e.g. Fig. 3.11 together with a lowered resistance due to improved

contact and increased contact area with the surface compared with a simple SPM

tip. Repeated cycles show diminishing current responses which may be due to

either charging of components or contamination affecting earlier cycles.



131

3.10 Cyclic voltammtery of Li(s) deposition under Au

electrodes

Expanding work into the electrochemical function of the designed system full

cyclic voltammetry sweeps are taken on a fresh electrode. Device characteristics

of a 19.5 µm square electrode cycled between +5 V to -5 V at a rate of 5 Vs−1(vii)

are shown in Fig. 3.24 for the loops 30-260.
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Figure 3.24: Current-voltage response for cycling -5 and +5 V at a rate of 5 Vs−1

where colour responds to the sweep number (sweeps 25:260). Loops before 25
show similar behaviour but with significant noise and were not included for this
reason. Since deflection

A large number of the loops before loop 30 although following the same pat-

tern were incomplete data, obscured by noise or erroneous results likely cause by

tip-surface contact issues(viii). However, it is clearly shown in the voltammetry

data that current can be passed in the positive direction as seen previously. Most

interestingly however, current in the negative direction is large enough to ap-

(vii) Although not explored in this work, bias sweeps at rates greater than 5 Vs−1 appear to
show reduced reversibility with cause most probably attributed to limited time for reversal of
the given electrochemical reactions. Below 5 Vs−1 electrodes expand rapidly and reversibility
quickly becomes limited likely due to a build-up of metallic lithium that limits the reversal
process at the top electrode.
(viii) Based upon later results it seems likely that tip-surface contact could have been a significant
limitation for loops with particularly large currents due to both electroplating changes and the
gas evolution that occurs due to chemical reactions between lithium and water.
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pear almost equal to the positive cycles suggesting the system is almost entirely

reversible.

Cycles remained stable up to the several hundredth loop, although gaps in the

data did appear, net current or charge transfer actually increased with repeated

sweeps. Reversibility in this case appears to be significantly larger than observed

in any previous experimental work and therefore is of significant interest.

Contrary to previous experimental work forward cycling (from 0 V to +5 V,

shown in part of Fig. 3.24 and Fig. 3.25) appears to show two interesting reduction

peaks, firstly at 2 V, and secondly at 3.5 V observed not just in the first loop but

repeatedly for each loop, contrary to +Vbase only unipolar results (section 3.9).

Differences between the work by Arruda et al. and this work are the size of the

electrodes (20 µm squares and 5 µm diameter circles) and the method of their

formation (magnetron sputtering vs. electron beam physical vapour deposition

respectively). As shown in subsection 3.10.2 a thin water layer appears to exist

beneath the electrodes created in this work which is expected to have a greater

effect on reversibility than electrode size or deposition method.

Figure 3.25: Comparison of CV data obtained in this work and in previous work
by Arruda et al.[12] showing enhanced reversibility and the presence of electro-
chemical current peaks not previously observed.
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A sharp increase in current for the reverse sweep 0→ −5→ 0 Vbase is observed

at -3.5 V. At this bias it is expected that any solid lithium directly electroplated

under the gold cap to be oxidised and drawn back into the electrolyte as a direct

reversal of the forward process. A larger anodic peak is observed closer to -4

V almost directly opposed to the cathodic peaks (at +2 and +3.5 V) observed

under +Vbase which is ascribed the reversal of the electrochemical reaction that

occurs when lithium is drawn to the surface.

Looking at the cumulative differences between each loop, seen clearly in

Fig. 3.26, the increasing current appears to be limited to the electrochemical

peaks and has minimal effect on the current flowing at 5 V. Therefore the in-

creasing charge transfer can be ascribed to larger volumes of material available

for electrochemical reaction, whilst lithium extraction remains at the limits im-

posed by the reducing potential (current at 5 V is unchanged).
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Figure 3.26: Cumulative difference between consecutive IV loops showing a series
of peaks associated with electrochemical currents that increase with repeated IV
cycles. Colourbar indicates cycle number.

Net charge transfer is then dominated by largely reversible electrochemical

reactions, explaining how the current experimental set-up shows very little net

lithium deposition compared to previous experiments. Peaks under both bias

polarities gradually shift to higher magnitudes of potential with repeated IV
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cycling. Tracking of these peaks suggests that the shift is not solely due to

increasing volume of reactants but may also include an increased resistivity in

the system which drives both positive and negative electrochemical processes to

require higher potentials for reaction to occur.

Although having anodic and cathodic peaks in the voltammetry data suggests

a more reversible process, the change in the topography of the pads could be

considered a more direct indicator of irreversible lithium electroplating. Fig. 3.27b

shows the topography for the same electrode pad after 260 CV sweeps at a rate

of 5 Vs−1 (−5 → +5Vbase). A definite distortion in the size and shape of the

electrode can be seen with a slight increase in overall height and the top surface

of the electrode appears rougher and slightly lumpy.
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Figure 3.27: AFM topography of a 40 µm square area showing a single 19.5 µm
square gold electrode on LICGC a) before and b) after 260 voltammetric sweeps
(-5 to +5 V at 5 Vs−1) showing the height change and distortion of the electrode
surface.

Notably the overall height remains relatively unchanged unlike the irreversible

electroplating observed by Arruda et al.[12] suggesting that the reversal seen

in the current also contains oxidation of extracted lithium.From this it can be

assumed that voltage cycling does electroplate lithium but it appears that the

majority of the metal withdrawn can be returned to the LICGC film. It is unclear

from this image whether any of the distortion relates to electrochemical reactions.

Interpretation of data at this point suggests there are two intermixing mech-

anisms of current flow in this design. As per previous experimental work demon-
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strated a portion of the current corresponds to electroplating of lithium under

the surface of the gold electrode. In addition to this there also appears to be

an electrochemical reaction occurring causing an additional flow of current which

alters the potential of the system.

3.10.1 Effects of IV cycling under Au electrodes

As shown in Fig. 3.27 the topography of an electrode cycled extensively has

only a limited height increase suggesting that lithium can be both drawn from

the surface and returned with high reversibility(ix). Analysis of the effects of

cycling beneath the electrode was performed in two ways, using a selective gold

etchant (Sigma-Aldrich standard gold etchant) to remove only the gold and with

a mechanical probe to physically scratch the electrode off the surface.

To assess the effects of lithium electroplating two separate electrodes were IV

cycled from +5 → −5 → +5 Vbase at 5 Vs−1, the first electrode 400 times and

the second 110 times. Topography before and after for the electrode cycled 400

times is shown in Fig. 3.28 indicating a significant height gain of at least 20-30 nm

with greater increases observed at certain locations (the small lumps that may

be associated with hydrogen gas, discussed in subsection 3.10.2). Topography

following electrode chemical etching is shown in Fig. 3.28c with a raised area in

the same location as the cycled electrode though at a height lower even than the

original electrode (10-20 nm) whereas all nearby electrodes have been completely

removed suggesting the gold is completely removed.

This raised area is expected to be lithium (or lithium compounds) which have

been electroplated under the applied bias but not returned to the film. Height is

greater at the edges of this raised area and reduces somewhat closer to the centre.

Topography of the electrode cycled only 110 times is shown in Fig. 3.29a (the

electrode cycled 400 times is located at the top of this image), notably the area

the electrode occupied shows very little height change, though a thin outline at

the edge of the electrode area is raised by 5-10 nm.

Based on this observation and the optical images of an electrode that was

(ix) Based on the overall charge moved each cycle an ionic current must be present as only
electronic current would be of much lower magnitude.
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Figure 3.28: AFM topography of a 40 µm square area showing a single 19.5 µm
square gold electrode on LICGC a) before, b) after 400 voltammetric sweeps (-5
to +5 V at 5 Vs−1) and c) the same electrode following chemical removal of the
deposited electrodes in a selective gold etchant.

physically removed-Fig. 3.31 it appears that many of the lithium or lithium com-

pounds that cannot be reversed are predominantly formed at the edges of the

electrode (possibly due to atmospheric exposure or a mechanical process from

repeated cycles and trapping of gas towards the centre of the electrode).

Enabling current collection in the AFM shows that both locations of cycled

electrodes show a negative current even at 0 Vbase (displayed in Fig. 3.29b) which

indicates lithium is oxidised and drawn back into the film when the circuit is

completed by the CAFM probe as the complete circuit requires lithium transport.

Long term IV cycling then may be limited over time due to the build up of this

layer beneath the electrode.

An additional change in Fig. 3.27 can also be observed with the appearance

of numerous lumps on the surface. This effect is more obvious in an electrode

cycled only 40 times at 5 Vs−1 shown in Fig. 3.30 in which numerous lumps on

the order of a few hundred nm width and 10-20 nm in height appear after IV

cycling. These lumps are tentatively associated with the evolution of hydrogen

from the reaction of lithium with water directly beneath the electrode (discussed

in subsection 3.10.2).

Observation of this liquid layer is shown in Fig. 3.31- a series of optical images

of an IV cycled electrode which has been scratched away using a mechanical probe

taken immediately after removal of the electrode and 4 hours after removal of the

electrode. In Fig. 3.31a and more obviously in the same image taken in dark field
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Figure 3.29: AFM topography of a 40 µm square area of LICGC following IV
cycling of deposited Au electrodes and subsequent etching of these electrodes.
The scan is located next to the area shown in Fig. 3.28c showing at the top of
the image the first electrode (cycled 400 times) and in the bottom half of the
image the second electrode (cycled 110 times). In b) the current recorded with
CAFM at 0 Vbase is shown for this area indicating a small flow of lithium back
into the electrolyte. Image contrast is low as the current collected is very close
to the noise floor of the TUNA scanner used.

to enhance contrast (Fig. 3.31c) a small amount of liquid can be observed. As

this can be observed immediately following removal of the electrode and does not

appear for electrodes that were not cycled it is attributed to the extraction of

water absorbed by the LICGC electrolyte. Images taken 4 hours later in Fig. 3.31b

and Fig. 3.31d show that this liquid has dissipated either due to evaporation or

reabsorption by the LICGC.

This liquid is attributed to water absorbed into the LICGC substrate and

subsequently drawn out in IV cycling experiments. The presence of water sig-

nificantly alters any possible chemical reactions and is likely responsible for the

increased reversibility observed, discussed further in subsection 3.10.2.

Optical images taken during the process of IV cycling were of limited reso-

lution limited due to the microscope set-up but still display changes that can

be expected from IV cycling; lithium extraction and subsequent partially incom-

plete reversal. Fig. 3.32 shows a series of optical images for an electrode with

an apparent blue/silvery sheen appearing following the +5 Vtip portion of the

IV bias sweep-Fig. 3.32b. Upon application of the opposing -5 Vtip this shine

disappears and the electrode optically darkens with minor distortions forming

on the main part and most obviously, a dark build-up forms at the edge of the
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Figure 3.30: AFM mapping of a 25 µm square showing a deposited Au electrode
a) before and b) after a set of 40 IV sweeps from +5→ −5→ +5Vbase at 5 Vs−1.
A series of small lumps on the order of tens to hundreds of nm width can be
discerned in the topography of the electrode following the bias sweeps.

electrode-Fig. 3.32c.

The silvery-blue sheen apparent in Fig. 3.32b can be attributed to the extrac-

tion of lithium beneath the electrode, whether this is due to stretching of the

thin Au foil electrode, the presence of lithium and associated reaction products,

discussed in subsection 3.10.2 or some other effect is not clear from these images.

Minor distortions at this point are most likely locations with better electrical

contact, higher volumes of trapped water or potentially small pockets of H2(g).

With application of a negative bias lithium products should be partially re-

versed and lithium should be returned to the film. The darkening of the electrode

edges and expansion at these points is expected to be components that could not

be reversed under the given conditions and are clearly seen beneath the electrode

in the optical-Fig. 3.31 and AFM-Fig. 3.28c results.

3.10.2 Observation of battery operation

The presence of this water layer observed clearly in Fig. 3.31 is therefore

associated with the electrochemical peaks shown in the IV data as lithium reacts

quickly when exposed to water. For an electrochemical cell using water as the

oxidant the reaction that occurs is Eq. (3.8) with an open circuit voltage of 2.22

V (Eq. (3.1) and Eq. (3.5)). Hydrogen gas is released in this reaction and this

trapped gas is attributed to the appearance of the lumps in electrode topography

(most notable in Fig. 3.30). For the same reaction in an oxygen rich environment
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Figure 3.31: Optical images of a microscale gold electrode on LICGC follow-
ing IV cycling having been scratched away by a mechanical probe. Images were
taken immediately following electrode removal in a) bright field and c) dark field
(to enhance contrast) showing the presence of a fluid (expected to be water)
and lithium or lithium compounds predominantly at the edge of where the elec-
trode was originally located. Optical images in a) bright field and d) dark field
were taken 4 hours later showing the disappearance of the fluid either due to
evaporation or reabsorption into the LICGC substrate and expansion of lithium
compounds likely due to further reaction with the atmosphere.

the equation is Eq. (3.9) with an open circuit potential of 3.45 V (Eq. (3.1) and

Eq. (3.6)).
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a) b) c)

Figure 3.32: Optical images of an Au electrode on LICGC during IV cycling
displaying a) the electrode prior to cycling, b) the electrode after application of
+5 Vtip with an appearance that is a little more blue/silvery and minor distor-
tions (difficult to observe with the given optical recording set-up but observable
through the eyepiece) and c) upon reaching the -5 Vtip portion of the IV sweep
displaying darkening and larger distortion at the edge of the electrode. Further
IV sweeps alternated between the appearance of image b) and image c) with
further darkening of the edges in repeated sweeps.

2Li + 2H2O = 2LiOH + H2 (3.8)

4Li + O2 + 2H2O = 4LiOH (3.9)

Since the trapped water layer is not expected to be highly oxygenated a for-

ward potential of 2.2 V could be expected (if the electrolyte had a negligible

resistance) in a system where the negative electrode was formed of lithium but in

this work it is formed by a Cu/Ag silver layer. This complicates the reaction as

lithium is not replaced in the electrolyte for ionic conduction and an overpoten-

tial is required to oxidise species at the Cu/Ag electrode. Arruda et al.(2012)[9]

showed nucleation of solid lithium to occur at roughly +4 Vbase for the same

Cu/Ag base.

A tentative assessment would place the electrochemical peak observed in

Fig. 3.21, Fig. 3.24 and Fig. 3.26 at +2.3 Vbase to the direction reaction of water

with lithium (Eq. (3.8)) and the extra external applications of +4.5 V needed

to drive this reaction forward to the oxidation potential of the counter electrode

and general resistance in the system. The second peak around 3 Vbase may then

possibly be caused by the high potential driving reactions that wouldn’t normally

occur (effectively splitting water). However, further assessment would require the

use of a lithium counter electrode such that chemical potentials were more easily

compared and the depletion of the electrolyte was no longer as important.
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Based on the videos obtained with optical microscopy it is clear the minor

distortions seen on the surface of the electrodes are fully mobile and relate to

either a liquid or a gaseous component trapped underneath the electrode. If

water can be absorbed at the surface of the LICGC electrolyte then gold may be

deposited onto this surface without issue but IV cycling then leads to extraction

of this liquid beneath the gold electrode thereby allowing increased reversibility

in the system. Fig. 3.33 shows hows a simplified schematic of this layer forming

beneath the electrode which is likely to be more complex in reality.

H2(g)

AlPO4 LICGC

Li(s) compounds

H2O

Au

Figure 3.33: Schematic cross-section of the predicated chemical make-up and
general layout of the Au electrodes covering LICGC following IV cycling. Above
the LICGC surface extracted water is confined beneath the metallic electrode
providing the catholyte for lithium to react with, resulting in the production
of hydrogen gas which form distortions and lumps visible on the Au electrode
surface. Irreversible components also form in this layer (seemingly at the edges
of the electrode first, as in Fig. 3.29a) and repeated cycling is likely to show
deposition of a permanent Lis layer across the entire LICGC surface covered by
the electrode not depicted here.

This water layer not only changes reversibility but allows the system to func-

tion as an electrochemical cell with the top electrode functioning as the posi-
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tive electrode in this cell. Taking the cumulative current flow (effectively charge

transfer) in the positive and negative directions of the CV measurements used in

Fig. 3.24 (260 loops at 5 Vs−1 from +5→ −5→ +5Vbase) a net flow of negative

current is observed (Fig. 3.34).
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Figure 3.34: Plots of net current observed after 250 cycles at 5 Vs−1 and a further
250 cycles at 10 Vs−1. Lines are cumulative areas beneath the graph for (solid
blue)- negative current, (dash-dot red, inverted sign)- positive current and (dotted
green)- net current flow.

This is the opposite of the expected direction as shown in previous work

as lithium electroplating, which is expected to be only partly reversible, would

lead to a net positive current. Therefore reactions at this top electrode must be

responsible for this additional current though it is unclear what process would

cause this and may indicate oxidation reactions with atmospheric components

instead.

3.11 Summary of Li(s) deposition under microscale Au

electrodes

High reversibility of lithium extraction and reabsorption was observed under

microscale gold electrodes on LICGC that was ascribed to a small volume of liq-

uid which results suggest is absorbed water drawn from the LICGC electrolyte
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surface under IV cycling and subsequently trapped beneath the Au electrode.

In this situation at least some of the lithium extracted from the electrolyte may

be kept in an aqueous solution thereby avoiding lithium passivation from atmo-

spheric components and degradation of the electrolyte through direct contact

with metallic lithium. Data suggest that the extracted lithium reacts with this

water layer and the system therefore performed as an electrochemical lithium-

water cell with the top electrode acting as the cathode under discharge, however

the complexity of the system disallowed accurate chemical analysis.

3.12 Chapter Summary

Reversibility of the deposition of Li(s) on the surface of a LICGC substrate

under an AFM tip was explored with spectroscopic and raster scanned CAFM

images. Deposited lithium was shown to return to the lithium electrolyte using

raster scanned CAFM, a topic unexplored in previous research. This reversal

process suggests that passivation of the deposited lithium is not the limiting factor

for reversal (within the timescale of a few hours), instead the Li particle/LICGC

interface was shown to be a greater limitation to oxidation of lithium and its

return to the film, e.g. Fig. 3.12 showed conductivity related to the structure

beneath nucleated particles.

Single point CAFM scans were also shown to display reversibility, e.g. Fig. 3.15,

most notably with deflection tracking enabled (IV-Z) such as that shown in

Fig. 3.8 with the greatest limitation to this process being a diffusion limited

return of lithium to the electrolyte that may be avoided with a metallic lithium

counter-electrode[23, 11] as opposed to theCu/Ag used. An interesting feature

which warrants further exploration is the apparent connection between rapid

changes in deflection and the appearance of electrochemical peaks which is of

importance to linking chemistry and functionality at this scale[24, 25].

With the creation of microscale gold electrodes on the surface of LICGC

IV sweep measurements performed using a CAFM showed remarkably high re-

versibility (an exact value is hard to calculate due to the presence of electrochem-

ical reactions within this system) of lithium deposition beneath the electrode.

Analysis of IV sweeps, optical imagery and AFM tapping and conductive mea-
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surements show this reversibility is caused by the presence of a liquid layer that

exists beneath the electrode (expected to be water absorbed into the LICGC

electrolyte and drawn out of the LICGC directly beneath the electrode under

electrical biasing).

IV results show both anodic and cathodic peaks indicating the presence of

electrochemical reactions occurring in this system. Reactions are expected to be

lithium/water reactions leading to production of small volumes of hydrogen gas

beneath the electrode which cause the small lump distortions seen in electrode

topography. Overall charge flow suggests the system functions as an electro-

chemical cell with the encapsulated water layer acting as both a catholyte and a

reactant.
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Chapter 4

Nanoscale analysis and alteration of electrical

conductivity in cerium oxide

Chapter 4 explores nanoscale electrical conductivity measurements of thin film

cerium oxide and the resistive switching behaviour observed in the same films

when contacted by microscale electrodes. Thin films of CeO2–x formed via PLD

on an electrically conducting Nb:STO substrate were electrically analysed at the

nanoscale with spectroscopic CAFM and galvanic control, demonstrating varia-

tions in conductivity across the surface of the material. Based on the lateral

resolution of the technique, current response was ascribed to variations in local

defect chemistry across the film. Electrical properties of similar films were electro-

chemically altered through deposited microscale gold electrodes, exhibiting bipolar

resistive switching behaviour. AFM and TEM were used to locate the spatial lo-

cation of this property change on the nanoscale and then to chemically analyse

the material itself. Data suggests only a small thin region, often referred to in

literature as a filament, connecting the gold electrode to the conducting substrate

is altered.

4.1 Background and context

Research in this chapter focuses on the electrical conductivity of thin film

cerium oxide, a material with numerous practical applications as described in

section 1.6 based largely on its redox activity[1, 2, 3]. Whilst properties have

been improved through changes in the manufacture of ceria based materials, the

links between local chemistry and conductive properties have been harder to

determine[4, 5, 6]. As devices are reduced in size and efficiency is pushed to

its limits, knowledge of these electrochemical properties is essential[7, 8] in the

development of next generational devices. Research in this chapter focused on

assessing conductivity on the nanoscale in thin film cerium oxide and its link

to the local chemical composition with further experiments deliberately altering

composition to produce RS.
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4.2 Background literature for nanoscale conductivity mea-

surements in CeO2–x

Conductivity in cerium oxide is below that typically detectable through STM

and although STM measurements have been used and associated with defects[9],

the experimental requirements of ultra-thin films and raised temperatures limit

any potential study. CAFM measurements, discussed in subsection 2.1.2, can

operate with significantly reduced currents and are therefore highly suited to

studying lateral changes in the conductivity of CeO2. However, SPM measure-

ments that use strong electric fields come with their own series of issues[10, 11].

For example Lee et al.[12] reported on charge injection in gadolinium doped

ceria under negative tip bias, whereas a positive tip bias as low as 3 V was associ-

ated with oxygen evolution from the surface of the film leading to the introduction

of oxygen vacancies.

Work by Yang et al. on thin film cerium oxide[13] continued in the same

vein as Lee et al., investigating the effects of bias on thin films of CeO2 with

varying humidity. A positively biased AFM tip resulted in irreversible surface

deformation of the ceria film when performed in ambient conditions, whereas

the same process showed no change when performed in a dry, inert atmosphere.

Results were attributed to the presence of water layers and oxygen evolution

from the ceria surface. Under positive tip bias oxygen vacancies are driven to, or

formed at, the CeO2 surface which may react with water forming cerium hydroxide

Ce(OH3) at the surface, rapidly followed by protons being driven into the film

under the applied bias.

Under negative tip bias minor contractions in the film were seen under the

tip in ambient conditions associated with an oxidation process in the film which

was prevented when switched to the dry atmosphere. Although electrochemical

reactions occur in ambient conditions these processes limit the current which can

be driven through the system and such that a full 10 V or more difference is

needed to drive noticeable current between results taken in ambient or in dry,

inert conditions for both positive and negative applied bias waves.

Although CAFM in dry, inert conditions may improve analysis of thin film
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lateral conductivity on the nanoscale, film damage can also occur at relatively low

voltages through dielectric breakdown, electrochemical oxidation and reduction

processes[2, 14] and formation of crystallographic defects[15], requiring careful

experimental design to avoid these issues. Previous work by Leonard et al.[16]

showed reversible electrochemical processes occurred at lower voltages with irre-

versible changes appearing as voltage increased, leading to obvious topographic

changes.

Experimental analysis of conductivity at the nanoscale therefore requires avoid-

ance of electrochemical effects from IV measurements performed in ambient con-

ditions and film damage from high potentials.

4.2.1 Conductivity in cerium oxide

A simple interpretation of conductivity in this material considers the effects

of hole conduction to be negligible[17] with ionic conductivity limited by tem-

perature and the polarising (ionically blocking) electrodes used. As discussed in

subsection 1.6.1 ceria is a wide band gap semiconductor and electronic conduc-

tivity is governed more directly by the presence of defects, in particular those of

oxygen vacancies.

As ceria has been shown to display polaron hopping[18, 19] due to the ef-

fective self-trapping of electrons in the narrow Ce 4f band[20], conductivity is

expected to follow an Arrhenius-type (Eq. (1.1)) IV response. The concentra-

tion of quasi-free electrons in ceria is then determined by the concentration of

oxygen vacancies as discussed in subsection 1.6.1 wherein excess electrons are in-

troduced to non-stoichiometric ceria as charge compensation for oxygen vacancies

2[Ce′Ce] = [VO ][21]. Conductivity is then expected to be highest in regions with

a greater number of vacancies.

4.2.2 Background to resistive switching in cerium oxide

Resistive switching (RS), introduced in subsection 1.6.3 is a useful phenomena

that has potential applications in computing and electronic devices as a non-

volatile memory component[22]. Switching processes in transition metal oxides

have long been recognised[23, 24, 25] and are typically attributed to the potential

valence changes of these materials. In ceria, RS is of particular interest in modern
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electronics due to its low lattice mismatch with silicon, potentially offering a

straightforward pathway to inclusion into standard silicon electronics[26].

Switching processes even in cerium oxide are complex with examples of both

bipolar[27, 28], unipolar[29] switching and more recently transitions between

bipolar and unipolar switching in the literature[30]. Literature has mainly fo-

cused on the formation and movement of oxygen vacancies as a means of en-

hancing conductivity[31] for RS processes. Most research appears to predict the

formation of highly conductive filaments through the alignment of oxygen vacan-

cies which are disrupted and repaired during the switching process[22, 32].

Dou et al. (2011)[33] performed experiments on a CeO2 RS device with and

without a silicon interlayer. Experiments with a silicon layer showed improved

switching characteristics that were attributed to additional oxygen vacancies in-

troduced to CeO2 through the reaction of CeO2 with silicon exchanging oxygen

and forming silicate complexes. Work by Liao et al. expanded on this theme us-

ing several different materials for the upper electrode on a thin film of CeO2[34].

Chemically inert electrodes of Pt, Au and Ag showed RS but it was more volatile

than switching performed with so-called reactive electrodes (Al, Ti, Ta). Bipolar

switching was also inverted so that the low resistance state, normally obtained

following application of positive bias, was instead observed under negative bias

with the opposite effect for the high resistance state. Differences were attributed

to the ease in which the reactive upper electrodes can absorb oxygen from the

ceria film thereby introducing a greater number of vacancies.

Younis et al. (2012, 2013) used a polycrystalline CeO2 film that was subse-

quently annealed[31] and a set of chemically assembled CeO2 cubes[35] to assess

the effects of defects and interfaces in the switching process of CeO2 films. As

deposited polycrystalline films showed decent switching characteristics that were

dramatically reduced following annealing and further crystallisation of the film

associated with the increased number of defects and lower energy of formation

in the polycrystalline film. The assembled ceria cubes improved ON/OFF ratios

for switching as interfaces provided locations of increased resistance whilst the

material still enabled clear portions of CeO2 for filaments to form.
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Gao et al. (2010)[2, 28] made use of in-situ TEM to assess RS in a similar CeO2

system to the one explored in this work. Clear observations of highly reduced

cerium, indicating Cerium (III) oxide (Ce2O3) were made, occurring mainly as a

layer near the electrode which spread the length of the TEM lamella. Although

this is not directly comparable to typical device fabrication the obvious motion

of oxygen vacancies and apparent switching behaviour shows that the movement

of these ions can result in RS.

It is clear that the movement of oxygen vacancies is essential for RS but

interfaces still play a crucial part in this process. Also of note is that certain at-

tributes of RS, namely oxygen anion migration, are also of great importance work

on ionic conductivity[36] and work from one may improve the other. For switch-

ing in CeO2 a complete picture of switching has yet to be obtained which is often

attributed to the lack of experimental techniques that can detect the necessary

changes at the nanoscale. Additionally, extra issues regarding electrical conduc-

tivity in such devices such as charging effects[37], the obvious effects of Schottky

barriers such as those observed in this work-subsection 4.4.2 and the desire for

multi-state memories[38] means that a great deal more research is required.

4.2.3 Summary of background literature for CeO2

Numerous devices are expected from designs including CeO2, yet conductivity

and redox processes in this material have yet to be fully understood and must be

improved before mass production is viable. Direct analysis of material properties

at the nanoscale are likely to be of much greater use than ex-situ analysis. In this

chapter experimental work aims to directly probe conductivity on the nanoscale

and to then associated this with various differences in the chemical structure of

a CeO2 film.

For RS cerium oxide shows great potential for inclusion into silicon semicon-

ductor based devices. Experimentally the most likely cause of switching effects,

conducting filaments of reorganised oxygen vacancies, have yet to be clearly ob-

served in CeO2 and the links between minor chemical differences in the film

and the formation of conducting filaments have not been explored in any detail.

Ideally work aimed to link the accurate lateral conductivity measurements of
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thin film ceria-section 4.3 to changes in the RS characteristics of the same films-

section 4.4 on the nanoscale. This was not achieved in this work but the method

may be of further use.

4.3 Conductivity of thin film CeO2

Initial work on cerium oxide investigated the spatial variability of conductivity

in thin film ceria (35 nm) using CAFM. Ceria films were obtained courtesy of

Dr. Nan Yang formed by pulsed laser deposition using the method provided in

Yang et al.(2014)[13] leading to formation ceria with an oxygen stoichiometry of

CeO(1.91). Oxygen vacancies increase the conductivity of the CeO2 film and their

distribution is expected to alter local conductivity. Due to the issues associated

with performing experiments in humid conditions, CAFM was instead performed

in a dry, inert atmosphere (<0.1 ppm of O2 and H2O) to avoid the electrochemical

writing effects observed by Lee et al. and Yang et al.[12, 13]. Furthermore to

avoid electrochemical alteration of the film through electric field alone a galvanic,

or current limited, control system was also utilised so as to terminate experiments

when a threshold current was surpassed.

4.3.1 Spectroscopic current measurements of CeO2

Initial experiments were performed using the current compliance set-up de-

scribed in subsection 2.1.4 over a 1 µm square consisting of 60 by 60 points and a

current limit of ±1 nA. Results from this experiment under positive and negative

bias sweeps are shown in Fig. 4.1. Whilst some form of non-linearity is expected

at this junction plots of the recorded IV curves shown in the results sections (see

Fig. 4.6) does not show the rectifying behaviour typically observed with Schottky

diodes and therefore conductivity is predicted to be governed to a greater degree

by the polaronic hopping mechanism than the interfacial barrier.

Negative bias sweeps show high resistance, requiring roughly -20 V or more

to drive a current of -1 nA. The current response shows an exponential increase

that appears to level out and become linear between -16 and -20 V (though there

are limited data points in this region). Sweeps are very similar and show little

variance in the potential required to reach the compliance limit, differing by 3 to

4 V across the measured grid.
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Figure 4.1: IV plots recreated from[39] for 100 different points under a) negative
and b) positive tip bias sweeps on the thin ceria film using a current compliance
limit of 1 nA (marked by a horizontal dashed line).

Positive sweeps on the other hand show a wider range of current responses

which display super exponential behaviour above a certain bias. Current compli-

ance is reached at significantly lower bias values due to this rapid current increase

though the variation of cut-off voltages is much larger than under negative tip

bias, ranging from 8 to 13 V. This rapid current increase suggests some form of

electrical breakdown process; notably the voltage required to drive 1 nA under

negative polarity is significantly larger than under positive polarity suggesting

the process is not a simple electrical breakdown.

Based on the observation of super exponential current, seen under positive

tip bias, data suggests the film could be chemically altered by this process as

per Lee et al.[] and consequently current compliance was further reduced so as

to minimise any potential surface alteration. A second series of experiments was

performed with a compliance limit of 100 pA with the results of the first 100 IV

sweeps shown in Fig. 4.2.

Data for the first 100 negative tip polarisation bias sweeps are shown in

Fig. 4.2a, together with a dashed horizontal line highlighting the 100 pA cut-

off point. IV responses are basically the same as those observed with the higher

current compliance. Voltage ranges between -10.5 and -13 V to drive a current

of 100 pA and IV curves appear almost identical in shape. Positive bias sweeps,

displayed in Fig. 4.2b display a much greater variance in cut-off voltage with 100

pA reached at 6.5 V in one location and 14 V in another. Fig. 4.2c shows a 2D



156

Applied Bias (V)

C
u
rr

en
t

(n
A

)

Applied Bias (V) Positive cut-off Bias (V)

N
eg

at
iv

e
cu

t-
off

B
ia

s
(V

)

N
u
m

b
er

of
P

oi
n
ts

c)

0.1

0.05

0

0 2 144 6 8 10 12

0-2-14 -4-6-8-10-12

0

-0.1

-0.05

6 148 10 12 16

-6

-14

-8

-10

-12

-16

10

20

30

40

50

Current cut-off

Current cut-off

a)

b)

Figure 4.2: Reproductions of figures used in APL paper[39]: (a) I-V plots for a
selection of points (60 × 60 array) across 1 µm square CeO2−x surface of negative
bias with a compliance limit of |100 pA| (indicated with a dashed horizontal line)
and (b) positive bias over the same area. The relative confinement of negative
compliance voltages with respect to positive compliance voltages is shown in (c)
as a 2D histogram where colour indicates the number of lateral IV locations that
displayed a given cut-off bias.

histogram of negative and positive cut-off bias. Whilst the most common cut-off

bias occurred at approximately ±12 V for both positive and negative tip potential

the greater spread observed for positive bias can be clearly observed in this plot.

4.3.2 2D mapping of conductivity in thin film CeO2

In order to visualise the spatial distribution of IV mapping, 2D plots of cut-

off voltage for positive and negative bias sweeps were created with the results

shown in Fig. 4.3. Data were smoothed using a Gaussian filter(i) and mapped to

a specific colourbar(ii) to help identify components. Without smoothing, features

are more difficult to observe due to noise, largely due to current variations which

have a noise floor of roughly ±5 pA.

With smoothing, the results obtained using reduced cut-off currents, displayed

in Fig. 4.4, show almost identical maps suggesting that these features are in fact

maps of conductance and not features introduced by the smoothing used. To

simplify comparison between the two maps the sign of the positive cut-off map

values are reversed, such that both maps display low voltage cut-offs (or higher

(i)Gaussian filter implemented using SciPy[40] filters, filter was 3*3 in size, with a σ of 1.0
(ii)Colourmap is ‘edge’ map from ‘perceptually improved colourmaps’ or ‘PMKMP’ by Matteo

Niccoli[41]
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conductivity) in red and high voltage cut-offs (lower conductivity) in blue.

Topographic measurements before and after the two spectroscopic IV grids

were taken are shown in Fig. 4.5 displaying no obvious height change after the

experiment, suggesting the film has not undergone any dramatic chemical change

though the possibility of chemical alteration cannot be eliminated by topography

alone.

Initially, results were compared against topography as displayed in Fig. 4.5

but no obvious correlation can be drawn between either of the two maps and

topographic measurements. Conductivity changes across the film are therefore

associated with changes in the chemical structure of the film with film thickness

of limited importance. Under negative bias, regions of both high and low con-

ductivity can be observed spanning from tens of nm seemingly up to 300 nm.

When compared to the positive compliance map several differences can be noted.

Firstly, there is little correlation between the two maps, with regions of high and

low conductivity failing to line up at all. In fact the only obvious correlations

appear to be two points of extremely high conductivity located in the upper right

corner of the map suggesting a serious structural defect or possibly contamination

in the film. A much greater distribution of conductivity can also be observed and

features are significantly smaller, reaching only a few tens of nm.

Comparison with the maps in Fig. 4.4 shows these features are associated
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Figure 4.4: Map of current compliance limited CAFM-IV cut-off voltages across
a 1 µm square (composed of 60 by 60 spectroscopic IV locations) of thin film (30
nm) CeO2 under negative bias sweeps with a current limit of a) 50 pA, b) 20 pA
and c) 10 pA and under positive bias sweeps for d) 50 pA, e) 20 pA and f) 10
pA. Maps are smoothed as in Fig. 4.3-footnote (i).

with conductivity and are far more than noise. Based on the significant dif-

ferences between conductance observed under positive and negative biasing it

appears that different mechanisms are being probed potentially offering more in-

formation about film structure than single directional polarisation could provide.

subsection 4.3.3 considers the differences between positive and negative tip bias

further.

Careful assessment of the data shows that the same conductivity patterns can

be observed at significantly lower current compliance limits. Using the original
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Figure 4.5: 1 µm square topographic image of the thin film (35 nm) CeO2 surface
a) before and b) after I-V spectroscopy was performed. No visible changes are
observed within the experimental limitations of vertical resolution (< 1 nm).

IV sweeps voltage cut-offs for locations where the current surpassed a certain

limit were programmatically extracted and used to plot 2D maps. The effective

voltage cut-offs for the same experiment using 50, 20 and 10 pA limits are shown

in Fig. 4.4. Although the intensity of each map changes, results are almost

identical to those obtained using the 100 pA compliance limit (Fig. 4.3). Notably

this allows assessment of conductivity in this system using much lower voltages

which can help alleviate any electrochemical alterations of the film itself. Below

10 pA the rough shape of the film features can be observed but noise becomes

a serious issue, distorting the map beyond the point that simple Gaussian filters

can mask. If the same experiment was repeated with improved current detection

systems results suggest that conduction could be tracked to the same precision

without using high voltage potentially reducing any surface effects.

4.3.3 Modelling and fitting of IV results

IV curves were interpolated to the same length(iii) to minimise the effects of

linear resistance between locations and interpolated IV curves for both positive

and negative bias are plotted in Fig. 4.6 for comparison.

Data shows the curves under negative tip bias to be almost identical, suggest-

ing the only difference between them is the conductivity of the location at which

(iii) Interpolation was performed using NumPy[42].
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Figure 4.6: Plot of 30 CAFM IV curves taken at different locations on thin
film (30 nm) ceria with a current compliance limit of |100 pA| (indicated with a
dashed line) for positive tip bias (red) and negative tip bias (blue). Curves have
been interpolated to the same length in order to ignore differences in local linear
resistance between locations to show the similarity between curves under -Vtip

and disparity for curves taken with +Vtip.

they are taken. Positive bias curves however do not show the same pattern; there

is variation in curve shape between individual locations suggesting each point has

a complicated response to application of bias which explains the small feature size

and significant variation observed in the positive bias cut-off maps in Fig. 4.3b

and Fig. 4.4. Based on the varied IV response +Vtip measurements may have a

stronger effect on any redistribution of oxygen vacancies as can be expected for

RS experiments under the electroforming step. Whilst no obvious evidence of

electrochemical change was observed it may warrant further work to determine

whether or not a +Vtip does alter the local chemistry.

4.3.4 Interpretation of CAFM-IV results

Conductivity in the CeO(2–x) film is expected to relate strongly to the presence

of oxygen defects as depicted in Fig. 4.7a and Fig. 4.7b. Due to the geometry

of the electrode set-up used, the tip-surface junction is likely to influence IV

results to a greater degree than the wide area of contact for the Nb:STO bottom
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electrode. A possible explanation for the variation between positive and negative

tip bias is then as follows. In addition to the uniformity of IV response under -Vtip

regardless of location-Fig. 4.6, the lateral mapping shows fairly wide features (≈

30-300 nm, seen in Fig. 4.3a) which suggests the current response is not limited

to the area directly beneath the tip. Considering the previous work by Lee et

al.[12] and the more recently the results of Kelvin probe force microscopy studies

by Neuhaus et al.[43, 44, 45] it has been noted that a negative tip bias can lead

to charge accumulation at the surface of the ceria film, an effect which is highly

significant when using a local SPM probe. Fig. 4.7 depicts this process.

-Vtip

CeO2

Nb:STO

+Vtip

CeO2

Nb:STO

Space

region
charge

Space

region
charge

CeO2

Nb:STO

CeO2
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conductivity
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Figure 4.7: Schematic of the expected causes of conductivity changes thin film
CeO(2–x) displaying a) the low conductivity in regions with a low concentration
of oxygen defects and b) increased conductivity in regions with more numerous
defects. Charging effects under positive CAFM tip bias are shown in c) and d)
respectively indicating regions of increased resistance from this charging effect.

Such a charge build up caused by electron injection from the tip could act

as a strong space charge layer depicted in Fig. 4.7c lowering the effective po-

tential across the film as well as limiting the number of Ce3+ sites available for

polaron hopping. This charging is therefore associated with the smoothed fea-

tures observed in the -Vtip maps. Positive tip bias would instead lead to a build

up of charge at the bottom of the ceria film, with vacancies also drawn towards

this interface. In this situation the lateral dimensions of the affected area are

significantly greater and any charging would be significantly more diffuse.

Differences shown in the conductivity between one point and the next with
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-Vtip are attributed to the distribution of oxygen vacancies directly under the

tip, with higher conductivity in defect rich locations as accompanied by a slight

smoothing of the response introduced due to the negative charging effect at the

tip-surface junction resulting in the patterns observed in Fig. 4.3.

Under +Vtip the influence of defects near the Nb:STO interface are likely

to affect conductivity as charging is more prevalent in this area though a high

resistance region is still expected at the tip due to the reduced dimensions of this

contact. Differences between one location and the next are therefore harder to

interpret than under negative tip bias. As surface charging is not expected under

+Vtip and the effect at the lower electrode is likely to be more diffuse the highest

resistance location is expected to be located at the tip based on the geometry of

the contact which is the reason behind the smaller feature size of the +Vtip lateral

map. Positive tip bias does probe the lower interface due to the any increased

resistance from charging there but these results are complicated somewhat by the

effects at the tip-surface contact.

4.4 Resistive switching in CeO2

Continuing investigation into the conductivity of thin film cerium oxide a

series of microscale gold electrodes were patterned on the surface of a 30 nm

thick CeO2 PLD deposited film on Nb:STO using the same method as discussed

in subsection 3.7.1. Post deposition AFM topography of deposited electrodes

showed clear separation between pads with almost entirely smooth surfaces as

expected for the film. IV measurements were initially performed using CAFM to

compare them with the plain surface conductivity measurements but instrumental

limitations meant that currents large enough for electroforming to occur were

impossible in the given CAFM set-up. A macroscopic IV analysis was used instead

as described in subsection 2.1.3 which is not expected to change results in any

significant manner as the conductive probes are used only to contact the gold

electrodes.

4.4.1 IV response of CeO2 under microscale Au electrodes

Initial IV responses on the gold electrodes, observed prior to the observation

of electroforming, show a small degree of hysteresis in current flow, see Fig. 4.8.
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Notably with increased current observed on the tail end of positive IV sweeps

(Vpeak ← 0 V) and reduced current observed for negative sweeps. Repeated

unipolar IV sweeps also show this effect, gradually increasing conductivity for +V

and decreasing for -V, an effect also observed in spectroscopic CAFM measure-

ments taken in ambient conditions between 0 to ±12 Vtip. Results are generally

as expected for a Schottky barrier interface as discussed insubsection 2.1.5.
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Figure 4.8: Logarithmic current vs. voltage curves showing the electroforming
step and subsequent change in resistance for repeated triangular bias waves.

Experiments performed without compliance limits showed extremely high cur-

rent responses leading to damage of the electrode and the film beneath it. There-

fore all experiments were performed with a pre-set current compliance limit to

avoid this breakdown. Initial IV looping with a series of triangular bias waves

sweeping from 0→ 6 V→ -6 V→ 0 Vtip and the electroforming or soft breakdown

event are shown in Fig. 4.8 plotting bias against log (|current|).

Clearly shown is the change under positive bias to a significantly more con-

ductive state on the 6th IV loop at roughly 5.2 V. After this point compliance

could be reached at the end of the triangular sweeps for voltages as low as 1V

where previously only 10 to 100 pA were driven through the film. Subsequent IV

results shown in Fig. 4.9 show obvious switching effects confirming the current

change as an electroforming step.
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4.4.2 Observation of bipolar resistive switching in CeO2

Following the electroforming step bipolar resistive switching could be observed

in the gold capped ceria film when cycling between positive and negative bias. At-

tempts were made to locate unipolar resistive switching but no current changes

were observed when cycling with unipolar sweeps even with increasing current

compliance limits and the mechanism in the given system requires different po-

larities for the SET and RESET steps of RS. It is worth noting that the IV

response appears to be similar to a typical Schottky barrier with rectifying be-

haviour. Overall resistance is lowered following the electroforming step with an

IV response that follows a Schottky type interface with changes in the overall

conductivity modulated by a bipolar switching mechanism.

Results were improved when using slightly different limits for positive and

negative bias peaks in the sawtooth bias wave and the results of sweeping from

0 → 2 V → -4 V → 0 Vtip for four loops are shown in Fig. 4.9. Markings on

this figure display the high resistance and low resistance states of the IV sweep

together with arrows indicating the direction of the hysteresis loop. Starting

from a high resistance state a positively polarised tip induces a change in the

conductivity of the film leading to a low resistance state. Only by negatively

polarising the tip can this low resistance state to be removed and the system

brought back to its high resistance state. Repeated sweeps show slightly reduced

current in the low resistance state observed on both the negative and positive

sections (though the negative sweep is significantly more obvious) of the sawtooth

waveform suggesting the process isn’t entirely repeatable using the given sawtooth

function.

Repeated cycling of a similar electrode between 3 and -3 V showed RS for

approximately ten loops but at one point under positive probe biasing a large

jump in current was observed after which IV characteristics for the system became

entirely linear suggesting a more complete breakdown took place. Switching on

this electrode was highly unstable occasionally failing to change between high

and low resistance states and breaking down after very few sweeps. Considering

the results of Liao et al.[34] this is most probably due to the inert gold electrode

used which the group showed had poorer RS characteristics and very unstable
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Figure 4.9: IV curves showing the change between high to low resistance state
and back to a high resistance state for a series of four repeated triangular bias
waves (see inset for the sweep number).

switching, predicted to be associated with more difficulty in reducing CeO2.

4.4.3 Analysis of CeO2 film after resistive switching

Analysis of the fundamental mechanisms behind RS in the ceria film is difficult

to perform due to the size of the switched area and the scale of the predicted

mechanisms. In order to investigate any chemical or morphological changes two

avenues of research were undertaken. Firstly, a selective gold etchant(iv) was used

to remove gold electrodes after IV cycling after which CAFM experiments were

performed to try and locate any changes in conductivity. Secondly a comparison

was made between cycled and uncycled electrodes through formation of thin

lamellae from the sample via FIB milling followed by analysis of TEM images

of cycled and uncycled electrodes together with spectroscopic EDX elemental

analysis in an attempt to locate any changes in the oxygen composition of the

CeO2.

(iv) Sigma-Aldrich standard gold etchant.
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4.5 TEM analysis of resistive switching in CeO2–x

Individual electrodes on the surface of the ceria film were chosen for the for-

mation of electron transparent lamella for TEM. FIB milling was performed as

described in section 2.3. Lamellae were approximately 8 µm wide and 80-100 nm

in thickness performed on 4 separate electrodes, two affected by cycling and two

unaffected.

Fig. 4.10 shows a bright field TEM image of the device interface for an elec-

trode that was not cycled (a tungsten protective layer for FIB at the outer edge,

of the Au electrode topping the ceria on the Nb:STO substrate). No significant

differences can be seen between the uncycled system and a TEM image of an

electrode that has been electroformed and showed RS behaviour, displayed in

Fig. 4.11.
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Figure 4.10: Bright field TEM image of tungsten covered Au/CeO2/Nb:STO
interface. This device was not affected by IV cycling.

Of the two major changes expected for RS in CeO2, filamentary formation and

reaction at the interface there are no obvious signs. Any electrochemical changes
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to the film are expected to be limited to the CeO2 layer and its interface with

the Nb:STO substrate, since the upper electrode is expected to be inert, however

none are observed.
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Figure 4.11: Bright field TEM image of tungsten covered Au/CeO2/Nb:STO
interface. This device was affected by IV cycling.

4.5.1 TEM analysis of resistive switching in CeO2–x

As TEM results were not able to distinguish any changes in the cycled elec-

trodes further analysis of the CeO2 system was performed with EDX analysis of

the three active regions of the device: Nb:STO, CeO2 and Au. Peak fitting and

elemental analysis was performed using HyperSpy as detailed in subsection 2.2.2.

EDX responses for the devices before and after cycling are shown in Fig. 4.12 and

Fig. 4.13 respectively with the relevant and most obvious peaks labelled for their

respective characteristic X-ray energy.

Peaks for cerium are strong and are easily located in the recorded spectra along

with the oxygen Kα peak. However a number of peaks associated with Titanium

and Tungsten are observed in the spectra regardless of the exact position probed.
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Figure 4.12: Plots of STEM-EDX data gathered for 15 seconds on CeO2 that has
not been affected by IV cycling. Relevant emission peaks and their elemental
origin are indicated.

Minor peaks are also observed for Gold, Platinum and Strontium along with

Gallium from implantation during FIB milling. The appearance of these peaks

suggests some degree of projection is occurring with the sample slightly off-axis

when measuring. Analysis of the second set of samples provides identical results

suggesting there may be a limit to the resolution of the given EDX set-up but

further experiments would be needed to clarify this.

No obvious changes in the ratio of Ce to O peaks can be observed between

Fig. 4.12 and Fig. 4.13, in fact data seem to show an increasing ratio of oxygen to

cerium, an effect unlikely to occur and therefore suggestive of poor experimental

results such that part of the Nb:STO substrate is detected. Similar work carried

out using spectroscopic EDX measurements whilst laterally moving the STEM

beam location also showed no obvious changes to material chemistry.

TEM images of the ceria alone shows no obvious changes to the crystal lattice

when compared before and after RS was observed in the material. This results
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Figure 4.13: Plots of STEM-EDX data gathered for 15 seconds on CeO2 after
electroforming and cycling of sawtooth bias waveform. Relevant emission peaks
and their elemental origin are indicated.

suggests the film has either recovered oxygen, effectively removing film defects,

between FIB milling and TEM analysis or any changes to the electronic con-

ductivity of the film are limited to small areas that are difficult to locate when

using thin lamella. In the second case this would support a process governed by

conductive filament formation but without access to sustained ultra high vacuum

conditions between lamella preparation and TEM analysis it is difficult to de-

termine whether large scale reduction processes could have been responsible for

conductivity changes.

Further experimental analysis would ideally use a higher resolution TEM with

aberration correction making use of EDX to detect any changes in the Ce/O ratio

and other complementary techniques such energy electron loss spectroscopy which

relies on electrons scattered through the film to pick up on change in elemental

valence. It is expected that the most interesting locations are at the interfaces

with a much smaller possibility of locating any conducting filaments.
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4.6 Chapter summary

Research on the conductivity of thin film cerium oxide was performed us-

ing high resolution CAFM, IV voltammetric measurements and subsequent TEM

analysis consisting of TEM and EDX spectroscopy. Spectroscopic IV measurem-

ents performed via CAFM on a thin film of CeO2 showed significant variance

in lateral conductivity with a notable difference between positive and negative

polarised voltammetric sweeps. Conductivity changes were attributed to differ-

ences in crystalline structure, or defects, probed under the localised contact of the

SPM tip. Conductivity changes in polarity were therefore attributed to different

regions of the film being probed by electrical analysis due to electronic charge

build up in the film and the motion of ionic defects.

Deposition of thin Au electrodes, with lateral dimensions of 19.5 µm square on

the ceria film surface allowed IV response analysis of larger regions with the film

displaying RS behaviour. RS in these effective devices followed a bipolar switching

regime with positive tip polarities lowering resistance in the film whilst a high

resistance state could be recovered only by applying a negative tip polarisation.

Comparisons between IV cycled and untouched electrodes were performed with

TEM and EDX analysis. No significant changes at the interface or in the overall

Cerium-Oxygen ratio obtained through EDX was observed between cycled and

untouched electrodes. Based on these observations RS in this system is likely

governed by the oxygen chemistry in the film with or oxygen vacancy ordering

under positive tip bias leading to enhanced conductivity.
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Chapter 5

Detection and manipulation of partially mobile

hydrogen interstitials in H(x)Li(1–x)NbO3 and their

effects on microscale ferroelectric switching

This chapter investigates the effects of PE in periodically PE:CLN on the spec-

troscopic Raman and piezoelectric strain response measured by SPM tip. Previ-

ous research showed increased conductivity in regions altered by PE, attributed

to the motion and partial reaction of hydrogen interstitials. In this work analy-

sis of MicroRaman data for a thin wedge of the sample confirmed the presence

of hydrogen interstitials in the film, clearly separating the responses of CLN and

PE:CLN. Additionally switching spectroscopy piezoresponse force microscopy re-

sults showed increased strain in PE:CLN regions, contrary to the result expected

for the piezoelectric activity of the PE:CLN which is instead attributed to the

presence of hydrogen interstitials. Under the high bias (up to 70 V) used for

switching experiments results suggest interstitials may be driven into regions of

CLN that were not initially affected by PE, alluding to new methods of PE in

similar systems.

5.1 Background to electrical and chemical patterning of

LiNbO3

Limitations to functional devices using lithium niobate waveguides, both elec-

trically poled and chemically altered, come from limited pattern control in ferro-

electrics wherein the size and shape[1, 2] are difficult to pattern with precision.

In LNO devices this lowers efficiency in optical conversion[3] and causes long-

term degradation of the dielectric coefficients under higher laser powers which is

discussed in greater detail in subsection 1.7.4. In this work the effects of proton

exchange are assessed with MicroRaman and SS-PFM in order to improve knowl-

edge of the effects of proton exchange, particularly on the ferroelectric switching

properties of the material.

By doing so links between this chemical change and the properties of the
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material can be assessed and improvements to the design can then be considered.

Additionally the presence of partially mobile hydrogen species in this system

makes it useful to study the effects of electrochemistry on ferroelectric switching, a

process that has only recently been explored at the nanoscale[4, 5]. Understanding

how these two processes can affect one another could help improve ferroelectric

devices and in particular offer opportunists to reduce the size of domains in

ferroelectrics.

5.1.1 Proton exchange of congruent LiNbO3

Both electrical field poling and proton exchange have already been used in

a number of devices and investigated for a number of years the combination of

the two processes has only been explored more recently. Grilli et al. (2006)[6]

showed that lateral domain spreading in the bulk from electrical poling could

be limited somewhat by the regions of proton exchanged lithium niobate (a sur-

face limited effect), offering a potential method for reducing domain periodicity.

Such a technique is of significant interest to the reduction of periodically poled

lithium niobate (PPLN) based devices and was used more recently by Manzo et

al (2011)[7] who concluded that bound charges from the change in the sponta-

neous polarisation were responsible for inhibition of broadening (by limiting the

internal electrostatic field) allowing creation of PPLN devices with a period of 8

µm and ≈2 mum gaps and the potential for less.

Interactions between traditional poling and PE were also to create an unusual

two-dimensional structure with potential in non-linear applications[8] that again

made use of the field confinement effect of PE. Further investigation of these

mixed states is important for the development of the most efficient LNO devices

and may have further reaching impacts in the control of domains in other ferro-

electric materials. Work by Neumayer et al. directly approached the effects of

PE on nanoscale ferroelectric switching in magnesium doped LNO[9, 10] finding

strong inhibition of switching directly above PE regions.

More recently Manzo et al.[11] created periodically proton exchanged CLN

through masking and electrochemical proton exchange with a heated benzoic

acid bath. After turning the sample upside down and polishing the sample to
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expose a cross-section of CLN and PE:CLN CAFM was used to show that regions

affected by PE can show an ionic conduction at the central parts of exchanged

regions. This was attributed to the inclusion of interstitial protons in addition to

the substitutional ones, interstitial hydrogen ions are semi-mobile and can act as

a conductive diode, see Fig. 5.1, where positive tip bias allows some current due

to the partial reaction of water layers and evolution of hydrogen gas under the

tip. Under negative tip bias current no ionic current was observed as the gold

counter electrode allows no hydrogen evolution and the small electronic leakage

current was also suppressed due to the barrier voltage of polarised ionic charge

carriers.

Figure 5.1: Images reproduced from Manzo 2015[11] of a) PFM on PE:CLN
marked with LN and PE to denote CLN and PE:CLN respectively and a dashed
black line to indicate the conductive area observed under b) CAFM scanning.
Line profiles of c) CAFM response at different +Vtip bias and in d) at different
-Vtip bias, marked in a) by a solid black line and a solid white line in b).

5.1.2 Direction of research

The exchange process leads to increases of the extraordinary index allowing

the formation of narrow, low-loss waveguide structures in a well-defined pattern

without the need for strong electric fields or damaging plasma techniques. Fur-

thermore, combinations of PE and electric field poling have been used to control

domain broadening and increase domain periodicity, initially used in LNOs sister
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material LiTaO3[12] and later in LNO[6], wherein the exchanged layer acts as a

resist limiting switching to regions unaffected by PE.

Both processes and their complex interplay demand further research into the

underpinning mechanisms in order to continue improvements in periodic poling

and in a broader scope to consider new methods of controlling ferroelectric domain

patterns. Data from Raman spectroscopy and SS-PFM was used to investigate

the effects of PE on local switching characteristics in CLN with results compared

to that of previous CAFM data.

5.2 Analysis of proton exchanged congruent lithium nio-

bate Raman spectra

Raman spectra were recorded and analysed as described in subsection 2.4.3

across a 47-by-69 µ)m area depicted in the schematic- Fig. 1.7 effectively mapping

a cross-sectional wedge of PE-LNO. Spatial mapping of the region probed by

scanning Raman can be seen clearly by plotting a 2D map of the peak intensity

of the spectra at 154 cm−1 (recognised as belonging to the E(TO) band of LNO,

see Table 5.1), shown in Fig. 5.2a with darker regions indicating lower Raman

response counts that are associated with PE areas.

Clear differences between the response from CLN and PE regions are shown

in Fig. 5.2. Notably a number of peaks are highly convoluted requiring accurate

fitting to locate these peaks. As per Fig. 5.3a this overlap can confuse peaks.

Although a maximum at 152 cm−1 is observed, it is best fitted as a convolution

of two peaks consisting of a 149 cm−1 response from the PE region and a 154

cm−1 response from the CLN region. More complete fitting suggests a sharp

distinction between β-phase HLNO and CLN such that the Raman response of

any point is a combination of these two components based solely on the region

probed laterally (since depth resolution is several microns).

5.2.1 Raman response 110:200 cm−1

Peak wavenumbers are included in Table 5.1 for CLN and PE:CLN regions

separately; values included in the table are those used for fitting and are subject

to a degree of error larger than the decimal point would imply. Data suggest the
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Figure 5.2: Spectroscopic Raman response from scanning a 47 by 69 µm region,
displaying a) a 2D map of raw CCD detection counts at 154.3 cm−1, b) the Raman
spectra between 100 to 1000 cm−1 after noise removal for the mean average of
two different locations marked in a) as blue (PE:CLN) and a red (CLN) box,
with the spectra from the expected CLN region offset for viewing purposes. c)
Shows the same spectra from the same locations but limited to the wavenumber
range of 110 to 200 cm−1, marked in b) with two dashed lines where the second
spectra is offset for simpler viewing, highlighting the significant changes observed
between spectra from the two regions.

peak at E(TO)1 peak may shift from 154.1 to 149 cm−1 but no direct proof of

this exists. Assignments for each peak are included together with comparisons to

literature of CLN[13] and β-phase HLNO[14].

Extending fitting to the full area probed by Raman allows 2D lateral mapping

of each peak to be created, tracking the Raman response in the sample enabling

changes in local crystallography to be detected. Fig. 5.4 shows the results of this

fitting for a selection of peaks from the region 110:200 cm−1. One of the most

notable features is the difference between the amplitudes fitted for the 154.1 cm−1

and 149.0 cm−1 peaks. Data for the 154.1cm−1 peak show an intensity that can
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Figure 5.3: Image of a) plotting of two Raman spectra from PE:CLN near the
thinnest edge of the sample (red line) and from PE:CLN approximately 15µm
along the wedge (green line) and their fits (marked with black peaks). Whilst
PE:CLN shows a large at 152 cm−1 this is actually a convolution of the 149 cm−1

peak from PE:CLN and a 154 cm−1 peak from CLN marked with a blue dotted
line the presence of this separate peak. Images b) and c) show wire-frame models
of the PE and PE:CLN regions of the sample respectively.

be matched to the sample geometry shown in Fig. 5.3c and the 149.0 cm−1 peak

can be matched to the geometry in Fig. 5.3b.

These results confirm the idea that Raman spectroscopy shows little or no

depth resolution in the area probed and responses consist of a combination of PE

and CLN responses depending on the lateral location of the laser. 2D plotting

of the 154.1 cm−1 peak FWHM is shown in Fig. 5.4b, no obvious changes in the

FWHM are observed in regions of CLN, some degree of peak spreading is observed

at the thinnest edge of the sample and some points display altered widths likely

due to contamination or surface damage. Location of the PE region through

scanning Raman in the wavenumber range 100:200 cm−1 is best performed using
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Assignment CLN PE:CLN Fontana[13] Savatinova[14]

PE Only – 124.2 – 125

PE Only – 134.1 – 137

E(TO)1 ?? – 149.0 – 151

E(TO)1 154.1 – 152 151

PE Only – 162.2 – 165

PE Only – 175.9 – 175

E(TO)2 N/O – 186 –

PE Only – 192.0 – –

Table 5.1: Wavenumbers and phonon assignments from 110:200 cm−1 of observed
Raman responses for CLN and PE:CLN in this work compared with results from
Fontana and Bourson[13] on congruent lithium niobate and Savatinova et al.[14]
on β phase HLNO.

the peak at 124.2, seen in Fig. 5.4d or the peak at 192.0 cm−1, not shown as they

have minimal convolution with other peaks.

5.2.2 Raman response 850:985 cm−1

Results from the spectral region 850:986 cm−1 are similar to those observed

in the 110:200 cm−1 region showing a combination of PE and CLN responses

with little to no depth resolution. The most prominent peak in this region is

located at 872 cm−1 recognised as the A11(LO)4 phonon which can be mapped

to the same regions as the peak at 154 cm−1 originating from the unaffected

CLN response. Another important peak can be observed at 963 cm−1 which

has been attributed to librational modes of O-H complexes in LNO[15]. These

modes have been modelled as attempt frequencies for ionic hopping within the

crystal lattice, initially for TiO2[16] and later for LNO[17, 18]. Careful analysis

of this peak shows that is actually a convolution of three separate peaks located

at 950.0, 963.0 and 975.0 cm−1, visible in Fig. 5.5. Separate peaks indicates a

high likelihood of similar but not identical locations for protons within the lattice,

discussed further below.

Peak assignments are provided in Table 5.2 with only the A11(LO)4 band

associated to CLN regions. 2D mapping of the 872 and 963 cm−1 bands are
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Figure 5.4: 2D maps of peak fits for a) amplitude of the 154.1 cm−1 peak, b) full
width at half maximum (FWHM) for the same, c) amplitude of the 149.1 cm−1

peak and d) amplitude of the 124.2 cm−1 peak.

shown in Fig. 5.6, showing identical responses to that of the CLN and PE:CLN

regions discussed previously. Fitting of the two bands close to that of the 963

cm−1 librational band showed identical features for all three bands though the

two smaller peaks displayed significantly more noise. Whilst some groups have

attributed these peaks to hydrogen interstitials forming complexes with different

oxygen atoms within the lattice[19], others interpret these bands as belonging to

different phases of HLNO[18]. Based on the optical response of the sample[11]

β1 and β3 phases of HLNO are expected in addition to the CLN response. More

peaks than expected were therefore observed in this region with slightly different

ν values than those observed under infrared radiation reflectance spectroscopy.

Interpretation of these responses is complicated by the sample geometry as

resolution with the given experimental set-up is to be too low to separate out β1

and β3 phases of HLNO in mapping of the obtained Raman responses and the

fact that previous experiments relied on infrared radiation spectroscopy results

instead. Consequently it is difficult to state with any certainty that peaks are

caused by different phases of HLNO leading to different librational frequencies,
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or whether the hydrogen interstitials are located on a number of different oxygen

atoms and therefore show different frequencies due to the changes in bonding.

Observation of these peaks however does indicate the presence of hydrogen inter-

stitials, supporting the idea of thermally activated hopping and therefore ionic

conductivity.

5.2.3 Summary of Raman results

Results of MicroRaman scanning over a wedge shaped cross-section of PE:CLN

are analysed in the wavenumber region 110:1000 cm−1. Peak assignments are

provided in Table 5.1-110:200 cm−1, Table 5.2-851:986 cm−1, Table 5.3-200:502

cm−1, and Table 5.4-502:850 cm−1. For CLN all E(TO) and A11LO Raman ac-

tive peaks were observed with the exception of the E(TO)2 peak (estimated at

186 cm−1[13](i)) with a total of 8 out of 9 E(TO) peaks observed and 4 out of 4

(i)Data suggest this line may be observed but the intensity is very low in the given experime-
ntal set-up precluding confirmation of its existence.
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PE regions.

Assignment CLN PE:CLN Fontana[13] Savatinova[14]

A11(LO)4 872.0 872.0 871 –

PE Only – 896.5 – –

OH libration – 950.0 – –

OH libration – 963.0 – –

OH libration – 975.0 – –

Table 5.2: Wavenumbers and phonon assignments from 851:986 cm−1 of observed
Raman responses for CLN and PE:CLN in this work compared with results from
Fontana and Bourson[13] on congruent lithium niobate and Savatinova et al.[14]
on β phase HLNO.

A(LO) peaks observed.

Additional peaks were observed in CLN at 629 cm−1 associated with disorder

in the lattice[20] due to the congruent composition, see section 1.7- Background

information on lithium niobate and 687 cm−1 associated with a paraelectric re-

sponse in LNO[21] with minor responses at 174, 534 and 837 cm−1 attributed

to weak sidebands or disordered scattering effects. These peaks were observed

in both CLN and PE:CLN which can be explained by the disorder associated

with the congruent composition of LNO and may also be increased by the sample

preparation method and unusual angle of the cross-section.

Significant changes in the spectra were observed in PE:CLN regions, with 6

new or moved peaks observed in the region 110:200 cm−1 alone, 4 observed from

850:1000 cm−1, at least 6 observed from 200:500 cm−1 and at least 2 observed

from 550:850 cm−1.
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A number of peaks, especially in the 200:500 cm−1 region appearing only

in PE:CLN correspond to the expected wavenumbers for A11(TO) peaks which

should be outside polarisation selection rules for the given experimental geometry,

suggesting some degree of leakage from bands forbidden by simple selection rules.

If this is true it suggests significant distortion of the lattice or a breakdown

of the ferroelectric polarisation is responsible for the splitting of the phonon

modes. Observation of OH libration modes at 950.0, 963.0 and 975.0 cm−1 in

the Raman spectra, which can be related to an an activation energy for ionic

hopping, supports previous observations of ionic transport. The presence of more

than one peak suggests either more than one phase of HLNO is being probed

or hydrogen is bonding with oxygen at a number of different lattice locations,

without further experimental work the underlying cause cannot be confirmed.

5.3 Ferroelectric switching spectroscopy of proton ex-

changed congruent LiNbO3

Further investigation of the PE:CLN cross-section was performed through

PFM and attempted ferroelectric poling of the sample using BE[22] methods of

SS-PFM, described in subsection 2.1.12- Ferroelectric switching spectroscopy on

proton exchanged lithium niobate. Fig. 5.7 shows a PFM scan over 25 µm square

of the sample prior to SS-PFM measurements. Contrast between the PE region

and the rest of the crystal is very clear. Notably, the strain amplitude response

is substantially higher in PE:CLN in spite of the fact the LiNbO3 d33 tensor

probed by vertical PFM displacement should be greatly reduced (experimental

results for β-HLNO PE:CLN suggest a value around 83% lower[23]). Amplitude

and phase for the central region, associated in later results with the β3-HLNO

region (see Fig. 5.8) is significantly higher than the rest of the crystal and dips off

gradually beyond this obvious central location. This dip largely coincides with

the area recognised as β phase-HLNO but continues over several microns more

than expected.

Similar scans with altered excitation frequencies displayed the same results

and based on the extracted SS-PFM amplitude response (covered in subsec-

tion 5.3.1) this region does in fact display a greater strain response than CLN.
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Figure 5.7: High frequency PFM images of a) amplitude and b) phase performed
over 25 µm square of the sample cross-section prior to SS-PFM poling show-
ing a significantly higher amplitude (a full order of magnitude) response in the
exposed β phase-HLNO region together with an altered phase. This effect contin-
ues beyond the exposed β phase region with a steadily decreasing response that
disappears several microns beyond the central region.

Although some groups have attributed a similar response to an inversion of the

bulk domain direction and a collapse of the ferroelectric state into a polarised

but non-switching state, the increased amplitude suggests an alternative source

of strain is present.

Following observations of interstitial hydrogen ions in the lattice of β3 HLNO[11],

the strain response is associated with the presence of ionic species within HLNO

regions, contributing to the observed strain either through electrochemical strai-

ns[24] or a surface charging effect. Interstitial hydrogen also appears to play a

role in the SS-PFM poling process discussed below, introducing electrochemical

strains and altering ferroelectric switching mechanisms.

5.3.1 Spectroscopic ferroelectric switching

Fig. 5.8 shows a 2D map of the extracted strain amplitude at the final point of

the eighth FORC loop (-70 Vtip). A similar result to that observed in the raster

scanned PFM image-Fig. 5.7 is obtained with a maximum AC induced strain

observed in regions identified as β3 phase HLNO. Since BE-SS-PFM accounts

for changes in contact resonance it can be determined that the maximum strain

is observed in the central PE region (β3-HLNO) and not CLN, in spite of the

dramatically reduced piezoelectric tensor in PE regions[23].

A thinner border is observed outside the central PE region, appearing similar
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Figure 5.8: 2D mapping of the extracted strain amplitude at the final point
of the eighth FORC loop (poling voltage of -70 V) on a 25 by 25 µm grid of
PE:CLN. Predicted changes in material composition β3 and β1 phase-HLNO and
CLN-congruent lithium niobate are indicated with text labels. Clear differences
in amplitude are observed between the central (β3-HLNO region) and the rest of
the cross-section. The white dotted line indicates a second change in the mate-
rial, attributed to be the border between β1 andCLN phases of HLNO. Coloured
squares are used to indicate the points used for plotting in Fig. 5.10.

in shape and location to the edge between β3 and β1 HLNO determined optically

by Manzo et al.[23]. Therefore all the regions expected in the sample (excluding

the ionically conductive inner area, displayed in Fig. 5.1) can be located in the

SS-PFM maps using this image-Fig. 5.8(ii).

Fig. 5.9 is useful for comparing the responses under positive and negative bias

showing the extracted amplitude response for the final (8th) FORC SS-PFM loop

at +70 and -70 V. Under positive poling bias regions associated with unaffected

CLN show high amplitude whereas the exposed HLNO regions have a very low

(ii)Borders between CLN, β1 and β3 phase HLNO are obvious in many different maps of the
data, visible in both amplitude and phase (and by extension, piezoresponse) at many different
poling voltages.
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response as expected for a large reduction in the piezoelectric tensor. A sharp

contrast is seen under negative poling bias with the greater amplitude observed

in β3-phase HLNO. A response up to 40% larger than in CLN under positive bias

(expected to be the largest response as poling matches that of the original crystal)

can be observed in this region suggesting the response is not piezoelectric.
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Figure 5.9: 2D mapping of the extracted strain amplitude for the final (8th)
FORC loop at a poling voltage of a) +70 V and b) -70 V) on a 25 by 25 µm
grid of PE:CLN. Predicted changes in material composition β3 and β1 phase-
HLNO and CLN-congruent lithium niobate are indicated with text labels. Clear
differences in amplitude are observed between the central (β3-HLNO region) and
the rest of the cross-section. The white dotted line indicates a second change in
the material, attributed to be the border between β1 andCLN phases of HLNO.

Based on this high amplitude response, similar to that found for standard

raster scanned PFM measurements, shown in Fig. 5.7, it is associated not with

a piezoelectric response but an electrochemical response from the effects of pro-

ton exchange, namely the inclusion of mobile hydrogen interstitials discussed in

greater detail in subsection 5.3.3.

5.3.2 Analysis of the poling characteristics for proton exchanged con-

gruent LiNbO3

A simple view of the strain obtained during FORC poling is displayed in

Fig. 5.10 for a number of locations on the sample, marked in Fig. 5.8 by the

coloured rectangles. Four locations are chosen; one in the central β3 regions,

approximately where ionic conductivity was clearly observed[11]; one in the outer

β3 shell, expected to be paraelectric, one in β1, expected to be paraelectric but
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with a lower hydrogen substitution than β3 and a larger piezoelectric d33 tensor;

and one in CLN, expected to ferroelectric and unaffected by proton exchange.
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Figure 5.10: Plotting FORC-SS-PFM response curves for a series of points marked
in Fig. 5.8 of amplitude, piezoresponse and phase (three rows of plotted figures
respectively) against poling voltage (axis runs from -70 to +70 V for each of the
eight plotting columns) for each of the eight FORC poling sweeps.

PE regions and pure CLN have significantly different FORC-SS-PFM curves.

In CLN, ferroelectric behaviour is observed with amplitude displaying a weak

butterfly response and incomplete piezoresponse curves suggesting poling at -70

Vtip is unable to create a fully switched domain (whilst pinning is well noted in

LNO the particularly low amplitude recorded suggests the coercive field is barely

reached at this potential).

Curves from the β3-HLNO region have significantly different behaviour. No-

tably maximum amplitude in these regions is not only of greater magnitude, it

also occurs under the opposite poling bias (-Vtip as opposed to +Vtip) to that

expected for the polarisation of the original crystal. Fitting of the phase response

for strain also shows different behaviour in the β3 phase with the response under

-Vtip occurring at approximately -180◦ and at 0◦ for +Vtip (contrasting the +/-

90◦ observed in CLN). Also notable is the increased strain amplitude observed in
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the inner region of the β3 region, corresponding to the location of observed ionic

currents. Calculated piezoresponse(iii) in this region is shifted from CLN regions

due to the differing phase response but clearly shows a thinner hysteresis loop as-

sociated with a weaker ferroelectric or paraelectric response though interpretation

is complicated by the strain associated with hydrogen ions (see subsection 5.3.3).

Poling of the β1 phase region displays a mixture of the behaviour observed in

the central PE region and that of the CLN region, most obviously observed in the

phase response. Under +Vtip poling the amplitude response is similar to CLN

regions though with a weaker saturation limit, however under -Vtip the amplitude

shows the same tail response as the outer β3 loops, discussed in further detail in

subsection 5.3.3. Calculated piezoresponse (note footnote (iii)) hysteresis curves

appear thinner than for CLN regions, supporting the idea of reduced piezoelec-

tricity in β1-HLNO but the addition of features observed in β3 switching loops

complicates such a conclusion.

5.3.3 Strain response from protons in LiNbO3

Considering the exceedingly high amplitude observed in β3 regions of the

sample and the presence of interstitial hydrogen in β3 regions it is predicted that

hydrogen ions are responsible for this enhanced response as opposed to a piezo-

electric response. False ferroelectric-like polarisation loops have previously been

recorded in soda-lime glass[25] and ascribed to the diffusivity of sodium cations.

By altering the temperature these experiments showed that this response could

be removed at higher temperatures and was associated with the removal of ad-

sorbed water layers[25, 26]. Experiments on protonic conduction in PE:CLN by

Manzo[11] noted a relation between ionic conductivity and humidity, associated

with the reactivity of protons with the water layer suggesting there may be a

strong link between the two. This theory is supported by the apparent suppres-

sion of this electrochemically based strain response under +Vtip, noted as being

ionically blocking.

In this theory, under a negative tip potential H+ ions are drawn to the surface

(iii)Results suggests that in PE regions the calculated Acos(θ) response is not a piezoelectric
response but a strain response caused by protons in the crystal lattice drawn to the surface of
the sample-(subsection 5.3.3).
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of the sample, potentially interacting with water layers and introducing a new

large strain response with VAC at the surface. Under positive tip potential H+

ions are slightly driven away from the surface, and no counter electrode reaction

can occur. Without interaction with the surface layer strain response for AC

waveform is low.

5.3.4 Effect of mobile hydrogen ions on poling characteristics of pro-

ton exchanged congruent LiNbO3

More accurate analysis of the increased strain was performed by focusing on

the poling characteristics in PE-only regions. Fig. 5.11 shows the strain amplitude

map used previously (Fig. 5.8) with the location of four new locations for FORC-

SS-PFM loop plots. Plots for the given locations are shown in Fig. 5.12 for

the final FORC loop only (-70 → +70 → -70 Vtip). One notable feature is a

noticeably bump shape in in amplitude (rising and then falling) when poling

travels from +Vtip to -Vtip, marked with dashed lines at between -70 and -25 Vtip

in the figure (Fig. 5.12) for all but the central β3 region. This feature occurs in

the opposite direction to that expected by ferroelectric poling, with a maximum

on the rising edge of the poling voltage (from +Vtip to -Vtip, the inverse of a

typically ferroelectric hysteresis loop), and is observed to reduce as the SS-PFM

scan moves along the x-direction. It also corresponds to phase responses which

drift beyond -90◦, acting more like the central β3 region (where phase responses

reach -180◦. Little or no evidence for this bump in amplitude can be seen within

the centre of the β3 region (where Manzo et al. reported conductivity-Fig. 5.1).

This change is therefore associated with the presence of PE:CLN, being found

in or in close proximity to the β phase HLNO created by PE. At present it is

unclear whether the response is a combination of strain contributions from from

the central PE location (see Fig. 5.1) through the sample under high potentials

with the strength of this response related to the proximity of the PE:CLN area

(since moving in the +x direction increases vertical distance from PE:CLN).

Further evidence of this conclusion is provided in raster PFM performed after

poling was completed, results shown in Fig. 5.13 (maximum amplitude and phase

are clipped to improve contrast close to PE regions). A quick glance suggests
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Figure 5.11: 2D mapping of the amplitude response at -70 V for the eighth
FORC-SS-PFM sweep. Predicted changes in material composition β3 and β1
phase-HLNO and CLN-congruent lithium niobate are indicated with text labels.
A black dashed line indicates the area with the largest FORC-SS-PFM amplitude
responses that show no evidence of a bump in amplitude on the +Vtip to -Vtip

portion of poling. Coloured squares indicate the lateral location of the loops
plotted in Fig. 5.12.

domain formation and stability is improved in regions bordering β3-PE:CLN.

However it should be noted that amplitude bordering β3-PE:CLN has signifi-

cantly increased. Changes in amplitude after polarisation switching are generally

associated with the movement of charge on the surface either excess charge in-

troduced during the poling process or the removal of screening charges. Based

on the magnitude of this change and the SS-PFM results from this area which

suggested ionic motion-Fig. 5.12 and poor ferroelectric switching-subsection 5.3.5

this response is attributed to hydrogen ions driven to the surface under poling

conditions.

Assessment of phase responses at these locations is harder to judge as poled

domains should display a response difference 180◦ with respect to that of CLN,

however regions immediately bordering the PE region show a very diffuse phase
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Figure 5.12: Amplitude, Piezoresponse and Phase plots of the last (eighth)
FORC-SS-PFM loop (-70 → 70 V → -70 V) for a series of points between β3
and β1 phase HLNO indicated by colour with the lateral location indicated with
coloured squares in Fig. 5.11. Dashed lines on the amplitude plot highlight an
unusual response located in regions towards the centre of the β3 region shown in
Fig. 5.1, attributed to the presence of conductive hydrogen interstitials.

response, a result that is unlikely for inverted domains alone.
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Figure 5.13: High frequency PFM images of a) amplitude and b) phase performed
over 25 µm square of the sample cross-section after SS-PFM poling. Maximum
amplitude and phase are clipped for better viewing of the region close to the
central PE shape. Note that mapping for amplitude used an inverted scale bar
to improve map clarity such that the darker region marks the highest amplitude.

This effect may have some potential as a route to submicron PE patterning if

the interstitials have a route to further exchange for example under heat treatment

or lithium accepting chemical processing.

5.3.5 Improved switching characteristics

Fig. 5.13 suggests that switching characteristics in β1-HLNO and locations

next to it may in fact be improved. Fig. 5.15 shows SS-PFM results for the final

FORC loop for a series of points running from β1-HLNO and along the x-direction
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into CLN, locations shown in Fig. 5.14. β1 regions have an unusual switching

response. Amplitude does not shown a clear butterfly loop, displaying a very

low amplitude under -Vtip when compared to the large response observed under

+Vtip suggesting switching at these locations is poor, however the complications

of including ionic motion in this switching response means this is not certain.

Locations at the edge of the β1 region appear to have some degree of enhanced

switching (based on the butterfly loop response). Comparing CLN placed laterally

between the striped pads and CLN sitting directly above the exchanged amplitude

loops appear to show more complete switching under -Vtip displaying more open

butterfly loops and phase responses with better defined hysteresis. It is worth

noting however that this amplitude response could be enhanced by protons drawn

to the surface under high potentials as seen the β1 region and may therefore not

be a solely piezoelectric response.
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Figure 5.14: 2D mapping of the amplitude response at -70 V for the eighth
FORC-SS-PFM sweep. Predicted changes in material composition β3 and β1
phase-HLNO and CLN-congruent lithium niobate are indicated with text labels.
Coloured squares indicate the lateral location of the loops plotted in Fig. 5.15.
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Figure 5.15: Amplitude, Piezoresponse and Phase plots of the last (eighth)
FORC-SS-PFM loop (-70 → +70 V → -70 V) for a series of points between
β1 phase HLNO and CLN, indicated by colour with the lateral location indicated
with coloured squares in Fig. 5.14.

5.3.6 Summary of poling characteristics in proton exchanged congru-

ent LiNbO3

Considering the exchange process and the presence of the electrochemical

diode effect observed in PE regions this strain may be caused by hydrogen ions

drawn to the surface during the poling process and consequently not a piezoelec-

tric response. Techniques for investigating mobile ions in solid state materials

have used a similar technique to PFM referred to as ESM to measure strains

caused by the motion of these ions within the lattice structure[24]. For this

system the actual response may be a combination of Coulombic forces from the

excess hydrogen ions drawn to the surface under -Vtip, electrochemical strain from

their motion inside the lattice itself and from any chemical species formed at the

surface e.g. H3O
+ and what remains of the piezoelectric response. Additionally

this process explains the reduction of the amplitude response when poling reaches

+Vtip as ions are driven away from the surface layers reducing the Coulombic and

electrochemical responses.

5.4 Chapter conclusions

SS-PFM poling results are strongly affected by PE, with hysteresis loops show-

ing almost inverse response to voltage compared to central PE:CLN regions and

with an amplitude exceeding those regions, contrary to the results expected for

a purely piezoelectric response. Considering the piezoelectric strain response in

PE:CLN has been shown to reduce this increased amplitude after application of
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Assignment CLN PE:CLN Fontana[13] Savatinova[14]

PE Only – 217 – 220

E(TO)3 237 236 236 239

PE Only – 253 – 252

E(TO)4 264 – 263 261

A1(LO)1 272 273 273 274

PE Only – 296 – –

PE Only – 302 – 302

E(TO)5 319 – 322 321

?? – 327 – 328

A1(LO)2 331 330 332 331

PE Only – 353 – –

E(TO)6 368 367 369 369

PE Only – 395 – –

A1(LO)3 420 – 419 –

E(TO)7 433 429 432 431

PE Only – 448 – 446

Table 5.3: Wavenumbers and phonon assignments from 200:502 cm−1 of observed
Raman responses for CLN and PE:CLN in this work compared with results from
Fontana and Bourson[13] on congruent lithium niobate and Savatinova et al.[14]
on β phase HLNO. Lines in this region were heavily convoluted and were only fit
for averaged spectra and are therefore less accurate than for the regions 110:200
and 851:986 cm−1.

negative tip bias is associated with an electrochemical strain response caused by

the inclusion of mobile protons in β-phase HLNO. Comparing PFM raster scans

before and after FORC-SS-PFM poling suggests that protons can also be driven

into sections of the crystal which were not directly affected by proton exchange.

Introduction of hydrogen ions through such a localised process has not been ex-

plored previously and may help to reduce the size of waveguides and non-linear

devices, particularly those that rely on quasi-phase-matching[27].

Raman spectroscopic data supports previous results showing an ionic diode ef-

fect in β phase PE:CLN, confirming the presence of interstitial hydrogen through
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Assignment CLN PE:CLN Fontana[13] Savatinova[14]

CLN response 534 534 – –

PE Only – 553 – –

E(TO)8 582 582 578 580

Defects 629 629 – 633

Paraelectric 685 687 690 –

E(TO)9 740 740 738 –

PE Only – 786 – –

PE Only – 811 – –

CLN response – 837 – –

Table 5.4: Wavenumbers and phonon assignments from 502:850 cm−1 of observed
Raman responses for CLN and PE:CLN in this work compared with results from
Fontana and Bourson[13] on congruent lithium niobate and Savatinova et al.[14]
on β phase HLNO. Lines in this region were very broad and were only fit for
averaged spectra and are therefore less accurate than for the regions 110:200 and
851:986 cm−1.

observation of OH librational bands. Notably these bands are split into three

distinct wavenumber responses at 950, 963 and 975 cm−1 potentially hinting at

more than one possible location for interstitials in the lattice or changes in the

lattice due to proton exchange, all of which can be associated with an activation

energy in LNO[17].

Raman spectra also show a clear distinction between vibrational modes avail-

able in β-phase HLNO and CLN regions. No obvious difference in available

vibrational modes could be observed between β3 and β1 phases of HLNO but

measurement resolution (both in vertical and lateral dimensions) in these experi-

ments may be below that required to separate the two. SS-PFM results do show

an apparent difference between the two regions, visible most obviously in inte-

grated hysteresis loops of piezoresponse (originally considered work of switching

but complicated by the presence of interstitial protons).
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Chapter 6

Conclusions and further work

A brief summary of the results from each chapter is included with discussion of the

merits and drawbacks when compared to progress in current scientific literature.

Important conclusions from each chapter are provided and matched to the overall

aims of the project. Finally, possible improvements to the research performed and

consideration of how future work might progress is considered.

6.1 Conclusions

Investigation performed during the course of this thesis aimed to link chemical

structure and material functionality through highly localised probing of material

properties and conductivities and the potential for manipulation of these proper-

ties through electrochemical means. Commercial uptake of devices composed of

electrochemically functionalised materials is set to increase and the demands this

sets on chemical patterning and manipulation of materials will inevitably require

improvements in manufacture and processing techniques. Such improvements

cannot be made without nanoscale characterisation of the chemical structure and

properties of interest for any material this work expands on a number of tech-

niques useful to this goal.

Connections between SPM current detection and local chemistry were made

for each of the systems investigated, thin film lithium-ion conducting LICGC,

CeO2–x and proton-exchanged congruent lithium niobate (PE:CLN). In each in-

stance extensive use of scanning probe techniques, namely conductive atomic

force microscopy (CAFM) was necessary for the electrochemical analysis of these

materials at the nanoscale. Notably analysis also required application of several

experimental techniques to draw a more complete picture of the processes link-

ing local conductivity, chemistry and electrochemical functionality. Whilst direct

measurement of nanoscale chemical changes is exceedingly difficult, it is clear

nonetheless, that experimental analysis using these techniques is capable of cre-

ating a fairly cohesive picture of the mechanisms governing material functionality
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and how they can be used to locally manipulate such properties.

For LICGC, a thin film ionically conducting glass-ceramic, deposition of metal-

lic lithium on the surface of the material was investigated by SPM and IV-Z spec-

troscopy in ambient conditions. A higher reversibility than observed in previous

literature occurred when the probe bias used to deposit surface small islands of

lithium was reversed and increased in magnitude. Raster scanned CAFM mea-

surements showed this process to be at least partially reversible for a grounded

tip, contrary to previous experiments, with application of increasing positive po-

tentials increasing the volume of lithium removed from the surface. The appear-

ance of the granular structure in CAFM maps of nucleated particles suggests

the main limitation to immediate reversal of lithium deposition is the contact

between the LICGC surface and the deposited lithium rather than passivation

of the deposited lithium by reaction with atmospheric components. Furthermore

reversal appeared to be kinetically limited by a diffusion process(i) with the rate

of reversal related to the volume of lithium removed and subsequently returned

to the film.

As a second avenue of investigation for LICGC, thin microscale gold elec-

trodes were sputtered onto the LICGC surface and used as a local contact for

IV spectroscopy. Unlike lithium deposited directly under an AFM tip significant

reversibility, a rare occurrence in microscale solid-state experiments, of lithium

based electrochemical reactions on the surface of LICGC were observed (clearly

indicated by the large electrochemical peaks in CV data). AFM topographic

measurements taken before and after cycling and a combination of in-situ opti-

cal microscopy and CV suggest a liquid layer exists beneath the electrode, likely

caused by the extraction of absorbed water in the surface layers of the glass-

ceramic, that has not been observed in previous experiments. This layer appears

to allow partially reversible chemical reactions between lithium extracted from

the LICGC film and the liquid itself, leading to the electrochemical current peaks

and apparent gas evolution. This encapsulated water layer effectively makes the

(i) This occurs in a system with an effectively ion blocking counter electrode (Cu/Ag). In a
system with a full lithium counter electrode it is possible for a true ionic current to be generated
which render the reversal process limited by ionic conductivity instead.
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system perform as a true microscale electrochemical cell but the resistance of the

system precludes direct observation of battery operation.

In thin film CeO2 conductivity was experimentally assessed using current con-

trolled spectroscopic CAFM, designed to avoid electrochemical alteration of the

film. Results showed an uneven conductivity across the area measured with defi-

nite regions of high and low conductivity, unconnected to surface topography(ii).

Assessment considered conductivity under positive and negative tip polarities and

results suggested the two have little correlation with slightly different processes

probed under each bias direction.

Secondly, a series of thin Au electrodes were sputtered through a mask onto

the surface creating an array of microscale electrode (19.5 µm square and 30

nm thick). Under application of a positive bias to this electrode a soft dielec-

tric breakdown or electroforming event occurred corresponding to a significant

increase in conductivity. CV measurements after this electroforming step show

the characteristics of bipolar RS. Switching was generally unstable, lasting only

20-30 cycles but could be partially recovered if the system was left alone for

an extended period, suggesting some form of self-repair in the crystal. Based

on previous research this conductivity change was then associated to changes in

the oxygen stoichiometry of the CeO2–x film as a result of the externally applied

electric field.

In PE:CLN previous research[1] showed an electrochemical diode-like be-

haviour in a cross-section of un-annealed periodically proton exchanged LNO

ascribed to motion of interstitial protons. To further investigate this phenom-

ena analysis of PFM, SS-PFM and MicroRaman analysis from a cross-section of

PE:CLN was performed. Extensive mapping of lateral MicroRaman responses

clearly separates CLN and PE:CLN regions, displaying also vibrational modes

consistent with OH bonding from interstitial protons, supporting the idea of

interstitial proton conduction. These mobile ions also introduce electrochemi-

cal strains into PFM measurements and are believed to be responsible for the

(ii) A small number of particularly large distortions in topography could be associated with
changes in conductivity indicating major disruptions to the growth of the thin film as opposed
to local chemical changes.
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increased conductivity and diode effects seen in CAFM. Furthermore SS-PFM

results show that these particles can be extracted from PE regions into the pure

crystal under high electric fields suggesting new methods of sub-micron electro-

chemical patterning.

Improvements in the switching process of ferroelectric domains was also ob-

served in regions close to PE:CLN. For ferroelectrics in general the requirement

for precise control over ferroelectric domain states in materials is an extensive

problem as smaller domains rapidly become unstable. Although the exact nature

of this improvement could not be determined from this work, the process is of

interest for further investigation and more recent work has begun to assess links

between electrochemistry and ferroelectricity[2, 3].

6.2 Future work

As a priority for any future work more precise analysis of elemental compo-

sition on the nanoscale would be necessary. It is the combination of nanoscale

electrochemical and conductive properties to local chemistry which is the most

important application for the results of this research.

For LICGC in particular, future work would have the major focus of identi-

fying the cause of significant reversibility in the sputtered electrode system and

identification of any chemical species formed under the gold caps. A more conclu-

sive proof as to the origin of increased reversibility will require a depth probing

technique to analyse the chemical composition and spatial layout of compounds

forming underneath the gold electrodes. Use of the FIB to mill cross-sections or

TEM lamellae may not be possible due to the fact that many lithium conducting

solids have proven to be very unstable under electron beam irradiation[4]. This

is further complicated by the water and gas trapped under the electrodes which

would not be stable under the high vacuum required for TEM analysis.

One option would be to consider FIB milling and time-of-flight secondary

ion mass spectroscopy[5], allowing chemical analysis through time-of-flight mass

spectroscopy (analyses both charge and mass) with high vertical (through milling

depth/time) and lateral resolution (beam width). Although this process requires

a vacuum, many of the reactants are expected to be solid and the susceptibility of
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the electrolyte to damage becomes less important. Alternatively chemical testing

may eventually be able to identify what compounds are formed by the reaction

though such analysis would be difficult to perform in-situ making detection of

products formed in operation more difficult to precisely assess. Another option

to consider would be scanning electrochemical microscopy (SECM)[6], discussed

briefly in subsection 1.1.1, which would allow chemical and conductivity analysis

in an aqueous environment, limiting electrochemical reactions to the triple phase

boundary between tip, fluid and material surface.

For CeO2 focus on correlating the lateral conductivity patterns observed in

CAFM scans to the actual defects in the crystalline lattice would be an impor-

tant achievement. Detecting defects on such a scale, limited to tens of nm both

laterally and through the film depth would be exceedingly difficult, likely requir-

ing HRTEM analysis. Detecting lateral components in particular may require an

alternative to top-down FIB milling of the sample such as using a precision ion

polishing system to acquire large lateral areas of electron transparent material.

Secondly, linking this conductivity to the RS process could help improve forma-

tion of RS devices making use of transition metal oxides. Ideally a comparison

between the lateral conductivity in the film and the locations of soft breakdown

for RS would have been carried out. If conductivity could be assessed for a larger

region of the film which was subsequently covered by a conductive electrode and

electrically driven to show resistive switching behaviour it may be possible to

draw comparisons between the two helping improve such devices. Achieving this

may require analysis of the film both before and after both deposition of elec-

trodes and subsequent RS. Performing the current limited CAFM study prior to

electrode formation over a larger region, depositing the electrodes, performing

RS and then removing the electrodes could allow the location of any soft break-

down to be located. Such an achievement could allow a direct link between defect

locations of RS to be determined improving the design and fabrication of such

devices.

One of the most interesting observations made during research of PE:CLN was

the strain observed during SS-PFM as a result of the exchange process instead

of the expected ferroelectric response, in particular the face that this response
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was observed in several locations of the unaffected CLN crystal. A more complete

study into the nature of this response could derive a more complete picture for the

effects of PE in LNO and may yield a useful new technique for patterning CLN

with PE at a significantly reduced scale that is not limited by diffusion. Proving

the response is in fact hydrogen interstitials drawn into regions of previously

unaffected CLN may prove difficult as detection of hydrogen is not simple. One

of the first steps would be to test the CAFM response after SS-PFM poling as

regions where hydrogen were driven into the crystal may then show the same

diode-like behaviour as the centrally PE regions. Alternatively a more accurate

microRaman measurement may be able to detect phonon modes from the OH

complexes that would occur from the migration of hydrogen interstitials into the

untouched crystal.

Other avenues of research in PE:CLN include determining the origin of the

three similar excitation states of OH complexes observed in PE:CLN. Separating

these responses laterally may help to distinguish different β phases of HLNO

which can aid device fabrication. Alternatively, these modes may support the idea

of multiple locations for hydrogen interstitials within the crystal itself, helping to

improve modelling of hydrogen diffusion in CLN and offering some insight into

the activation energy for ionic conductivity. Finally, further investigation of the

apparently improved switching of CLN in regions directly neighbouring PE:CLN

could be of interest to ferroelectrics in general.
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