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Abstract  
Ferroelectrics are dielectric materials possessing a switchable spontaneous 

polarization, which have attracted a growing interest for a broad variety of 
applications such as ferroelectric lithography, artificial photosynthesis, random and 
dynamic access memories (FeRAMs and DRAM), but also for the fabrication of 
devices for nonlinear optics, etc. All the aforementioned applications rely on the 
control of the ferroelectric domains arrangement, or the charge distribution and 
transport. In this regard, the main prerequisite is the engineering of the spontaneous 
polarization, obtained by reversing its orientation or locally inhibiting it. In the latter 
case, the interface created by the spatial discontinuity of the spontaneous polarization 
generates local charge accumulation, which can be used to extend the capabilities of 
ferroelectric materials.  

This thesis shows how engineering the spontaneous polarization in lithium niobate 
(LN) by means of proton exchange (PE), a temperature-activated ion exchange 
process, can be used to develop novel approaches for ferroelectric domain structuring, 
as well as fabrication of self-assembled nanostructures and control of ionic/electronic 
transport in this crystal. 

In particular, it is shown how the electrostatic charge at PE:LN junctions lying 
below the crystal surface can effectively counteract lateral domain broadening, which 
in standard electric field poling hampers the fabrication of ferroelectric gratings for 
Quasi-Phase Matching with periods shorter than 10 µm. By using such an approach, 
ferroelectric gratings with periods as small as ~ 8 µm are fabricated and characterized 
for efficient nonlinear optical applications. The viability of the approach for the 
fabrication of denser gratings is also investigated. 

 The charge distribution at PE:LN junctions lying on the crystal surface is 
modelled and used to drive the deposition of self-assembled nanowires by means of 
silver photoreduction. Such a novel approach for PE lithography is characterized for 
different experimental conditions. The results highlight a marked influence of the 
orientation of the spontaneous polarization, the deposition times, as well as the 
reactants concentrations and the doping of the substrate with MgO.  

Based on the fact that proton exchange locally reduces the spontaneous 
polarization, a quick and non-destructive method for imaging PE regions in lithium 
niobate with nanoscale resolution is also developed by using Piezoresponse Force 
Microscopy. Moreover the relative reduction of the piezoelectric d33 coefficient 
associated to PE is estimated in lithium niobate substrates with and without MgO-
doping.  

Finally, by using advanced Scanning Probe Microscopy techniques, the features of 
charge transport in PE regions are further investigated with nanoscale resolution. A 
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strong unipolar response is found and interpreted in light of ionic-electronic motion 
coupling due to the interplay of interstitial protons in the PE regions, nanoscale 
electrochemical reactions at the tip-surface interface, and rectifying metal-PE 
junctions. 
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Sammanfattning 
  

Ferroelektriska är dielektriska material som uppvisar spontan polarisation som kan 

slås på och av, en effekt som har fångat intresse inom en bred skara tillämpningar 

såsom ferroelektrisk litografi, artificiell fotosyntes, direkt- och dynamiskt 

åtkomstminne (FeRAM och DRAM), men även inom tillverkning av ickelinjär optik, 

etc. De nämnda tillämpningarna bygger på att antingen kontrollera de ferroelektriska 

domänerna eller laddningsfördelningen och laddningstransporten. För att uppnå detta 

är den främsta förutsättningen att man kan kontrollera den spontana polarisationen i 

materialet genom att antingen byta polarisationsriktningen, eller att lokalt dämpa dess 

amplitud. I det senare fallet kan man skapa en lokal laddningsförtätning i gränsytan 

som det diskontinuerliga, rumsliga språnget hos den spontana polarisationen ger 

upphov till,  något som kan ge ferroelektriska material utökade möjligheter. 

Denna avhandling visar hur kontrollerad spontan polarisation i litiumniobat (LN) 

genom protonutbyte (PE), en temperaturaktiverad jonutbytesprocess, kan användas på 

ett nytt sätt för  att strukturera ferroelektriska domäner, men också för att tillverka 

självsammansättande nanostrukturer samt för att kontrollera jon-/elektrontransport i 

denna kristall. 

I synnerhet visas här hur den elektrostatiska laddningen vid PE:LN-gränsytor som 

ligger under kristallytan, kan användas för att effektivt motverka lateral 

domänbreddning. Denna effekt är ett problem vid tillverkning av ferroelektriska gitter 

för kvasi-fasmatchning och perioder  kortare än 10 µm, då polning med ett elektriskt 

fält vanligen används. Med denna metod kan ferroelektriska gitter med perioder så 

små som ~8 µm tillverkas och karakteriseras för effektiva ickelinjära tillämpningar. 

Tillämpbarheten hos metoden för tillverkning av ännu tätare gitter har också 

undersökts. 

 Fördelningen av laddningstäthet vid PE:LN-gränser som ligger på kristallytan har 

modellerats och använts för att driva tillväxten av självsammansättande nanotrådar 

genom fotoreduktion av silver. Ett sådant nytt angreppssätt för PE-litografi 

karakteriseras för olika experimentella förhållanden. Resultaten från detta belyser ett 

tydligt beroende av den spontana polarisationens riktning, tillväxttiden, samt 

koncentrationerna hos reaktanterna och substratets MgO-dopning. 

Baserat på det faktum att protonutbyte lokalt reducerar den spontana 

polarisationen, har en snabb, och icke-destruktiv metod för att avbilda PE-regioner i 

litiumniobat med nm-upplösning framtagits med hjälp av s.k.Piezoresponse Force 

Microscopy. Dessutom har den relativa minskningen av den piezoelektriska  d33-

koefficienten som kan kopplas till PE, uppskattats i substrat av litiumniobat –  med 

och utan MgO-dopning. 

Till sist har egenskaperna hos laddningstransporten i PE-regioner undersökts med 

nm-upplösning, genom att använda avancerade svepspetsmikroskopi (SPM)-tekniker. 

Ett starkt unipolärt reaktion har uppmätts och tolkats utifrån kopplingen mellan jon-

elektronrörelser, beroende på samspelet mellan interstitiella protoner i PE-regioner, 

elektrokemiska reaktioner på nm-skala vid gränsen  mellan spetsen och ytan, och en 

likriktande metall-PE övergång. 
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CHAPTER 1: INTRODUCTION  1 

  

 

Chapter 1  
 

Introduction  

Ferroelectric crystals represent a group of dielectric materials possessing a 
spontaneous polarization which can be reoriented by an external electric field. 

The first known ferroelectric crystal is the Rochelle salt which was synthetized in 
the middle of XVII century by the apothecary Elie Seignet.1 Although the term 
ferroelectricity was first suggested by E. Schrödinger in 1912,2 the ferroelectric 
behaviour of the Rochelle salt was demonstrated in 1921 by Valasek,3 who reported 
for the first time the re-orientation of the spontaneous polarization through an external 
electric field. However, for the next several decades ferroelectrics were barely 
considered an academic curiosity with limited application and theoretical interest,4 
especially because of their structural fragility. 

The first mass-produced ferroelectric was barium titanate (BaTiO3), a robust 
crystal with high dielectric constant which was extensively used during the 1940’s for 
production of capacitors. The synthesis of BaTiO3 was achieved in 1942 encouraging 
during the same decade the research towards the production of other ferroelectric 
materials with similar crystal structure. This resulted in the synthesis of KNbO3,

5 
LiNbO3, LiTaO3,

6 PbTiO3
7 and, at the same time, promoted deeper research on the 

properties of these materials such as ferroelectric phase transitions, which were the 
main focus of investigation during the 1970’s.  

Later in the 1980’s the fabrication of thin-film ferroelectrics and the integration on 
semiconductor chips8 determined a broad diffusion of this class of materials in 
electronic circuits and devices. From then on ferroelectrics have found application in 
several areas of science and technology where properties such as pyroelectricity,9 
piezoelectricity,10 ferroelectricity,11 optical nonlinearity12  and electro-optic, acoustic 
and/or acousto-optic effects are required. 

In recent years the research on ferroelectrics has been ambracing several areas 
ranging from nonlinear optics12 and ferroelectric lithography,13 to mixed ionic-
electronic conductors,14 artificial photosynthesis,11 ferroelectric diodes15 and 
advanced passive components such as memristors.16   

 

1.1 Subject of the thesis 

The research presented in this thesis is based on the investigation and development of 
applications which involve the engineering of the spontaneous polarization, Ps, in 
lithium niobate (LiNbO3, LN) by means of proton exchange. 



2 1.1 Subject of the thesis  

Ferroelectric interfaces created by spatial interruptions of the spontaneous 
polarization induce the accumulation of bound charges, which generate a strong 
depolarization field as the material tends to restore electrical neutrality. Usually, the 
compensation of bound charges, by means of external or internal screening charges, 
counterbalances the depolarization field, hence preserving the spontaneous 
polarization inside the crystal.  

However, in insulating crystals with a low concentration of defects, such as 
LiNbO3, the bound charges are predominantly screened by carriers provided by the 
external environment. Thus, in principle, if ferroelectric interfaces are created below 
the surface of the crystal, the bound charge is hardly screened and gives rise to strong 
local electrostatic fields.  

By using proton exchange, a mild temperature ion exchange process which yields 
a paraelectric (Ps ~ 0) surface HxLi1-xNbO3 (PE) layer, ferroelectric interfaces were 
fabricated in lithium niobate. The spatial transition between PE and virgin LiNbO3, 
also referred as PE:LN junction in what follows, represents a ferroelectric interface, 
and its applications are investigated in this thesis.  

The use of such PE:LN junction was tested for a series of applications ranging 
from ferroelectric domain engineering (discussed in papers A and B) to the fabrication 
of self-assembled silver nanowires (presented in papers D-G). Additional insights on 
the properties of the PE:LN junction are discussed in paper C and appendix A, by 
mapping the piezoelectric behaviour of the crystal surface with nanoscale resolution 
by means of Piezoresponse Force Microscopy. Moreover, by using advanced 
Scanning Probe Microscopy techniques, the electrical behaviour of the PE layers was 
investigated, and the interplay between coupled ionic/electronic motion and tip-driven 
nanoscale surface electrochemical reactions was found and examined. This is 
discussed in chapter 6 and appendix B. 

Congruent lithium niobate will always be considered the substrate, unless 
specified otherwise (MgO-doped samples are also used in some of the experiments).  

 

1.1.1 Domain engineering by proton exchange 

Periodically patterning the spontaneous polarization by using the electric field poling 
(EFP)12 has dramatically increased the interest on ferroelectric crystals for nonlinear 
frequency conversion based on the Quasi-Phase Matching (QPM) principle.17  

Efficient nonlinear optical devices usually require the fabrication of ferroelectric 
gratings based on domain patterning with submicron resolution. Such a demand is 
generally incompatible with the features of the polarization reversal of LiNbO3 in 
thick (≥ 500 µm) substrates, which is mainly hindered by sidewall domain broadening 
between the electrodes. The latter is a critical factor driving the research in this 
material towards new solutions to control the poling.  

Electric field poling, on samples where proton exchange (PE) is performed through 
a periodic mask on the surface of lithium niobate, has proven to inhibit domain 
broadening, and it was used to fabricate periodically poled lithium niobate (PPLN) 
crystals with periods of 30 and 21 µm.18, 19 However, the underlying physical 
mechanism was not clarified in such studies. 
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This thesis provides an explanation of the inhibition of sidewall domain motion 
based on the electrostatic modelling of the PE:LN interface and its interactions with 
charged domain walls (Paper A). By using periodic PE patterning, gratings with 
periods below 10 µm are fabricated for nonlinear optical experiments. Furthermore, 
by combining periodic PE stripes and conventional photoresist patterning, a hybrid 
mask (Paper B) is developed and 2D ferroelectric gratings are demonstrated. The 
results of the fabrication and the structure of the domains, compare well with the 
expected behaviour obtained from the model. 

 

1.1.2 Nanoscale piezoelectric PE mapping 

Traditional techniques to characterize the surface of ferroelectric gratings or PE layers 
are based on etching the sample in a mixture of hydrofluoric acid, and subsequently 
imaging the surface with optical microscopes. The polarization-dependent and 
differential PE vs non-PE etching20 allows creating reliefs on the surface, which can 
then be easily imaged. Such an approach is basically destructive and little can be 
inferred on the ferroelectric properties of the material. Moreover, the achievable 
(optical) resolution is low (hundreds of nanometers).  

By resolving to Scanning Probe Microscopy (SPM) based techniques, nanoscale 
resolution characterizations of the properties of ferroelectric crystal surface (elasticity, 
ferroelectric domains arrangement, conductivity, relaxation dynamics, surface ionic 
motion, strain, etc.) 21-27 can be obtained. 

In this thesis, by using Piezoresponse Force Microscopy (PFM), nanoscale non-
destructive imaging and piezoelectric characterization of PE layers fabricated in 
LiNbO3 with and without 5 mol% MgO doping is obtained. The proposed approach is 
also used to provide additional insights on the reduction of the piezoelectric 
coefficients of the crystal due to the PE process and its correlation to optical 
properties.  

 

1.1.3 Photodeposition on periodic PE layers 

Photochemical reduction/oxidation reactions28, 29 are an attractive technique for the 
fabrication of self-assembled nanostructures. The principle is based on the 
interactions of reactants deposited on the surface with photo-excited electron-hole 
pairs generated in the substrate by illumination with ultraviolet radiation. Hence, in 
principle, by controlling the distribution of the free carriers in patterned templates, 
one can drive the deposition at the nanoscale.28  

As discussed in previous sections, PE can be used to tailor the electrostatic field 
distribution below the crystal surface. By using such a field at the crystal surface, we 
show how photo-excited carriers are locally separated at the PE:LN junction, hence 
effectively controlling the photodeposition process. A detailed study on the influence 
of the experimental conditions, such as the orientation of the substrate polarization as 
well as the concentration of the reactants, is also carried out. Further investigations 
are also devoted to a deeper understanding of the deposition mechanism, regimes, and 
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the engineering of the geometrical features of the nanowires in substrates with and 
without MgO doping.  

1.1.4 Protonic nanodiode in PE  

As the size of the devices fabricated in ferroelectric materials is reduced from the 
micro- to the nanoscale range, the features of the charge transport become critical for 
several applications. Moreover, since electrodes are required to provide electrical 
contact, the reversibility/blocking properties of the latter can influence the overall 
performances. This is the subject of several studies encompassing mixed-ionic-
electronic-conductors (MIECs),14 and ferroic oxides with metal-ferroelectric-metal, 
MFM,16, 30 configurations. 

In the specific case of lithium niobate, the conductivity of the crystal is influenced 
by the hydroxyl content.31, 32 In order to gain further insights on the charge motion 
mechanism, nanocontacted PE layers were characterized at room temperature by 
means of SPM techniques. Samples containing PE regions were polished down to a 
few microns by using a wedge configuration and coated with a gold uniform counter 
electrode on one side. The other side of the sample was scanned with a Pt/Ir coated 
tip.  

The extensive electrical characterization highlighted a strong coupling between 
ionic (protons) and electronic motion enabling quantitative assessments of the 
mechanism for charge transport. A diodelike response was associated to the presence 
of interstitial weakly-bounded protons in the PE layers, and interpreted in light of the 
coupling of ionic migration in the PE regions, nanoscale electrochemical reactions 
occurring at the tip-surface interface, and a rectifying Schottky junction situated at the 
counter electrode.  

Additional measurements obtained by varying the experimental conditions, as well 
as using more advanced SPM techniques, as described in more details in chapter 6 
and appendix B, highlighted the onset of a complex electrical response interpreted as 
a superposition of a diode with a memristor, which is technological interest for the 
development of dynamic memory devices. 

 

1.2 Outline of the thesis 

The content of this thesis is based on the original peer-reviewed publications labelled 
A to G, reproduced at the end of the printed version of this thesis, and additional 
material described in Appendices A and B. The structure of the thesis includes seven 
chapters to provide a background and introduction to the topic, a complete description 
of the experiments and main results, and conclusions.  

Chapters 2 and 3 provide the introduction and background. In the former a short 
theoretical background on ferroelectric materials, nonlinear optics and the properties 
of ferroelectric interfaces is provided. Chapter 3 gives an overview of the basic 
properties of LiNbO3. The electric field poling (EFP) technique and the polarization 
switching kinetics are discussed, as well as the technique of proton exchange and the 
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modifications induced by the latter to the spontaneous polarization and the crystal 
structure. 

In chapter 4-6 the experiments and main results of the thesis work are presented.  

Chapter 4 describes the electrostatic modelling of the PE:LN junction, and 
provides an interpretation of the inhibition of lateral domain motion (Papers A). The 
details of the samples fabrication, as well as the fabrication of 1D and 2D ferroelectric 
gratings, are also discussed (Papers A and B).  

The experiments described in chapter 5 cover two main areas, i.e., nanoscale 
characterizations of PE layers (Paper C) and PE-assisted nanowire photodeposition 
(Papers D-G). The chapter includes the description of the electrostatic model of the 
surface PE:LN junction. The first part deals with the surface characterization as well 
as the evaluation of the PE-induced reduction of the piezoelectric coefficients 
correlated to the decrease of the spontaneous polarization. The second part of the 
chapter describes the photodeposition model, the results of the nanowire fabrication, 
investigations on the growth mechanism, the influence of both the PE-depth and the 
substrate doping with MgO.  

Chapter 6 includes the experiments performed to investigate the kinetics of 
coupled ionic and electronic motion in proton exchanged LiNbO3 crystals. The 
fabrication of the samples as well as the modelling of the charge dynamics is 
discussed. The main measurements and an electrical/electrochemical model are 
presented. The final part illustrates nanoscale characterizations by means of advanced 
SPM techniques. 
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Chapter 2 
 

Background and basic concepts  

The content of this chapter provides a short theoretical background and illustrates the 
main concepts which are relevant for the results discussed in this thesis. The basic 
definition of ferroelectricity, the properties of this class of crystals and the relevant 
equations are presented in section 2.1. A short introduction to nonlinear optical 
interactions and ferroelectric domains engineering to achieve quasi-phase matching 
for second harmonic generation is discussed in section 2.2. Finally, a few examples of 
ferroelectric interfaces and the main features of metal-ferroelectric junctions are 
discussed in section 2.3.  

 

2.1 Ferroelectrics 

The response of a material to the application of an external electric field is strictly 
regulated by its electrical properties. In the presence of available free carriers 
(unbounded charges, either electrons or ions) the material will exhibit an electric 
current proportional to the applied voltage, hence behaving as a conductor. Metals 
and electrolytes are examples of conductive materials. If the activation of charge 
transport necessitates a minimum energy to be provided to the system, the material is 
classified as a semiconductor. Silicon, germanium and alloys of the III-V groups of 
the periodic table are representatives of the semiconductor material family, and well-
known platforms for electronics. Finally, if no free carriers are available for 
conduction, the material is defined as a dielectric, or simply an insulator.  

Dielectrics represent a broad family of materials, which can be polarized by 
external electric fields. In general, such a property arises from their atomic structure, 
which upon the application of external electric fields shows spatially-separated 
complexes of charges of opposite sign, called dipoles. However, some dielectrics are 
made of polar molecules; hence already possess intrinsic electric dipoles. 

Whether the dielectric is made of polar or non-polar complexes, the application of 
an electric field will determine charge reorganization and the alignment of the electric 
dipoles,a hence inducing a polarization, Pi, in the material. Such a polarization is 
linked to the applied electric field, E, through a tensorial relation, as follows: 

                                                

a If the dielectric is made of non-polar molecules the electric field will also induce 
electric dipoles. 
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 P� = ε�χE 2.1 

where the subscript i indicates induced, and χ and ε0 are the second-rank tensor called 
dielectric susceptibility, and the dielectric permittivity of vacuum, respectively. Note 
that the relation 2.1 between the polarization and the electric field describes a linear 
regime. As discussed in more details in the next section, in the nonlinear regime, the 
induced polarization, Pi, becomes a complex function of higher order terms of the 
electric field, E, and this is at the base of nonlinear optical interactions.  

As a consequence of the material polarizability, the electric displacement vector, 
D, is expressed as superposition of the electric field, E, and of the induced 
polarization, Pi:  

 D = ε�E + P� 2.2 

In general for a dielectric, the presence of the polarization is strictly connected to 
the application of an external field. However, dielectrics which possess dipoles are 
called pyroelectrics and show a polarization, called spontaneous polarization, Ps, 
even in absence of external electric field. In such a case, Equation 2.2 is slightly 
modified to account for the additional contribution of the spontaneous polarization:  

 D = ε�E + P� + P
 2.3 

The origin of the spontaneous polarization is due to the crystalline structure of 
polar dielectrics, which through the action of strong internal elastic forces, induces a 
preferential direction of the charge displacement, hence providing the conditions to 
create electric dipoles inside the material. Furthermore, materials in which such a 
polarization can be reoriented by the application of external electric fields are called 
ferroelectrics,33 and the reorientation of the spontaneous polarization is called poling. 

 

2.1.1 Thermodynamics of ferroelectrics 

Ferroelectrics represent a group of polar dielectrics which have at least two 
equilibrium orientations of the spontaneous polarization, Ps. Lithium niobate 
(LiNbO3, LN)34 is an example of ferroelectric crystal which exhibits two possible 
orientations of the spontaneous polarization (forming an angle of 180º with each 
other).  

Ferroelectrics are characterized by a well-defined structural phase transitions from 
a high-temperature paraelectric phase (i.e., non-ferroelectric, Ps = 0) to a low-
temperature ferroelectric phase (Ps ≠ 0). The temperature at which the phase transition 
occurs is called Curie temperature, TC. The phase transition usually leads to a strong 
and sudden variation of the overall properties (dielectric, thermal, elastic, etc.) of the 
crystal.  

Transitions from the paraelectric into the ferroelectric phase can be of the first or 
second order. Such a classification is important for the thermodynamic description of 
the ferroelectric phase and arises from the behaviour of the spontaneous polarization 
across the Curie temperature.35 Ferroelectrics with a first-order phase transition (such 
as barium titanate, BaTiO3) show a discontinuous variation of the polarization with 
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the temperature, whereas the variation is continuous in ferroelectrics with a second-
order phase transition (such as lithium niobate). However, independently on the order 
of the transition, the stable phase for a ferroelectric material is the one that minimizes 
the free Gibbs energy of the system.33 The latter can be written as a function of 
independent variables such as the electric displacement, D, the stress, X, and the 
temperature, T. 

For ferroelectric crystals, in the absence of external electric fields (E = 0), the 
electric displacement, D, is expressed by Equation 2.3, and it is equal to the 
spontaneous polarization, D = Ps. Thus, the elastic Gibbs energy can be directly 
expressed as a function of the parameter which characterizes the phase transition, i.e., 
the spontaneous polarization, Ps, or equivalently the electric displacement D. 
Assuming the case in which the polarization can be oriented only in one direction 
(with two opposite orientations, either + or -), the electric field is applied along the 
same direction of the polarization and the crystal shows a non-polar centrosymmetric 
phase in its paraelectric state, the free Gibbs energy, G1, is expressed as:36 

 G� = G��T� + 12 α�D� + 14α�D� + 16α�D� + 12 sX� + QXD� +⋯ 2.4 

G10 being the elastic energy of the equilibrium state (D = 0, X = 0). α1, α2, and α3 are 
coefficients which depend on the temperature, the order of the phase and stability 
constrains.b Finally, s and Q are the coefficients of the elastic compliance and the 
electrostriction tensors.  

The minimum of the free Gibbs energy with respect to the electric displacement, 
D, provides the conditions for the stable phases. The differential form, obtained by 
differentiating Equation 2.4, and assuming conditions of no stress, X = 0, is:  

 �∂G�∂D � = E = α�D + α�D� + α�D  2.5 

which describes the equation of the state for the ferroelectric material. The solutions 
of such equation, in the absence of external electric fields, E = 0, describe the 
different phases of a ferroelectric. By using the identity of Equation 2.3, the latter 
expression is equivalent to: 

 P
α� + α�P
� + α�P
�� = 0 2.6 

which has one solution for Ps = 0, describing the paraelectric phase. Equation 2.6 has 
also solutions for Ps ≠ 0, which describe the ferroelectric phase. Specifically the value 
of the polarization is: 

 P
� = −α� +#α�� − 4α�α�2α�  2.7 

                                                

b α1 = (T - T0) / C, where T0 and C are the Curie-Weiss temperature and the Curie 
constant; α2 > 0 for phase transition of second order, and α2 < 0 for phase transition of 
first order; α3 > 0 as G1 cannot diverge to -∞ as  D � +∞. 
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For α�� ≫ α�α� the previous equation can be expanded in a series, where the leading 
term is: 

 P
� = −α�α� 	= −T − T�α�C 		T < T�, α� > 0� 2.8 

T0 and C being the Curie-Weiss temperature and the Curie constant, respectively. The 
latter expression describes the ferroelectric phase if T0 < TC, and indicates two 
orientation of the spontaneous polarization Ps (+Ps and –Ps, respectively), consistently 
with the definition of ferroelectric materials. 

At a constant temperature (and below the Curie temperature, T<TC), the transition 
from one orientation of the spontaneous polarization to the other, i.e., the polarization 
reversal under the effect of the external electric field, E, is described by a hysteresis 
loop. Figure 2.1 shows a typical P-E dependence for a ferroelectric crystal. 

    

Figure 2.1 Typical ferroelectric hysteresis loop. The spontaneous and remnant 
polarization, Ps and Pr, coercive field, Ec, are schematically indicated. The arrows 
in the figure indicate the orientation of the dipoles inside the material.  

At large values of the electric field (either positive or negative), all the dipoles in 
the material are aligned along the direction of the field, and the dielectric polarization 
grows monotonically with the electric field. The values of the spontaneous 
polarization, ±Ps, are usually taken at the intercept of the polarization axis with the 
tangent to the polarization curve at high fields, as indicated by the dashed segments in 
Figure 2.1. The value of the polarization in absence of any electric field, E = 0, is the 
remnant polarization, ±PR, which is usually lower than the spontaneous polarization, 
as some dipole might return into its previous configuration as a consequence of 
internal stress or unscreened surfaces. The value of the field required to bring the 
polarization to zero is called coercive field, Ec, and depends on several parameters 
such as the state of the surface, defect concentration, stoichiometry of the material, 
electrodes used to contact the surface, temperature, mechanical pressure, voltage 
waveform used to reverse the polarization, etc. 

 

P
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+PS
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2.1.2 Properties of ferroelectric materials 

The internal structure and the symmetries of a material, whether amorphous or 
crystalline, strongly affect its overall physical properties. According to Neumann’s 
principle,37 if the structure of a material is invariant with respect to certain symmetry 
elements, any of its physical properties is also invariant with respect to the same 
symmetry elements. It follows that materials which share the same structure also 
exhibit the same physical properties.  

Ferroelectrics represent a subgroup of dielectric materials with crystalline 
structure. A crystal exhibits a periodic arrangement of its atoms, ions or molecules in 
the three dimensional space, being the unit cell the smallest and simplest pattern 
recognizable in such a structure. Crystals are grouped into 7 classes, depending on the 
shape of the unit cell, and in 32 point groups, depending on the symmetry operations 
(such as translation, rotation, reflection, etc.), which when applied to a point of the 
crystal lattice, do not affect the unit cell.35 Among the 32 point groups, 21 are non 

centrosymmetric, i.e., they do not show inversion of the symmetry with respect to the 
centre of the unit cell. Of the 21 non centrosymmetric point groups, 20 of them show 
the piezoelectric effect, i.e., they exhibit accumulation of charge when a mechanical 
stress is applied. Moreover, among the piezoelectric crystals, 10 point groups possess 
a spontaneous polarization, hence are called polar. They are also called pyroelectrics, 
since the spontaneous polarization varies with the temperature. Finally, polar crystals 
whose spontaneous polarization can be reversed by an external electric field, 
following a hysteresis loop as in Figure 2.1, are called ferroelectrics.  

Figure 2.2 graphically indicates the family of ferroelectrics as a subgroup of 
pyroelectrics, piezoelectric and dielectric crystals, hence exhibiting physical 
properties such as pyroelectricity, piezoelectricity and dielectric permittivity, which 
are briefly discussed in what follows.   

 
Figure 2.2 Classification of ferroelectrics. 

 

Pyroelectric effect. The pyroelectric effect is a property of polar materials, which 
show a temperature dependence of the spontaneous polarization: 

 p = ∂P
∂T  2.9 

Ferroelectrics

Pyroelectrics

Piezoelectrics

Dielectrics
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p being the vector of the pyroelectric coefficients. The variations of the electric 
displacement vector, ∆D, of Equation 2.3 induced by a temperature variation, ∆T, and 
in the absence of any external electric field (E = 0), can also be written as: 

 ∆D = ∆P
 = p∆T 2.10 

When the temperature increases, the value of the spontaneous polarization decreases, 
vanishing above TC. 

 

Piezoelectric effect and strain. In principle, a piezoelectric crystal is a material which 
does not have a centre of symmetry (non centrosymmetric), and exhibits a surface 
charge accumulation upon the application of an external mechanical stress, X. This is 
described in terms of the variation of the electric displacement vector, D, as a function 
of the applied stress: 

 D = d	X 2.11 

d being a third-rank tensor of piezoelectric coefficients. Such a phenomenon is called 
direct piezoelectric effect, and the sign of the charge accumulated on the surface 
depends on the direction of the mechanical stress (either compressive of tensile).  

Piezoelectric materials show also the opposite property, called converse 

piezoelectric effect, in that a mechanical strain, x, arises as a result of an external 
electric field, E: 

 - = d.E 2.12 

where t indicates the transpose matrix. The sign of the deformation, i.e., of the strain, 
depends on the direction of the applied field, E. By using the expression of the free 
Gibbs energy, it can be demonstrated that the tensor components for the direct and 
converse piezoelectric effect are thermodynamically equivalent, i.e., d=dt.36  

The application of an external mechanical stress induces a surface deformation, 
i.e., a strain. The relation between the strain, x, and the stress, X, is of tensorial form, 
as follows:  

 - = s	X 2.13 

s being the four-rank tensor of the elastic compliance. The inverse relation, i.e., the 
stress induced by the strain, defines the elastic stiffness tensor, c: 

 X = c	- 2.14 

By definition, stress and strain are symmetric second-rank tensors, i.e., the indices of 
the tensor can be permuted. Furthermore, independently on the symmetries and the 
structure of the material, when an external electric field is applied, a strain 
proportional to the square of the electric field is also induced. Such an effect is called 
electrostriction, and is formally expressed as: 

 - = M	E	E = Q	P�	P� 2.15 
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M and Q being fourth-rank tensors of the electrostrictive coefficients. In the previous 
equation the electrostrictive strain is also related to the induced polarization, Pi, by 
substituting the expression of the electric field, E, derived from Equation 2.1.  

For ferroelectric crystals, the piezoelectric effect can be described by means of the 
electrostrictive effect and thermodynamic arguments.36 From Equation 2.11 and 
Equation 2.3, the piezoelectric coefficient d can be written as follows: 

 d = ∂D∂X = ∂ε�E + ε�χE + P
�∂X = ε�1 + χ� ∂E∂X 2.16 

X and E being the stress and the electric field generated by the piezoelectric charges, 
respectively. The expression of the electric field can be obtained from the free Gibbs 

energy of Equation 2.4 1E = 23425 6, and for X ≠ 0, the previous expression becomes: 

 d = ∂�G�∂X∂D = 2ε�1 + χ�QP
 2.17 

being Q and χ the electrostrictive and the dielectric susceptibility coefficients along 
the direction of the stress X  as described by Equations 2.15 and 2.1. From Equation 
2.17, it appears that the piezoelectric effect in ferroelectrics can be described as the 
electrostrictive effect biased by the spontaneous polarization. Equation 2.17 will be 
used in Chapter 5 c  to describe the origin of the contrast when imaging proton 
exchanged (PE) regions by means of Piezoresponse Force Microscopy (PFM). 

 

Dielectric permittivity. A final aspect of the properties of ferroelectrics is the 
dielectric behaviour. As discussed in section 2.1, dielectric materials are insulators 
which show a polarization vector, Pi, upon the application of an external field, E, 
(Equation 2.1). 

 By substituting Equation 2.1 into 2.2, the electric displacement vector can be 
expressed as: 

 D = ε�E + ε�χE = ε�1 + χ�E = ε�ε7E 2.18 

εr being the second-rank tensor of the dielectric permittivity. The dielectric 
permittivity tensor at optical frequencies describes the linear optical properties of the 
material, and its real part is related to the refractive index, which in a lossless medium 
is defined as follows: 

 n = #ε7/ε� 2.19 

 

                                                

c Equation 2.17 becomes d33=2ε33Q33Ps as the electric field is applied along the Z axis. 
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2.2 Nonlinear optical interactions 

The relations described in the previous section have been derived by assuming that 
the dielectric polarization takes place immediately upon the application of the external 
electric field. However, in real systems the material cannot be polarized 
instantaneously, and a more generic formulation of Equation 2.1 should involve the 
convolution of the dielectric susceptibility with the electric field. This leads to a form 
of Equation 2.1 in which the dielectric susceptibility is a function of the frequency of 
the applied electric field, namely: 

 P�ω� = ε�χω�Eω� 2.20 

which represents the material dispersion. In general, the dielectric susceptibility χ(ω), 
is a discontinuous function of the frequency of the electric field as a consequence of 
step transitions occurring in correspondence of dipolar (ω ~ 1010 Hz),  atomic 
(ω ~ 1012 Hz) and electronic (ω  ~ 1015 Hz) resonances.35 Moreover, the response of 
ferroelectric materials discussed in the previous section is relative to a linear regime, 
i.e., the induced polarization oscillates at the same frequency of the applied electric 
field. However, as the amplitude of the applied field increases, the relation between 
the induced polarization and the electric field, described by Equation 2.20, becomes 
nonlinear and higher order frequencies are generated in the induced polarization.  

The power density required to trigger nonlinear phenomena is usually very high 
(of the order or ~ 1016 W/cm2),38 hence it is possible to develop appreciable nonlinear 
effects by using laser sources, i.e., electric fields with frequencies in the optical 
portion of the electromagnetic spectrum. In this regard, ferroelectric crystals have 
represented a preferential platform where nonlinear interactions occurring in the 
optical regime have been extensively investigated. 

In general when an electromagnetic wave propagates through a dielectric medium, 
the electric field displaces the valence electrons of the atoms inducing electric dipoles 
in the material. In a linear regime, such dipoles oscillate at the same frequency as the 
electric field and the response of the material is described by Equation 2.20. However, 
as the amplitude of the field increases, the dipoles are not able to follow the 
oscillations, and the material will respond in a nonlinear manner. In terms of induced 
polarization, this is represented by the expansion in a power series which involves 
higher order harmonics of the electric field:38, 39  

P� = ε�χ��E + ε�;χ��EE + χ��EEE +⋯< = P�� + ;P�� + P�� +⋯< = P= + P>= 2.21 

where the first term, P(1) = ε0χ
(1)E, is the linear response of the material, i.e., 

Equation 2.20 (also indicated as linear polarization, PL), whereas the other terms 
indicate the nonlinear response (nonlinear polarization, PNL). At optical frequencies, 
the first term describes the refractive index and losses in dielectric materials, through 
the real and imaginary part of Equation 2.19. In the second order term P(2), χ(2), is the 
second order nonlinear susceptibility tensor, and it is responsible for second order 
effects, such as second–harmonic generation, sum/difference-frequency generation, 
optical parametric oscillation, etc. In the third order term P(3), χ(3), is the third order 

nonlinear susceptibility tensor, and accounts for higher order nonlinear effects such as 
third-harmonic generation, intensity-dependent refractive index, etc.  
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The magnitude of the coefficients of the nonlinear susceptibility tensors decreases 
with the order, and it is highly influenced by the crystal structure and the symmetries 
of the material. In this thesis, only second order nonlinear processes will be used to 
characterize ferroelectric gratings hence, in what follows, we will only focus on the 
second order susceptibility tensor. 

In general, for centrosymmetric crystals the even terms of Equation 2.21 are zero, 
hence only non centrosymmetric crystals show second order nonlinearity.d This can 
be shown by writing the second order component of the polarization, P(2), for positive 
and negative values of the electric field, which should correspond to changing the sign 
of the induced polarization:  

 P��+E� = −P��−E� 2.22 

However, since the field is squared for the second order component of the 
polarization, it follows that χ(2) = 0 for centrosymmetric materials.  

It is often preferred to use a nonlinear d-tensor, rather than the second order 
nonlinear susceptibility: 

 d = 12 χ�� 2.23 

which is a third-rank tensor consisting of 27 coefficients. However, if the frequency 
range where the nonlinear interactions are occurring is far from any resonance (χ is a 
function of the frequency as discussed in Equation 2.20), the material can be 
considered lossless and the Kleinman’s symmetry40 can be applied by contracting the 
notation. In this case the tensor can be expressed by 18 elements in which 10 are 
independent. The d tensor (not to be confused with the piezoelectric d tensor of 
Equation 2.11, although they share the same symmetries) can be reduced to 3 x 6 
matrix of the form: 

 d = ?d�� d�� d��d�� d�� d��d� d�� d��
d�� d� d��d�� d�� d��d�� d�� d��@ 2.24 

 

2.2.1 Second harmonic generation 

Second-order nonlinear processes are regulated by the second term of Equation 2.21 
which is responsible for three-waves mixing processes.38 The latter describe the 
composition of two monochromatic electromagnetic waves (at frequencies ω1 and ω2) 
into a third wave (at frequency ω3) through the action of the second order 
susceptibility tensor, χ(2). Such a process requires that both the energy and the 
momentum conservation principles are satisfied, namely:  

                                                

d Centrosymmetric materials can show second-order nonlinearities at the surface as a 
consequence of the symmetry breaking. 
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 Aω� = ω� + ω�k� = k� + k�  2.25 

k being the wave vector. Depending on the relations among the interacting waves, a 
three-waves mixing process can be used to describe several nonlinear interactions, 
such as second harmonic generation (SHG, ω1 = ω2, ω3 = 2ω2), sum frequency 
generation (SFG, ω1 = ω2 + ω3), difference frequency generation (DFG, ω1 = ω2 - ω3), 
optical parametric amplification (OPA, ω1 = ω2 - ω3), optical parametric generation 
(OPG, ω1 = ω2 - ω3), optical parametric oscillation (OPO, ω1 = ω2 - ω3) and optical 
rectification (OR, ω1 = ω2; ω3 = 0). 

Figure 2.3 shows a schematic illustration of a SHG process in which two photons 
from the fundamental wave, at frequency ω1 = ω2 = ωF, are converted into one photon 
at the second harmonic, at frequency ω3 = 2ω2 = ωSH.  

  

Figure 2.3 Schematic illustration of a second-harmonic generation process 
through a nonlinear optical material; the fundamental / second harmonic photon 
has frequency ωF / ωSH. In a) is the schematic process, whereas in b) is the energy 
conservation diagram. 

The photon at the second harmonic, ωSH, is generated by the second-order term of the 
induced polarization of Equation 2.21, P(2), which is characterized by the χ(2) factor. 
By using the identity of Equation 2.23, the polarization P(2) can be expressed in terms 
of the nonlinear d-tensor and the electric fields of the interacting waves, namely: 

 PCDE�� ∝ dECG�  2.26 

which in a Cartesian system of coordinates becomes: 
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The intensity of the second-harmonic wave, ISH, is proportional to the square of the 
intensity of the fundamental wave and the interaction length, IR� and L2, respectively, 
and is expressed by:39 
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 IST = 2 ωST� IR�L�ε�nR�nSTc� d�sinc� W
kST − 2kR�L2 X 2.28 

nF / kF and nSH / kSH being the refractive indices / wave vectors at the fundamental and 
second harmonic, respectively. The expression shown in Equation 2.28 is valid for a 
low conversion regime, i.e., when ISH ≪ IF, and it is derived from the solution of the 
coupled waves equations for the specific case of SHG.38   

 

2.2.2 Phase matching  

In Equation 2.28, the intensity of the second harmonic wave, ISH, is proportional to 
the sinc2, which is maximized when its argument is zero, i.e., kSH - 2kF = 0, which 
describes the momentum conservation law of Equation 2.25. In terms of interacting 
waves, such a condition basically implies that the electric field and the nonlinear 
polarization, P(2), have to be in phase at each section of the medium. In other words, 
the waves at the fundamental and second harmonic have to propagate through the 
material at the same speed: 

 vST = vR 	⇒	 cnST = cnR 	⇒		χST�� = χR�� 2.29 

which implies the refractive indices, and consequently the dielectric susceptibilities, 
must be the same at the fundamental and second harmonic frequency.e However, this 
is not generally achieved as a consequence of the material dispersion, exemplified by 
Equation 2.20. Thus, the SHG conversion efficiency will be low.  

The most important techniques developed to overcome this limitation hence 
ensuring phase matching employ the birefringence of anisotropic crystals or the 
engineering of the nonlinearity. The former technique is known as Birefringent Phase-
Matching (BPM),41, 42 whereas the latter is called Quasi Phase-Matching (QPM).17 In 
this thesis, gratings for QPM applications are fabricated and characterized, hence in 
what follows, a short description of this technique is provided.  

If the phase matching condition is not fulfilled, the intensity of the generated 
second harmonic signal, ISH in Equation 2.28, will depend on the total phase 
mismatch accumulated during the propagation. This is usually described by the 
definition of the coherence length:   

 L\ = πkST − 2kR 2.30 

which indicates the spatial distance at which the cumulated phase mismatch between 
the fundamental and the second harmonic waves is equal π, as described by Figure 
2.4a. 

                                                

eThe velocity of an electromagnetic wave in a medium is: v=c/n, n being the refractive 
index defined in Equation 2.19. 
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Figure 2.4 Schematic illustration of the QPM technique. a) Evolution of the SH 
intensity along the propagation coordinate when the phase mismatch is not 
corrected, and the amplitude of the SH wave oscillates with period 2Lc. b) 
Corresponding wave vectors diagram. c) Same as a when the sign of the 
nonlinear susceptibility is reversed periodically at every Lc resulting in phase 
shift of π, hence restoring the phase matching condition between the fundamental 
and the second harmonic waves. d) Corresponding wave vectors diagram in the 
condition of c) (QPM). 

In principle, through a distance Lc the energy is transferred from the fundamental 
to the second harmonic wave (blue line). However, as a consequence of the cumulated 
phase mismatch, the energy is transferred back from the second harmonic to the 
fundamental in the next coherence length (red line in Figure 2.4a). Overall, this 
behaviour will results in a spatial oscillation of the intensity of the second harmonic 
wave, with periodicity 2Lc. This condition of phase mismatch is also described in 
Figure 2.4b in terms of wave vectors, k. Clearly in this case the condition is not 
fulfilled as 2kF ≠ kSH. 

The technique of QPM is based on the correction of the phase mismatch between 
the interacting waves through a spatial modulation of the sign of the nonlinear 
susceptibility, as schematically described in Figure 2.4c. The basic idea of this 
method is to effectively introduce an extra phase shift of π between the interacting 
waves (green line) at every distance Lc. In other words, at each Lc the cumulated 
phase mismatch is set to zero ensuring a phase-matching condition and high 
conversion efficiencies. This is technologically obtained by reversing the sign of the 
nonlinear susceptibility χ(2) at every Lc which, in ferroelectric crystals, is achieved by 
changing the sign of the spontaneous polarization, Ps. In terms of wave vectors, 
shown in Figure 2.4d, this is equivalent to adding an extra wave vector, the grating 

vector kmQ, to the momentum conservation law of Equation 2.25. 

If the sign of the polarization is reversed at every distance Lc, the QPM is said to 
be of the first order and the optimal period of the ferroelectric grating is: 

 Λ = 2L\ 2.31 

The spatial variation of the nonlinear coefficient, d(x), where x is the direction of 
propagation, can be expanded in a Fourier series, yielding:  
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 dx� = d ` Gae�cdeK
f

ag�
 2.32 

where d is the nonlinear coefficient of the material, expressed by Equation 2.24, Gm is 
the Fourier coefficient of the mth harmonic, and kmQ is the mth grating vector. Gm and 
kmQ are defined as: 

 Ga = 2mπsinmπ	dc�
kai = 2mπΛ 						 														 m = 1, 3, 5, … 2.33 

where dc is the duty cycle of the ferroelectric grating. In Equation 2.33, the maximum 
value of Gm is reached for m = 1 and the argument of the sin equal to π/2, thus dc 
must be equal to 50%. Under these conditions, the value of the nonlinear coefficient 
of equation 2.32 is: 

 dx� = 2mπd 2.34 

The latter is the nonlinear coefficient which must be considered for the evaluation 
of the intensity of the second harmonic wave in Equation 2.28. For higher order QPM 
the conversion efficiency is reduced and is more sensible to the variations of the duty 
cycle. If the duty cycle is different than the optimum value, the effective nonlinear 
coefficient will be lower. The value of d(x) also depends on the polarizationf of the 
interacting waves, through the tensor described in Equation 2.24.  

 

2.2.3 Design of ferroelectric gratings 

The design of ferroelectric gratings starts from the evaluation of the period (Λ) and 
duty cycle (dc, usually fixed to 50% for efficient conversion) for the desired nonlinear 
optical process. For a SHG process, the energy and momentum conservation laws are 
defined by Equation 2.25: 

 AωST = ωR + ωR = 2ωRkST = kR + kR = 2kR  2.35 

ωSH / kSH and ωF / kF being the frequency / wave vector of the second harmonic and 
the fundamental wave, respectively. The relation between the wavelength and the 
wave vectors are:  

                                                

f The polarization of the wave is intended as the direction where the electric field is 
oscillating 
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c, nSH and nF being the speed of light and the refractive index at the second harmonic 
and at the fundamental frequency, respectively.g The phase matching condition by 
using the QPM approach is Equation 2.25 corrected by adding the grating vector kmQ: 

 kST = 2kR + kai 2.37 

By solving Equation 2.37 for kmQ, and using the equivalence of Equation 2.33 and 
2.36, the period of the ferroelectric grating can be expressed as function of the 
fundamental wavelength: 

 Λ = m λR2nST − nR� 2.38 

m being the order of the QPM. In order to exploit the highest nonlinear coefficient, 
which usually is d33, both waves (fundamental and second harmonic) are usually 
polarized along the Z-axis. Figure 2.5 shows Equation 2.38 (m = 1, 3) for gratings 
fabricated in LiNbO3 for SHG processes in the visible/near infrared spectrum, and 
polarization of the interacting waves along the Z-axis.  

   

Figure 2.5 Period of the gratings fabricated in LiNbO3 for SHG processes in the 
visible and near infrared frequency range. 

It can be noticed that once a period is chosen, the grating can be used at the same time 
for SHG processes at different wavelengths, with different QPM orders. For instance, 

                                                

g  The refractive index depends also on the direction of polarization, hence for 
birefringent crystals, this aspect must be considered in Equation 2.36. 
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gratings with periods of 10 µm are suitable for QPM at ~ 859 nm (m = 3), and 
~ 1200 nm (m = 1). The conversion efficiency decreases with the QPM order (Gm 
decreases with m in Equation 2.33), hence interactions at the first order are always 
desirable. However, such a choice can put tight constraints on the grating fabrication 
at shorter wavelengths, which as a consequence of the polarization switching kinetics, 
usually represents the main limitations to achieving highly efficient nonlinear optical 
interactions, and will be discussed in more details in the Chapter 3 and 4. The 
technique used to engineering ferroelectric gratings for QPM applications is discussed 
in Chapter 4, in the description of the experiments presented in Papers A and B. 

 

2.2.4 Two-dimensional gratings 

The description of the QPM technique detailed in the previous section is relative to 
mono-dimensional (1D) gratings. However, the nonlinearity can also be modulated in 
other directions resulting in two dimensional (2D) gratings. A sketch of 1D and 2D 
ferroelectric gratings is shown in Figure 2.6a and 2.6b. The QPM technique in the 1D 
case has already been described in par. 2.2.2 and it is summarized by Figure 2.6a. In 
this case all the interacting waves (fundamental and second harmonic) are propagating 
along the same direction; QPM interactions of this kind are said to be collinear. 

In the case depicted in Figure 2.6b, the modulation of the nonlinearity in a 2D 
fashion gives rise to the fulfilment of the phase matching condition also along 
directions non-collinear with the fundamental wave. This is due to the wave vectors of 
the 2D grating, indicated by Gm,n, which are pointing along directions non collinear 
with the fundamental wave. In the case of SHG, this results in the simultaneous 
generation of second harmonic waves which exit the crystal along different directions.  

 

Figure 2.6 Collinear and non collinear QPM. a) 1D ferroelectric grating: the 
nonlinearity is modulated only along X. b) 2D ferroelectric grating: the 
nonlinearity is modulated along X and Y. In the latter case the QPM condition is 
fulfilled for beams propagating non collinearly with the fundamental wave, ωF.  
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The evaluation of the effective 2D nonlinear coefficient is obtained by performing 
a spatial Fourier expansion of the ferroelectric grating, similarly to what discussed in 
Equation 2.32 for the 1D case. It is clear that the value of the corresponding Fourier 
coefficients is highly dependent on the duty cycle of the structure, and on the motif 
and shape of the grating (rectangular, square, hexagonal, etc.). A detailed analysis of 
2D QPM gratings is presented in references 43 and 44.  

 

2.3 Ferroelectric interfaces and junctions 

Any discontinuity of the spontaneous polarization is a ferroelectric interface. The 
region of the ferroelectric crystal which shows uniform orientation of the spontaneous 
polarization, is called a ferroelectric domain, whereas the boundary between domains 
is called a domain wall. Ferroelectric domains are spontaneously formed during the 
transition from the paraelectric to the ferroelectric phase in order to minimize the 
electrostatic energy of depolarizing fields and strong elastic energies within the 
crystal. Lattice defects, dopants and domain boundaries result in local alterations of 
the crystal structure, hence generating abrupt variations of the spontaneous 
polarization.  

For a ferroelectric crystal, the electric displacement vector, D, is expressed by 
Equation 2.3:  

 D = ε�ε7E + P
 2.39 

where εr = 1+χ. By evaluating the divergence of the previous expression, one obtains: 

 ∇ ∙ D = ε�ε7∇ ∙ E + ∇ ∙ P
 2.40 

From the latter, by using the Gauss law it is possible to evaluate the free charge 
density, ∇ ∙ D = ρ.  

However, from Equation 2.40 it can also be seen that if the polarization is 
discontinuous (∇ ∙ P
 ≠ 0), a charge is present even in the absence of any external 
field (E = 0). In such a case, Equation 2.39 is simply D = Ps, and from Equation 2.40 
it follows that at every location where the spontaneous polarization is discontinuous, a 
charge is present. Such a charge is called bound charge and describes an electric field, 
called depolarization field, which is oriented in the opposite direction of the 
spontaneous polarization. This is exemplified by Figure 2.7, which schematically 
shows two domains with opposite polarization, oriented along Z, a domain wall 
between them (the polarization forms an angle of 180º hence the wall is called 180º 

domain wall), and the corresponding bound charges at the crystal surfaces due to the 
discontinuity of the spontaneous polarization (positive on +Z side, red, and negative 
on -Z side, green).  

In order to preserve the ferroelectric phase, i.e., Ps ≠ 0, the depolarization field has 
to be compensated (screened), by the formation of domains of different orientation 
(hence through creation of domain walls), or by free charges, called screening 
charges, such as electrons or ions, which are provided from the inside or outside of 
the crystal. 
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Figure 2.7 Schematic representation of domains of opposite polarization and 
180º domain wall. Bound charges (positive/negative charge is red/green) and 
depolarization fields are also indicated. The dashed circles indicate ferroelectric 
interfaces. 

The crystal is said to exhibit internal screening if the screening is provided by 
internal charges (as in lead zirconate titanate, PZT). Intuitively, if the crystal does not 
possess internal free charges the screening must be provided by external charges, 
hence the crystal is said to exhibit external screening. Lithium niobate is a crystal 
which shows a predominantly external screening. In general, a combination of 
internal and external screening is also possible, depending on the availability of 
screening charges (inside the crystal or in the environment where the crystal is 
placed).45  

The action of the depolarization field will be used in Chapter 4 to provide the 
interpretation of the working principle of the PE-assisted poling technique.  

By rearranging Equation 2.40, one obtains: 

 ∇ ∙ E = 1ε7ε� ρ − ∇ ∙ P
� 2.41 

In any point inside the crystal the spontaneous polarization is uniform∇ ∙ P
 = 0�, 
hence from the latter it can be seen that the electric field is expressed by Equation 
2.41 (∇ ∙ E = ρ/ε7ε�). However, when the polarization is discontinuous, such at the 
crystal ends, the depolarization field antiparallel to the spontaneous polarization is 
generated.  

180º domain walls, as the one shown in Figure 2.7, are in principle interfaces 
where there is not bound charge, as the polarization does not exhibit orthogonal 
components to the wall, i.e., ∇ ∙ P
 = 0 across them. However, at the crystal surfaces, 
bound charges of opposite sign are present on the surface of the domains. This is 
visible from a numerical simulation of the spatial distribution of the electrostatic 
fields due to bound charges (obtained in COMSOL Multiphysics 4.3), shown in 
Figure 2.8a.  

The distribution of the electrostatic field across the domain wall in the middle of 
the sample, along the dashed white line indicated as b, is shown in Figure 2.8b. The 
black (red) line indicates the orthogonal, Ey, (tangential, Ez) component of the 
electrostatic field with respect to the domain wall in the Z-Y cross section. The 
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orthogonal component, Ey, is zero across the wall indicating a charge-free 
ferroelectric interface, whereas the tangent component, Ez, is the depolarization field 
due to the bound charges, which points in opposite directions across the wall. 

  

Figure 2.8 Numerical simulation of the electric field distribution at ferroelectric 
interfaces in LiNbO3. a) Sample geometry (180º domains) with overlapped 
intensity colour map of the electrostatic field, the domain size is Λ/2. b) Field 
distribution (both orthogonal, Y, and tangent, Z, components to the wall in the Z-
Y cross section) across the domain wall along the dashed white line (on the bulk) 
indicated as b. c) Field distribution 10 nm below the surface in the 
neighbourhood of a domain wall, i.e., along the dashed line indicated as c.  

Figure 2.8c is the electrostatic field distribution across the domain wall as probed 
10 nm below the surface, along the dashed white line indicated ac c. In this case both 
the components of the field are highly inhomogeneous as a consequence of bound 
charges at the opposite side of the wall. The orthogonal component of the field, Ey, 
black line in Figure 2.8c, indicates a strong field pointing from positively to 
negatively polarized domains surfaces, therefore electrostatic forces associated to the 
field (FY = q EY) can be used to drive charged particles across the interface, as 
discussed later in Chapter 5. 

 

Metal-ferroelectric junctions. Metal-ferroelectric junctions will be used in the 
experiments discussed in Chapter 6. Ferroelectric crystals like LN can be considered 
semiconductor with large energy bandgaps and low mobility of free carriers.46 When 
a semiconductor is brought into contact with a metal, a Schottky junction is created, 
and the difference between the Fermi energy levels will determine a charge transfer 
through the junction until an equilibrium condition is reached. As a consequence of 
charge rearrangement, the profile of the energy bands will be bent at the junction, and 
the analysis of the latter can be used to gain further insights on the overall electrical 
behaviour of the interface (either ohmic or rectifying).47, 48  

Ferroelectrics exhibit a spontaneous polarization whose spatial discontinuity is 
responsible of charge accumulation at the crystal surfaces (∇ ∙ P
 ≠ 0 in Equation 
2.41). The spontaneous polarization is hence an additional factor regulating the 
electrical behaviour and charge flow in metal-ferroelectric interfaces, and ultimately 
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providing the possibility to fabricate switchable diodes, as described in more details 
later in this section.  

Although ferroelectric diodes were demonstrated almost two decades ago,49 the 
interplay between the spontaneous polarization and the overall rectifying behaviour 
remains unclear, especially on the possibility of it arising from interface50 or bulk15 
effects. In the former, the polarization-dependent band bending is invoked, whereas in 
the latter polarization-dependent impurity potentials are considered. In what follows a 
simple description of the metal-ferroelectric interface in terms of the superposition of 
a metal-semiconductor junction with the polarization-dependent tuning of the 
Schottky barrier is presented. 

Figure 2.9 schematically summarizes the energy band diagrams for a metal and 
semiconductor, and the corresponding band bending after the junction is created. 

Before the junction is physically made, the energy band diagrams for the metal 
and the semiconductor, shown in Figure 2.9a and 2.9b, are flat and in conditions of 
equilibrium: the Fermi energy level, EF, is comprised within a continuous set of 
allowed energy states in the metal, whereas in the semiconductor is placed 
approximately at the centre of the energy bandgap, Eg, (Eg = Ec - Ev, Ec and Ev being 
the limit of the conductive and valence bands, respectively). The position of the Fermi 
level shifts depending on the concentration of intrinsic defects and vacancies in the 
crystal lattice or on doping of the crystal (up or down for n-type or p-type doping).  

  

Figure 2.9 Schematic representation of energy band diagrams in a metal-
semiconductor interface and in conditions of equilibrium. a) Metal and b) 
semiconductor energy band diagrams. c) Band bending at metal-semiconductor 
interface after charge reorganization in absence of any external voltage across 
the junction. 

In Figure 2.9a and 2.9b, qФM and qФS are the work functions for the metal and the 
semiconductor, respectively, and indicate the minimum energy required to extract an 
electron from the material. The work function varies with the position of the Fermi 
level (qФ = E0 - EF, E0 being the reference vacuum energy level), and in 
semiconductors it can be tuned by varying the doping level. Finally, the electron 
affinity, qχ, is the energy required to bring an electron to the bottom of the conduction 
band, Ec, (qχ = E0 - Ec). Once the metal and the semiconductor are brought into 
contact, the band diagram is drawn by using the Anderson’s rules, i.e., the vacuum 
level in the metal and in the semiconductor should be aligned.51 Moreover, at the 
equilibrium (i) the Fermi level, is constant across the junction, (ii) the reference 
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energy level, is continuous in the metal and the semiconductor, and (iii) the electron 
affinity is constant in every point of the semiconductor.48 The band diagram across the 
junction, obtained by aligning the band diagrams of Figure 2.9a and 2.9b, is shown in 
Figure 2.5c, for the case ФM > ФS. As a consequence of the band alignment, the 
charge at the junction will be reorganized. The direction of the charge flow during this 
process depends on the value of the work functions: charge will flow from the 
semiconductor to the metal if ФM < ФS, and vice versa if ФM > ФS. In the latter case, 
shown in Figure 2.9c, electrons will flow from the conductive band of the 
semiconductor to the metal, placing themselves in a thin layer at the surface, and 
generating a δ function of charge density. On the other hand, in the semiconductor, a 
depleted region, indicated by W in Figure 2.9c, will be formed as the carrier density is 
here much smaller than in the metal. The depleted region will be rich of positively 
charged ionized donors. As a consequence of the charge reorganization (electrons on 
the metal and fixed ions in the semiconductor), an electric built-in field, Ebi, will arise 
across the junction pointing towards the metal so to prevent the flow of electrons, and 
bending upwards the energy bands. At the equilibrium there will be an abrupt 
discontinuity of the energy levels at the junction: 

 qФtS = qФt − χ� 2.42 

which depends only on the chosen metal-semiconductor couple. The height of the 
potential difference, i.e., the Schottky barrier, will then be: 

 qФ� = qФt − qФS = qФt − χ� − |E\ − ER| 2.43 

which depends on the doping level (Ec - EF) of the semiconductor and the electron 
affinity (χ). 

The application of an external voltage across the junction will act so to change 
(increase or reduce) the height of the potential barrier qФi, consequently generating 
the rectifying response of a Schottky diode. Moreover, for the band structure of 
Figure 2.9c, the anode (cathode) of the diode will correspond to the metal 
(semiconductor), as schematically indicated in Figure 2.10. 

 

Figure 2.10 Anode and cathode identification in a metal-semiconductor 
(Schottky) junction, ФM > ФS.  

In the case of a metal-ferroelectric junction, the potentials and charge transport 
phenomena at the interface are expected to play a similar role as described for the 
metal-semiconductor junction. However, the contribution of the spontaneous 

METAL SEMICONDUCTOR

V



CHAPTER 2: BACKGROUND AND BASIC CONCEPTS  29 

  

polarization has to be considered, as ferroelectrics show bound charges at the 
surfaces.  

Figure 2.11a schematically shows the charge accumulation at ferroelectric 
surfaces before any metal interface is created. As discussed in previous section, the 
polarization discontinuity at the crystal surfaces will generate bound charges which 
will drive screening charges towards the surface.  

 

Figure 2.11 Features of ferroelectric Schottky diodes. a) Depolarization charge 
at the ferroelectric interfaces without metal contact. b) Polarization-dependent 
band bending at crystal surfaces without metal contact. c) Polarization-dependent 
anode and cathode in metal-ferroelectric Schottky diodes, and d) is the 
corresponding I-V response.  

In absence of metal deposited on the crystal surface, as a consequence of the 
bound charge, the energy bands will bend downwards (upwards) at the +Ps (-Ps) 
interface, and the surface of the ferroelectric will be depleted accordingly, as 
schematically shown in Figure 2.11b. The band bending will give rise to a 

polarization-dependent potential barrier at the surface, indicated by qФ�±wx.  
When bringing the metal into contact with the ferroelectric, and aligning the 

energy bands, to a first approximation the height of the resulting metal-ferroelectric 
Schottky barrier, yФz{| , can be expressed as superposition of potential barrier in 

absence of polarization, qФ�wxg�, i.e., Equation 2.43 by considering that qФF is qФS, 

with the polarization-dependent potential,	qФ�±wx:52  

 qФ�tR = qФ�wxg� ± ∆qФ�∓wx = qФt −ФR� ± q P
ε�ε7 d 2.44 

qФR,	ε7 and d being the work function, the dielectric constant, and the thickness of the 
depleted surface layer of the ferroelectric crystal due to the depolarization field.  

If the second term of Equation 2.44 is dominant, as for Pt/BiFeO3/SrRuO3 
structures,53 the Schottky junction behaves as either anode or cathode depending on 
the orientation of the polarization. This is summarized in Figure 2.11c and 2.11d. 
When the polarization is pointing upwards (leftmost in Figure 2.11c), the metal 
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behaves as a cathode (qФ�tR < 0), and vice versa for the downward orientation 
(qФ�tR > 0). Since in ferroelectrics the orientation of the spontaneous polarization 
can be reversed by applying a pulse above the coercive field, Ec, the direction of the 
diode can be switched from one orientation to the other by poling the crystal.49 
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Chapter 3 
 

 

Technology of lithium niobate 

The content of this chapter provides a short background on the ferroelectric and 
optical properties of the materials and the techniques which are relevant for the 
fabrication of the samples discussed in this thesis. To justify the technological choices 
outlined in the following chapter, and provide deeper insights on the features of the 
substrates, the relevant structural and physical properties of lithium niobate are 
reviewed in section 3.1. The details regarding the polarization engineering by means 
of Electric Field Poling (EFP) are discussed in section 3.2, whereas the technique of 
Proton Exchange, the modifications induced to the crystalline structure, the modelling 
of the exchange dynamics and the basic properties which are noteworthy to the results 
of the thesis (discussed in further chapters), are summarized in section 3.3. 

 

3.1 Lithium Niobate: the silicon of photonics  

Over the past decades lithium niobate has gained a key role in research and 
applications of ferroelectric crystals, encompassing various fields of science and 
technology. Particularly, in recent years the development of periodic poling (PP) and 
integrated optics in this material have greatly benefitted the areas of nonlinear and 
quantum optics, thanks to which lithium niobate has been given the epithet of “silicon 
of photonics”.54, 55 Lithium niobate is also used for manifold applications in which 
pyroelectric,9 piezoelectric,10 ferroelectric,11 nonlinear12  and electro-optic, acoustic 
and/or acousto-optic properties are required.  

Although ferroelectricity in such a crystal was known since 1949,6 systematic 
investigations, characterizations and applications of lithium niobate were hindered by 
several practical factors, such as purity, quality and size of the substrates. Such 
limitations were overcome by the introduction of the Czochralski growth technique56 
(widely used for the production of semiconductor substrates) by Ballman at the Bell 
Laboratories.57 Single domain wafers of lithium niobate up to 5 inches with good 
uniformity and purity are nowadays widely available on the market. The delay in the 
availability of suitable substrates has somehow justified58 the diffusion and success of 
barium titanate (BaTiO3), another crystal of the same family, as a precursor material 
were fundamental features and properties of ferroelectrics have been reported and 
studied for the first time.  
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3.1.1 Stoichiometry and crystal structure 

Lithium niobate is an artificial, non-centrosymmetric, ferroelectric, nonlinear optical 
crystal. The single crystal growth, obtained in a wide range of compositions from a 
melt of lithium carbonate (Li2CO3) and niobium pentoxide (Nb2O5), is regulated by 
the following reaction: 

 Li2CO3 + Nb2O5 � 2 LiNbO3 + CO2  

The stoichiometric composition, i.e. the one exactly matching the ratio 
[Li] : [Nb] : [O] of 1 : 1 : 3, is quite challenging to obtain59 for the high volatility of 
the Li+ ions. The most widespread substrates (also used for the experiments discussed 
in this thesis) are lithium-deficient crystals, grown at the congruent pointh of the 
LiO2 - Nb2O5 phase diagram,60 which is characterized by a concentration ratio 
[Li] / ([Li] + [Nb]) = 0.4845. 

Lithium niobate, together with its isomorph lithium tantalate (LiTaO3), belongs to 
the class of ABO3-type ferroelectrics, which are characterized at room temperature by 
a crystal structure called perovskite. The latter is named after calcium titanate 
(CaTiO3), and shows A and B atoms placed in a hexagonal close-packed arrangement 
of O atoms layers. However, in the case of LiNbO3, as a consequence of atomic radii 
mismatch between Li+ and Nb5+, the crystalline structure is slightly deformed, hence 
called distorted perovskite.61  

Figure 3.1a shows a schematic representation of the ideal LiNbO3 crystal 
structure34 in which one third of the oxygen octahedra are occupied by niobium ions, 
another third by lithium ions and the rest is vacant.  

 

Figure 3.1 a) Schematic 3D structure of lithium niobate. b) and c) Li+ and Nb5+ 
ion arrangement with respect to the O2- planes (indicated by the solid lines). b) 
paraelectric phase. c) ferroelectric phase. The paraelectric (ferroelectric) phase 
exhibits a zero (non-zero) net spontaneous polarization arising from the niobium 
and lithium ion displacement with respect to the oxygen planes.  

                                                

h At the congruent point the reactants concentrations in the solid and the liquid phase 
are identical, i.e., [Li, Nb]liquid = [Li, Nb]solid. 
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Lithium niobate is a ferroelectric with second-order phase transition, hence, as 
discussed in par. 2.1.1, the spontaneous polarization and the strain are continuous 
functions of the temperature across the phase transition.62 In other words, they do not 
show abrupt variations at the Curie temperature, TC (TC ~ 1145 ºC for congruent 
lithium niobate).63 Above TC, and below the melting temperature (1257 ºC), the 
crystal is in its paraelectric phase, exhibiting the crystal structure of Figure 3.1b: the 
niobium ions (Nb5+) lay exactly in between oxygen planes, whereas lithium ions (Li+) 
are placed in the oxygen planes, yielding a total neat polarization vector equal to zero 
(Ps = 0). On the other hand, below TC, the material is in its ferroelectric phase, as 
shown in Figure 3.1c: elastic forces within the crystal induce the displacement along 
the +c axis of niobium and lithium ions (Nb5+ off-centre between oxygen planes and 
Li+ either above or below the oxygen plane), yielding a spontaneous polarization, 
Ps ≠ 0, oriented along the same axis.  

The crystal structure in the ferroelectric phase is also shown in Figure 3.2a (where 
the oxygen octahedra are not indicate for simplicity), and it is typical of the trigonal 
crystal system,35 exhibiting a three-fold rotation symmetry about its c axis and 
possessing three mirror symmetry planes (indicated in blue) which intersect at an 
angle of 60º. Such features classify LiNbO3 in the 3m point group.  

 

Figure 3.2 Schematic representation of the trigonal system crystal structure and 
corresponding conventions for the identification of the crystallographic axes. a) 
Schematic 3D arrangement of Nb5+ and Li+ ions in the hexagonal cell (solid 
black lines) and mirror planes (solid blue lines). b) and c) are top views of a) 
indicating the conventions for the orientation of the crystallographic axes for the 
hexagonal cell (c, a1, a2, a3), and the principal dielectric coordinate axes system 
(X, Y, Z), respectively.  

In the trigonal crystal system, a hexagonal or rhombohedral cell can be chosen. In 
Figure 3.2a the conventional hexagonal unit cell is indicated by the solid black lines 
and contains six formula weights. The three equivalent a axes (a1, a2, a3), as also 
shown in Figure 3.2b, form an angle of 120º on a plane transversal to the c axis, and 
are chosen so to be perpendicular to the mirror planes.64 The orientation of the c axis 
can be determined by exploiting either the piezoelectric or the pyroelectric effect. 
With the first approach, a mechanical compressive (tensile) stress along the c axis 
results in the accumulation of negative (positive) charge on the +c surface, whereas in 
the second case the +c face becomes positively (negatively) charged upon cooling 
(heating). 
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The common reference system used to describe the physical tensor properties of 
the crystal, and outlined in the previous chapter (also commonly adopted by crystal 
suppliers), is neither hexagonal nor rhombohedral, but rather Cartesian (X, Y, Z). 
Figure 3.2c shows the orientation of the conventional Cartesian system (red axes) 
overlapped to the hexagonal cell (black lines) and the mirror planes (blue lines). The 
direction and orientation of the Z axis is chosen parallel to the c axis. The X axis is 
chosen so to correspond to one of the a axes, whereas the Y axis is determined such 
that the system is right handed. Thus, the Y axis is parallel to one of the mirror planes 
and orthogonal to the X axis. 

The orientation of the X axis cannot be determined as it is perpendicular to a 
mirror plane hence any charge displacement is mirrored on the opposite side. Finally, 
given the piezoelectric properties of the Y axis, its orientation is determined in the 
same way as done for the +c axis: +Y shows negative charge upon compression.  

Crystals of lithium niobate are available in a wide range of sizes (2-5 inches round 
wafers) and thicknesses (300-700 nm on SiO2 up to few a millimetres of monodomain 
crystals). A crystal is usually indicated as either Z-, Y- or X-cut depending on which 
Cartesian axis is orthogonal to the sample surface. For example, in Z-cut wafers the 
spontaneous polarization is either pointing in (-Z) or out-of-plane (+Z), whereas in X- 
or Y-cut wafers the polarization is lying in-plane, i.e., parallel to the surface of the 
sample. 

 

3.1.2 Main properties 

Dielectric permittivity. By choosing the axes to coincide with the crystal principal 
axes the dielectric permittivity tensor, εr in Equation 2.18, takes a diagonal form: 

 ε7 = ?ε�� 0 00 ε�� 00 0 ε��@ 3.1 

ε11, ε22, ε33 being the dielectric permittivity coefficients along X, Y and Z axes, 
respectively. The dielectric permittivity tensor describes the linear optical properties 
of the crystal, such as the refractive index. From the identity of Equation 2.19 and ε�� = ε�� ≠ ε�� it follows that LiNbO3 is optically anisotropic (or birefringent) and 
exhibits two refractive indices, no (ordinary index along X and Y, nK = nL = n~) and 
ne (extraordinary index along Z, nM = n�). Moreover, since it is ne < no, LiNbO3 is 
said negative uniaxial.  

The dielectric permittivity of Equation 3.1 is generally a complex function, hence 
showing a real part, which accounts for the material dispersion (as discussed in 
par. 2.2 and Equation 2.20), and an imaginary part, which describes the losses of the 
material. In the optical range of the electromagnetic spectrum the dispersion is 
approximated by Sellmeier equations: 

 n� = 1 + Aλ�λ� − B + Cλ�λ� − D + Eλ�λ� − F 3.2 
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λ being the wavelength of the electric field and A-F the Sellmeier coefficients. 
Equation 3.2 is valid in the transparency window of the crystal and depends on the 
material composition and the temperature. Congruent LiNbO3 is transparent in the 
range 0.35-5 µm,65 and values of the Sellmeier coefficients can be found in several 
studies in literature such as in reference 66. A typical application of Equation 3.2 is 
the evaluation of the refractive indices for QPM applications, e.g. nSH and nF in 
Equation 2.38. 

In the previous chapter, the nonlinear response of a crystal was briefly introduced 
and modelled by expanding the induced polarization, Pi, in a power series (Equation 
2.21). The second order nonlinear term, χ(2), was used to define the nonlinear d-tensor 
(Equation 2.23), relevant for most nonlinear optical applications. As a consequence of 
crystal symmetries (LiNbO3 belongs to 3m point group and Kleinman’s symmetry40 
can be applied), the nonlinear tensor of Equation 2.24 takes the final form: 

The nonlinear optical tensor is hence described by only three independent 
coefficients, d22, d31, and d33. Typical values of the nonlinear optical coefficients are 
d22 = 2.10  pm/V, d31  =  4.35  pm/V and d33  =  27.2  pm/V67 and are evaluated from 
experiments of second harmonic generation (through Equation 2.28). Finally, it is 
noteworthy mentioning that LiNbO3 is a ferroelectric crystal with one of the highest 
values of nonlinear coefficient d33, justifying its widespread use as a nonlinear optical 
crystal. 

 

Piezoelectric effect. In the previous chapter, the direct and converse piezoelectric 
effects were described, and the third-rank d tensor of piezoelectric coefficients was 
introduced (Equation 2.11 and 2.12). The latter in LiNbO3 can be expressed in a 
reduced form, similarly to what was discussed with reference to the nonlinear optical 
tensor of Equation 3.3. The piezoelectric tensor of LiNbO3 takes the following form:34 

where d15 =  d24, d22 =  -d21 =  -d16/2. Thus, the piezoelectric tensor is described by 
four independent coefficients: d15, d22, d31, and d33. Typical values of these parameters 
are d15 ~ 0.7 pm/V, d22 ~ 2.1 pm/V, d31 ~ -0.01 pm/V and reported values of d33 range 
between 0.06 and 1.6 pm/V.68-70 Among the piezoelectric coefficients, d31 is negative 
whereas the others are positive. The positive sign of d33 indicates accumulation of 
negative charge on the surface upon compression, consistently with what discussed in 
par. 3.1.1 for the identification of the +c face. 

 

Pyroelectric effect. The pyroelectric effect in LiNbO3 is due to the movement of the 
niobium and lithium ions along the Z axis with respect to the oxygen layers. The 
pyroelectric vector of Equation 2.9 takes the form: 

 d = ? 0 0 0−d�� d�� 0d�� d�� d��
0 d�� −d��d�� 0 00 0 0 @ 3.3 

 d��c = ? 0 0 0−d�� d�� 0d�� d�� d��
0 d� −2d��d� 0 00 0 0 @ 3.4 
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where pz = -40 µC/(K m2).71 As discussed in par. 3.1.1, the negative value of pz 
indicates that upon cooling the +c face of the crystal becomes positively charged.  

 

Electric and electronic properties. At room temperature the electrical conductivity of 
LiNbO3 is extremely low (10-18 mS/cm), and it is usually assessed by indirect 
methods.72 Most of the data published in literature is based on measurements at higher 
temperatures and concerns conductivity associated with ionic mobility.31, 32 
Furthermore, studies on LiNbO3 crystals of different stoichiometry indicate a 
proportionality of the electrical conductivity on the hydroxyl content, with activation 
energies around 1 eV,73 and the ions responsible for conduction are proven to be 
protons.74  

Electronic conduction can be induced by exploiting the bulk photovoltaic effect.72, 

75 As described in the par. 2.3, ferroelectric crystals can be considered semiconductors 
materials with a large band gap (Eg).

46 Thus, when irradiated with light of sufficient 
energy (Ephoton > Eg), electrons can be photo-excited and jump from the valence to the 
conductive band. The structure of the energy bands in LiNbO3 is still the topic of 
current research.76 It is nevertheless well known that impurities are present in the 
crystal in parts per million concentrations. This includes Fe, which is present in its 
two valence states, Fe2+ and Fe3+. In a simple picture, these impurities act as electron 
donor and acceptor sites, respectively, with energy levels within the band gap of 
LiNbO3 (Eg = 3.9 eVi).77 A simple relation between the incident photons and the 
photo-generated electrons can be written as:78  

The photocarriers contribute to the conductivity until they are eventually re-
trapped by an acceptor site, generating a phonon:j 

The generated photocarriers can diffuse/migrate away from the irradiated volume 
under the influence of concentration gradients and/or local electrostatic fields at 
ferroelectric interfaces. In any case, electrons will tend to accumulate in the crystal 
generating local electric fields, which affect the refractive index via the electro optic 
effect.  

The overall result is called photorefractive effect.79 The latter is basically a light-
induced refractive index modulation which affects the performances of optical 
devices. More details on the photorefractive effect can be found in references 80 and 

                                                

i The energy band gap of our substrates was also measured evaluating the ultraviolet 
absorption edge, as detailed in Chapter 5. 
j To a first approximation LiNbO3 is considered a semiconductor with indirect band 
gap. 

 p = � 00pM� 3.5 

Fe2+ + photon � Fe3+ + electron 3.6 

Fe3+ +  electron � Fe2+ + phonon 3.7 
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81. To minimize photorefraction (i) the operating temperature can be increased, in 
order to increase the diffusion, (ii) LiNbO3 can be made more stoichiometric, so to 
reduce defects and impurities, or (iii) anti-photorefractive dopants, like Magnesium 
oxide (MgO), can be used.81, 82  

 

3.2 Polarization switching  

As discussed in par. 2.2, the spatial modulation of the spontaneous polarization is a 
key factor for the fabrication of ferroelectric gratings for efficient nonlinear optical 
interactions.83 The most common technique to fabricate ferroelectric gratings is 
Electric Field Poling (EFP),12 which is based on the application of an external electric 
field above the coercive value so to switch the orientation of the spontaneous 
polarization.  

LiNbO3 is a displacement ferroelectric, i.e., the orientation of the spontaneous 
polarization is determined by the displacement of Li+ and Nb5+ ions along the Z-axis 
with respect to the oxygen layers. Consequently, two opposite orientations of the 
spontaneous polarizations, +Ps and –Ps, forming an angle of 180º with each other, are 
possible, as schematically indicated in Figure 3.3a and 3.3b. The transitions from one 
orientation of the spontaneous polarization to the other, e.g. from Figure 3.3a to 3.3b, 
and vice versa, are obtained by applying an electric field along the Z axis, antiparallel 
to the polarization and exceeding the coercive value (Ec): the electric field will 
displace the ions effectively realigning the orientation of the spontaneous polarization.  

 

Figure 3.3 Orientations of the spontaneous polarization Ps, due to displacement 
of Li+ and Nb5+ along the Z axis in LiNbO3. Ions disposition with respect of the 
oxygen planes for the a) –Z and b) +Z orientations, respectively. Poling the 
crystal allows switching from one configuration to the other through a series of 
poling events following a P-E hysteresis loop as the one sketched in c). 

The coercive field of congruent LiNbO3 is Ec ~ 21 kV/mm,83 which represents the 
minimum electric field required to displace Li+ and Nb5+ ions from the configuration 
of Figure 3.3a to that of Figure 3.3b. However, the experimental value of the coercive 
field is highly dependent on many technological parameters such as sample 
composition and stoichiometry, surface strain, temperature, shape of the electric pulse 
used to perform the poling, etc.84-86 Moreover, this simple picture neglects the specific 
kinetics of the polarization switching which is a peculiar feature of the ferroelectric 
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crystal, and is highly dependent on the surface state, the setup, the experimental 
procedure, and the crystal structure.  

The transitions between the two orientations of the spontaneous polarization are 
described by the P-E hysteresis loop schematically shown in Figure 3.3c. k  The 
experimental hysteresis loops are similar to the one discussed in Figure 2.1, although 
in congruent lithium niobate they show a clear asymmetry along the E-axis. Such a 
shift, called unipolarity,58 reflects the presence of an internal bias field, Eint,

87 which is 
oriented so to restore the original state of the polarization prior the first poling. The 
origin of such internal field is attributed to several microscopic effects such as lattice 
defects, domain wall pinning, polarization non-uniformity, stresses within the 
domains due to polarization switching, etc. 87, 88 The value of the internal field for 
congruent LiNbO3 is Eint ~ 3.3 kV/mm.89 

The generic approach used to fabricate ferroelectric gratings by EFP consists of a 
two-steps process: first a periodic electrode is designed on the crystal surface, by 
means of microfabrication techniques, and then an external electric field exceeding 
the coercive value, Eext > Ec, is applied through an external circuit. If the external 
electric field is oriented so to be antiparallel to the spontaneous polarization, the 
polarization switching is expected to occur in the areas under the electrodes.  

It has extensively been shown that EFP, with photoresist patterned masks, is the 
easiest and the most reliable method to fabricate periodically poled LiNbO3 grating 
(PPLN) with periods around 15µm.83, 90 However, the main problem in achieving 
ferroelectric gratings with a shorter period, essential for most nonlinear optical 
applications and for increasing integration densities,91 arises from the evolution of the 
domains during the switching process. As a consequence, ferroelectric gratings with 
periods shorter than 10 µm in 0.5 mm-thick substrates still represent a technological 
challenge.  

 

3.2.1 Switching kinetics  

The kinetics of polarization switching during EFP is characterized by few 
intermediate steps,92 as schematically indicated in Figure 3.4.  

The first stage of the domains reversal is the nucleation of new domains. LiNbO3 
belongs to the 3m point group showing trigonal crystal structure with three-fold 
rotational symmetry, hence the domain nuclei are typically six-walled pyramids, with 
the base lying at the surface of the sample and a needle-like tip oriented towards the 
bulk of the crystal, as shown in Figure 3.4a. However, it is worth mentioning that the 
shape of nucleated domains on the crystal surface highly depends on the screening 
state and screening time of the surface.93 The hexagonal shape is typical of complete 
screening conditions, and can evolve into triangular and/or “Mercedes star” 92 for 
incomplete/ineffective and/or slow screening conditions.  

During the nucleation phase, several new nuclei are created in correspondence of 
crystal defects on the surface, mainly under the edges of the electrodes as a 

                                                

k The loop of Figure 3.3c shows a sequence of switchings of a domain originally 
polarized –Z, hence corresponding to sweep the loop in a counter clockwise direction, 
as indicated by the red arrows.   
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consequence of the field distribution (fringe effect). Once one domain is nucleated, it 
quickly propagates through the polar axis (Z-axis) with charged domain walls 
eventually reaching the other end of the crystal, Figure 3.4a and 3.4b. It is usually 
assumed that the domain reaches the opposite side of the crystal before the lateral 
broadening is appreciable. However, the latter aspect represents a physical limitation 
when attempting to fabricate ferroelectric gratings with sub-micron periods.  

 

Figure 3.4 Steps of polarization switching kinetics in periodic poling by means 
of EFP. a) Nucleation of new domains (mainly in correspondence of electrodes 
or crystal defects). b) Domains propagation. c) Sidewall domains growth under 
the electrodes. d) Domains broadening outside the electrodes.  

When the tip of an isolated domain reaches the other side of the crystal, the domain 
walls become straight and uncharged, defining a domain of opposite polarization 
through the crystal thickness, Figure 3.4b. At this stage the domain starts growing 
laterally, mostly under the electrodes. The domain walls hence translate in the 
transverse directions (X and Y) with respect to the polar axis (Z). The sideways 
motion is characterized by polygonal-shaped domain motion with sides oriented along 
crystallographic axes. However, depending on the screening conditions of the surface 
or domain pinning, the velocity of the domain walls can change considerably giving 
rise to phenomena of “domain gulping“ and jump-like wall motion.93 In any case, 
when adjacent domains come in close proximity they quickly merge and form larger 
domains.94 Domain merging occurs mostly under the electrodes (along the Y and X 
axis), Figure 3.4c. Eventually, domains also spread out of the area covered by the 
electrodes, along the X-axis, Figure 3.4d, as a consequence of the fringe effect, 
discussed in more details in the next chapter.  

An additional possible step in the switching kinetics is the domain back-switching, 
which consists in the switching of the domains to their original polarity. Such an 
effect can occur spontaneously if screening charges are not available or be 
deliberately induced by rapid variations of the external electric field, as residual 
internal unscreened charges and the internal field will help in realigning the 
polarization to its original state. 
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3.2.2 Poling setup  

Achieving a good poling is highly dependent on many technological and practical 
factors such as the history of the sample (treatment, cleanness, defects, etc.), the 
approach used to contact the surface (poling cell, liquid/gel/metallic electrode, 
configuration, etc.), the process used to fabricate the electrodes (metal/photoresist, 
duty cycle, adhesion features), and the electric circuit (output impedance, shape of the 
voltage waveform, maximum currents). The samples described in this thesis were 
accurately cleaned in water/acetone/isopropyl acid before the poling process, and the 
minute details of the fabrication steps are discussed together with the descriptions of 
the experiments.  

The scheme of the electric circuit used for the poling is shown in Figure 3.5. The 
voltage pulse is designed with a programmable signal generator, amplified through a 
high voltage power amplifier (which can provide voltages/currents up to 
±20 kV / ±20 mA), and directly applied to the LiNbO3 sample. The power amplifier 
was also providing additional low level signals proportional to voltage and current in 
order to monitor the poling evolution with a digital oscilloscope. 

  

Figure 3.5 Scheme of the electric circuit for the poling process. 

Several methods can be used to monitor and assess the quality of the poling. 
Among the non-destructive and fast approaches, monitoring of the poling current 
allows estimating the extension of the poled area. In order to reverse the orientation of 
the spontaneous polarization over a domain of a certain area, A, a charge, Qp, needs to 
be deposited on the surface: 

 Q� = 2P
A 3.8 

Ps being 78 µC/mm2 in LiNbO3.
90 Since conduction in LiNbO3 is negligible at room 

temperature, the charge is obtained by integrating the current flowing in the external 
electric circuit, I, hence practically estimating the poled area from Equation 3.8. This 
method however cannot in general be used with crystals which show predominant 
ionic conductivity, and auxiliary terms are usually added to Equation 3.8.95 A typical 
sample configuration (d ~ 0.5 mm, Z-cut LiNbO3) and the poling voltage/current 
waveforms are shown in Figure 3.6.  
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Figure 3.6 a) Scheme of the poling cell. b) Typical voltage/current waveforms 
for standard EFP. 

The details of the poling cell are shown in Figure 3.6a. Basically, a periodic mask 
of insulating photoresist (Ph in Figure 3.6a, red rectangles, Λ = 15.15 µm, dc = 50%, 
along X) was fabricated by means of standard photolithography on the crystal surface, 
and a gel was used to contact the sample to the high voltage amplifier, hence the 
polarization reversal is expected to occur in the areas left uncovered by the 
photoresist.96  

The voltage waveform, black line in Figure 3.6b, shows few features (numbered in 
the figure) adopted to optimize the poling and reduce the probability of sample 
breakdown. The first section consists of a linear ramp to nearly 80% of the expected 
poling voltage, Vpol,

l and a short plateau to stabilize the sample before the poling 
pulse. The poling section, indicated by 2, consists of a 30 ms-long square pulse during 
which the voltage is kept constant above the expected poling voltage. In this section, 
the current consists of two distinct parts which are related to the charging of the 
parasitic capacitance (sharp peak at the beginning) and the polarization reversal 
(broad bell-like waveform). The area under the poling current is the charge Qp of 
Equation 3.8, and can be used to evaluate the extension of the poled area.  

For gratings possessing long periods (as the one in Figure 3.6), the poling process 
can be considered self-terminating as once the domain is inverted along the crystal 
thickness, the lateral domain broadening under the photoresist is negligible. Thus, 
once the polarization has been switched in the areas exposed to the gel, the poling 
current returns to zero.  

It is usually desirable to reverse the polarization in all the contacted areas with just 
one pulse, reducing the occurrence of sample breakdown and/or electrical leakages. 
With reference with the case shown in Figure 3.6b the duration of the pulse (30 ms) is 
not optimized as the poling is stopped before the current is substantially decreased. 
However, the downward trend of the current, visible at the very end of the poling 
pulse in section 2, indicates a good poling evolution where the process is self-
terminating.97 A comparison between the area of the grating and the evaluation of the 
poled area A, through Equation 3.8, indicates how many pulses are needed to 
complete the poling.  

Finally the last portion of the voltage waveform, indicated by 3, is a stabilizing 
plateau and a slow discharging ramp so to prevent domain back-switching.    

                                                

l The poling voltage is Vpol = Ec ∙ d, Ec and d being the coercive field and the sample 
thickness, respectively. 
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3.2.3 Domain inspection  

Once the poling has been performed, the ferroelectric grating can be inspected by 
using destructive or non-destructive methods. One example of a destructive technique 
is wet etching in hydrofluoric acid (HF), based on the visual analysis of the steps 
created on the surface of the crystal as a consequence of the polarization-dependent 
etching rate.20, 98 However, non-destructive techniques are usually more desirable as 
the status of the ferroelectric surface is preserved. Domains visualization by means of 
an optical microscope, in both crossed polarizers and reflection configurations, and 
Piezoresponse Force Microscopy are typical non-destructive imaging approaches and 
were extensively used to characterize the samples discussed in this thesis.  

Figure 3.7a shows a periodically poled LiNbO3 crystal imaged by optical 
microscopy with crossed polarizers configuration (Λ = 15.15 µm, dc = 50%, original 
surface polarity was -Z).  

 

Figure 3.7 Domain visualization by means of optical microscopy. a) PPLN 
sample imaged through crossed polarizers (transmission configuration). b) Same 
portion of a) imaged in reflection configuration. c) Surface profile along the 
dotted line in b. d) Sketch of the surface swelling due to misalignment between 
the spontaneous polarization and the internal field. 

The switched domains (+Z polarized) can be clearly identified as structures aligned 
along Y and periodic along X. After the poling is performed a stress at the domain 
walls is induced.99 Since LiNbO3 is piezoelectric, a birefringence is generated 
between the inverted/non-inverted domains through electro-optic effect.  

Ferroelectric domains are also visible with a microscope in reflection 
configuration, as surface deformations are generated by the polarization switching. 
This is summarized by Figure 3.7b, which is the same portion of the sample of Figure 
3.7a. The surface corresponding to the switched domains, +Z on original –Z surface, 
is swollen. This is shown by Figure 3.7c which is a surface profile measured across a 
few domains along the X axis (dotted line in Figure 3.7b). The origin of such a strain 
can be associated to the misalignment between the internal field, Eint, and the 
spontaneous polarizations, as sketched in Figure 3.7d. Upon polarization reversal, the 
switched domains (indicated by the grey section in Figure 3.7d) exhibit an internal 
field, Eint, antiparallel to the spontaneous polarization, due to the crystal unipolarity. 



CHAPTER 3: TECHNOLOGY OF LITHIUM NIOBATE  43 

  

Since LiNbO3 is piezoelectric, such a field generates surface strain through converse 
piezoelectric effect.  

Although it is straightforward to detect the stress through crossed polarizers or the 
surface strain thought surface profiling, the quality and resolution of such images is 
very limited, hence not suitable to resolve the details of the domain structures at sub-
micrometric scales. To obtain images of the samples with much higher spatial 
resolutions, and infer more details on the ferroelectric properties of the domains, 
Scanning Probe Microscopy techniques such as Piezoresponse Force Microscopy 
(PFM) can be used, as described in more details in Chapter 5.  

 

3.3 Proton exchange and crystal phases 

Electric field poling offers the possibility to selectively invert the orientation of the 
spontaneous polarization, hence extending the capabilities and performances of 
optoelectronic devices fabricated in ferroelectrics. However, other ways to engineer 
the spontaneous polarization have been demonstrated.  

Proton exchange (PE), for instance, can be used to locally reduce the value of the 
spontaneous polarization. Such a technique is based on the introduction of protons in 
the crystal lattice which are known to modify the structural, optical and ferroelectric 
properties of the crystal.100 Furthermore, proton exchange is of technological 
relevance as it is widely used to fabricate optical waveguides in LiNbO3 as it induces 
a variation of the refractive index of the material. 

Proton exchange in lithium niobate is a mild temperature ion exchange technique 
consisting in the substitution of Li+ ions with protons (H+ ions). The process, first 
reported by Jackel in 1982,101 is generally performed by dipping the crystal in a 
proton source, such as a melt of organic or inorganic acids or hydrates. One of the 
most common sources (also used in the experiments described in this thesis) is 
benzoic acid (BA - C7H6O2 or C6H5COOH), which is a weak acid with melting and 
boiling temperatures around 120 and 250 °C, respectively. The exchange process is 
regulated by the following reaction:102 

 LiNbO� + -H� →H�Li���NbO� + -Li� 3.9 

HxLi1-xNbO3 being the PE layer and x the Li+/H+ exchange ratio. A great variety of 
concentrations can be obtained as the exchange ratio depends on both the bath acidity 
and the temperature of the process.103 The thickness of the exchanged layer, dPE, can 
be estimated by assuming a simple diffusion process:104    

 

 
dw� = 2#Dw�Tw�� ∙ tw� 3.10 

TPE and tPE being the temperature and duration of the process, respectively. DPE is the 
diffusion constant of protons in LiNbO3, and depends on the crystallographic 
orientation and temperature through an Arrhenius equation:  
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Dw�Tw�� = D�e� ��c���� 				 3.11 

D0 being a temperature-dependent diffusion constant, and Ea and kB the activation 
energy and the Boltzmann constant, respectively. For diffusion along the Z and X 
axes, D0 and Ea are given as follows:104, 105  

						D� = �D�� = 1.84 ∙ 10�μm�/h�D�� = 1.05 ∙ 10�μm�/h� 							and											E� = �E�� = 0.978	eVE�� = 0.926	eV	 3.12 

By using Equation 3.10, and knowing the crystallographic orientation of the 
substrate (X or Z cut), the thickness of the PE layer can be engineered by adjusting 
the temperature (TPE) and/or the duration (tPE) of the process. For example, Figure 3.8 
shows the thickness of the PE layer (Equation 3.10) along the Z axis for a LiNbO3 
sample at different process temperatures, TPE. The data is plotted as a function of the 
square root of the time (expressed in hours), with the diffusivity, DPE, calculated from 
Equation 3.11, and with D0 and Ea from Equation 3.12. 

 

Figure 3.8 Variation of the thickness of the PE layer along the Z axis as a 

function of the exchange time (expressed in √hours) at different temperatures. 

In a very simple model, during the PE process protons (H+) fill the places of Li+ 
ions, placing themselves in line with the oxygen planes, as schematically shown in 
Figure 3.9. Consequently, the new compound HxLi1-xNbO3 is centrosymmetric and 
non-ferroelectric,106 and the spontaneous polarization is ideally brought to zero (as 
demonstrated for PE processes performed in powders),102, 103 although in the crystal 
form the hydrogen substitution does not reach 100%. The exact location of the 
protons within the oxygen planes has been under debate, especially at high 
substitution rates (x ≥ 50%), since the introduction of the technique, and several 
models have been proposed to describe the highly complex crystalline structure of PE 
layers.107-109  

Extensive studies on structural changes of the LiNbO3 crystal lattice upon the 
incorporation of protons56, 57, 110 indicate the formation of seven crystallographic 
phases (α, κ1, κ2, β1, β2, β3, β4) characterized by abrupt variations of the refractive 
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indices111 and/or strain,112 with different proton concentrations and deformations of 
the elementary LiNbO3 cell (rhombohedral and/or monoclinic).113  

  

Figure 3.9 Schematic representation of Li+ and H+ placements before and after 
proton exchange. In a) the crystal structure of LiNbO3 is shown, whereas b) is 
the crystal structure after PE. 

Figure 3.10 (adapted from reference 113) shows the phase diagram for Z-cut HxLi1-

xNbO3 in which the variation of the extraordinary refractive index, ∆n� = n�w� − n�=>, 
is related to the surface strain, x33. An extensive analysis of the properties of the PE 
phases can be found in reference 113.  

 

Figure 3.10 Structural phase diagram for Z-cut HxLi1-xNbO3 adapted from 
reference 113. The graph indicates the dependence of the extraordinary refractive 
index increase (∆ne) on the surface strain (x33) as experimentally determined 
(markers). The dotted arrows indicate the direction of increase of the Li+/H+ 
exchange ratio x. 

After the exchange process, the extraordinary refractive index is increased by 
about ~ 5% (∆n� = n�w� − n�=> ≈ 0.12 at λ = 633 nm), whereas the ordinary refractive 
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index is decreased (∆n~ = n~w� − n~=> ≈ −0.04 at λ = 633 nm),101 hence an optical 
waveguide for the extraordinary polarization can be created in the HxLi1-xNbO3 layer. 
The refractive index is nearly uniform within the PE layer showing a step-like 
transition at the interface with bulk LiNbO3. The index profile can be reconstructed 
from measurements of the effective indices of guided optical modes by using the 
inverse-WKB method.114-116 

Figure 3.11 shows the characterization of a PE layer obtained on a Z-cut sample 
exchanged in pure BA for 24h at 200ºC. The reconstruction of the extraordinary 
refractive index by means of the IWKB algorithm is shown in Figure 3.11a. The 
index transition is step-like at the PE:LiNbO3 interface, and the thickness of the PE 
layer, dPE, is evaluated at that point (dw�� ~3μm).  

 

Figure 3.11 a) Extraordinary refractive index reconstruction by IWKB for a 
generic PE process on Z-cut substrates (24h at 200ºC in pure BA). b) Infrared 
transmission spectra of the same sample before (LN, black) and after (PE, red) 
the PE process. In c) a sketch of the cross section of the PE sample with the 
phase indication is shown. 

Additional information on the properties of the PE layer, such as the 
crystallographic phases, can be inferred from infrared (IR) transmission spectra.112-114 
Such a technique is based on the characterization of the OH- stretching bonds, i.e., the 
evaluation of the vibrational resonances of the OH- group in the mid-infrared 
frequency range (4000-400 cm-1).57 Figure 3.11b is an example of such a 
measurement for the sample discussed in Figure 3.11a before (black) and after (red 
line) the PE process. The transmission spectrum for LiNbO3 exhibits only a shallow 
trough at λ = 3500 cm-1 due to unavoidable inclusion of H atoms during the crystal 
growth.57 On the other hand, the same measurement for the PE layer indicates a 
strong transmission trough at λ = 3500 cm-1, ascribable to a PE layer in β1 phase, and 
a broad lateral shoulder, which can be ascribed to any to the other β phases (β2,3,4).

113  

By combining the information inferred from the data of Figure 3.11b with the 
value of the refractive index increase at the crystal surface (∆neMAX in Figure 3.11a) 
and the phase diagram of Figure 3.10, the phase composition of the PE layers can be 
univocally determined. For instance, in the case considered in Figure 3.11, from the 
value of the extraordinary refractive index increase (∆neMAX = 0.13) and the IR 
transmission spectra (indicating the coexistence of a β1 phase and any of β2, β3, or β4), 
one can conclude that that the PE layer exhibits a surface portion in the β3-phase and a 
deeper β1-phase. This is also schematically indicated in Figure 3.11c. 
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Chapter 4 
 

Ferroelectric domain engineering by 
PE  

In the previous chapters, the analysed ferroelectric interfaces were either the crystal 
ends (surfaces) or domain walls. In what follows, the PE:LN interface occurring 
below the surface is analysed and discussed. 

The fabrication of ferroelectric gratings through electric field poling (EFP) has 
represented the base for the development of new devices for a variety of applications 
ranging from all-optical signal processing91 and nonlinear photonic crystals43 to high-
density data storage.3 The flexibility to pattern the spontaneous polarization by using 
such a technique has certainly represented a technological breakthrough, and has 
strongly encouraged the widespread use of ferroelectrics in several areas of science 
and technology.  

As discussed in chapter 2, in order to increase the integration density and develop 
advanced nonlinear optical devices, ferroelectric domains with short periods (few 
microns) and submicron control of the domain walls are desirable. However, as it will 
be discussed in section 4.1, such a requirement is incompatible with the properties and 
the features of the standard EFP of LiNbO3. The switching kinetics, and especially the 
sidewalls domain broadening outside the electrodes, represents a critical factor 
driving the research in this material toward new technological solutions to control the 
switching.  

Typical approaches developed to overcome this problem rely on controlled back-
switching configurations117 or on the inhibition of the lateral domain broadening by 
means of surface chemical modification through proton exchange.18, 19 With the 
former technique ferroelectric gratings with periods of 4 µm in 0.5 mm-thick Z-cut 
LiNbO3 have been demonstrated, whereas with the latter gratings with periods of 
30 µm and 21 µm have been fabricated, although the mechanism underlining the 
domains PE-controlled switching was not elucidated. In this respect, in section 4.2, 
the electrostatic conditions of the buried PE:LiNbO3 interface is investigated and a 
model to describe the inhibition of the lateral domain broadening is developed. 

Finally, by exploiting the results of the modelling of the buried PE:LiNbO3 
interface, ferroelectric gratings with periods smaller than 10 µm and in different 
geometries (1D and hybrid 2D), tested also with nonlinear optical experiments, are 
discussed and presented in section 4.3. 
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4.1 Limitations of conventional poling  

The typical approach used to fabricate ferroelectric gratings in LiNbO3 by means of 
electric field poling, is based on patterning periodic electrodes on the surface of the 
crystal and applying a suitable voltage pulse. Such a technique, first reported by 
Yamada12 in 1993, is the standard approach for the fabrication of periodically poled 
lithium niobate (PPLN) crystals.  

The most critical aspects of such a technique are represented by the domain wall 
velocity and fringe effects at the electrodes. The dependence of domain wall velocity 
on the applied electric field is of interest to identify the appropriate poling voltage 
value and orientation of the electrodes, in order to prevent overpoling and allow the 
domains to grow and correctly stabilize. For instance, since the domain wall velocity 
along Y is much higher than along X, vY ≫ vX, when poling Z-cut substrates the 
electrodes are usually oriented along Y and periodic along X.  

Fringe effects due to the electrode edges are responsible for the lateral domain 
broadening,118 which at short periods hinder the fabrication of ferroelectric gratings. 
This is due to the sharp borders at the electrodes which generate a strongly anisotropic 
electric field with both normal (EZ) and tangential components (EX). Figure 4.1 shows 
a numerical simulation (COMSOL 4.3) of the electrostatic fields across the structure 
of Figure 4.1.  

   

Figure 4.1 Trend of the normal (Ez) and tangential (Ex) component of the field in 
a periodic poling configuration with external electrodes. The strong enhancement 
of the field due to fringe effect is responsible for domains nucleation and lateral 
domains broadening.  

The normal component, EZ (black curve in Figure 4.1), is responsible for 
polarization switching under the electrodes. The strong enhancement of the field at 
the edges indicates that domain nucleation is preferentially occurring at the edges of 
the electrodes, as the field is much higher than the coercive value (Ez/Ec > 1). 
However, as a consequence of the tangential component of the field, EX (blue curve in 
Figure 4.1), charges can also be injected in the area not covered by the electrodes, 
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sustaining domain wall propagation therein. The immediate consequence is domain 
lateral broadening with loss of the original duty cycle of the poling mask.  

Although domain broadening can be compensated by designing electrodes with 
smaller duty cycle, when attempting to fabricate gratings in LiNbO3 with aspect 
ratios m  larger than 100, e.g., gratings with periods of 10 µm an dc=50%, the 
probability of interaction and ultimately coalescence of neighbouring domains 
becomes critical. In the most severe cases the spontaneous polarization is also 
switched between the electrodes with obvious loss of any periodicity. Using short 
pulses represents a way to tackle the problem as the lateral domain broadening is 
proportional to the duration of the electric pulses used for the poling.118 However, the 
polarization switching does not always occur uniformly across the crystal when using 
short pulses, so the latter does not often solve the problem.  

 

4.2 PE-induced electrostatic fields 

In chapter 2 the ferroelectric interface was defined as any spatial discontinuity of the 
spontaneous polarization and a few examples were discussed. The most important 
feature of such interface resides in the possibility to spatially engineer the distribution 
of electrostatic fields, arising from the condition ∇ ∙ P
 ≠ 0, which can potentially 
provide a solution to the optimization of periodic poling in LiNbO3 at short periods.  

Proton exchange in LiNbO3, discussed in section 3.3, represents a promising 
technique for the fabrication of ferroelectric interfaces, as it locally inhibits the 
spontaneous polarization (HxLi1-xNbO3 is paraelectric, Ps ~ 0). Moreover, since the PE 
process is based on the counter diffusion of protons and Li+ ions through the crystal 
surface, the PE:LiNbO3 junction is physically located inside the crystal, and bound 
charges arising at such interface are not screened by external charges.  

The electrostatic behaviour of such buried interfaces is expected to be sensibly 
different than the ferroelectric-air surface interfaces, described in section 2.3. As a 
matter of fact, screening at the surface is assisted by free charges provided by the 
surrounding environment (external screening) or by the crystal itself (internal 
screening). On the other hand, bound charge accumulation at interfaces below the 
surface can be screened by internal charges only. In case of LiNbO3, which shows 
low conductivity and low defect density, PE:LiNbO3 interfaces are expected to be 
charged, i.e., not fully screened. 

 Figure 4.2a shows the cross section (X-Z plane) of a PE:LiNbO3 interface as 
obtained from PE through the mask openings (grey rectangles) in Z-cut LiNbO3. A 
benzoic acid-resistant mask is used to fabricate the desired openings through which 
Li+/H+ ions can exit/enter the lattice. The profile of the PE diffusion edge can be 
calculated by solving Equation 3.10 for the corresponding 2D case, with the 
diffusivity DPE of Equation 3.11 and coefficients of Equation 3.12 for the different 
crystallographic orientations. It is worth mentioning that in the geometry of Figure 
4.2a, PE along the X-axis proceeds also under the metallic mask, dPEx. Such a portion 
of the surface PE layer will be referred as lateral diffusion (LD-PE) in what follows. 

                                                

m The aspect ratio is defined as: domain thickness/domain transverse size 
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The diffusivity coefficient in such conditions can reasonably be expected to be 
smaller than the one calculated with Equation 3.11, which is valid for the case of 
uniform diffusion, i.e., without any mask. The experimental measurements of the 
diffusivity along the X-axis for PE in pure BA at 200 ºC, with the geometry of Figure 
4.2a, give indeed DPEx ~ 38 ∙ 10-3 µm2/h,n which is nearly 74% less than the value 
calculated from Equation 3.11 (143.9 ∙	10-3 µm2/h) for bulk diffusion.  

    

Figure 4.2 Cross section (X-Z) view of a PE:LiNbO3 interface obtained by 
means of proton exchange. a) Sketch of the diffusion. b) Numerical simulation of 
the electrostatic field distribution induced by charge accumulation at the 
interface.   

The borders of the PE:LiNbO3 interface follow a bowl-like profile and are expected 
to be the charged as ∇ ∙ P
 ≠ 0, since Ps ~ 0 in PE (orange area in Figure 4.2a). The 
charge density accumulated at the PE:LiNbO3 border can be calculated by evaluating 
the polarization discontinuity. However, such a charge density is not uniform along 
the PE:LiNbO3 border as the PE diffusion profile is bent. By indicating with γ the 
angle between the direction of the spontaneous polarization and the tangent to the PE 
diffusion edge (dotted lines in Figure 4.2a) the charge density accumulated at the 
PE:LN interface can be expressed as follows: 

 ρw�:=> = ∇ ∙ P
 = P
|sin γ| 4.1 

Such a charge density is maximum at the interface below the diffusion window 
(γ = π/2), where the PE:LiNbO3 junction is orthogonal to Ps, and zero at the surface 
(γ = 0), where the PE diffusion border is instead parallel to Ps. The spatial distribution 
of the electrostatic field generated by the charge density of Equation 4.1 is expected to 
be highly anisotropic, with both normal (Ez) and tangential (Ex) components. A 
numerical simulation (COMSOL 4.3) of the electrostatic field across the structure of 
Figure 4.2a is shown in Figure 4.2b. The simulation clearly highlights the existence of 
a strongly anisotropic electrostatic field, exhibiting components pointing laterally, i.e., 
tangential components.  

A qualitative visualization of the distribution of the electrostatic field of Figure 4.2 
can also be obtained experimentally by observing the contrast patterns generated by 
illuminating a sample in the configuration of Figure 4.2a. This is shown in Figure 4.3, 
which is a cross-sectional view of a PE array fabricated in LiNbO3.  

                                                

n Additional measurements of diffusivities are described in par. 5.3.2. 
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Figure 4.3 Cross-sectional view of end-face polished PE areas (X-Z plane). The 
image is obtained in transmission with an optical microscope. The parabolic 
diffusion profile of a PE process through the mask openings can be identified. 
The contrast pattern below and around the PE regions is attributable to 
embedded electrostatic fields.  

The PE regions appear brighter, as the increase of the refractive index confines 
more light therein. Additionally, the contrast in the optical image clearly exhibits a 
periodic alternation of bright/dark areas below the PE regions. Such a modulation is 
due to the variation of the local refractive index via the electro-optic effect119 induced 
by presence of electrical fields at the PE:LiNbO3 boundary, hence provides an indirect 
means to visualize the field distribution of Figure 4.2b. 

 

4.2.1 Engineering poling with PE   

The highly anisotropic electric field of Figure 4.2b shows tangential components, 
which can be used to overcome the limitations of periodic poling at short periods. The 
trend of the normal, EZ, and the tangential, EX, components of the electric field below 
the PE region is shown in Figure 4.4.  

  

Figure 4.4 Numerical simulation of the trend of the normal (EZ black) and 
tangential (EX blue) component of the field at a depth Z ~ 2.7 µm below the 
surface [PE profile depth, dPEz = 2.7 µm, Ps(PE) = 0, Ps(LiNbO3) = 78 µC/cm2, 
εLN = εPE = 34 F/m, σLN = σPE = 10-18 S/m] 
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The normal component, EZ (black curve in Figure 4.4), indicates a highly 
anisotropic field arising from the charge density distribution. Moreover, the field 
distribution exhibits two negative peaks due to the bending of the PE diffusion 
profile, which corresponds to the transition between the flat (γ = π/2) and the curved 
(γ < π/2) portion of the interface, pointed by the dashed segments. The orientation of 
the electrostatic field is such that domains nucleation under the PE region is 
hampered.  

The tangential component, EX (blue curve in Figure 4.4), is pointing outside the PE 
region. The field is enhanced in the areas corresponding to the curved PE:LiNbO3 
interface (γ < π/2) with local maxima on either side of the central region. Such a field 
distribution counteracts charge injection under the PE region, hence working in an 
opposite way to the field distribution described in Figure 4.1, which was responsible 
for domain broadening).  

The trend of the tangential field of Figure 4.4 indicates that the local inhibition of 
the spontaneous polarization obtained by PE is a promising approach to inhibit lateral 
domain broadening in LiNbO3. The working principle is schematically described in 
Figure 4.5, where the outcome of electric field poling is shown for the standard 
(Figure 4.5-b) and PE-assisted (Figure 4.5c-d) configurations.  

    

Figure 4.5 Lateral domains broadening for the standard electric field poling and 
the PE-assisted poling configurations. a) and b) domains spread outside the 
electrodes as a consequence of the fringe effect (Ex in Figure 4.1) resulting in 
over poled grating. c) and d) domains broadening pinned by the electrostatic 
field embedded at the PE boundary (Ex in Figure 4.4) resulting in PPLN crystals. 

As detailed in par. 4.1, in the standard periodic poling technique with external 
electrodes at short periods, neighbouring domains coalescence due to their lateral 
broadening (Figure 4.5a). The consequence is the overpoling and the loss of any 
periodicity (Figure 4.5b). On the other hand, the PE-assisted poling approach inhibits 
lateral domain broadening (Figure 4.5c), as a consequence of the PE-induced 
electrostatic field distribution below the crystal surface, hence sustaining periodic 
poling (Figure 4.5d) also at shorter periods.  
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In the experiments conducted in this thesis and discussed in Papers A and B, the 
lateral domain propagation in PE-assisted poling (Figure 4.5c and d) was hampered 
by two factors. First of all, the same metallic mask used for the PE process was also 
employed to apply the poling voltage, so that the edges of the electrodes were located 
on the PE region as in Figure 4.2a. The impact of the fringe effect on the switching 
kinetics is then expected to be strongly reduced as the tangential components of the 
external field are screened by the protons under the PE-mask. The second factor is the 
suppression of lateral domain broadening under the PE region by the internal 
electrostatic field described in Figure 4.4. Moreover, as sketched in Figure 4.5d, the 
transverse size of the domains is not uniform in a thin layer (~ 50 µm) close to the 
surface as the lateral domains broadening is pinned by the PE layers. However, the 
gratings exhibit dc ~ 50% and perfectly straight walls in the bulk crystal. 

The effect of PE:LiNbO3 buried interfaces on the polarization switching kinetics of 
LiNbO3 was investigated with periodically proton exchanged (PPE) samples with 
periods Λ < 10 µm. The details of the fabrication are described in next section, 
whereas the influence of the electrode used to contact the crystal surface (either 
uniform gel electrode or periodic metal layers) and the orientation of the substrate 
polarization (+Z and -Z) are investigated and summarized in the next sections.  

 

 

4.3 Fabrication of ferroelectric gratings 

1D and 2D ferroelectric gratings were fabricated by using the PE-assisted poling 
technique with PE arrays aligned along the Y axis and periodic along X.o  

The overall fabrication process of the samples is summarized in Figure 4.6. 
~ 500 µm-thick Z-cut congruent LiNbO3 wafers were diced into small chips (typical 
X-Y dimensions were 16 x 11 mm2) and the crystal surfaces were carefully cleaned 
and investigated (step 1). To fabricate the PE array, a benzoic acid-resistant metallic 
mask was patterned as the latter could also be used afterwards to electrically contact 
the surface for the periodic poling of the crystal. The fabrication of the PE-mask 
involved three steps: metal deposition (2), photolithography (3) and anisotropic 
etching by Reactive Ion Etching, RIE (4).  

The metal deposition (uniform ~ 100 nm-thick layer of titanium, step 2) was 
performed on both surfaces of the substrate by using a standard evaporation system. 
The photolithographic step (3) involved the patterning of a ~ 1.8 µm-thick layer of 
positive photoresist (red rectangles S1818, Microposit) on one of the sample surfaces 
(either +Z or –Z). Since the PE process proceeds also laterally under the mask by dPEx, 
as discussed in par. 4.2 and Figure 4.2, the duty cycle of the photolithographic was 
chosen so to compensate for the lateral diffusion.  

Once the photoresist is developed, the pattern is transferred to the metal (step 4) by 
means of a standard Reactive Ion Etching (RIE). Such a process allowed opening 
windows at the crystal surface (referred as RIE-PE) with a transverse size wPE. The 

                                                

o 2D gratings were poled by using a hybrid mask made of PE and photoresist stripes 
periodic along X and Y respectively. 
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RIE process was slightly prolonged in order to ensure the opening of all the metal 
windows on the crystal surface, which had as a side effect a slight over-etch of the 
crystal surface, of about 50 nm. 

 

Figure 4.6 Technological steps for the fabrication of samples for 1D and 2D 
ferroelectric gratings. 1. Wafer cut, inspection and cleaning; 2. Metal deposition 
on both crystal surfaces; 3. Patterning of the photoresist by standard 
photolithography; 4. Patterning of the metal layer by Reactive Ion Etching; 5. PE 
process. The final samples A, B and C are obtained by selectively removing the 
metal in a solution of diluted hydrofluoric acid (in B the metal was kept only on 
the PE side and removed anywhere else). Samples C required an extra 
photolithographic step (as in 3) to fabricate an additional photoresist pattern 
oriented at 90º with respect of the PE array.  

PE (step 5) was performed by dipping the sample in a melt of pure benzoic acid for 
the desired exchange time (tPE = 24-32 h) at TPE = 200 ºC so to obtain the proper dPEz 
(2.7 - 3.2 µm) calculated from Equation 3.10. The duty cycle of the resulting PE 
array, dcPE, was different from the one of the metallic mask, (dc), as a consequence of 
the lateral diffusion, dPEx.  

After the PE process the samples were carefully cleaned so to remove any traces of 
contamination from the surface, and proceed to the poling process. For 1D gratings, 
two configurations with and without metal electrodes, were chosen: samples A and B. 
Such samples were obtained by etching the metal after PE in a diluted solution of 
hydrofluoric acid (for samples B the metal was removed only from the back side). 2D 
gratings required additional technological steps to obtain a hybrid PE-photoresist 
mask (samples C). The metal was etched after the PE and then an additional 
photoresist pattern at 90º with respect to the PE grating was fabricated with the same 
procedure of step 3. 

2. Metal deposition 3. Photolitography

4. RIE

A B C

Z-cut LiNbO3

1. Cleaning

5. PE
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4.3.1 PE patterning for 1D gratings  

The fabrication of 1D gratings by PE-assisted poling was addressed in Paper A by 
using the samples of type A and B of Figure 4.6 (Λ = 8.66 - 8.03 µm, dc = 50 - 75% 
and dPE ~ 2.7 µm). The PE array was fabricated on the +Z side of the crystal, with 
stripes aligned along Y and periodic along X.  

The poling setup and procedure were the same to the ones described in Figure 3.5 
and 3.6. In the case of samples A both crystal surfaces were contacted to the poling 
circuit by using a uniform layer of gel. For samples B the gel was used only as a 
counter electrode, whereas the periodic metallic pattern (which was also the PE mask) 
worked as top electrode. The poling waveform was similar to the one discussed in 
Figure 3.6b. The charge deposited on the surface was evaluated from the poling 
current and the extension of the poled region was estimated by using Equation 3.8.  

After the poling the samples were cut along the X axis, polished and selectively 
etched in a diluted solution of hydrofluoric acid20 for 1h so to investigate the domain 
evolution in depth, i.e., along the Z axis, on the X-Z plane.p Figure 4.7 shows three 
portions of the cross-section a sample patterned by using a mask with a 50% duty 
cycle.  

 

Figure 4.7 Cross sectional view (X-Z plane) of a periodically poled LiNbO3 
crystal fabricated by using the PE-assisted technique. a) Top side with PE 
regions and domain pinning at the PE:LiNbO3 junction close to the surface. b) 
Portion of the bulk crystal where PPLN with dc ~ 50% is obtained. c) Bottom 
side of the sample where domains terminate with 180º domain walls without 
perturbations. The white arrows indicate the orientation of the spontaneous 
polarization. Reproduced from Paper A. 

The top side, shown in Figure 4.7a, corresponds to the original +Z surface where 
also the PE array was fabricated. The latter can be clearly distinguished as the bright 
parabolic regions, resembling the geometry discussed in Figure 4.2a and 4.3. The 

                                                

p The polarization-dependent etching converts the polarization grating into a relieves 
grating which can be imaged with a standard optical microscope.  
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vertical stripes comprised between PE regions, also highlighted by the arrows, 
correspond to ~ 2µm-wide switched domains, whose lateral motion (along X) is 
pinned at the surface by the edges of the PE region. Additional isolated sub-µm 
needle-like domains, extending to less than 50 µm in depth, can also be detected 
under the PE areas (cf. rightmost part of Figure 4.7a). They are typically induced 
during the temperature treatment for the PE process.  

In the deeper layers of the crystal (> 200 µm from the surface, Figure 4.7b) the 
ferroelectric domains show a duty cycle close to 50% and extend to the other side of 
the sample (-Z) with straight 180º domain walls (Figure 4.8c). The final duty cycle of 
the PPLN grating is close to the one of the photolithographic mask used to pattern PE, 
and the positions at which the domain walls stabilise in the bulk closely match the 
locations of the points were the tangential field, EX in Figure 4.4, is maximum. For 
the sample shown in Figure 4.7, the theoretical calculations of the position of the 
maxima of the tangential electric field indicate a duty cycle of 51.5%, which is in 
good agreement with the experimental value (51%).  

A similar correlation was also found in samples B, fabricated by using 
photolithographic masks with smaller period and larger duty cycle (Λ = 8.03 µm, 
dc = 75%). The bottom side (original –Z side) of one of such samples is shown in 
Figure 4.8 after poling and etching in HF for 1h. Domains as small as 2 µm can be 
detected, corresponding to an aspect ratio as high as 250.  

 

Figure 4.8 Bottom side of PPLN samples (B type) poled by using the PE-
assisted technique. Domains are regularly arranged with separation as small as 
2µm. Additional features, due to parasitic PE, are shown in the inset which 
highlights the capability of PE to bend ferroelectric domain walls at the surface. 
Reproduced from Paper A. 

Additional information on the influence of PE on domain wall motion can be 
inferred in the inset in Figure 4.8. Here a parasitic PE dot (due to an inhomogeneity of 
the PE mask) shows a strong effect on the polarization switching kinetics by inducing 
domain wall pinning and bending.  

Overall, these results indicate that the modelling of the PE-assisted poling is 
consistent with the experimental results. Furthermore, the position of the maxima of 
the tangential field, corresponding to the points at maximum charge accumulation, 
can predict with good approximation the duty cycle of the ferroelectric gratings. 

The influence of the electrode on the poling was evaluated by using samples of 
type B where the metallic mask used for the PE process was also kept on the 
patterned side (+Z) to act as a periodic electrode. The domain evolution in depth 
along the crystal thickness still retained the key features observed with uniform 
electrodes as in Figure 4.7. However, the better contact offered by the metal electrode 
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allowed fabricating larger gratings (7 x 0.5 mm2) on the X-Y plane with good 
uniformity over the whole patterned area (originally 9 x 4 mm2). A portion of the 
bottom side of one of such a samples is shown in Figure 4.9a (Λ = 8.66 µm and 
dc = 50%).  

 

Figure 4.9 Nonlinear optical characterization of a 1D PPLN grating by mean of 
SHG. a) Portion of the bottom side (originally –Z) of a PPLN grating (7 x 0.5 
mm2, Λ = 8.66 µm and dc = 50%) as apparent after etching in HF for 1h. b) SHG 
tuning curves measured for third order QPM at the top (dashed line) and bottom 
(solid line) of the sample shown in a. Input pump power = 280 mW.  

The etching of the crystal in HF shown in Figures 4.7, 4.8 and 4.9a is a destructive 
approach to investigate the domain evolution along the crystal depth. A non-
destructive characterization of the ferroelectric gratings can be obtained by evaluating 
the SHG signal generated in different sections of the crystal. The results of such 
measurements are shown in Figure 4.9b  

To perform the systematic nonlinear optical characterization, a tuneable 
continuous-wave Ti-sapphire laser (700-980 nm) was used. By using Equation 2.38 
and the graph of Figure 2.5, it can be concluded that the grating of Figure 4.9 can 
support 3rd order collinear QPM SHG at λF ~ 832 nm. Normalized SHG tuning curves 
measured at the top (original +Z, PE-patterned side) and at the bottom (-Z) of the 
sample of Figure 4.9a, are shown in Figure 4.9b.  

The data indicate the PPLN grating close to the non-patterned side (–Z) exhibits a 
full-width at half maximum (FWHM) ∆λ = 0.07 nm, which is in good agreement with 
the expected value (∆λ = 0.06 nm) calculated from the Sellmeier equations of 
Reference 120.q On the other hand, the SHG tuning curve measured close to the PE 
patterned side (+Z, dashed line in Figure 4.9b) is characterized by a reduction of the 
conversion efficiency and by the broadening of the FWHM (∆λ = 0.21 nm). Such 

                                                

q It is usually assumed that the QPM grating is of high quality when the discrepancy 
between the measured and the theoretical FWHM is small. 
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observations are consistent with the reduction of the duty cycle of the grating in such 
a section, in agreement with the microscopic analyses of Figure 4.7.  

4.3.2 Hybrid patterning for 2D gratings  

Similarly to the 1D approach, also the poling of 2D gratings is affected by lateral 
domain broadening due to fringe effects.118 Moreover, for the case of 2D poling, 
additional constrains arise from the domain propagation velocities which usually 
make it more challenging to obtain small periods along the Y axis.121  

The poling of 2D gratings was addressed in Paper B by fabricating a hybrid mask 
which combined substrate patterning by PE and surface patterning by photoresist. The 
samples, indicated as type C in Figure 4.6, combined an array of PE stripes 
(ΛX = 8.03 µm, dcPE ~ 50%, dPE ~ 2.3 µm), fabricated on the crystal surface, aligned 
along Y and periodic along X, and a photoresist periodic pattern (ΛY = 6.78 µm, 
dc = 50%) at 90º with respect to the PE one, i.e., aligned along X and periodic along 
Y. The photoresist acted as insulator and the electrical contact was performed through 
its openings. The geometry of the elementary cell for the 2D poling is shown in 
Figure 4.10a, as a top view of the hybrid mask. In the latter, four different areas can 
be identified, namely bare LiNbO3 (1), LiNbO3 covered by photoresist (2), 
PE:LiNbO3 covered by photoresist (3), PE:LiNbO3 (4).  

The numerical simulation of the orthogonal field on the X-Y plane, obtained as a 
superposition of the internal field associated to the PE stripes with the external field, 
is shown in Figure 4.10b. The highest value of the field is located in the bare LiNbO3 
region (1), hence polarization switching is expected to occur there. In the remnant 
areas, the single or combined effect of the two masking solutions reduces the net 
electric field.  

 

Figure 4.10 a) Top view (X-Y) of the unit cell for the hybrid mask combining 
PE arrays along X and photoresist arrays along Y. b) Numerical simulation of 
the electrostatic field distribution in the unit cell shown in a). Adapted from 
Paper B. 

The hybrid mask was fabricated on multiple samples on either +Z or –Z surfaces in 
order to evaluate the effect of the substrate polarization on the poling outcome. In 
what follows, the patterned/unpatterned side will be indicated as “top”/”bottom” side 
regardless of the substrate original orientation.  

The conditions for the poling, the electrical setup and the approach were similar to 
the one described for the 1D sample. In any case, both crystal surfaces were 
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electrically contacted with a gel electrode and the poling waveform consisted of 50 -
 100 ms-long rectangular pulses at Emax ~ 22 kV/mm. After the poling the samples 
were etched in a diluted solution of hydrofluoric acid for 1h, as the differential 
etching rate of PE/non-PE LiNbO3 and +Z/-Z substrates allowed to simultaneously 
visualize all the areas of interest. The outcome is shown by Figure 4.11 and 4.12, 
where +Z and –Z patterned samples are compared.  

 

Figure 4.11 Results of electric field poling with a hybrid mask on +Z. Top views 
of the patterns, revealed after the poling and a wet etching in an HF:H2O 
solution. a) Top (patterned) surface, originally +Z. b) Bottom (upatterned) 
surface, originally -Z. Reproduced from Paper B. 

The case of top side fabricated on +Z is shown in Figure 4.11. The etching reveals 
a regular 1D PPLN domain structure on both crystal surfaces, similarly to what 
obtained with the 1D patterned sample.  

On the top side, Figure 4.11a, the PE regions can be identified as the dark areas 
aligned along Y and periodic along X, whereas the LiNbO3 regions show the presence 
of fine structures (dark horizontal lines), which are residual unswitched surface 
nanodomains at the edges of the photoresist mask. On the bottom side, shown in 
Figure 4.11b, a regular 1D PPLN grating can also be identified. Finally, as already 
reported for the grating of Figure 4.8, small defects in the PE mask, e.g., circular dots 
in Figure 4.11b, perturb and bend the walls of large domains at few points.  

The additional nonlinear optical characterization of the sample of Figure 4.11 by 
SHG, as shown in Figure 4.9b, indicates similar results to the 1D case: the conversion 
efficiency is higher in the bulk and close to the unpatterned (bottom) side, whereas is 
lower close to the patterned (top) side, where the SHG tuning curves are also 
spectrally broadened.  

The case of top side fabricated on the –Z side is shown in Figure 4.12. In this case 
the hybrid pattern resulted in a regular 2D arrangement of ferroelectric domains that, 
although extending across the sample thickness, exhibit different shapes on the two 
surfaces, i.e., rectangular on the top side and hexagonal on the bottom side, 
respectively. The overall domain arrangement agrees with the expected mechanism 
driving the domains formation resulting from the 2D field distribution illustrated by 
Figure 4.10b.  

On the patterned side, Figure 4.12a, the 2D ferroelectric grating shows domain 
walls aligned along the X and Y axes, whereas on the bottom side, Figure 4.12b, the 
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domains possess the typical hexagonal shape imposed by the trigonal crystal 
structure, with domain walls aligned along the Y crystallographic axis. Additional 
sub-micrometric structures, also aligned along Y, can be detected within the 
hexagonal domains and are back-switched surface nanodomains.r The average size of 
the domains is ~ 14 µm2 and the spacing along the Y axis is as small as ~ 2µm. 

 

Figure 4.12 Results of electric field poling with a hybrid mask fabricated on 
original –Z side. Top views of the patterns, revealed after the poling and a wet 
etching in an HF:H2O solution. a) Top (patterned) surface, originally –Z. b) 
Bottom (upatterned) surface, originally +Z. Reproduced from Paper B. 

The nonlinear optical characterization of the sample of Figure 4.12 by means of 
SHG, confirmed the results of the microscopic investigations, and it is shown in 
Figure 4.13. 

The 2D lattice of Figure 4.12 results in multiple non-collinear SHG resonances 
occurring simultaneously, as illustrated by the blue output from the PPLN grating 
recorded in the far field, shown in Figure 4.13a. The three blue beams correspond to 
SH waves emerging at angles of θ = ±3.46º and 0º with respect to the fundamental 
wave and the X axis of the lattice. As also shown by the QPM vector diagram of 
Figure 4.13b, these SHG processes are attributed to QPM via the reciprocal lattice 
vectors G±1,1 (non-collinear) and G0,1 (collinear) of the 2D lattice. The conditions for 
momentum conservation can be written as follows: 

 

2kR +G�,� = kST			2kR + G��,� = kST2kR + G�,� = kST		 											
Collinear QPM

Non collinear QPM
Non collinear QPM

 4.2 

The first expression of Equation 4.2 is formally the same of Equation 2.37, which 
describes QPM interaction for the 1D case (through the G0,1 grating vector). The 
others expressions describe non collinear QPM interactions through the G1,1 and G-1,1 
vectors due to the 2D modulation of the second-order nonlinear susceptibility.  

                                                

r High resolution imaging by means of Piezoresponse Force Microscopy (PFM) of 
one of these hexagonal domains, on a sample which has not been etched in HF, is 
shown in Figure A.4 of appendix A. 
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Figure 4.13 Optical characterization of the 2D grating of Figure 4.12 by means 
of SHG. a) SH beams emerging at ±3.46º and 0º with respect to the direction of 
the fundamental wavelength, λF. b) QPM vector diagram for collinear and non-
collinear SHG processes occurring in the 2D grating (X-Y plane), grey dots are 
the points of the reciprocal lattice for the sample of Figure 4.12. c) SHG tuning 
curves for the central lobe (G0,1) of a). Ideal curve (magenta line) calculated for 
5th order QPM with G0,1 in a 4 mm-long grating; measured tuning curves in the 
middle of the sample (blue line with dots) and  close to the top patterned side 
(black line with stars). Reproduced from Paper B. 

In Figure 4.13c the SHG tuning curve for the central lobe of Figure 4.13a is shown 
as measured in two sections of the crystal: the blue curve is relative to the bulk, 
whereas the black one refers to a section close to the top (patterned) side. The 
calculated SHG tuning curve of an ideal 2D grating for 5th order QPM via G0,1 is also 
indicated by the magenta line for comparison. 

The calculated tuning curve compares well with the corresponding experimental 
data (blue data points). The SHG signal indicated a good quality of the 2D PPLN 
pattern throughout the crystal thickness, whereas a strong reduction of the conversion 
efficiency is apparent in a shallow layer close to the patterned surface (dark line). the 
results are consistent with previous results (Figure 4.7), and indicate the existence of 
surface layer where the domains switching dynamics is perturbed, and result in a 
grating with smaller and irregular duty cycle, as discussed for Figure 4.9b. 

 

4.4 Conclusions 

In summary, in this chapter the electrostatic behaviour of PE:LiNbO3 interfaces below 
the crystal surface, and their application to inhibit lateral domain motion in 
periodically poled lithium niobate crystals, has been characterized and discussed. 

The electrostatic modelling of the buried PE:LiNbO3 interface indicated the 
existence of a strong tangential field, arising from unscreened bound charges due to 
the abrupt reduction of the spontaneous polarization in PE. Although chemical 
patterning by PE has already been reported in other works,18, 19 in this thesis the 
explanation of the inhibition of the lateral domains broadening, in terms of 
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electrostatic interactions, is provided. Compared to previous works involving PE-
assisted poling, gratings with shorter periods are here demonstrated and fully 
characterized. Furthermore, the first results of fabrication of 2D lattices by using PE-
assisted poling with a hybrid solution are here described.  

By using periodic the PE-assisted poling technique, 1D and 2D ferroelectric 
gratings were fabricated. In both cases, PE stripes were aligned along Y and periodic 
along X.  

For the 1D case, the poling results are consistent with the electrostatic model and 
indicate the lateral domain broadening inhibition occurs in a thin surface layer 
(~ 50 µm-thick). Within such a layer the duty cycle of the ferroelectric grating is not 
uniform and increases along the crystal depth. Such an effect is however absent in the 
bulk of the crystal where the domain size stabilizes, yielding regular PPLN crystals 
with periods around 8 µm. The variation of the transverse domain size was also 
investigated by means of nonlinear optical interactions with SHG tuning curves. The 
latter allowed examining the quality and performances of the PPLN structures without 
resorting to any destructive approach. 

For the 2D case, a hybrid mask was devised combining periodic PE stripes along X 
and photoresist stripes along Y. In this case, the influence of original polarization of 
the substrate was also investigated. The fabrication of the hybrid mask on the 
originally +Z side resulted in a 1D ferroelectric grating: the lateral domain broadening 
along X was inhibited by the PE, whereas along Y domain coalescence occurred 
under the photoresist stripes as a consequence of fringe effects. On the other hand, the 
application of the same principle on the originally –Z side yielded a regular 2D 
ferroelectric grating: the lateral domain broadening was inhibited along both the X 
(by PE) and the Y axes (by the photoresist).  

The overall results of the PE-assisted poling indicate that the orientation of the 
spontaneous polarization is not relevant for the fabrication of 1D ferroelectric grating, 
as PE inhibits the lateral domain broadening along the X axis independently on the 
substrate orientation. On the other hand, the original polarization of the substrate is 
crucial when fabricating 2D structures with the hybrid approach. In the latter case the 
hybrid poling mask should be fabricated on the –Z surface.  



CHAPTER 5: SURFACE PE:LN JUNCTIONS  65 

  

 

Chapter 5 
 

Surface PE:LN junctions  

The surface of a crystal is the collection of few atomic layers which separate the bulk 
solid from the environment where it is placed. As a consequence of the interruption of 
the crystalline structure, surface layers behave differently than the bulk material, and 
show specific properties and capabilities.35 Examples of surface effects were 
described in Chapter 2 regarding the bound charges on the opposite sides of 180º 
domain walls at the crystal surface.  

Similar effects can be devised for PE:LiNbO3 junctions located at the crystal 
surface. As will be detailed in par. 5.1, such junctions are physically represented by 
the diffusion edge of the protons under the acid proof mask, which is used to spatially 
confine the PE process. The transition from a paraelectric medium (PE) to a 
ferroelectric one (LiNbO3) implies a local discontinuity of the spontaneous 
polarization which results in charge unbalance. The electrostatic modelling of such 
interfaces and the expected interaction with free carriers is also described in par. 5.1.  

A deeper investigation of the topographic and ferroelectric features of the 
PE:LiNbO3 interface is carried out in par. 5.2 and Paper C. By using Scanning Probe 
Microscopy (SPM) techniques, a systematic and non-destructive topographic and 
ferroelectric characterization of the surface properties is presented. Furthermore, by 
using Piezoresponse Force Microscopy (PFM), the reduction of the d33 piezoelectric 
coefficient due to PE could be estimated. The influence of PE in 5mol% MgO-doped 
and undoped LiNbO3 substrates is also evaluated.  

The application of PE:LiNbO3 surface interfaces for the fabrication of self-
assembled metallic nanowires by means of photodeposition is examined in par. 5.3. 
The electrostatic model of the photodeposition process is presented in Paper D, 
whereas deeper insights on the deposition mechanism and the influence of the surface 
state is analysed in Paper E. Additional investigations regarding the spatial 
confinement, the engineering as well as the influence of the substrate doping by 
means of MgO on the geometry of metallic nanowires, is discussed in Papers F and G.  

The results described in this chapter are based on extensive surface 
characterizations by means of Atomic Force Microscopy (AFM) and Piezoresponse 
Force Microscopy (PFM), which are described in Appendix A. 
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5.1 Surface ferroelectric interfaces 

As discussed in Chapter 2, ferroelectric interfaces arise from the spatial interruption 
of the spontaneous polarization, and a few examples were discussed in par. 2.3. The 
corresponding electrostatic conditions were derived and it was highlighted how 
charge accumulation occurs when ∇ ∙ P
 ≠ 0, generating depolarization fields. This is 
the typical scenario occurring at the crystal surfaces and across 180º domain walls, as 
shown in Figure 5.1a.  

 

Figure 5.1 Cross section (X-Z) view of surface ferroelectric interfaces with 
corresponding bound charges. a) 180º domain walls and b) PE:LiNbO3 junction.   

Although the atomic structure and the transverse thickness of domain walls is 
under debate and it is the topic of several research efforts,122-124 on opposite sides of 
the wall the spontaneous polarization shows opposite orientations. Consequently, 
bound charges of opposite sign (red/green in Figure 5.1a) are located at the surface 
and an electrostatic field (EX, blue arrow) is generated.125  

A similar behaviour is expected at PE:LiNbO3 interfaces close to the crystal 
surfaces in Z-cut LiNbO3 substrates. This is exemplified by Figure 5.1b, which shows 
the expected (bound) charge accumulation at the PE:LiNbO3 surface interface. Such 
an edge, highlighted by the dotted line in Figure 5.1b, is bent as a consequence of the 
resulting bow-like shape of the PE region.s As discussed in par. 4.2, the bound charge 
density (Equation 4.1) depends on the spontaneous polarization, Ps, and the angle, γ, 
between the latter and the tangent direction to the PE diffusion edge.  

In the case of surface PE:LiNbO3 interfaces, the spontaneous polarization is 
parallel to the interface (γ = 0) hence there is no charge accumulation. However, 
similarly to 180º domain walls, bound charges are accumulated at the crystal surfaces 
out of the PE regions (red dots in Figure 5.1b).t The bound charges at the surface of 
the LiNbO3 regions generate an anisotropic field distribution with both normal (EZ) 
and tangential (EX) components encroaching on the PE region.  

This is exemplified by Figure 5.2 which shows the numerical simulation 
(COMSOL 4.3) of the electrostatic field distribution in the structure of Figure 5.1b.  

                                                

s Details of the fabrication of periodic PE regions are discussed in Figure 4.6. 
t In PE Ps ~ 0, hence from Equation 4.1 it follows ρ ~ 0.  
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Figure 5.2 Numerical simulation of the electrostatic field at the surface 
PE:LiNbO3 interface of Figure 5.1b. 

Consistently with Figure 5.1b, a strong enhancement of the electrostatic field, 
pointing into the PE region, is noticeable at the surface PE:LiNbO3 interface. The 
electrostatic field distribution is calculated for an unscreened surface. 

As shown in Figure 5.3a, but also discussed in previous chapters, PE regions are 
obtained from the diffusion of protons through the openings in a benzoic acid mask 
(grey rectangles), hence two PE:LiNbO3 surface interfaces (indicated by dashed lines) 
are fabricated at the same time on the opposite sides of the mask opening.  

The trend of the normal, EZ, and the tangential, EX, components of the electric field 
10 nm below the surface, obtained from the numerical simulation of the structure of 
Figure 5.3a, is shown in Figure 5.3b. The normal component of the field (EZ, black 
curve) indicates a field pointing towards the bulk crystal with a sharp transition upon 
entering the PE region where Ps ~ 0. The distribution of the tangential component (EX, 
blue curve) is similar to the one of Figure 4.1, and indicates a field pointing inside the 
PE area. Moreover, a strong field enhancement can be noticed at the surface by the 
PE:LiNbO3 interface. Such a distribution of the electrostatic field can drive free 
charges across the junction and, at the same time, confine them in a thin layer at the 
surface, an effect which will be investigated in Papers D, E, F and G. 

 

Figure 5.3 a) Cross section (X-Z) view of a PE region fabricated by means of 
proton exchange. b) Corresponding electrostatic field distribution 10 nm below 
the surface.  
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5.2 Nanoscale characterization of PE:LiNbO3 
interfaces  

The surface characterization of proton exchanged layers is addressed in Paper C. The 
approach involves systematic measurements of the electromechanical response by 
combined AFM and PFM techniques. The choices taken for the imaging conditions 
(probes, driving frequency, applied voltages, etc.), based on constraints arising from 
the features of the samples and the cantilever motion dynamics, are discussed in what 
follows. 

The main structural features of the substrates are shown in Figure 5.4. The 
fabrication of PE arrays was performed on Z-cut LiNbO3 crystals with and without 
MgO-doping according to the technological steps detailed in Figure 4.6, and resulting 
in samples of type A.  

 

Figure 5.4 Main features of the samples used to investigate surface ferroelectric 
interfaces in LiNbO3. a) 3D sketch of the sample configuration. b) Evaluation of 
the PE depth, dPEz, for substrates with and without 5mol% MgO doping, by 
means of prism coupling and the IWKB technique. ∆ne is the refractive index 
increase in the PE layer. Reproduced from Paper C.  

Figure 5.4a is a sketch the samples, which shows the geometry of the PE array, 
periodic along the X direction and parallel to the Y crystallographic axis. The PE 
process (performed in pure benzoic acid at 200 ºC for 24 h) resulted in ~ 3 µm-thick 
HxLi1-xNbO3 (~ 2 µm-thick MgO:HxLi1-xNbO3) layers, as estimated from optical 
characterizations by means of the Inverse-WKB method114-116 of Figure 5.4b. The 
combination of the results from the IWKB characterizations and structural phase 
diagrams,110, 111 indicates that the HxLi1-xNbO3 layer contains a surface β3 layer and a 
β1 sub-layer,113 featuring Li+↔H+ exchange ratios x > 0.5 and an abrupt boundary 
with LiNbO3.

103
  Such a boundary is the PE:LiNbO3 interface we are interested in. 

To characterize the ferroelectric properties of the substrates, the PFM technique 
was used. The latter is based on the detection of the surface strain due to the converse 
piezoelectric effect. The expression of the out-of-plane deformation due to 
electromechanical coupling can be expressed as follows:u 

                                                

u The details of the PFM technique, the derivation and assumptions of Equation 5.1 
are presented in par. A2 of Appendix A. 
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 S� = S� + αd��|V¬| 5.1 

SZ, S0 and α being the out-of-plane displacement, the offset and an instrumental 
constant, respectively. d33 and VAC are the piezoelectric coefficient along the Z axis 
and the external (driving) voltage, respectively.  

The classical thermodynamic description of the piezoelectric effect (par. 2.1.2) 
indicates a law of direct proportionality between the d33 piezoelectric coefficient and 
Ps, expressed by Equation 2.17. Since PE layers possessing a β-phase exhibit a 
pronounced degradation of the ferroelectric properties, substantially reducing the 
spontaneous polarization (Ps ~ 0),109 a contrast between the PFM response of PE/non-
PE areas, proportional to the local d33, can be reasonably expected. By using such 
approach, local and non-destructive visualizations of PE areas can be achieved, 
additionally locating the position of PE:LiNbO3 surface interfaces with nanometric 
resolution, as illustrated in Figure 5.5.  

 

Figure 5.5 Typical SPM characterization of a PE array fabricated in LiNbO3. a) 
Surface topography obtained in AFM contact-mode. b) PFM mixed signal of the 
area depicted in a) (imaging conditions: VAC = 5 V, frequency ωAC

 ~ 1.5 MHz, 
scanning speed vsc = 22.5 µm/s). c) Line profiles extracted at the same location 
for topography (red) and PFM (black) scans. d, e) High resolution topographical 
images of the surface within the PE region: the RIE and surface lateral diffusion 
region, LD, are imaged at the locations framed in a). Reproduced from Paper C. 

The topography image and a representative line profile (obtained by means of 
AFM) are shown in Figure 5.5a and in Figure 5.5c (red data points), respectively. The 
vertical periodic stripes apparent on the crystal surface correspond to the openings of 
the original titanium mask used for the PE process (also sketched on top of Figure 
5.5a for clarity). These are the regions where H+ ions (Li+ ions) entered (exited) the 
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crystal during the PE process. They are over-etched portions of the crystal during the 
RIE, hence appear depressed (~ 30 nm), as confirmed by the line scan, and are 
characterized by several randomly scattered circular protrusions, as also highlighted 
by the high-resolution image of Figure 5.5d. Such features are likely to originate from 
material re-deposition, defects and/or ion implantation during the anisotropic RIE 
etching in Cl2-Ar atmosphere. 

As discussed in par. 4.2, the PE process is not confined to the openings of the Ti 
mask and proceeds both in depth (Z) and laterally (along X, under the mask), creating 
the lateral diffusion (LD) area. Such an effect of PE broadening is apparent from the 
PFM measurements shown in Figure 5.5b, which highlights a strong contrast, ®¯° ≫ ®±² , between LiNbO3 (white) and the PE regions (dark), which feature a 
strongly reduced piezoresponse. Such behaviour is fully consistent with the expected 
degradation of the d33 piezoelectric coefficient in β-phase PE. 

Quantitative assessments of the reduction of the electromechanical response, and 
also the evaluation of the extension the PE-LD areas, can be inferred from the black 
line scan plotted in Figure 5.5c. However, as discussed in more details in next section, 
specific criteria on the phase signal and the measurement protocol need to be fulfilled 
in order to assess quantitative reductions of the d33 piezoelectric coefficient in the PE 
regions. 

The results of Figure 5.5a-c demonstrate a non-destructive approach to readily 
visualize surface PE:LiNbO3 interfaces and β-phase PE regions with nanoscale 
resolutions. Furthermore, they indicate a good agreement between optical (ne) and 
PFM (d33) results, suggesting a direct link between the local increase of the 
extraordinary refractive index (Figure 5.4b) and the decrease of the spontaneous 

polarization in PE layers (Figure 5.5b), i.e., ∆ne∝-P
s
 as originally suggested for 

LiNbO3 in reference 119.  

Further insights on the surface modifications induced by the PE process can be 
inferred from the high resolution topographic images of Figure 5.5e, which refers to a 
portion of the LD PE region. Here a highly irregular border is apparent and the 
leftmost area, closer to a RIE region (i.e. the PE windows), is slightly higher (∼ 4 nm) 
appearing brighter. The surface swelling suggests a higher strain in this PE region as 
compared to the rightmost one, which can potentially indicate the boundary between 
the two HxLi1-xNbO3 β sub-phases (β3 and β 1),

 expected within the PE layer. 
Additional details on such surface modulations, the corresponding electromechanical 
coupling and the evaluation of the transverse width of the surface PE:LiNbO3 
interface were investigated in 2D PE samples, and are discussed in par. A3-4 of 
Appendix A.  

 

5.2.1 Evaluation of piezoelectric coefficients 

Measurements performed via PFM are influenced by several practical factors, which 
hinder the retrieval of absolute values of the piezoelectric coefficients. However, in 
the case of our samples, where PE and LiNbO3 regions are next to each other, 
estimations of the relative reduction of the d33 piezoelectric coefficient can be 
obtained, provided suitable measurements. 
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Preliminary measurements on PE substrates indicated a strong dependence of both 
the PFM amplitude and phase signals on the tip and sample cleaning procedures, as 
well as on the frequency of the driving voltage, ωAC. To remove such uncertainty, the 
choice of frequency of the driving voltage, ωAC, was based on the fact that the 
substrate polarity, albeit strongly reduced, should remain unchanged after PE. By 
considering a tolerance of 10%, the condition on the phase signal was formulated as 
∆Φ = |ΦPE - ΦLN| < 0.1π. Moreover, results reproducibility was improved by ozone 
cleaning the probes for 20 minutes before each measurement.  

Multiple measurements (as the one in Figure 5.5b) were collected on several 
samples of LiNbO3 crystals with and without 5mol% MgO-doping patterned with PE, 
and the results are summarized in Figure 5.6. The experimental procedure involved 
scanning across PE regions by disabling the slow axis scan, while progressively 
increasing the amplitude driving voltage, VAC. This resulted in PFM amplitude and 
phase maps as the ones in Figure 5.6a and 5.6b, respectively.  

The vertical bright stripes in the PFM amplitude map indicate that the 
piezoresponse of the virgin LiNbO3 crystal increases linearly with VAC, whereas the 
PE region shows a much lower response. Such a trend is consistent with the inverse 
piezoelectric effect upon which PFM is based, and it is expressed by Equation 5.1. On 
the other hand, the phase map shows little variations between PE and LiNbO3 within 
the tuning range of the driving voltage, hence fulfilling the phase criterion, 
∆Φ < 0.1π, also shown by the line-scan plotted in Figure 5.6c. It is worth highlighting 
that at low values of the driving voltage (VAC ≤ 2 V) the out-of-plane deformation 
yields a rather noisy phase signal as the PFM signal is too small. 

Vertical cross sections of the data of Figure 5.6a are sampled in LiNbO3 and PE 
regions and are plotted together in Figure 5.6c, showing a staircase-like trend, due to 
the discrete variation of the external driving voltage in the range 1÷10V in steps of 1V. 
Each step, was averaged and plotted with error bars in Figure 5.6e. On such a data a 
linear fit following Equation 5.1 was performed.  

By using the data of Figure 5.6e, the relative reduction of the d33 piezoelectric 
coefficient induced by PE can be estimated as follows:  

 R = d��=> − d��w�d��=> = ∂S=>/ ∂V¬ − ∂Sw�/ ∂V¬∂S=>/ ∂V¬ ´
wRt	a��


 5.2 

which is independent on the measurement conditions, accounted for by the constant α 
and the offset S0 in Equation 5.1. The data of Figure 5.6e show a reduction of ~ 0.83 
for undoped LiNbO3 substrates. Additionally, from such a graph, one can also 
evaluate the measurement offset, S0, as the intercept of the linear fittings with 
VAC = 0 V. 

The same measurement performed on 5 mol% MgO-doped LiNbO3 is shown in 
Figure 5.6f. The results indicate a substantially lower reduction of the piezoelectric 
coefficient (R ~ 0.68). From the PFM measurements, it is not possible to conclusively 
assess whether the observed difference between undoped and MgO-doped substrates 
is to be simply attributed to a less disruptive impact of PE on the ferroelectric 
properties of MgO-LiNbO3 (known to exhibit lower proton incorporation rates),126 or 
instead to an enhanced ionic response and possibly capacitive effects associated to the 
MgO-doping at the tip-surface interface (affecting both S0 and α in Equation 5.1).  
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 The results outlined in this section nevertheless clearly indicate that PFM is a 
reliable tool to image proton exchanged regions in lithium niobate. Moreover, by 
systematically using such an approach, the crystal surface of periodically PE samples 
can be characterized and the PE:LiNbO3 interface can be univocally identified. This is 
extensively used in the next section to compare the spatial extent of the 
photodeposited nanowires with the geometrical size of the PE regions.  

  

Figure 5.6 a) PFM amplitude and b) PFM phase images used to quantify the 
reduction of the d33 coefficient in PE (ωAC = 1.6 MHz, vsc = 22.5 µm/s). c) Raw 
piezoresponse data sampled across LN and PE regions in a). d) A scan line of the 
PFM phase from image b). e) Averaged values of the data showed in c), with 
error bars, plotted as a function of VAC. The overlapped fits allow to estimate 
both the d33 piezoelectric coefficient reduction (R ~ 0.83) and the system offset 
Sz0. f) Same as e) for 5 mol% doped MgO-LiNbO3 (ωAC = 1.78 MHz, 
vsc = 22.5 µm/s).  
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5.3 PE-assisted photodepositon 

Engineering and control of surface charge distributions in ferroelectric materials is an 
attractive approach to develop applications for polarization-dependent molecular 
adsorption,127 artificial photosynthesis11 or photochemical deposition28, 29  for the 
fabrication of self-assembled nanostructures.  

Polarization-dependent molecular adsorption/desorption127, 128 usually exploits 
unscreened ferroelectric surfaces,v and is based on electrostatic interactions between 
mobile charged particles and fixed bound charges. On the other hand, photochemical 
reduction/oxidation reactions, referred as photodeposition in what follows, are based 
on the interaction between free carriers, i.e., electron-hole pairs, generated inside the 
crystal through the photoelectric effect, with reactants deposited on the crystal 
surface, and usually dispersed in a liquid solution. In the presence of embedded 
electrostatic fields, such the ones arising at ferroelectric interfaces, the photogenerated 
carriers can be spatially separated, hence generating well-defined charge 
accumulation areas at the surface where electrochemical reactions can be driven.  

Photodeposition was first demonstrated in BaTiO3,
129 but the characterization of 

the process on other substrates, such as LiNbO3 and PZT, has also extensively been 
studied.130, 131 In this regard, photodeposition experiments have highlighted a strong 
influence of the illumination conditions (wavelength, intensity, exposure time), but 
also of the state of the substrate (screening, crystal defects, ferroelectric interfaces) on 
the deposition performance. For example, photodeposition on periodically poled 
LiNbO3 crystals has resulted in the fabrication of metallic nanowires confined on the 
180º domain wall,28 as result of the electrostatic fields localized at the wall,w or in 
other cases preferentially on +Z surfaces, as a consequence of energy band bending at 
the crystal-surface.29  

Generally, when using periodically poled templates for photoreduction, the 
geometry and orientation of the resulting nanostructures is tightly bounded to the 
crystallographic axes. Furthermore, the fabrication of poled samples involves the 
application of relatively high biases for switching of the spontaneous polarization, as 
described in par. 3.2. On the other hand, using chemically patterned templates, such 
as the PE ones, is advantageous as improves the degrees of freedom in the geometry 
design (basically imposed only by the PE mask pattern) overcoming the 
crystallographic axes constraints, hence relaxing the requirements for the fabrication 
process. Moreover, compared to the poling, the PE process is also much simpler to 
implement and control. 

The fabrication of metallic nanowires by means of the photochemical reduction of 
Ag on patterned PE:LiNbO3 surfaces is investigated in papers D, E, F, G, by 
systematically characterizing photodeposition in different experimental conditions, 
i.e., different orientation of the substrate polarization, concentration of the reactants, 
PE depth, and substrates with and without MgO doping.  

                                                

v Unscreened, or partially unscreened, conditions are typical obtained in freshly poled 

crystals or by using thermal treatments through pyroelectric effect. 

w The electrostatic field distribution across a domain wall is shown in Figure 2.8.  
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A simplified model of the physical mechanism underling the photodeposition 
process at PE:LiNbO3 surfaces is discussed in Paper D, and schematically described 
in Figure 5.7.  

 

Figure 5.7 Schematic representation of the photodeposition process (-Z 
substrates). 1) Generation of e-h pairs by UV illumination. 2) Separation at the 
PE:LiNbO3 interface and migration within the PE region. 3) Surface 
electrochemical reaction and deposition. The violet area indicates the region 
where the deposition occurs. The orange/green area indicates the PE 
region/bound charge. 

The silver photoreduction is modelled in terms of the interplay of cascaded 
processes occurring simultaneously below and above the crystal surface, namely:  

1. generation of electron-hole pairs under wide bandgap illumination 
(ultraviolet, UV) through photoelectric effect in LN; 

2. charge separation and migration driven by local electrostatic fields at the 
PE:LN boundary; 

3. surface electrochemical reactions and deposition of the reaction products at 
the surface. 

As discussed in par. 2.3.1 and 3.1.2, ferroelectric crystals can be considered 
semiconductors with a large bandgap, hence the photoelectric effect can be exploited 
to generate electron-hole pairs through the absorption of photons. The wavelength, λ, 
of the incident light must be chosen consistently so to fulfil a basic quantum-
mechanical relation, as follows: 

 λ ≤ h × cE·  5.3 

Eg, h and c being the energy bandgap of the crystal, the Planck constant and the speed 
of light. For virgin LiNbO3, a typical value of the energy bandgap reported in 
literature is Eg ~ 3.9 eV77 which corresponds to λ ≤ 318 nm. Thus, each photon which 
fulfils such a relation is absorbed by the crystal, and generates an electron-hole pair 
(step 1). Usually such a photogenerated charge quicklyx disappears as a consequence 
of electron-hole recombination. However, under the effect of electrostatic fields, as 

                                                

x The recombination will occurr with a corresponding carriers lifetime. 
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the ones at the PE:LiNbO3 interface, indicated by the blue arrow in Figure 5.7,y 
electrons and holes can be spatially separated and driven in opposite directions, 
effectively preventing recombination (step 2). Finally, the charge injected into the PE 
region can partake into surface electrochemical reactions (step 3).  

In our experiments, silver photoreduction was investigated. The reaction is 
regulated by the following expression: 

 Ag¹�� 	+	e� 	→ 	Ag
��  5.4 

l and s subscripts indicating the reactants/products in the liquid and solid phase, 
respectively, whereas e- is the elementary charge.  

The reaction described in Equation 5.4, is favoured/disfavoured in the regions 
where accumulation of electrons/holes is obtained. The model described in Figure 5.7 
is valid for –Z surfaces, and is expected to encourage photodeposition in the PE 
regions as electrons are therein injected by the electrostatic field at the PE:LiNbO3 
interface. On the other hand, by using the same arguments, PE:LiNbO3 interfaces 
fabricated on +Z surfaces are expected to favour photodeposition in the LiNbO3 areas.  

In order to investigate the influence of the orientation of the spontaneous 
polarization, hence gaining further insights on the electrons/hole dynamics at the 
PE:LiNbO3 interface, photodeposition experiments where performed on samples 
where the PE arrays were fabricated on either +Z or –Z surfaces, with the procedure 
described in par. 4.3.  

Before proceeding to the photodeposition experiments, the properties of the sample 
surface were characterized by means of AFM, Electrostatic Force Microscopy (EFM), 
and PFM. The results of such investigations are summarized in Figure 5.8.  

The topography of the crystal surfaces is shown by the AFM measurement of 
Figure 5.8a and 5.8b, and Figure 5.8g and 5.8h, for –Z and +Z substrates, 
respectively. Features similar to what previously highlighted in Figure 5.5a can be 
noticed, and the areas corresponding to the virgin LiNbO3, RIE and LD areas are 
identified by the corresponding labels in the Figures. In particular, the scan lines 
clearly indicate the over-etched region due to RIE (WRIE) during the fabrication of the 
titanium mask, and the PE-induced swelling (WLD) appearing symmetrically with 
respect to the virgin LiNbO3 (WLN). 

The electrostatic properties were characterized by using electrostatic force 
microscopy (EFM) and are shown in Figure 5.8c and 5.8d, and Figure 5.8i and 5.8j. 
The locations where the electrostatic signal (phase) changes most abruptly are at the 
PE:LiNbO3 interfaces and also inside the PE region, at the PELD-PERIE interface.z This 
correlates well with the electric field modelling of Figure 5.3, which shows a 
difference in the out-of-plane (EZ) field component between PE and LiNbO3 regions, 
and a strong in-plane (EX) field component at the PE:LiNbO3 interface. However, 
during EFM measurements the tip is located 10 nm above the surface and it is highly 

                                                

y Note the scheme of Figure 5.7 is relative to a –Z crystal surface, whereas the fields 
simulation of Figure 5.3 is for a +Z surface. The fields for a –Z interface can be 
obtained by vertically mirroring the image of Figure 5.3, as the field is generated by 
bound charges of opposite sign. 
z During the fabrication of the benzoic acid-resistant mask the sample is sligthly over 
etched resulting in the RIE region. 
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probable it mechanically interacts with the surface. This results in some leakage of the 
topography signal into the EFM measurement, which is indicated by the abrupt signal 
changes at the PELD-PERIE interface. However, this is not expected to affect the 
qualitative observations of the field gradient at the boundary between PE and LN 
regions.  

 

Figure 5.8 Surface characterizations of the PE arrays fabricated on –Z (a-f) and 
+Z (g-l) surfaces prior photodeposition. a) AFM topography image and b) 
corresponding scan line from the region indicated in a). c) EFM phase image and 
d) corresponding scan line. e) PFM amplitude image with inset of the PFM phase 
image over a scan of 20µm2 and data scale of 2π and f) corresponding scan line 
from the region indicated in e). Reproduced from Paper D. 

Finally, the PFM characterization is shown in Figure 5.8e and 5.8f, and Figure 5.8k 
and 5.8l, respectively. The piezoresponse of the crystals is similar in both cases and 
consistent with what described in reference to Figure 5.5b: virgin LiNbO3 areas 
feature the highest out-of-plane deformation, whereas the PE region (RIE + LD) 
qualitatively shows a low response, consistently with the spatial modulation of the d33 
piezoelectric coefficient discussed in par. 5.2.  

The photoreduction experiments were performed by depositing 150 µL of an 
aqueous solution of 10-2 M AgNO3 on the PE arrays, and by illuminating the samples 
for 10 minutes with a 2000 µW/cm2 super-bandgap light source at λ = 254 nm, 
consistently with what discussed for Equation 5.3.  

The outcome of the photodeposition was investigated by imaging again the surface 
by means of AFM. The surface topography for –Z and +Z substrates is shown in 
Figure 5.9a-b and 5.9c-d, respectively. From the latter it can be clearly inferred that 
Ag nanoparticles have been successfully photoreduced on both crystal surfaces, and 
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preferentially on the PE side of the PE:LiNbO3 surface interface, i.e., in the PE 
region.  

 

Figure 5.9 Photoreduced silver nanowires on PE arrays. a-d) Are surface 
topographies and corresponding scan lines obtained by mean of AFM. e) UV 
absorbance measured in virgin LiNbO3 and PE regions. Reproduced from Paper 
D. 

The comparison of the photodeposition results with the model outlined in Figure 
5.7, indicates that a predominant contribution of the in-plane (EX) component of the 
electrostatic field at the PE:LiNbO3 interface is not sufficient to fully describe the 
deposition patterns. Although the photodeposition outcome on –Z substrates is 
consistent with the model of Figure 5.7 (silver photoreduction occurs in the PE 
region), for the +Z surface the deposition also occurs preferentially in the PE region 
(Figure 5.9c and 5.9d), despite the field at the PE:LiNbO3 interface should drive the 
electrons toward the LiNbO3 side of the interface.  

To explain the experimental results, additional effects due to the out-of-plane 
component (EZ) of the electrostatic field, or different PE/LiNbO3 conductivity and 
UV absorbance have to be considered. The curvature of the PE:LiNbO3 border, 
occurring below the crystal surface, and sketched in Figure 5.7, should also be 
considered in the deposition outcome. For instance, at the centre of the LiNbO3 and 
PE regions, the out-of-plane component of the electric field (EZ) would act so to 
deplete electrons (–Z) or to keep them at the surface (+Z), respectively. Therefore, the 
electrons generated in the PE region on the +Z surface would accumulate at the 
surface reacting with the Ag+ ions, supporting the deposition patterns observed 
experimentally. Furthermore, it is not unreasonable to assume a different conductivity 
or electron-hole recombination rates between PE and LiNbO3, which could also 
justify the different photodeposition outcomes on these surfaces. Another possible 
explanation could involve increased absorbance of PE due to the shift of the UV band 
edge, and a corresponding higher number of photogenerated carriers therein. This is 
supported by the comparison between the UV absorption edge measured in virgin 
LiNbO3 and PE crystals (Figure 5.9e), which supports such a hypothesis, by providing 
evidence for a shift to longer wavelengths of the UV absorption edge in PE regions.  

For control experiments, photodeposition was performed under illumination at 
λ = 365 nm and in visible light, indicating that deposition does not. Moreover, 
deposition does not occur in regions that have been uniformly proton exchanged, i.e., 
regions which do not possess surface PE:LiNbO3 interfaces. 
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The results of the photodeposition indicate a strong connection between the 
electrostatic field distributions at the PE:LiNbO3 interfaces and the self-assembled 
nanowires. Furthermore, the electrical and optical properties of the substrates, such as 
photoconductivity or UV absorption edge, play an important role in the 
photochemical reactivity of PE surfaces. The functionality of the photodeposited 
metallic nanostructures were further investigated on the –Z crystal by surface-
enhanced Raman scattering (SERS) techniques,132, 133 as discussed in more details in 
Paper D.  

 

5.3.1 Photodeposition kinetics 

Deeper understanding on the growth mechanism of photoreduced self-assembled 
nanowires on PE arrays was gained in Paper E. The photodeposition experiments 
were performed on PE arrays fabricated on +Z surfaces with the approach described 
in the previous section.  

The photodeposition process, based on the silver reduction reaction of Equation 
5.4, is clearly influenced by the simultaneous availability of reactant (Ag+) and 
charges (e-) at the crystal surface. Thus, by varying the reactant concentration to 
photon flux ratio, the growth kinetics of metallic nanowires on chemically patterned 
templates can be characterized.  

The reactant flux (Ji) at the surface, namely the number of ions available for the 
reduction reaction [ions/cm2 s], is expressed by:134  

 J� = v�C� 5.5 

v0 and C0 being the average ion velocity towards the surface and the species 
concentration, respectively. It follows that by changing the concentration of the 
solution, the reactants flux can be tuned. 

When the condition for the photoelectric effect is fulfilled (Equation 5.3), the 
photogenerated charge is proportional to the number of photons reaching the crystal 
surface. The quantum efficiencyaa was not evaluated for our experimental conditions, 
but it can be expected to be constant if the features of the optical source, i.e., intensity, 
I0, and wavelength, λ, are kept constant through all the experiments. The photon flux 
(Jph) is calculated as follows:29  

  J�» = I� × λh × c  5.6 

h and c being the Planck constant and the speed of light, respectively. Thus by 
changing the photon flux, the charge flux at the surface can be changed 
proportionally.  

The approach used to characterize the growth kinetics of metallic nanostructures, 
involved keeping constant the photon flux, Jph, by fixing the intensity and wavelength 
of the optical source, and selectively changing either the solution concentration, C0, or 

                                                

aa The quantum efficiency is the ratio between the number of photogenerated e-h pairs 
and the number of incident photons. 
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the photodeposition time (UV exposure time), so to effectively tune the reactant to 
photon flux ratio and the total number of photogenerated electrons. Figure 5.10 shows 
the result of photodeposition performed with different AgNO3 concentrations, C0, and 
the same UV exposure time (15 min). 

 

Figure 5.10 Photoreduced silver nanowires on PE arrays (substrate orientation is 
+Z) at different reactants concentrations. a-c) Are surface topographies measured 
by mean of AFM. d) Line scan as extracted from a-c. Reproduced from Paper E. 

The status of the surface, shown in Figure 5.10a-c, indicates photodeposition has 
occurred in all cases, with AgNO3 concentrations spanning over two orders of 
magnitude. From the Figure it can also be seen that the silver deposition occurs 
mainly in the LD areas, whereas little or no metal is deposited in the RIE and virgin 
LiNbO3 areas, consistently with what already discussed with reference to Figure 5.9. 
Quantitative estimations of the height of the photoreduced nanostructures can be 
inferred from Figure 5.10d, which shows scan lines from Figure 5.10a-c overlapped to 
the profile of the surface before photodeposition (red line). The height of the 
photodeposited nanowires is inversely proportional to the AgNO3 concentrations; 
hence the lowest reactants concentration results in the tallest nanostructures.  

Such a result is apparently in contradiction to what one would intuitively expect, as 
higher reactant concentrations indicate potentially higher availability of silver to be 
deposited, hence taller nanowires. This indicates a strong connection between the 
reactants to photon flux ratio (Equation 5.5 and 5.6), and the intrinsic features of the 
photochemical reaction. In case there are more reactants than photogenerated 
electrons (J�/J�» ≫ 1), the reaction is expected to work in an electron-limited regime. 
Consequently, for each ion impinging on the crystal surface, there might not be an 
electron available for the reduction reaction. On the other hand, if there are more 
electrons than reactants (J�/J�» ≪ 1), the reaction is expected to work in an ion-

limited regime. The concentrations and illumination conditions (Ji and Jph) chosen for 
the photodeposition experiments of Figure 5.10 are expected to yield an electron-
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limited photodeposition process ( J�/J�» ≫ 1 ). Consequently, the reactants 
concentration, C0, should not affect the deposition process. However, Rayleigh 
scattering due to ions crowding in the water solution could alter the absorption 
efficiency,bb reducing the photogenerated carriers when high reactants concentrations 
are used. This hypothesis would explain why lower concentrations result in taller 
nanowires.  

The time-dependence of the growth kinetics of the photodeposited nanowires was 
investigated by fixing the AgNO3 concentration (10-2 M), and imaging the surface at 
different photodepositon times (3, 5, 15 and 25 minutes, respectively). The results are 
summarized in Figure 5.11.  

 

Figure 5.11 Time-dependence of growth kinetics of photoreduced silver 
nanowires on PE. Line scans were measured on the same portion of the sample 
at different exposure times. Reproduced from Paper E. 

The comparison between the original topography (solid red line) with the profile 
measured after 3 minutes of UV exposure (violet short-dashed line), indicates the 
deposition process is initiated at the interface between the RIE and the LD region. As 
the UV exposure time increases, silver nanowires become thicker and gradually cover 
the entire LD region. Some deposition can also be inferred in the RIE region, whereas 
no deposition is occurring in the virgin LiNbO3 region. Moreover, nanowires grow 
very quickly at the beginning of the deposition process and appear to saturate after 15 
minutes, as noticed when comparing the height of the structure after 15 and 25 
minutes (green vs blue lines in Figure 5.11, respectively). Such results indicate that 
additional effects, such as the charge dynamics at the surface double layer and the 
Debye length, strongly affect the photodeposition kinetics.  

The same experiment of Figure 5.11 was also performed with other reactant 
concentrations, and the average height of the photoreduced nanowires as a function of 
the exposure time is shown in Figure 5.12.  

The height of the photoreduced nanowires is a complex function of both the 
exposure time and the reactant concentrations. With the highest reactant 
concentrations (red data points, C0 = 10-2 M), the nanowire growth is very fast at the 
beginning, as apparent by a comparison with the data points at 5 minutes. However, a 
quick saturation is reached after 10 minutes. On the other hand, at the lowest reactant 
concentration (green data points, C0 = 10-4 M), the height of the nanowires appears to 

                                                

bb The portion of scattered photons is intuitively proportional to the concentration of 
Ag+ ions in the solution 
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grow linearly without any saturation effect, eventually resulting in the tallest 
nanostructures after 30 minutes. The results for the intermediate concentration (violet 
data points, C0 = 10-3 M) are comprised in between, although the saturation effect is 
also apparent. 

 

Figure 5.12 Height of photoreduced silver nanowires on PE arrays as function of 
UV exposure time and reactants concentration. Reproduced from Paper E. 

In the explored photodeposition conditions, the ion to photon flux ratio (J�/J�») is 
much greater than 1, suggesting the reactions is only limited by the photogenerated 
electrons. However, the data of Figure 5.12 indicate that the reactant concentrations 
do influence the growth kinetics. The silver photoreduction occurs at the surface-
electrolyte interface, which is usually modelled as an electric double layer.135 The 
thickness of such a layer depends on the reactant concentration and is expressed by 
the Debye length, Dl: 

 D¹ = ¼ε�ε7k½T2e�N�C� 5.7 

ε0, εr, kB and T being the dielectric constant of vacuum, the relative dielectric constant 
of the electrolyte in which the species are immersed (water), the Boltzmann constant 
and the temperature. e, Na and C0 are the elementary charge, the Avogadro number 
and the reactants concentration. Interestingly, the Debye length evaluated with 
Equation 5.7 for the highest reactants concentration (C0 = 10-2 M) well approximates 
the height of the obtained metallic nanowires (Dl ~ 3.04nm, whereas the nanowire 
height after 30 min exposure is 4.72 nm), suggesting the thickness of the double layer 
plays a role in the deposition process.  

A deeper understanding of the interplay between the Debye length, the reactants 
concentrations and the final height of the photoreduced nanowires would require 
additional investigations with lower concentrations (ion-limited photoreduction) as 
well as longer UV exposure times (longer than 30 minutes).  
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5.3.2 Influence of substrate stoichiometry and PE depth  

Further insights on the influence of the substrate stoichiometry, and capabilities of 
nanowires fabrication, are discussed in Papers F and G by engineering the PE depth 
and using MgO-doped substrates. These experiments were performed on -Z LiNbO3 
samples with and without 5mol% MgO doping where PE arrays of different depth 
were fabricated. The general fabrication process involved the steps discussed in 
Figure 4.6 (Λ = 12.17 µm, Ti mask dc = 50%, final sample type A).  

The features of the PE process are regulated by Equation 3.10, hence, in order to 
achieve samples with different PE depths, one can either tune the process temperature 
(TPE) or the exchange time (tPE). In our case the process temperature was fixed 
(TPE = 200 ºC), whereas the PE time was gradually increased, 
tPE = [0.9, 3.5, 8, 14.2, 22.2, 32] hours, obtaining a set of (6) samples with PE depth, 
dPEz, spanning from ~ 0.5 to ~ 3 µm.  

As discussed in chapters 3 and 4, proton diffusion proceeds along the crystal depth, 
Z, but also under the acid-proof (Ti) mask, with different diffusivities (DPE) as 
schematically shown in Figure 5.13a.  

 

Figure 5.13 Characterization of proton diffusivity in virgin and 5mol% MgO 
doped LiNbO3. a) Sketch of the diffusion profile at different PE times, tPE. b) 
Plot of the PE depth (dPEz) and of the lateral diffusion (dPEx) as a function of the 
square root of the PE time. Overlapped solid/dashed lines are the corresponding 
to the linear fits based on Equation 3.10.   

The experimental evaluation of the PE depth (dPEz) and lateral diffusion (dPEx) as a 
function of PE time (tPE) is shown in Figure 5.13b. The measurements were 
performed by using the prism coupling technique and the IWKB index reconstruction 
for dPEz (as discussed for Figure 3.11a), and by comparing the surface topography 
with the PFM amplitude signal for dPEx (WLD in Figure 5.5c).  

By performing a linear fit on the data of Figure 5.13b based on Equation 3.10, the 
experimental H+ diffusivity (DPE) for the different substrate stoichiometries (virgin 
and 5 mol% MgO doped LiNbO3), but also crystallographic directions (Z and X), was 
extrapolated for our fabrication conditions. The results are summarized in Table 5.1.  

Figure 5.13b indicates that the H+ diffusion rate in the Z direction is reduced in 
MgO-doped samples (filled vs empty black squares), consistently with similar 
investigations reported in the literature.136 Furthermore, a similar trend can be 
highlighted for the lateral diffusion along X (filled vs empty blue circles). 
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Table 5.1. H+ diffusivities along the Z and X axis in Z-cut LiNbO3 with and 
without 5mol% MgO doping (PE process in pure benzoic acid at 200ºC) 

Z-cut substrate DPEZ
 (µm

2
/h) DPEX

 (µm
2
/h) 

LiNbO3 84×10-3 38×10-3 
5 mol% MgO:LiNbO3 51×10-3 16×10-3 

 

The photodeposition experiments were performed on both virgin and doped 
samples with the same procedure described in par. 5.3: 70 µm of 10-2 M AgNO3 
solution were placed on the PE arrays, and the samples were exposed for 5 minutes to 
a λ = 254 nm UV source (intensity I0 = 1400 µW/cm2). Before and after the 
photodeposition, the samples topography was imaged by means of AFM. 

The results of the photodeposition experiments on undoped LiNbO3 are described 
in Paper F. Figure 5.14 shows the surface before/after photodepositon and the line 
scans of three representative samples with different PE depths (dPEz = 0.59, 1.21, 3.10 
µm).  

  

Figure 5.14 AFM topography of photoreduced nanowires on PE arrays in 
LiNbO3. Surface topography, before a-c) and after d-f) photodeposition on 
samples with different PE depth, dPEz = 0.59, 1.21, 3.10 µm. The position of the 
Ti mask during the PE process is sketched on top of a-c. g-i) Scan lines 
measured before (red) and after (black) photodeposition are plotted together. 
Reproduced from Paper F. 

The original state of the surface (Figure 5.14a-c and red lines in Figure 5.14 g-i) is 
similar to what discussed with reference to Figure 5.8a: the RIE trenches are 
symmetrically surrounded by LD and virgin LiNbO3 regions which were masked 
during the PE process (a sketch of the original position of the PE mask is also 
overlapped at the top). The PE-induced swelling of the surface is proportional to the 
PE depth, and is clearly visible in the line scans of Figure 5.14g-i. Although for 
shallow PE depths (dPEz = 0.59 µm, red line in Figure 5.14g) there is no appreciable 
swelling, a clear modulation of the surface is apparent for deeper PE (dPEz = 3.10 µm, 
red line in Figure 5.14i). 
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The state of the surface after the photodeposition is shown in Figure 5.14d-f and in 
Figure 5.14g-i (black lines), and indicates the Ag photoreduction is confined in the 
LD region. Moreover, for the shallowest PE depth (dPEz = 0.59 µm, Figure 5.14d and 
5.14g) silver is also photoreduced in the RIE region, suggesting an additional 
contribution of the buried PE:LiNbO3 interface (discussed in par. 4.2). 

The overall results of photoreduction on LiNbO3 samples are consistent with the 
model and electrostatic field distributions at the PE:LiNbO3 interface discussed in par. 
5.3. Additional measurements of the topographic features, such as the width of the 
RIE, LD and virgin LiNbO3 regions, as well as the width of the resulting Ag 
nanostructures as a function of the PE depth (dPEz) are shown in Figure 5.15a.  

 

Figure 5.15 Measurement of topographic features and dimensions of 
photodeposited silver nanowires on LiNbO3 substrate. a) Topographic properties 
of the samples (width of virgin LiNbO3, LD and RIE) and the width of the 
photoreduced silver nanowires plotted as a function of the PE depth, dPEz. b) 
Width and height of the silver nanowires plotted as a function of the LD width. 
Labels in b) indicate where the deposition occurs. Reproduced from Paper F. 

The widths of the virgin LiNbO3 and of the LD regions, indicated by the green and 
red data points respectively in Figure 5.15a, show a complementary behaviour, 
consistent with the kinetics of the PE process: the LD area encroaches on the virgin 
LiNbO3 during the exchange. The RIE region (blue triangles) is constant as the Ti 
mask was prepared with the same conditions for all the samples. The width of the Ag 
nanowires (empty circles) is closely matching the width of the LD region, confirming 
the possibility to engineer the size of the nanowires by designing the size of the PE 
lateral diffusion. However, for the shallowest PE depth, deposition occurs also in the 
RIE regions. 

Figure 5.15b shows the width and height of the silver nanowires as a function of 
the size of the lateral diffusion region, LD. The width (black data points) shows a 
linear trend, consistently with what discussed in Figure 5.15a (empty circles and red 
markers), whereas the height, except for the shallowest PE depth, is slowly decreasing 
with the PE depth. Such a result indicates that the buried PE:LiNbO3 interface, 
located below the surface, influences the carrier dynamics at the surface and dictates 
the location where deposition occurs. 

 The results of the photodeposition experiments on 5 mol% MgO:LiNbO3 are 
described in Paper G. In this case, the surface characterization indicates the silver 
photoreduction is covering the entire PE region (RIE + LD) for the three shallowest 
PE depths (dPEz = 0.46, 0.93 and 1.41 µm), whereas it is confined to the PE-LD area 
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for the three deepest ones (dPEz = 1.73, 2.06 and 2.47 µm). Measurements of the width 
of the photoreduced Ag nanowires as a function of the PE depth (dPEz) are shown in 
Figure 5.16a.  

 

Figure 5.16 Measurement of the dimensions of photodeposited silver nanowires 
on 5 mol% MgO doped LiNbO3 substrate as a function of the PE depth, dPEz. a) 
Width of the silver nanowires as a function of the PE depth. b) Height of the 
silver nanowires deposited on the LD and the RIE region as a function of the PE 
depth. Labels indicate where the deposition occurs. Reproduced from Paper G. 

For the undoped substrate, deposition on the entire PE (LD+RIE) region occurred 
only for the shallowest PE depths (Figure 5.15a and 5.15b), suggesting the existence 
of two deposition regimes, influenced by the buried PE:LiNbO3 interface. This 
phenomenon is amplified in the 5 mol% MgO-doped substrates, and as pointed by the 
labels in Figure 5.16a. Finally, the average height of the nanowires deposited on the 
LD and RIE regions is shown in Figure 5.16b. Similarly to what highlighted for the 
undoped substrate (Figure 5.15b) the height of the nanowires decreases as a function 
of the PE depth. Such behaviour is amplified in the MgO doped crystal. 

Finally, the height of the structures deposited on undoped LiNbO3 substrates 
(Figure 5.15b) is nearly four times smaller than the ones fabricated under similar 
conditions on MgO doped substrates (Figure 5.16b). 

The substantial difference noticeable for the MgO doped substrates can be 
attributed to several factors. First of all, a different contribution of the doping on the 
interplay between carrier recombination and the location of the buried PE:MgO-
LiNbO3 interface along the Z axis. Secondly, an additional influence of the 
photoconductivity, which is several orders of magnitude higher in MgO doped 
substrates,78 is also expected. Finally, another factor which can influence the 
deposition is the spectral position of the UV absorption edge for virgin and 5 mol% 
doped MgO LiNbO3.

 137, cc 

 

                                                

cc  The UV absorption edge of MgO-doped substrates with and without PE was 
measured with a standard spectrometer: λMgO ~ 311 nm, EG MgO ~ 3.98 eV, 
λPE:MgO ~ 342 nm, EG PE:MgO ~ 3.63eV. 
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5.4 Conclusions 

In this chapter the characterization and the application of surface PE:LiNbO3 
ferroelectric interfaces for the fabrication of self-assembled metallic nanowires has 
been discussed.  

By using SPM techniques, and specifically PFM, an approach for nanoscale non-
destructive characterizations of PE regions fabricated in LiNbO3 with and without 
5mol% MgO doping was developed. The proposed method not only provides a 
practical tool to probe and image the local piezoelectric and ferroelectric properties of 
PE integrated devices, but also opens new routes to gain further insights into optical 
and crystallographic properties at sub-micrometric scales. Moreover, by 
systematically measuring the piezoresponse of the PE and non-PE regions, the 
relative reduction of the d33 piezoelectric coefficient was estimated. Such results also 
indicate PE in MgO-doped substrates has a less disruptive effect on the piezoelectric 
properties compared to undoped substrates (68% vs 83%). Overall, the results 
obtained for LiNbO3 are directly connected to the reduction of the spontaneous 
polarization, Ps. The latter, in oxygen-octahedra based ferroelectrics (such as LiTaO3, 
BaTiO3, etc), is intrinsically linked to the electro-optic and nonlinear optical 
coefficients138 of the material, hence applications of the above PFM technique to 
resolve controversial questions on the optical nonlinearity and phase diagrams,113 
could also be envisaged.   

The application of the surface PE:LiNbO3 interfaces was tested for the fabrication 
of silver photoreduced nanowires. In this regard, it was discussed how the 
photodeposition process is highly influenced and regulated by the field distribution at 
the PE:LiNbO3 surface interface. In particular, it was demonstrated that the deposition 
is mainly driven by the tangential component of the electric field. Furthermore, the 
deposition experiments indicated a contribution of the orthogonal component of the 
electrostatic field. Other properties, such as the bandgap of the virgin and PE crystal 
or the fabrication features (RIE), also play a key role in the deposition kinetics and 
deserve further studies.  

Deeper investigations on the nucleation and growth mechanisms of the nanowires 
were carried out and highlighted a close interplay between the photon and reactant 
fluxes. The latter regulate the kinetics of the reduction reaction and two regimes, 
namely, electron-limited and reactants-limited, were recognized. Also in this respect, 
further investigations are needed to disentangle the details of the deposition 
mechanism. 

Finally, the properties of nanowires deposited on substrate with and without 
5 mol% MgO doping with PE of different thicknesses were studied. These 
investigations highlighted a confinement of the deposition within the PE region, 
hence indicating the possibility to engineer metallic structures by designing the 
geometrical features of the PE areas. Moreover, for thin PE layers (dPEz < 1.7 µm and 
dPEz < 0.59 µm, in substrates with and without 5 mol% MgO doping, respectively) a 
sudden variation of both the height and the location where the nanowires are 
deposited was highlighted. This result hints to an additional contribution of the buried 
PE:LiNbO3 interface and requires further investigations. Furthermore, although the 
MgO doping does not modify the overall deposition features (location and extension), 
it was found to affect the height of the nanostructures, which in the case of MgO-



CHAPTER 5: SURFACE PE:LN JUNCTIONS  87 

  

doped substrates are up to three times taller than the ones fabricated on undoped 
substrates.  

The experiments discussed in this chapter have led to a new set of applications of 
proton exchanged layers in lithium niobate. The combination of surface patterning by 
mean of proton exchange with photodeposited structure, and the properties of the 
substrate, has allowed the functionalization of the templates for probing SERS, and/or 
for biological applications such as cell culture. 
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Chapter 6 
 

Coupled ionic-electronic transport in 
PE:LN cells   

A wide range of applications in different technological fields encompassing energy 
harvesting, storage and conversion (fuel cells, batteries), information technology 
(memristor-based neural networks), and light-matter interactions (holographic 
memories, integrated optics), are underpinned by deeper understanding of ionic and 
electronic kinetics.  

The motion of charged particles in an electric field in macroscopic 
electrochemical systems is generally described by the Nerst-Planck equations,135 and 
modelled as a superposition of diffusion, migration and convection. However, as the 
size of the electrodes is reduced, highly anisotropic electric fields139 are generated. 
Moreover the interactions taking place at the interface are strongly affected by 
blocking/reversible properties of the electrodes. In such systems, the defect formation 
and migration, and the generation of potential barriers at the electrode-surface 
interface,49, 140 is of technological relevance to develop new devices which combine 
both ionic and electronic transport. This is the case of nanocontacted mixed-ionic-
electronic-conductors (MIECs),14 and ferroic oxides (metal-ferroelectric-metal, 
MFM).16, 30  

Previous studies on conduction phenomena in LiNbO3 clearly indicate a 
dependence of the conductivity on the hydroxyl content.31, 32 Thus, in principle, the 
conductivity in LiNbO3 can be engineered by selectively introducing protons in the 
crystal lattice. The kinetics of ionic motion in LiNbO3 crystals shows how the 
selective introduction of protons in the crystalline lattice has a great impact on the 
overall electrical behaviour of the crystal. Moreover, when using nanoelectrodes, such 
as an SPM tip, additional effects due to the state of the surface strongly affect the 
charge flow.  

The charge dynamics in proton exchanged lithium niobate substrates is 
investigated by using advanced SPM techniques, such as conductive-AFM and first-
order reversal curves voltage-current (FORC IV),141 so to identify the connections and 
couplings between the crystallographic features of the substrate, the properties of the 
surface and the electrodes, and electrochemical reactions occurring at the surfaces.  

In par. 6.1, the experimental configuration and the surface characterization by 
means of standard Scanning Probe Microscopy (SPM) techniques are briefly 
reviewed. In par. 6.2 the full electrical characterization is presented. The charge 
transport model is based on ionic (in PE) and electronic dynamics (at metal 
electrodes) and an electrochemical reactions occurring at the metal interfaces. The 
influence of the experimental conditions on the overall electrical response is presented 
in par. 6.3. Finally, spatially-resolved characterization of the ionic motion in the PE 
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layers is discussed in par. 6.4. Additional measurements and details are provided in 
Appendix B, which contains results partially published (paper III of Further 

publication and conference contributions), as the corresponding manuscript is 
currently in preparation. 

 

6.1 SPM experimental configuration  

As described in par. 3.1.2, LiNbO3 is an insulating crystal and its conductivity is 
extremely low at room temperature.72 Solutions to enhance the conductivity rely on 
temperature treatments (to promote ionic motion)31, 32 or by illuminating with UV 
radiation (by exploiting the photoelectric and photovoltaic effect).142  

Studies on LiNbO3 crystals of different stoichiometry clearly indicate a 
dependence of the electrical conductivity on the hydroxyl content, which can be 
controlled by using proton exchange processes. The activation energy for conduction 
through the crystal is around 1eV,73 and it is correlated to proton motion. In this 
regard, it is of interest to study the local charge motion in these crystals. This was 
achieved by resolving to SPM techniques and sample configurations where PE layers 
could be probed at the same time as the LiNbO3 substrates.  

In order to probe the charge dynamics and conductivity properties in LiNbO3 
substrates, samples with a wedge geometry as in Figure 6.1 were fabricated. 

 

Figure 6.1 Sketch of the sample used to probe the conductivity of LiNbO3. a) 
Sketch of the wedge and of the measurement configuration. b) Sketch of a cross 
section (Y-Z plane) of the PE region boundaries into the LiNbO3 crystal (with 
β2-β1 PE phases are stacked along the crystal depth, Z). 

The sample structure contains periodic proton exchanged regions, PE, 
(Λ = 34 µm, dPE = 6.75 µm) fabricated on Z-cut congruent LiNbO3 substrates, which 
were subsequently polished at an angle α ~ 14º, so to obtain the final wedge 
configuration of Figure 6.1a. A uniform ~ 50 nm-thick Au layer was deposited on the 
backside to act as counter electrode for SPM measurements.  

The SPM measurements were coupled to systematic optical characterizations of 
the PE layers conducted on reference samples,dd  by means of extraordinary refractive 
index profile reconstruction and infrared (IR) spectroscopy. From such measurements 

                                                

dd Reference samples are LiNbO3 crystals which were proton exchanged withouth 
benzoic acid-resistant mask. 
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it could be concluded that the PE layers consisted of a surface β2 layer, rich of 
interstitial and substitutional H+ ions, surrounded by a β1 sub-layer, possessing 
substitutional protons.103, 111 This is schematically indicated in Figure 6.1b.  

Details of the fabrication processes and the optical measurements are discussed in 
par. 3.3 and in Appendix B.1 and B.2. 

The sample geometry of Figure 6.1a enabled both PE and LiNbO3 regions to be 
locally probed by means of SPM measurements on the Xα-Y plane: scans along the Y 
axis allowed a direct comparison between the response of PE and LiNbO3 regions of 
equal thicknesses (Z), whereas different depths were sampled by moving along Xα 
[Z = Xαsin(α)].  

A typical SPM characterization of the same portion of the sample, involving 
AFM, PFM and conductive-AFM, at room temperature and in ambient humidity, is 
shown in Figure 6.2. 

  

Figure 6.2 SPM characterization of the sample described in Figure 6.1a (-Z 
surface). Topography images in AFM contact-mode: a) height and b) deflection 
signals, c) extracted scan lines. PFM images obtained by applying an AC signal 
to the counter electrode: d) amplitude and e) phase images, f) extracted scan 
lines. C-AFM measurements obtained by applying a constant DC bias (Vext) to 
the counter-electrode and measuring the current with the c-AFM module, at g) 
Vext = +10 V and h) Vext = -10 V, i) are corresponding extracted scan lines.  

The AFM height and deflection images shown in Figure 6.2a-c (scan lines 
corresponds to crystal thickness Z ~ 2 µm) indicate the overall good flatness 
(rms ~ 8 nm) of the polished plane (Xα-Y), with only minimal contaminations of the 
surface. Both height and deflection images highlight the parabolic PE-LiNbO3 border, 
schematically shown in Figure 6.1a, arising from the intersection of the β1-phase 
diffusion front (sketched in Figure 6.1b) and the wedge polished plane. In Figure 6.2c, 
a moderate depression of the PE region (black lines) can be detected, which is 



92 6.2 Electrical measurements and modelling 

ascribable to a mild differential etch of PE versus LiNbO3 during the chemo-
mechanical polishing of the wedge. 

The PFM characterization was obtained by applying the driving voltage, VAC, to 
the counter electrode while setting to ground the cantilever. The PFM amplitude and 
phase signals, shown in Figure 6.2d-f, show a strong contrast between the PE and 
LiNbO3 regions, arising from the different values of the d33 piezoelectric coefficients, 
as described in par. 5.2. Moreover, the PFM amplitude image indicates a complex 
granular pattern inside the PE region, whereas the PFM phase, Figure 6.2e, is uniform 
across the LN surface, emphasizing the absence of any parasitic switched domains.  

The c-AFM measurements, performed by applying a DC bias (Vext) to the Au 
counter electrode while setting to ground the cantilever through the c-AFM module 
(TUNA, Veeco), are shown in Figure 6.2g-i for biases of opposite polarity 
(Vext = ±10 V). The c-AFM characterization highlights two main features, namely: 

1. The existence of an inner PE area where the conductivity is higher than in 
the surrounding areas, as noticed by a comparison with the PFM images and 
scan lines (Figure 6.2d-f); 

2. A marked dependence of the conductivity in the inner PE region on the 
polarity of the external voltage, i.e., from Figure 6.2i it can be noticed that 
the current for Vext = +10 V (black line) is up to three orders of magnitude 
higher than the one for Vext = -10 V (blue curve). 

To establish a correlation between the c-AFM observations and the properties of 
the substrate, the spatial arrangement of the different β-phases within the PE region 
would need to be mapped at resolutions comparable to the SPM system, which 
requires more advanced (X-ray) local characterization techniques.103, 110 Yet, the 
presence of different crystallographic phases along the crystal depth (Z axis), with the 
arrangement in Figure 6.1b, suggests that the conductivity behaviour observed in the 
c-AFM measurements is associated to the presence of interstitial protons (present at 
the core of the PE region β2), which under the effect of the strong electric field at the 
tip-surface interface, drift through the sample thickness.  

Additional details on the SPM measurements are discussed in Appendix B.3. 

 

6.2 Electrical measurements and modelling 

In order to gain additional insights on the charge transport, a systematic 
characterization by means of spatial c-AFM maps at different biases (Vext) and I-V 
curves was performed. From the former one can infer the spatial conductivity across 
LiNbO3 and PE locations, whereas the latter provide further understanding on the 
overall charge dynamics in our system.  

Figure 6.3 shows the current response, similarly to the one of Figure 6.2i, 
measured across the same PE and LiNbO3 section, at voltage biases, Vext, varying 
from -10 V to +10 V, in steps of 2 V. The PFM amplitude signal is shown in Figure 
6.3a and indicates the PE region as the section featuring a lower signal, consistently 
with what discussed for Figure 6.1f. The spatial variation of the current for opposite 
biases is shown in Figure 6.3b (Vext > 0) and 6.3c (Vext

 < 0), and is consistent with 
previous observations providing direct evidence for an enhanced room-temperature 
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conductivity associated to the presence of protons confined at the core of the PE 
region (indicated as inner PE). Furthermore, a marked dependence of the current 
response on the voltage polarity is highlighted (note the scale in Figure 6.3b and 
6.3c). This is apparent for the PE inner region: switching the voltage bias (Vext) from 
+10 V to -10 V results in a current excursion of about three orders of magnitude.  

 

Figure 6.3 Spatial current response (scan lines along Y, at Z ~ 2 µm) at different 
DC biases for the sample of Figure 6.2. a) Scan line of the PFM amplitude signal 
across LiNbO3 and PE. b-c) Corresponding current responses at positive and 
negative biases, respectively.  

Apart from exhibiting some local fluctuations (likely due to slight variations of the 
quality of the tip-surface contact and the stoichiometry of the underlying layers), the 
measurements at positive biases (Figure 6.3b) essentially confirm the observations of 
Figure 6.2g.  

The response for negative biases is summarized in Figure 6.3c (notice the much 
smaller scale) and shows a correlation with the results obtained at positive biases, 
namely a spatial variation of the conductivity, which maps exactly into the two 
regions. Moreover, the current flowing through the PE inner region is essentially 
unaffected by the applied voltage, whereas it increases roughly proportionally to Vext 
in the remaining PE and LiNbO3 areas. The c-AFM measurements at different biases 
indicate that the peripheral PE region essentially behaves as LiNbO3, i.e. with 
negligible conduction, while the electrical response at the core of the PE area is 
basically unipolar. Such a behaviour is reminiscent of a diode where charge transport 
through the PE layers is attributed to the motion of interstitial H+ ions.  
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To elucidate the nature of the diode response in the inner PE region, I-V curves 
were measured.ee A typical I-V response in conditions of ambient humidity and using 
conductive Pt-coated cantilevers is shown in Figure 6.4a.  

       

Figure 6.4 I-V curve measured at the core of the PE region. a) Typical rectifying 
response of a diode (inset shows the external voltage). b) same data of a) on a 
magnified scale to highlight the current trend in the OFF state. 

The shape of the external voltage, Vext, applied to the Au counter electrode is 
shown in the inset. It consists of a triangular pulse ranging from -10 V to + 10V with 
ramping rate δext. The portion of the voltage (current) waveform corresponding to 
positive and negative ramping rate will be referred to as trace (black) and retrace 
(red) branch, respectively.  

The current response of Figure 6.4a is clearly rectifying: when the bias voltage 
(Vext) exceeds a threshold value (Vth), the current grows exponentially (setting the 
diode in the ON state), reaching ~ 100 pA at the highest bias. On the other hand, 
below the threshold, the current is extremely low (~ 102 fA), and the corresponding 
blocking (OFF) state is extending over the full range of negative biases.  

The same data of Figure 6.4a are plotted in Figure 6.4b at a magnified scale so to 
highlight more details of the current trend below the threshold, i.e., in the OFF state. 
The trace branch (black) shows an initial transient, followed by a portion at constant 
slope, whereas the retrace branch (red) shows only a portion with constant slope.  

Based on the observed response in the ON and OFF states, an equivalent electrical 
circuit was developed to describe the behaviour of single-point nanocontacted PE. 
The model consisted basically of a diode and an RC network, as shown in Figure 6.5. 
Behind the schematic of the electric circuit the sketch of the measurement 
configuration is also shown: the tip is parked on PE and is surrounded by the water 
meniscus, whereas the Au layer is acting as counter electrode. 

                                                

ee Measurement procedure: the cantilever was parked on the surface and triangular 
pulses (ranging from -10 V to +10 V with ramping rate δext = ±0.4 V/s) were applied 
to the counter electrode. The current flowing through the sample was measured by the 
c-AFM module with ammeter sensitivity S = 10 pA/V. Further details on the 
measurement protocol are listed in Appendix B.4.1  
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Figure 6.5 Schematic of the equivalent electrical circuit for the nanodiode. For 
Vext > Vth the device is in the ON state and the current flows through the diode. 
When Vext < Vth the current flows through the RC circuit. 

In the ON state (Vext>Vth) the current response was modelled by assuming a 
diodelike I-V dependence: 

 IONVext� 	 = 	 I0 Web qkBTVext−Vth� − 1X 	+ 	 Ic 6.1 

q, kB and T being the electron charge, the Boltzmann constant and the temperature. 
The parameters in Equation 6.1 account for the current below threshold, I0, the 
exponential pre-factor, b, the overpotential, Vext - Vth (voltage threshold measured by 
the c-AFM module), and the displacement current, Ic (setup offset and additional 
capacitive parasitic effects).  

In the OFF state (Vext < Vth) the electrical response of the RC circuit of Figure 6.5 
describes the leakage currents through surface water layers (R1), and charging effects 
at the tip-surface interface143 (R2C). The current response was modelled by 
extrapolating the corresponding response of the RC circuit of Figure 6.5:144  

IOFFVext� = Vext − V0R1 + V0 ¾ 1R1 + 1R2 e
−	 Vext−V0δext×R2CÀ + Cδext ¾1 − e−	 Vext−V0δext×R2CÀ + IOffset 6.2 

δext, V0 and IOffset being the ramping rate and the initial value of Vext for each branch of 
the ramp (∓10 V for trace/retrace branch, respectively), and the current offset of the 
ammeter.ff 

The values of the parameters of Equation 6.1 (diode ON) and 6.2 (diode OFF) are 
listed in Table 6.1 for the data of Figure 6.4. Moreover, the exponential pre-factor, b, 
and the voltage threshold, Vth are crucial for the diode response and their statistical 
distribution is discussed in Appendix B.5. 

                                                

ff The current offset (IOffset) is added to the solution of the RC circuit. 
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Table 6.1 Parameters of the equivalent electrical circuit of Figure 6.5 calculated 
for the data of Figure 6.4.  

Diode state Parameter Trace (error) Retrace (error) 

ON  STATE 

Vth (V) 3.08 (0.056) 2.01 (0.169) 
I0red (pA) 0.327 (0.019) 0.468 (0.040) 
b (10-3) 21,62 (0.234) 17,63 (0.296) 
Ic (pA) 0.082 (0.098) 0.218 (0.172) 

OFF STATE 

R1 (TΩ) 276.2 (5.2) 164.0 (6.1) 

R2 (TΩ) 63.97 (3.3) / 
C (fF) 59.2 (2.7) / 

IOffset (fA) 33.7 (1.2) / 

 

6.2.1 The electrochemical view: coupling ionic and electronic 
motion 

Recent studies have demonstrated that the configuration of SPM systems is ideal to 
generate, enhance and control electrochemical reactions at the nanoscale.145, 146 The 
strong and highly inhomogeneous electric fields at the tip/surface interface allow the 
tip to act both as mobile electrode and electrocatalytic nanoparticle in oxygen 
reduction/evolution reactions and Li-ion transport.19, 147  

Our experimental configuration involves a nanoscale tip surrounded by a water 
meniscus148 in contact with a proton-rich substrate which is biased through a metallic 
(Au) counter electrode. A schematic representation of the key mechanisms involved 
in the charge transport phenomena across the inner PE regions, for biases of opposite 
polarities, is shown in Figure 6.6.  

  

Figure 6.6 Sketch of the charge transport mechanisms and surface 
electrochemical reactions occurring at the tip/surface interface and in the 
underlying PE layers with: a) positive and b) negative bias (Vext) applied to the 
counter electrode.  
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The application of a voltage across such a structure is expected to drive the ionic 
transport through the substrate and simultaneously activate/support electrochemical 
reactions occurring at the external electrodes, represented by the tip and the counter 
electrode, respectively, which is necessary to generate the current in the external 
circuit. 

In order to describe in detail the processes occurring in our system, three separate 
sections where charge transport phenomena occur are identified, namely the Au 
counter electrode, the β2 PE layer, and the tip-surface interface, as schematically 
indicated in Figure 6.6a. 

The Au counter electrode, in light of the discussions of par. 2.3, can be considered 
as a Schottky junction whose properties can be inferred from the value of the work 
functions of the substrate (PE) and the metal (Au), and the electron affinity. The value 
of the work function of PE can be evaluated from Figure 2.9b by assuming the same 
electron affinity of the un-exchanged substrate and the Fermi level in the middle of 
the band gap: ΦPE = χLN + E·w�/2  ~  3.3 eV, χLN and E·w� being the electron affinity of 
LiNbO3

149 (χLN = 1.5 eV) and the energy band gap of PE as obtained by measuring the 
UV absorption edge (λPE ~ 345 nm, E·w� ~ 3.59 eV). By considering the value of the 
work function for Au (ΦAu = 5.1 eV),135 the orientation of the diode and the height of 
the potential barrier can be obtained from the band diagram of Figure 2.9 and 
Equation 2.43. From the former it is apparent the Au represents the cathode of the 
diode, whereas from the latter the height of the Schottky barrier is roughly estimated 
as ΦAu:PE ~ 1.8 eV.  

The β2 PE inner region, as a consequence of the properties described in par. 3.3, is 
expected to behave as a solid electrolyte, where interstitial weakly-bounded protons 
can migrate under the action of external electric fields.  

Finally, the tip-surface interface is represented by the Pr/Ir coated tip apex 
immersed in the water meniscus and in contact with the crystal surface. The shape, 
size, and the electrical and electrochemical properties of this interface strongly 
depend on the experimental conditions (humidity, temperature, tip coating, orientation 
of the polarization of the substrate, etc.), as are discussed in more detail in the next 
section.  

When a positive voltage is applied to the counter electrode, Figure 6.6a, the Au-
PE Schottky junction is directly polarized, and once the external voltage overcomes 
all potential drops in the system (Vext > Vth), electrons can cross the potential barrier 
and flow to the external circuit. The protons located within the PE below the tip, 
under the action of the strong electric field can drift towards the cantilever where they 
undergo a reduction reaction: 

 2Hl�+ + 2e− ↔ 2H2g� V0 = 0V 6.3 

the l and g subscripts indicating the reactants/products in the liquid and gaseous 
phases, respectively, whereas e- is the elementary charge and V0 is the 
electrochemical potential. The hydrogen reduction at the tip must be accompanied by 
a complementary oxidation half-reaction involving the creation of electrons, which is 
presumably taking place at the opposite end of the sample,150 at the interface with the 
PE-Au counter electrode (mass and charge conservation law must be satisfied). Given 
the system configuration (Au counter electrode), possible oxidation reactions 
involved are oxygen evolution and/or gold oxidation: 
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O2g� + 4H+ + 4e− ↔ 2H2O				 V0 = +1.229VAus� ↔ Au+ + e− 																				V0 = +1.83V  6.4 

The electronic-ionic conductivity pathway described above is blocked instead 
when a negative voltage is applied to the back electrode, shown in Figure 6.6b, as the 
Schottky junction at the counter electrode is inversely polarized. In this configuration 
the electrons from the PE layer cannot cross the potential barrier and reach the tip 
through the external circuit, hence any electrochemical reaction is inhibited.  

To a first approximation, the voltage threshold detected by the c-AFM setup, Vth, 
represents the sum of all the potentials across the circuit,151 and accounts for the 
activation of cascaded processes taking place in the [Au|PE|Pt − tip]  system, 
involving coupled ionic and electronic transport at the Au-PE junction, H+ migration 
through the PE layer, and electrochemical reactions at the tip-surface interface.  

The characteristic I-V dependence observed in macroscopic electrochemical 
reactions is usually modelled with the Butler-Volmer equations,135 which, for a 
reduction reaction such as the one assumed to occur by the tip, and in the limit of high 
overpotentials, leads to the following expression:  

 IV�K.� 	= 	 I�7�Æ WeÇÈÉÊ ËÌc��ÍÉÎÏ�ÍÏÐ� − 1X 6.5 

I0red being the exchange current, αred the charge transfer coefficient and n the number 
of electrons transferred in the reaction. The parameters I0 and αred in Equation 6.5 are 
known as the Butler-Volmer kinetic coefficients and characterize the performances of 
a generic electrolytic cell.  

A comparison between Equation 6.5 and Equation 6.1 allows associating I0red and 
αred in our case with the parameters I0 and b, respectively. The value of b (listed in 
Table 6.1) indicate an asymmetric cathodic hydrogen reduction reaction (αred is 
usually 0.5 for symmetric reactions).135 The correspondences between Equation 6.5 
and the fitting function of Equation 6.1 fully support the picture outlined for the PE 
electrolytic cell in Figure 6.6.  

With reference to the data of Figure 6.4 and Table 6.1, when the diode is in the 
ON state the Au-PE junction is directly polarized (with a potential barrier, 
ΦAu:PE ~ 1.8 eV), the tip works as cathode for the hydrogen reduction and the counter 
electrode is the anode for oxidation reactions. The sum of these contributions appears 
reasonable with the results obtained from the analyses of the I-V curve (Vth ~ 3 V), 
considering the various factors likely to contribute to it in our experimental 
configuration, i.e. potential drops at the tip-surface interface, across the sample 
thickness and typical overpotentials for electro-catalytic cells with Pt electrodes.  

In this simple picture, possible leakage paths associated to e.g. surface 
conductivity through water layers are neglected. Although they are accounted for by 
the terms I0 and Ic in equation 6.1, they are likely to contribute as background currents 
to the measurements, but still leave the main conclusions unaffected. An additional 
effect not considered in the model concerns the dependence of the ionic transport in 
the PE layers on the crystallographic axes, discussed in par. 3.3. The approximation 
still appears reasonable given the strongly anisotropic distribution of the electric field 
at the tip-surface interface, and what is known on diffusivities (mobilities) of H+ in 



CHAPTER 6: COUPLED IONIC-ELECTRONIC TRANSPORT IN PE:LN CELLS  99 

  

LiNbO3 (slightly different, but still of the same order of magnitude for different 
crystallographic directions).104    

 

6.3 Effect of the experimental conditions  

The electrochemical model described in the previous section involves the 
simultaneous coupling between charge transport phenomena through the crystal and 
at the metal-ferroelectric interface (counter electrode), with electrochemical reactions 
occurring at the tip-surface interface. The latter represents a critical part of the 
systemgg as the kinetics of the reactions occurring therein is expected to be strongly 
affected by the experimental conditions.  

In order to gain further insights on the charge dynamics in the substrate and at the 
tip-surface interface, the electrical response of the system was systematically 
characterized as a function of different experimental conditions, namely the ramping 
rate of the voltage applied to the counter electrode, δext, the SPM cell humidity, the tip 
coating, and the orientation of the substrate polarization (either -Z and +Z).  

The effect of increasing the ramping rate of the external voltage is summarized by 
Figure 6.7, and basically highlights a shift of the voltage threshold of the trace/retrace 
branch towards higher/lower values resulting in a current hysteresis loop within the 
diode ON state.  

  

Figure 6.7 I-V curves measured at the core of the PE region with different 
ramping rates of the external voltage. a) δext = 0.4 V/s. b) δext = 2 V/s. 

Additional effects are also apparent for negative voltages (insets of Figure 6.7b) 
and attributable to trapped carriers and/or dielectric relaxation processes. 140, 152  

The effect of the experimental conditions on the properties of the tip-surface 
interface is detailed in Appendix B.5. The experimental conditions were changed one 
at the time among SPM cell humidity (ambient � nominal 0%), tip-coating 
(Pt/Ir � Au/Cr) and orientation of the substrate polarization (-Z � +Z). I-V curves as 
the one of Figure 6.4 were collected for each experimental condition.  

                                                

gg Also the counter electrode is a critical interface and it will be analyzed in more 
details in par. 6.3.1. 
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Although the shape of the I-V curves follows the diode-like trend, it is important 
to highlight that the current trace and retrace branches are not overlapping, and a 
hysteretic response is apparent within the ON state of the diode (Figure B.8). Such a 
response, also apparent in Figure 6.7b, is memristor-like,153 and provides evidence of 
the dependance of the ionic dynamics on the frequency of the external voltage as well 
as on the state of the tip-surface interface.  

The I-V curves measured in different experimental conditions were fitted to 
Equation 6.1 and 6.2, estimating the value of the representative parameters of the 
nanodiode model,hh namely the voltage thresholds (Vth) for both trace and retrace 
branches, the exponential correction factor (b), the surface resistance (R1), the contact 
resistance (R2), and the surface capacity (C). Such parameters provide further insights 
on the state of the tip-surface interface, such as the size/shape of the water meniscus 
and the electrochemical properties of the tip and the substrate. The results of such 
analyses, detailed in par. B5 of Appendix B, are summarized in Figure 6.8. 

 

Figure 6.8 Summary of the experimental conditions, and impact of the latter on 
the parameters of the nanodiode model and the properties of the tip-surface 
interface. 

The reduction of the SPM cell humidity induces a reduction of the voltage 
thresholds, Vth, and the surface capacity, C, while increasing the surface and contact 
resistances, R2 and R1. Such a result can be interpreted in light of humidity-dependent 
thickness of the adsorbed water layer.154 The reduction of the voltage threshold is 
consistent with a smaller water meniscus, which would reduce the voltage drop at the 
tip-durface interface.155 A thinner layer of adsorbed water intuitively shows higher 
surface resistance (R1), and also creates a smaller meniscus around the tip.156 
Consequently, as the tip-surface contact area is reduced, also the capacity (C) 
decreases, whereas the contact resistance (R2) increases. Finally, the exponential pre-
factor (b) is weakly affected, reinforcing the equivalence between Equation 6.1 and 
6.5. The parameter b, is proportional to the charge transfer coefficient, αred, which is 

                                                

hh A statistical study was also performed so to extract average value and standard 
deviation for each parameter. 
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strongly dependent on the properties of the electrodes (tip-coating and counter 
electrode).135  

The effect of using Au/Cr coated tips is a reduction of the voltage thresholds and 
of the surface capacity while the contact resistance and the exponential pre-factor are 
increased. The surface resistance is unaffected indicating a similar thickness of the 
adsorbed water layer. However, the variation of the contact resistance and surface 
capacity indicates a variation of the tip-surface interface, which can be related to 
different shape of the water meniscus157 due to Au hydrophobicity.158 Finally, a 
higher exponential pre-factor is consistent with different working functions associated 
to the metal (ΦAu = 5.1 eV, ΦPt = 6.35 eV),135. 

The last experimental condition is the substrate orientation (+Z). In this case the 
voltage thresholds are reduced whereas the surface/contact resistances and the 
exponential pre-factor are greatily increased. The surface capacity is instead 
unaffected. Although in these conditions the SPM cell humidity is unchanged, the 
thickness of the adsorbed water layer is different as +Z polarized substrates show 
lower water adsorption energy.159 This is supported by the increase of both the surface 
and contact resistances, R1 and R2. Finally, the exponential pre-factor (b), is greatly 
increased (about order of magnitude) indicating a marked dependance of the 
electrocatalytic properties of the substrate on the orientation of the spontaneous 
polarization.  

The variation of the experimental conditions indicates a strong influence of the 
frequency of the applied voltage signal, as well as the properties of the tip-surface 
interface, on the charge dynamics. The variations of the diode response are consistent 
with the physical picture outlined in par. 6.2 and provide a deeper understanding on 
how to tune the diode performance.  

 

6.3.1 Suppression of the rectifying response 

The variation of the experimental conditions showed a complex electrical response 
(pinched hysteretic) arising in the ON state of the diode (par. B5, Appendix B). Such 
a result poses additional questions regarding the nature and properties of the ionic 
motion within the PE layer. In this respect, the electrical response of nanocontacted 
PE can be intuitively described as superposition of a memristor with the Schottky 
junction at the counter electrode.  

In a broad meaning, a memristor is a device where the electrical resistance is a 
function of the charge which has flown through the component.153 For nanocontacted 
PE the pinched, the I-V loop hysteresis most likely arises from the spatial drift of 
protons which modulate the electronic conductivity by taking part into the 
electrochemical reactions. However, it is worth emphasizing that the definition of 
memristor and memristive system, as proposed by Chua160 in 1971, rigorously 
involves a relation between the charge and the flux of the magnetic field, and the 
concept of memristive device is currently still under debate.161  

Further insights on the response of the PE substrate, and especially the role of the 
counter electrode, can be obtained by locally suppressing the rectifying response of 
the Schottky junction. This was obtained by applying a 100 s long square pulse 
(Vext = +10 V) to the counter electrode while setting the cantilever to the ground. The 
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current recorded during the pulse was above the maximum saturation level of the 
ammeter (Isat = 1.2 µA), reaching current densities as high as ~ 103 A/cm2.ii  

The surface topographies, c-AFM spatial maps, as well as the electrical 
characterization before and after the square pulse, are summarized in Figure 6.9.  

  

Figure 6.9 Effect of suppression of the Schottky junction. a) Surface topography 
(deflection signal). b) Spatial c-AFM map. c) I-V response to a periodic signal 
(shown in the inset). d) Equivalent circuital symbol before the writing pulse. e-h) 
Same as a-d) after the writing pulse. Note colour scale in f) is 2 orders of 
magnitude larger than b). 

 

In the latter the blue circle pinpoints the area the cantilever was parked during the 
pulse, and where the measurement of the I-V response was performed. The 
topographies of Figure 6.9a and 6.9e substantially indicate no sign of surface damage 
on the top of the PE region. Nevertheless, the c-AFM spatial maps of Figure 6.9b and 
6.9f show that the current flowing through the treated area is drastically increased by 

                                                

ii Assuming a tip-radius of about 100nm. 
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about two orders of magnitude (~ 40 nA in Figure 6.9f and ~ 130 pA in Figure 6.9b). 
Moreover, despite the cantilever was parked in a single point on the crystal surface, 
the enhancement of the conductivity affects a large circular portion of about ~ 7 µm2, 
as visible in Figure 6.9f.  

The I-V response is shown in Figure 6.9c and 6.9g.jj The insets show the shape of 
the applied low frequency AC signal (blue) and current (black line) measured as a 
function of time (Vext = 10 Vpp, frequency νext = 0.025/0.7 Hz, respectively). The I-V 
response is clearly modified by the square pulse: the rectifying behaviour of Figure 
6.9c is suppressed in Figure 6.9g, and a current hysteresis loop becomes apparent also 
at negative biases. Such a result implies that the hydrogen reduction of Equation 6.3 
will also occurr at the counter electrode (tip/surface interface) for negative (positive) 
biases. Moreover, the current hysteresis at positive biases is also drastically reduced 
indicating a variation of the substrate properties. 

In summary, the measurements of Figure 6.9 corroborate the presence of the 
Schottky junction at the Au-PE interface, and suggest the charge transport in 
nanocontacted PE is governed by migration of interstitial protons, which react at the 
crystal surface with the electrodes. When a uniform counter electrode is used, a 
Schottky junction is created and the flow of electrons, but also the protons, is blocked 
in one direction. On the other hand, when a strong current flow through the sample 
(by using a long square pulse) the Schottky junction is irreversibly suppressed, and 
the charge transport is occurring in both directions with similar features. These 
behaviours are equivalent to the circuital configurations shown in Figure 6.9d and 
6.9h, respectively.  

 

6.2 Spatially-resolved mapping of ionic motion  

Further insights on the properties of the ionic motion in PE region can be obtained by 
using spatially resolved first-order reversal curves162 current-voltage (FORC IV) 
measurements.141 The approach is based on the simultaneous investigation of two 
effects induced by the ionic dynamics, namely: 

1. The surface deformation; 
2. The current flowing through the sample.  

The first provides evidence of ionic motion/redistribution under the tip, whereas 
the second gives additional information on the features of the electrical conductivity. 

The surface strain is mapped by ESM (Electrochemical Strain Microscopy)26, 163 
loops, whereas the conductivity is accounted for by I-V curves loops. Such 
measurements were experimentally implemented by parking the cantilever on the 
surface, and applying to it the voltage waveform (VTip) of Figure 6.10, while setting 
the counter electrode to ground through the ammeter.  

The envelope of the voltage waveform consisted of a sequence of 7 bipolar 
triangular pulses (period T = 1.28 s), with the same positive peaks (VOFF = 70 V), and 
gradually increasing negative peaks (VON). 
                                                

jj Figures show the current recorded during multiple cycles, ~ 25, of the external 
voltage. 
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Figure 6.10 Voltage waveform used for FORC IV measurement. 

The details of the voltage are shown in the inset: the triangular pulses are basically 
modulating a periodic train of square pulses with a writing (τw) and a reading (τR) 
section. During the former the voltage is kept constant, and the current is measured 
(evaluation of I-V response), whereas during the latter the surface relaxation is 
characterized through Band Excitation (BE) Scanning Probe Microscopy164 
(evaluation of surface strain/relaxation, ESM response). The BE technique was 
implemented by applying to the tip a broadband low amplitude electrical AC signal 
(∆νAC = 80 kHz, VAC = 2 V, indicated by blue portion within τR), with central 
frequency (νAC = 375 kHz) close to the contact resonance of the cantilever. The 
response (cantilever oscillations) was collected with high-speed data acquisition 
hardware (controlled by in-house developed software in Labview) and fitted (Matlab) 
to a single harmonic oscillator (SHO) model so to extract the amplitude, resonance 
frequency, Q factor and phase shift of the SHO as a function of VTip. The amplitude of 
the SHO represents the ESM signal.  

Data post-processing allows obtaining 7 ESM and I-V curves loops at increasing 
negative voltages VON. Additional analyses, such as evaluation of the area comprised 
by the loops, provide insights on the surface reactivity,27 ferroelectric strain and the 
reversibility/irreversibility 141, 165 of surface electrochemical reactions.151 

Figure 6.11 shows a typical single point FORC IV measurement for virgin 
LiNbO3. 

  

Figure 6.11 FORC IV measurements in virgin LiNbO3. a) ESM/PFM loops and 
b) I-V curves loops at different values of VON. c) Trend of areas of ESM/PFM 
(black) and I-V curves loops (blue) as a function of VON, calculated from the data 
in a) and b). 

As anticipated, the ESM (I-V curve) signal as the one shown in Figure 6.11a 
(Figure 6.11b), comprises 7 hysteresis loops at negatively increasing Vtip (VON), 
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consistently with the voltage waveform of Figure 6.10. The area of each loop, 
highlighted in Figure 6.11a-b, is plotted in Figure 6.11c as a function of VON and 
provides further insight on the onset of surface electrochemical reactions and ionic 
transport phenomena occurring at the tip-surface interface.141  

The case shown in Figure 6.11 is relative to virgin LiNbO3, hence the ESM loops 
are basically the PFM loops as they are due to the converse piezoelectric effect (there 
is not ionic motion in pure LiNbO3). With reference to the data of Figure 6.11, the 
ESM/PFM signal (Figure 6.11a and black line in 6.11c) indicates the surface 
deformation is proportional to VON, whereas the I-V curve, Figure 6.11b and blue line 
in 6.11c, highlights a linear resistive response. As previously discussed, such results 
are consistent with converse piezoelectric effect36 and insulating properties of the 
substrate.31 The data of Figure 6.11 was used as a reference, since we do not expect 
ionic conduction, as shown in Figure 6.11b, whereas the surface deformation, plotted 
in Figure 6.11a, is ascribable only to converse piezoelectric effect. 

The FORC IV was performed in low humidity on +Z polarized substrates, on a 
grid of 50 x 50 points (pixels) encompassing PE and virgin LiNbO3 regions, as 
summarized by Figure 6.12.  

  

Figure 6.12 Location comprising PE and virgin LiNbO3 where the FORC IV 
was performed. PFM amplitude a-c) and phase b-d) images collected before/after 
the FORC IV. e-f) Show the loops area map for ESM and I-V curves at      
VON = -70 V.  

The PFM characterization of the sample before the FORC IV (Figure 6.12a-b) 
shows the location chosen for the measurement which comprises both PE and 
LiNbO3. The same measurement performed after the FORC IV (Figure 6.12c-d) 
indicates ferroelectric switching is induced in the virgin LiNbO3 regions, as domains 
corresponding to the 50 x 50 pixels matrix are therein visible (circular features 
arranged in regular manner). On the other hand, the PE region does not show 
ferroelectric switching (the phase signal is uniform within PE, Figure 6.12d), although 
a slightly higher/lower signal can be detected in the amplitude/phase image in an 
inner PE region, Figure 6.12c-d.  
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The spatial contrast visible in the PFM images, is also mapped by the ESM and    
I-V loop areas (at VON = -70 V) in Figure 6.12e and 6.12f, respectively (the loop area 
is evaluated as described in Figure 6.11). Such data suggest that the β1 and β2 PE 
areas feature smaller loop area compared to virgin LiNbO3 (LN), hence characterized 
by smaller surface deformation. On the other hand, the I-V loops area map reveals a 
complementary behaviour, with a strong contrast in the inner core of the PE region 
(β2), a reduced signal in the surrounding PE (β1), and negligible elsewhere (LN). 
ESM/I-V loops area maps obtained at other VON are available in Appendix B.6. 

Representative ESM and I-V loops for all the values of VON, probed in the 
locations highlighted of Figure 6.12, are shown in Figure 6.13.  

 

Figure 6.13 Representative ESM and I-V curves loops corresponding to the 
locations highlighted in Figure 6.12. a-c) are ESM loops and e-g) are I-V curves 
loops. In d) and h) the area comprised by the ESM and I-V curves loops of a-c 
and e-g is plotted as a function of VON.  

ESM loops are shown in Figure 6.13a-c, and clearly highlight that the signal in 
virgin LiNbO3 (which is also PFM signal for LiNbO3, Figure 6.13a) is about one 
order of magnitude higher than in PE regions. The case of the pure crystal (Figure 
6.13a) has already been described with reference to Figure 6.11a, and is related to the 
converse piezoelectric effect. In the PE areas (Figure 6.13b-c) the surface deformation 
is maximum at negative biases, confirming the substrate behaves as a solid electrolyte 
where ions motion/redistribution is occurring at the tip-surface interface under the 
effect of the external voltage. 

Furthermore, the PE β2 region (Figure 6.13b,) shows a ESM signal about five 
times smaller than the PE β1 (Figure 6.13c). The area of the ESM/PFM loops as a 
function of the negative peaks VON is plotted in Figure 6.13d and highlights the 
strong difference between the responses of the virgin crystal (green line, proportional 
to VON) and the PE areas (remarkably reduced).  

I-V curve loops are shown in Figure 6.13e-g. The response of virgin LiNbO3 
(Figure 6.13e) has already been analysed in Figure 6.11b, and is typical of an 
insulating material with a very high resistance. On the other hand, the electrical 
response of the PE region probed in different locations (Figure 6.13f-g) highlights two 
aspects: 
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1. The rectifying behaviour is detected in both PE β2 (Figure 6.13f) and PE β1 
(Figure 6.13g);kk  

2. The current hysteresis is much larger in PE β2 (Figure 6.13f).  

The previous electrical characterizations, shown in Figures 6.2, 6.3 and 6.4, were 
performed at a much smaller voltage range (Vext = ±10 V), and indicated the 
rectifying response was confined only to the inner PE region (β2), whereas the 
remnant PE (β1) was insulating, similarly to virgin LiNbO3. The FORC IV 
measurement of Figure 6.13, is instead performed at much larger voltages 
(VTip = ±70 V) revealing also a rectifying response in the outer PE region. Moreover, 
although Figure 6.13f-g shows the same qualitative behaviour (diodelike), the two 

areas possess remarkably different voltage thresholds (V.»Ñ4 > V.»ÑÒ ). Such a result 
indicates that the spatial arrangement of protons in LiNbO3 (either substitutional or 
interstitial) also strongly affects the diode threshold. 

Overall, such a result corroborates the connection between the Schottky junction 
at the counter electrode and the properties of the ionic motion. The former dictates the 
rectifying response, whereas the latter contributes to the diode voltage threshold 
through the protons binding energy, hence demonstrating a strong coupling between 
ion and electron dynamics. 

Another aspect of interest is the increase of the I-V curve loop opening with the 
tip voltage, evident in Figure 6.13f for VON ≤ -26.7 V. This is further highlighted by 
Figure 6.13h, which shows the area comprised within the I-V curve loops as a 
function of the negative peaks VON, hence directly mapping the hysteresis. The trend 
for both β2 (black) and β1 (blue) is exponential with different thresholds, suggesting 
the onset of electrochemical reactions occurring at different voltage thresholds. Given 
the substrate properties (interstitial and/or substitutional protons embedded in the 
crystal lattice), it can be assumed that the surface electrochemical reactions occurring 
at the tip-surface interface in the β2 and β1 areas are basically the same and the 
threshold increase is due to the different binding energy of the protons. Moreover, the 
different loop opening can reasonably be linked to the availability of reactants under 
the tip and/or their diffusion from neighbour areas. Additional effects due to substrate 
depletion were also investigated and briefly discussed in Appendix B.7. 

 

6.4 Conclusions 

In this chapter the conductive properties of PE layers have been characterized at room 
temperature by means of SPM techniques. The electrical excitation via a nanoscale 
tip, in different experimental conditions, enabled assessments of the charge transport. 
Specifically, a strongly unipolar response was restricted to the PE regions where 
interstitial weakly-bounded protons are abundant, yielding variations of the currents 
between the device ON and OFF states which amounted to up to three-orders of 
magnitude, for a maximum applied voltage of 10 V.  

                                                

kk The current asymmetry is consistent with the electrical characterization of par. 6.2 
as in the experimental configuration of Figure 6.13 the voltage is applied to the tip. 
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The analysis of the charge transport dynamics was performed by means of 
extensive electrical characterization and interpreted in light of the coupling of ionic 
migration in the PE regions, nanoscale electrochemical reactions at the tip-surface 
interface, and a rectifying Schottky junction situated at the counter electrode. Further 
insights on the ionic-electronic coupling were inferred from the variation of the 
experimental conditions and the local inhibition of the Schottky junction at the 
counter electrode. The results are consistent with the physical model and indicate the 
onset of memrisistive-like response, which is of interest and deserves further 
investigations in future works.  

Advanced surface characterizations by means of first-order reversal curve current-
voltage (FORC IV) corroborate the strong coupling between electronic and ionic 
transport mechanisms. From such measurements it was inferred a marked influence of 
the protons binding energy of different crystallographic PE phases113 on the diode 
threshold and on the I-V loop area of the diodelike response.  



CHAPTER 7: CONCLUSIONS  109 

  

 

Chapter 7 
 

Conclusions  

7.1 Summary 

Ferroelectric crystals are of interest in several scientific and technological 
applications.166 In this thesis, by using proton exchange in lithium niobate, we have 
demonstrated a few applications for controlling charge distribution and domains 
switching kinetics. 

Lithium niobate is a ferroelectric crystal, i.e., possesses a switchable spontaneous 
polarization, which has been extensively used for its manifold physical properties34 
such as pyroelectricity,9 piezoelectricity,10 ferroelectricity,11 optical nonlinearity12  
just to mention a few. Proton exchange in such a material is a well-established ion-
exchanged technique used for the fabrication of optical waveguides,101 as it increases 
the refractive index of the crystal. This has resulted in extensive characterizations and 
applications of this technique in lithium niobate over the past decades for the 
fabrication of optical devices.  

The use of proton exchange so far has been mostly limited to the optical 
community. Structural investigations102, 110 were motivated by the use of PE for 
optical waveguides and have also highlighted additional modifications of the crystal 
properties, namely a substantial reduction of the spontaneous polarization. Moreover, 
since proton exchange is a diffusion process, by exploiting common microfabrication 
techniques, a thin layer (few micrometres thick) can be patterned on the crystal 
surface, and PE:LN junctions can be fabricated. Based on this well-established 
capability for optical applications, this thesis has explored the possibility of using 
proton exchange in lithium niobate for new applications in different areas of the 
scientific and technological scenario, providing new physical insights on this 
technique.  

The first application involved controlling the poling of lithium niobate for the 
fabrication of more efficient nonlinear optical devices. The polarization switching 
kinetics in this crystal is known to be critical for the structural features of periodically 
poled lithium niobate. Additional difficulties are represented by intrinsic limitations 
of the standard electric-field poling, mainly represented by sidewall domain 
broadening. In other studies it has been shows that proton exchange inhibits domains 
broadening, although the mechanism was not fully elucidated. In this thesis, based on 
the property of the PE:LN junction, an electrostatic model to describe the suppression 
of lateral domain motion is developed. Proton exchange is here used for the 
fabrication of 1D and 2D ferroelectric gratings, which are substantially denser than 
previously reported with the same approach. Additional insights on the influence of 
other technological factors, such as the original orientation of the substrate 
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polarization, the electrodes, internal versus external screening, etc., were also 
obtained. A natural development of this research could exploit the pyroelectric effect 
to generate stronger electrostatic fields hence allowing the fabrication of even denser 
PPLN gratings. Different geometries of proton exchange patterning could also be 
devised in order to fabricate aperiodic gratings or ferroelectric structures with 
arbitrary shapes. 

Proton exchange was also demonstrated to be of a suitable platform for the 
fabrication of self-assembled nanostructures. Traditional ferroelectric lithography 
exploits electrostatic fields across domain walls in poled crystals and/or engineering 
of the energy band bending at the surface. However, such approaches are limited by 
technological aspects such as the crystallographic orientation (domain walls are 
oriented along the crystal axes) or the fabrication processes, e.g., poling of lithium 
niobate requires electric fields as high as ~ 21 kV/mm.  

In this thesis we show how driving photodeposition of self-assembled 
nanostructures by using PE:LN junctions provides higher degrees of freedom. The 
deposition process is confined in the proton exchange regions, and is driven by the 
electrostatic field located at the PE:LN junction. Detailed studies of the deposition 
mechanisms, as well as the influence of the substrate polarity and stoichiometry, 
indicate the shape and extension of self-assembled nanostructures is governed by the 
extension and depth of the proton exchanged regions.  

Traditional approaches to study proton exchanged layers are based on immersing 
the crystal in hydrofluoric acid and investigate the steps generated by differential PE 
vs non-PE etching. This is obviously a destructive approach, which does not preserve 
the properties of the surface, and provides a very low spatial resolution. In this thesis, 
by exploiting the feature of proton exchange to reducing the spontaneous polarization, 
Piezoresponse Force Microscopy was used to map the ferroelectric properties of 
PE:LN junctions at the nanoscale. Moreover, the reduction of the piezoelectric 
coefficients was estimated and provided further insight on the ongoing discussion 
about optical and crystallographic properties at sub-micrometric scales. The 
correlations between the piezoresponse (PFM signal is reduced in PE) and linear 
optical properties (refractive index is increased in PE) has shed additional light on the 
interplay of the optical nonlinearities and structural phase diagrams in oxygen 
octahedra ferroelectrics (such as LiNbO3).  

A final aspect investigated in this thesis is the electrical behaviour of 
nanocontacted proton exchanged layers and the potential application for memristive 
devices. Conductivity in lithium niobate is known to be influenced by the hydroxyl 
content, whereas independent studies on proton exchanged layers based on optical 
techniques have indicated the existence of complex crystallographic phase diagrams. 
By using standard SPM techniques, the charge dynamics in proton exchanged layers 
was investigated, and interpreted in light of a strong coupling between protonic 
migration in the PE regions and rectifying junctions at the electrodes used to contact 
the substrate via surface electrochemical reactions. Moreover, by using advanced 
SPM techniques additional insights on such nanoscale electrochemical reactions and 
surface deformations at the tip-surface interface were obtained.  
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7.2 Outlook 

The experiments discussed in this thesis have embraced very different aspects of the 
technology of proton exchange in lithium niobate. However, while the aim of this 
thesis was to provide proof-of-principle experiments for possible applications, as it 
often happens, this is far from being a conclusive work. Several improvements can be 
devised and new discoveries can be made. 

First of all, shorter periods and different designs of the PE regions can be 
developed in order to explore limitations and further capabilities of the PE-assisted 
poling. Experiments on thicker samples could also indicate additional details on the 
connection between the domain propagation velocity and the transverse size of the 
domains. 

The photodeposition experiments indicated several potential applications for 
deposition of different metals and/or the use of PE structures for biological 
applications, such as tissue culture, particle sorting, etc. Additional surface 
nanostructuring, by means of anisotropic or wet etching, would allow exploiting other 
configurations, and possibly drive oxidation/reduction reactions simultaneously on the 
same samples.  

The SPM experiments could involve additional investigations on the interactions 
occurring at the tip-surface interface, so to provide a deeper understanding on the 
dependence of the PFM contrast on the frequency and amplitude of the driving 
voltage. Finally, the experiments on the ionic-electronic coupling in PE layers 
indicate as proton exchanged layers could act as solid electrolyte, hence opening the 
route to a broad variety of applications ranging from energy conversion and 
harvesting, as well as memory devices (memristors).  
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Appendix A 
 

Surface characterization 

I conceived and planned the experiments with Katia Gallo. I fabricated the samples, 
conducted the experiments at UCD Dublin with Denise Denning and analysed the 
data with Katia Gallo and the assistance of Brian J. Rodriguez (UCD Dublin).  

 

A1. Introduction  

Several methods are available for the characterization and investigation of the surface 
morphology and ferroelectric domains. Traditional techniques include optical 
microscopy (discussed in par. 3.2.3 ) and higher spatial resolutions can be obtained 
from e-beam,167 X-ray based techniques,168 etc. However, additional insights on the 
properties such as elasticity, ferroelectric domains arrangement and switching 
kinetics, conductivity, relaxation dynamics, surface ionic motion, strain, etc., can be 
acquired by Scanning Probe Microscopy (SPM) techniques.21-27 The latter were used 
for the characterization of the surface properties and the identification of the 
ferroelectric interfaces discussed in this thesis. In particular, Atomic Force 
Microscopy (AFM) was used to image the surface topography, whereas 
Piezoresponse Force Microscopy (PFM) revealed the ferroelectric properties of the 
samples. A short description and the implications of such techniques are described in 
what follows. 

 

A2. AFM Technique 

An AFM system allows to map the surface topography with nanometric resolution by 
measuring the deflections (∆Z) of a cantilever put in contact (or in close proximity) 
with the surface through a sharp tip. The basic structure of an AFM system is 
sketched in Figure A.1.169-171  

The typical operation mode of an AFM system involves keeping constant the 
cantilever deflection while scanning the surface, hence lowering or lifting the sample 
when approaching a step or a trench. This is achieved by keeping the tip in contact 
with the surface, and translating the sample in the three dimensions, by using a 
piezoelectric scanner. The oscillations of the cantilever are recorded with a 4-
quadrants photodiode which detects a laser beam deflected from the backside of the 
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cantilever. A feedback circuit stabilizes the control loop by lowering/lifting the 
sample in order to keep constant the cantilever deflection, i.e., the tip-surface force 
(F). The information on the surface morphology is then sent to a computer, which 
allows a 3D reconstruction of the topography. 

 

Figure A.1 Basic structure of an AFM setup. 

AFM exploits the detection of the forces acting between the tip-end and the 
surface. Although several forces contribute to the tip-surface interactions, in a simple 
picture a model involving barely elastic forces can be assumed.ll In such a case, the 
tip-surface force (F) is proportional to the cantilever deflection (∆Z) through Hook’s 
law: F = -kc ∆Z, kc being the cantilever’s spring constant.  

A typical surface characterization of a LiNbO3 sample by means of AFM is shown 
in Figure A.2.  

 

Figure A.2 Typical contact mode AFM characterization of a LiNbO3 surface. a) 
Height and b) Deflection 2D maps recorded on a 25 µm2 area. c) Scan lines 
extracted from height and deflection.  

The setup provides two signals: the height, Figure A.2a, which indicates the height 
of the piezoelectric scanner, and the deflection, Figure A.2b, which indicates the 
deflection of the cantilever. Cross sections of both height and deflection along the 
continuous lines overlapped in Figure A.2a and A.2b are plotted together in Figure 

                                                

ll  This assumption is obviously not valid when the sample shows surface charge 
accumulation, which involves electrostatic interactions, or the cantilever is biased 
through external voltages, like in a PFM system, as discussed later. 
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A.2c. Such data indicate that the sample is essentially flat with only minimal steps 
(~ 1 nm) due to surface scratches. Height maps as the ones of Figure A.2a are used to 
evaluate the surface state (height/depth of steps/trenches) and roughness with 
nanoscale spatial resolution, whereas the deflection maps provide strong visual 
contrast. Furthermore, by reducing the scan size and comparing the height and 
deflection images, the spatial resolution can be better estimated. The latter primarily 
depends on the size of the tip’s apex172 but also on the setting of the setup (scanning 
speed, gain of the feedback loop, etc.). Typical spatial resolutions achievable with a 
standard setup and sharp tips (10 nm tip radius) are in the range of 50 - 30 nm. 
However, the latter are only relative to the X-Y scanning plane, as along the Z axis 
(orthogonal to the surface) the resolution is much higher and can be as high as few 
picometers. 

The mode of operation described so far is called contact mode, and has been 
extensively used for the characterization of samples described in this Thesis. Another 
widely used mode of operation is tapping mode.171 In this mode of operation the 
cantilever is then driven by a piezoelectric transducer close to its resonance 
frequencymm and oscillates a few nanometers above the surface.  

The oscillations of the cantilever are recorded by the photodiode and the feedback 
loop will lift/lower the sample in order to maintain constant the amplitude of the 
oscillations as the surface is scanned. The spatial (X-Y) resolution achievable with 
this mode of operation is higher (~ 10 nm)173 than in contact mode. Moreover the tip 
touches the surface only for a very short time during the oscillations, reducing both 
sample and tip damaging. 

 

A3. Ferroelectric surface characterizations  

The elastic and piezoelectric properties of ferroelectric domains and domain walls can 
be investigated with nanoscale resolution by using an AFM setup where an external 
bias voltage (called driving voltage) is applied to the cantilever. Such a technique is 
called Piezoresponse Force Microscopy (PFM) and exploits the electromechanical 

response of the material to infer the properties of ferroelectric crystals.22, 174 

To a first approximation, under the effect of an oscillating external electric field 
(Ek, at frequency ωAC), ferroelectric crystals show surface oscillation (with amplitude 
A, and same frequency of the excitation, ωAC) due to the converse piezoelectric effect. 
In other words, a surface strain proportional to the piezoelectric coefficients of the 
material (d) and the amplitude of the applied voltage (VAC) is induced. The expression 
of the surface deformations can be written as:  

 Aω¬t + Ф� = dEcω¬t� ∝ dV¬ω¬t� A.1 

A and Ф being the amplitude and the phase of the surface oscillations, respectively. 
The configuration of the AFM setup, i.e., nanometer tip in contact with the surface, is 
ideal to confine strong electric fields in a small portion of the crystal surface and 

                                                

mm At the resonance frequency the amplitude of the oscillations are enhanced by the Q 
factor, achieving higher imaging resolution compared to the contact mode.  
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probe the piezoelectric properties with nanoscale resolution. It is usually assumed that 
the field is mostly directed orthogonally to the surface (E� ≫ EÓ, E� ), hence the 
surface deformations are practically given by the piezoelectric response along the 
normal axis to the surface. For a Z-cut LiNbO3 crystal, and the convention of the 
piezoelectric tensor, Equation A.1 can be rewritten as follows: 

 A�ω¬t + Ф� ∝ d��V¬ω¬t� A.2 

AZ and d33 being the out-of-plane oscillations and the piezoelectric coefficient along 
the Z axis, respectively. The amplitude of the oscillations, |A�| , is directly 
proportional to the piezoelectric coefficient d33, whereas the phase, Ф, indicates the 
orientation of the spontaneous polarization (either +Z or -Z), as schematically 
summarized in Figure A.3.  

 

Figure A.3 Details of the PFM technique and identification of the polar faces. 

When applying a positive voltage (VAC) on a +Z polarized crystal, as in Figure 
A.3a, the surface will show a negative strain (compressive) upon the application of a 
positive voltage, as spontaneous polarization and electric field are antiparallel. The 
surface deformation will then be in anti-phase (Ф = 180º) with the driving voltage, 
VAC (AZ, black curve in Figure A.3c). On the other hand, the electromechanical 
response of a –Z polarized surface, Figure A.3b, will be in-phase (Ф = 0º) with the 
applied voltage, VAC (AZ, grey curve in Figure A.3c)  

The surface deformations are detected as cantilever oscillations by the photodiode 
and are demodulated in amplitude,	|A�|, and phase, Ф, at the frequency of the driving 
voltage, ωAC, by an external lock-in amplifier while scanning the crystal surface. The 
demodulation of the signal at the first harmonic of the excitation ensures that surface 
oscillations are only due to the electromechanical response of the crystal, basically 
filtering the influence of the topography. However, the choice of the driving 
frequency, ωAC, is extremely important, as frequency-dependent 
topographic/electrostatic cross-talk can undermine quantitative estimations of the 
piezoelectric coefficients.175, 176  

A typical PFM measurement provides spatially-resolved amplitude (AZ) and phase 
(Ф) images. The characterization of the sample discussed in Figure A.2 is shown in 
Figure A.4. Despite the surface topography did not highlight any particular feature 
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(the sample is basically flat), the PFM signals clearly shows a hexagonally-shaped 
ferroelectric domain embedded in a larger domain of opposite polarization.  

 

Figure A.4 PFM characterization of a ferroelectric domain in LiNbO3. a) 
Amplitude and b) phase maps recorded in a sample fabricated as the one 
discussed in Figure 4.12b. c) Scan lines extracted from amplitude and phase. 

In the amplitude image, Figure A.4a, the boundary between domains of opposite 
polarization, i.e. the domain wall, is identified as the black border of the hexagon. A 
scan along the black line indicates an abrupt reduction of the PFM amplitude across 
the domain walls, as shown in Figure A4c. Across a domain wall the piezoresponse 
should be ideally zero, as there are no components of the polarization orthogonal to 
the surface. Moreover, upon crossing the domain wall, the tip is simultaneously sitting 
on domains of opposite polarization at the same time, exciting oscillations in anti-
phase with each other.  

PFM in ferroelectrics has attracted several research efforts aiming to infer a deeper 
understanding of ferroelectric domains and domain walls.24, 177, 178 Intuitively, the 
measurement of the transverse size of the domain wall is basically limited by the tip 
size and most of all by the properties of tip-surface interface.  

The amplitude image of Figure A.4a shows additional surface structures inside the 
hexagonal domain aligned along the Y axes (crystal mirror planes) which can be 
attributed to surface switched nanodomains. It can be further noticed that the PFM 
amplitude in Figure A.4c is lower in the central domain (located approximately at 
X : [~ 1, ~ 4] µm). Such an effect has been reported as related to ferroelectric fatigue 
due to the switching process.179 However, it can also be intuitively related to a 
clamped piezoelectric deformation, as the domain is embedded in a much larger 
domain of opposite polarization which hinders the piezoelectric deformation.  

The phase image shown in Figure A.4b allows to clearly distinguishing the 
orientation of the domains. PFM scan along the continuous blue line, shown in Figure 
A.4c, indicates a 180º phase flip of the signal upon crossing the domain walls, 
consistently with what discussed in Figure A.3. However, such a phase shift can be 
lower than 180º as a consequence of electrostatic offset or frequency-dependent 
topographic cross-talk. Such effects arise from the fact that the tip and the sample 
surface in contact with each other represent a complex resonant structure.180 
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A4. Transverse size of ferroelectric interfaces 

Several models have been devised in order to evaluate transitions between domains of 
opposite polarities.122-124 The PFM technique is a powerful tool to push this 
understanding to the nanoscale resolution, and provide further insights into the 
features of these fascinating structures. To characterize ferroelectric interfaces, the 
PFM signal is traditionally plotted as mixed signal, obtained by multiplying the 
amplitude image, Figure A.4a, by the cosine of the phase image, Figure A.4b, and 
normalizing the resulting image with respect to the amplitude of the driving voltage, 
VAC. By considering the relation outlined in Equation A.2, it is immediate to verify 
that the PFM mixed image is actually the spatial map of the d33 piezoelectric 
coefficient: 

 PFMt�K�Æ = |A�|V¬ cosФ� ∝ d�� A.3 

By calibrating the PFM setup, i.e., measuring the cantilever spring constant, the 
features of the photodiode, etc., the value of the d33 coefficient can be measured, at 
least in principle. In practice, since such a measurement is highly dependent on 
several empirical parameters which are very difficult to control, such as the size of the 
tip-surface interface, the quality of the electrical contact, the environment humidity, 
the tip conductivity, the frequency-dependent topography cross-talk, the scanning 
speed, just to mention a few, absolute estimations of the piezoelectric coefficients are 
still under debate and not fully assessed.  

The PFM mixed signal, calculated as in Equation A.3, for the scan-lines plotted in 
Figure A.4c, is shown in Figure A.5.  

 

Figure A.5 PFM mixed signal obtained from the scan-lines of Figure A.4c. The 
fitting according to a hyperbolic function (solid lines) allows estimating the 
transverse size w of the domain walls, and the size of the central domain 
(∆X ~ 3.63 µm).  

The transitions between domains of opposite polarization are characterized (as 
expected from the symmetries of the piezoelectric tensor of Equation 2.11) by sudden 
variation of the sign of the d33 coefficient. From these data, the estimation of the 
transverse size of the domain wall can be assessed by fitting to a hyperbolic function, 
of the kind:33 
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 A = AS 	tanh2x − x��w  A.4 

AS and x being the value of the PFM mixed signal away from the transitions, and the 
spatial coordinate (x), respectively. x0 and w represent the location and the width of 
the transition. The latter parameter is basically an estimation of the transverse size of 
the domain wall width.  

For the data of Figure A.5, the domain wall widths are estimated to be w = 216 and 
205 nm respectively, whereas the size of the central domain is given by the values of 
x0, yielding ∆X = 3.63 µm. The estimated spatial resolution of such a measurement is 
δX ~ 30 nm.nn 

 

A5. Contrast in PFM measurements 

In the previous section, it was assumed that the surface deformations induced by the 
external driving voltage are barely due to the tip-surface electromechanical coupling. 
However, under the influence of external electric fields, the cantilever motion is also 
influenced by electrostatic and non-local contributions. Thus, the origin and meaning 
of contrast in PFM images requires a deeper understanding of the interplay among the 
latter components.  

The full expression of the cantilever oscillations (SZ) detected by the photodiode, 
can be written as superposition of three components, as follows: 181, 182 

 SZ	=		AEM+		AES	+	ANL
 A.5 

AEM, AES and ANL being electromechanical, electrostatic and nonlocal contribution, 
respectively. The electromechanical response, AEM, is determined by the converse 
piezoelectric effect expressed by Equation A.2, i.e. , A�t = A� ∝ d��V¬ . The 
electrostatic component, AES, is due to the Maxwell force, FAC, acting at the tip-
surface interface, which also contributes to the contrast in PFM measurements, as it 
shows components at the same frequency of the driving voltage. This can be obtained 
by considering the tip-sample system as a capacitoroo for which the expression of the 
electrostatic pressure arising between the plates can be derived.182 In general, the 
electrostatic force (Fcap) is expressed by: 

 F\�� = dW\��dz = 12V� dCdz A.6 

Wcap=1/2 CV2 and z being the energy stored into the capacitor (C) and the separation 
between the plates, respectively. V is the total voltage between the plates, i.e., the 
superposition of the surface potential, -V0, with the external driving voltage, 

                                                

nn Although the nominal tip radius for the used probes was r = 10 nm, as soon as the 
tip touches the surface, its size is changed.  
ooThe tip is one plate of the capacitor, whereas the backside of the sample is the other. 
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VAC cos(ωACt). By substituting the expression of V into Equation A.6, after a few 
steps one obtains:  

F\�� = W12 �V�� + 12V¬� � − V�V¬ cosω¬t + 14V¬� cos 2ω¬tX dCdz = 

= F� + FC×Ø + F�C×Ø  

A.7 

The total electrostatic force shows a static component (F0), a force oscillating at the 
first harmonic FC×Ø�, and a components at the second harmonic (F�C×Ø). Although 
the static and second harmonic components are filtered by the lock-in amplifier,pp the 
component at the first harmonic ÙFC×Ø = −V�V¬ cosω¬t� dC/dzÚ  affects the 
demodulated PFM signal, hence hampering the retrieval of absolute values of 
piezoelectric coefficients.183  

Finally, non-local interactions (ANL) are due to electrostatic interactions between 
the lever and the surface and can be minimized by choosing cantilevers with high 
spring constant and tips with high aspect-ratios. The typical effect of non-local 
interactions is an offset in the PFM signal.184  

The contribution of non-local and electrostatic interactions on the PFM signal was 
accounted for by an offset (S0) and a multiplicative factor (α) which summarizes the 
ultimate effect of a number of different experimental parameters (e.g. nature of tip 
and substrate, tip indentation, humidity, operational frequency, etc.). Ultimately, by 
assuming the amplitude of the driving voltage, VAC, not to be high enough to trigger 
or sustain tip-induced surface electrochemical reactions,145, qq the expression of the 
PFM response measured at the photodiode, can be simply written as: 

 S� = S� + αd��|V¬| A.8 

 

A6. PE-induced sub-micrometric swelling 

The modification of the surface induced by PE, and the corresponding 
electromechanical response, were investigated by using 2D PE samples whose details 
are shown in Figure A.6.  The fabrication of the 2D PE samples is the same as for the 
1D PE arrays (PE in pure benzoic acid at 200º C for 24 h, dPE ~ 3 µm) except for the 
use of a 2D photolitographic mask for the patterning of the titanium (periodic along X 

and Y).  

The features of such a samples are shown by the cross section sketched in Figure 
A.6a. The high-resolution AFM/PFM characterization of the surface across a PE 
region is shown in Figure A.6b and A.6c, encompassing topography and PFM 
amplitude signal, respectively. The features of the surface topography are similar to 

                                                

ppThe static force contributes as bias whereas the second harmonic component affects 
the electrostrictive response, Equation 2.15. 
qq Tip-induced surface electrochemical reactions would result in variation of the tip-
surface interface properties (surface strain, conductivity, capacity, etc.). 
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the ones already highligthed for the 1D case and discussed in Figure 5.5a: the over-
etched RIE regions appear very coarse, whereas within the LD region (which was 
covered by the titanium during PE) a clear boundary with irregular borders can be 
detected. The extension of the lateral diffusion can be estimated by comparing the 
topography and the PFM amplitude map. In the latter, the virgin LiNbO3 area 
(indicated by LN) can be identified as the bright central circular area featuring highe 
electromechanical response, consistently with what observed in Figure 5.5b.  

 

Figure A.6 High-resolution PFM characterization of PE-induced surface 
swelling in 2D PE samples. a) Sample features. b) Surface topography. c) PFM 
amplitude signal (imaging conditions: VAC = 10 V, frequency νAC ~ 1.4 MHz, 
scanning speed vsc = 7.5 µm/s).   

Additional features on the local electromechanical response of LD area can be 
inferred by comparing Figure A.6b and A.6c. The irregular border comprised within 
the LD area is somehow mirrored by the electromechanical response, which clearly 
shows a different behaviour (lower response spatially arranged in chaotic motifs). The 
fluctuations of the PFM signal hint to sub-micrometric phenomena occurring at these 
locations. Nanoscale variations of the d33 coefficient, imprints of surface 
electrochemical reactions145 due to protons motion/redistribution under the effect of 
the strong E-field at the tip-surface interface, and/or electrostatic effects due to 
crystallographic phase transitions, can be devised. More accurate conclusions on the 
crystallographic phase transitions could be obtained by X-ray rocking curves with 
sub-micrometric resolutions, whereas electrochemical surface phenomena can be 
analyzed by means of electrochemical strain microscopy (ESM), and are discussed in 
more details in chapter 6. In any case, such behaviour suggests the border identified in 
the topography might well correspond to the β3-β1 phase boundary (cf. discussion of 
Figure 5.5e) occurring at the crystal surface, although standard optical 
characterizations would not allow the location of such boundary to be identified 
unequivocally.  

 

A7. Transverse size of PE:LiNbO3 interfaces  

High resolution PFM measurements can be used to evaluate the transverse size of the 
ferroelectric interfaces fabricated with PE, similarly to what discussed in par. A.4. A 
PFM scan across a PE:LiNbO3 surface interface of Figure A.6b is shown in Figure 
A.7.  
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Both PFM amplitude (Figure A.7a) and phase (Figure A.7b) 2D maps allow to 
clearly distinguish the central virgin LiNbO3 region surrounded by the PE area with 
the contrast convention discussed previously (S=> ≫ Sw� ). However, although the 
phase is supposed be uniform across the surface (the PE process reduces but do not 
switch the spontaneous polarization), a phase mismatch of nearly 180º can be detected 
between PE and LiNbO3 region, similarly to domains of opposite polarization, 
discussed in Figure A.4b.  

 

Figure A.7 Sub-micrometric characterization of a PE:LiNbO3 interface. a) 
Amplitude and b) Phase 2D maps. c) Scan lines extracted from amplitude and 
phase. 

The PFM signal is highly dependent on the driving frequency, ωAC, hence to 
extrapolate quantitative and meaningful assessments on the piezoelectric coefficients, 
spatial phase uniformity must be assured (ФLN ~ ФPE). Despite the PFM phase 
flipping, the amplitude map can be used to evaluate the size of the PE:LiNbO3 
interface. Line scans of Figure A.7a and A.7b are plotted in Figure A.7c. By fitting 
the PFM amplitude data to the hyperbolic tangent function of Equation A.4, the 
transverse size, of the transition was estimated to be w ≤ 50 nm. The resolution of 
such a measurement is expected to be limited by the tip apex size. Such a result 
indicates that the PE:LiNbO3 boundary is smaller the resolution of the PFM system. 
Experiments using ultra-sharp tips (r ~ 7 nm), to obtain more accurate estimations can 
be devised. 

A final remark regards the PFM phase scan-line, which shows a phase wrapping 
artifact, since the phase signal goes above 180º. This was corrected by translating the 
phase signal corresponding to the LiNbO3 region, and indicated by the grey data 
points in Figure A.7c. 
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Appendix B 
 

Ionic nanodiode in proton-enriched 
LiNbO3 

I conceived and planned the experiments with Katia Gallo. I fabricated the samples, 
conducted the experiments at CNMS ORNL and analysed the data with Katia Gallo 
and the assistance of Brian J. Rodriguez (UCD Dublin). The equipment for the 
experiments and the software for the data analyses were developed by Nina Balke, 
Stephen Jesse, Evgheni Strelcov, and Sergei V. Kalinin at CNMS ORNL. I led the 
analysed of the data and developed the electrical model with Katia Gallo. I took part 
in the analyses of the FORC IV measurements which were originally performed by 
Evgheni Strelcov.  

 

B.1 Sample preparation 

The samples were fabricated from 500 µm-thick Z-cut congruent LiNbO3 (LN) 
substrates (CasTech Inc.), through the steps of Figure B.1.  

  

Figure B.1 Technological steps for the fabrication of the PE samples. 

A ~ 100 nm-thick chromium mask was first patterned on the Z surface by means 
of standard photolithography and reactive ion etching (RIE). The pattern was aligned 
to the X axis and periodic along Y (Figure B.1a) in a similar fashion to Paper A. 
Proton exchange101 (PE, Figure B.1b) was performed by dipping the crystal in a melt 
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of pure benzoic acid at 230º C for 48 hours, yielding a surface HxLi1-xNbO3 layer (x 
being the Li+-H+ exchange ratio), with dPE ~ 6.75 µm along Z and possessing 
crystallographic β2-β1 phase composition,102, 103, 110 as concluded from optical 
characterizations described in par. B.2. During the treatment H+ ions enter the lattice 
from the surface exposed to the acid melt, i.e. not covered by the Cr mask, and diffuse 
inside the crystal,104 whereas Li+ leaves the crystal through the same openings. After 
removing the Cr mask, a ~ 50 nm-thick uniform gold layer was evaporated on the 
backside (Figure B.1c).  

The final geometry was obtained by chemo-mechanically polishing the substrates 
(with an alkaline sub-micron colloidal silica solution, SF1 Polishing Solution, 
Logitech) at an angle α ~ 14º with respect to the X-Y plane, resulting in a wedged 
surface (Figure B.1d). The chosen geometry allowed the fabrication on the very same 
sample of maskless PE regions (referred as 1D PE), and areas obtained from protons 
diffusion through the mask openings (2D PE). The former could be used as reference 
for the optical characterizations, whereas the latter allowed probing regions with and 
without PE in the same set of measurements.  

 

B.2 Optical characterizations 

B.2.1  Refractive index reconstruction 

As a consequence of the replacement of Li+ with protons, the PE regions exhibit an 
increase of the extraordinary refractive index, ∆ne, with respect to the bulk crystal,101 
as described in par. 3.3. By using M-line spectroscopy,115 the depth, dPE, and the 
extraordinary refractive index increase, ∆ne, of the samples were evaluated. The PE 
layers sustained 15 TM guided modes, whose effective indices, Neff, were measured 
by using the prism coupling technique115 (Metricon Corp. Model 2010/M, wavelength 
λ = 633 nm, rutile prism 200-P-2). The values of dPE and ∆ne were determined with an 
optimization procedure, based on the minimization of an error function, 
σ = f(dPE, ∆ne), evaluated on all the guided modes.116 The optimum values of dPE and 
∆ne extracted with this approach are listed in Table B.1.  

 

Table B.1 PE thickness, dPE, and extraordinary refractive index increase, ∆ne 

dPE (µm) ∆ne 

6.75 0.1027 

 

B.2.2  Infrared absorption spectroscopy 

Information on the crystallographic structure of the PE layers can be inferred from 
infrared (IR) absorption spectra, and particularly from the lines due to OH- stretching 
modes around ~ 3500 cm-1,32, 103, 185 similarly to what described in par. 3.3. IR 
spectroscopy (Figure B.2) was performed with a commercial spectrometer 
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(PerkinElmer, Spectrum 400 FT-IR/FT-NIR Spectrometer) operating in transmission 
mode with ±0.1 cm-1 accuracy.  

 

Figure B.2 Infrared transmission spectra of pure LN and PE layers. 

The black line is the measurement for pure congruent Z-cut LiNbO3. The shallow 
through at λ ~ 3500 cm-1 is due to unavoidable inclusion of H+ ions in as-grown 
crystal103 which provide the reference for the PE measurement. The blue line is the 
transmission spectrum of a crystal proton-exchanged under the conditions outlined in 
par. B.1. It shows a strong through located at λ ~ 3500 cm-1 (∆λ ~ 138 cm-1) and a 
broader shoulder centred at λ ~ 3240 cm-1 (∆λ ~ 270cm-1). The former (3500 cm-1) is 
ascribable to the β1 phase of HxLi1-xNbO3, in which protons are sitting in 
substitutional sites,113 whereas the latter is ascribable to the presence phases 
containing both interstitial and substitutional protons, namely any of β2, β3 or β4.

113, 

186 To identify the actual phase among the latter ones, knowledge of the refractive 
index increase, ∆ne, (determined from the measurements in par. B.2.1) was used in 
combination with well-established structural phase diagrams for HxLi1-xNbO3 Z-cut 
substrates,102, 113 as the one discussed in Figure 3.10.  

This allowed to conclude that PE layers consisted of a surface β2 layer, rich of 
interstitial and substitutional H+ ions, surrounded by a β1 sub-layer, possessing barely 
substitutional protons. 

 

B.3 Scanning probe microscopy experiments 

A typical Scanning Probe Microscopy (SPM) characterization of the samples for the 
ionic nanodiode, performed at room temperature and in ambient humidity, is shown in 
Figure B.3. The sample was mounted on a holder at an angle αext ~ -15º, so to 
compensate for its wedge geometry. The scans were all taken in the same location by 
using Pt/Ir-coated conductive cantilevers (Multi 75 E-G, res. freq. = 75 kHz, 
k = 3 N/m, Budget sensors).  
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B.3.1  Atomic force microscopy (AFM) 

The AFM topographic images shown in Figure B.3a and B.3b (height and deflection 
signals, respectively) were obtained by scanning in contact-mode. Scan lines 
corresponding to the same crystal thickness (Z ~ 2µm), are also extracted and plotted 
together (black is height, blue is deflection) in Figure B.3c. The topography confirms 
the overall flatness of the polished plane (Xα-Y), with minimal changes due to 
scratches or contaminations. Both height and deflection images highlight the 
parabolic PE-LN border arising from the intersection of the β1 phase-front and the 
wedge polished plane, as also schematically shown in Figure B.1d. Figure B.3c 
indicates a moderate depression of the PE region (~ 25 nm), ascribable to a mild 
differential chemical etch of PE and LN regions during polishing.  

 

Figure B.3 SPM characterization of the sample described in Figure B.1. 
Topography images in AFM contact-mode: a) height and b) deflection signals, c) 
extracted scan lines across the horizontal line highlighted in a and b. PFM 
images obtained by applying an AC signal to the counter electrode while setting 
to ground the Pt-coated cantilever: d) amplitude and e) phase signals, f) extracted 
scan lines in the same locations as in c). C-AFM measurements obtained by 
applying a constant DC bias (Vext) to the counter-electrode while setting to 
ground the cantilever through the c-AFM module (TUNA), with g) Vext = +10 V, 
h) Vext = -10 V, and i) extracted scan lines. 

 

B.3.2  Piezoresponse force microscopy (PFM) 

Vertical PFM was obtained by applying an AC signal to the counter electrode 
(VAC = 3 Vpp, νAC ~ 350 kHz), while setting to ground the Pt-coated tip, and 
demodulating the out-of-plane surface deformation in amplitude (Figure B.3d) and 
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phase (Figure B.3e). Scan lines corresponding to the same locations as in Figure B.3c, 
are extracted and plotted together (black is amplitude, blue is phase) in Figure B.3e. 
The strong contrast in the PFM amplitude arises from the different values of the d33 
piezoelectric coefficients181 as in β-phase PE (where d33 is strongly reduced, Paper C) 
and LiNbO3. The PFM phase (Figure B.3e) provides information on the orientation of 
the spontaneous polarization,181 which is uniform across the LN surface, emphasizing 
the absence of any parasitic switched domains. 

 

B.3.3  Conductive atomic force microscopy (c-AFM) 

C-AFM measurements were performed by applying a DC bias (Vext) to the Au 
counter electrode while setting to ground the cantilever through the c-AFM module 
(TUNA, Veeco). The latter is characterized by a very low current-noise level 
(~ 50 fA). Figure B.3g and B.3h are c-AFM maps with DC biases of opposite polarity 
(Vext = ±10 V). Scan lines (at Z ~ 2µm) are extracted from Figure B.3g and B.3h, 
smoothed by averaging 20 adjacent points, and plotted together in Figure B.3i (black 
is Vext = +10 V, blue is Vext = -10 V). The c-AFM images show a marked difference 
in the conductive behaviour of the PE and LiNbO3, and indicate the existence of an 
inner PE area where the conductivity is up to 3 orders of magnitude higher than in the 
surrounding areas. The current in the outer PE region and in LN is in the orders of 
few pA, ascribable to leakages through surface adsorbed water layers. On the other 
hand, with Vext = -10 V, the detected current is close to the TUNA noise level, and in 
the range of few hundreds of fA. 

 

B.4 Electrical characterizations 

To gather insights into the electrical behaviour, a wide spectrum of experimental 
parameters, including ramping rates (δext) of the external voltage and the SPM cell 
humidity, tip-coating, and substrate polarization were investigated.  

 

B.4.1  I-V curve measurement protocol  

In Figure B.4a-b the voltage applied to the sample and the current measured at the 
core of the conductive PE region are shown. From such a measurement, I-V curves 
were obtained. During the measurement, the cantilever was set to ground through the 
c-AFM module (TUNA), and parked on the sample surface. The voltage (Vext) 
applied to the Au counter electrode consisted of a bipolar triangular pulse, Figure 
B.4a. The black (red) portion corresponds to positive (negative) ramping 
rates, δext=∂Vext/∂t, and it is referred as trace (retrace) branch.  
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Figure B.4 I-V curve measurement protocol. a) Temporal waveform of the 
external voltage (Vext) applied to the Au counter electrode. b) Current measured 
by the c-AFM module (at sensitivity S = 10 pA/V). The black (red) line is the 
trace (retrace). 

 

B.4.2  I-V curve analysis 

Figure B.5a shows a typical I-V curve with overlapped trace and retrace (the arrows 
point to the direction in which the external voltage was scanned). The voltage 
threshold, Vth, was evaluated by plotting the data in logarithmic scale, as shown in 
Figure B.5b, and fitting the OFF and ON states with a straight line (solid lines).   

  

Figure B.5 I-V curve measured at the core of the PE region in ambient humidity 
with Pt/Ir-coated cantilevers, ammeter sensitivity S = 10 pA/V and 
δext = ±0.4 V/s. Markers are experimental data, whereas the solid lines are 
numerical fits for a) diodelike model of Equation B1, and b) straight line for the 
OFF and ON states. 

The data of Figure B.5a is obtained with a ramping rate of 0.4 V/s. The trace and 
retrace branches are essentially overlapping and qualitatively show the same trend 
characterized by an exponential growth when the voltage exceeds a threshold value, 
Vth, (ON state). In this regime the current reaches ~ 100pA at the highest biases, 
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whereas, below it, the blocking (OFF state) state extends over the full range of 
negative biases.  

 

B.4.2.1 Diode ON state 

The device ON state (Vext > Vth) was modelled by assuming a diodelike I-V 
dependence of the kind: 

 IONVext�=I0red Web
q

kBT
Vext�Vth�-1X+Ic B1 

q, kB and T being the electron charge, the Boltzmann constant and the temperature. 
The voltage threshold, Vth, is inferred from the intersection of linear fits in 
logarithmic scale (Figure B.5b), whereas the other parameters, namely the current 
below threshold (I0red), the exponential pre-factor (b), and the displacement/leakage 
current (Ic), were extrapolated from the numerical fit to Equation B1 with a chi-square 
minimization method (implemented in Origin Pro 8.6). The results for the data shown 
in Figure B.5 are listed in Table B.2.  

The statistical dispersion of the parameters was evaluated on a population of ~ 40 
data sets measured in the very same conditions. The result of such investigation 
indicates the exponential pre-factor, b, and the voltage thresholds, Vth, are 
characterized by low variances in the considered statistical population, hence our 
quantitative analyses were mainly focused on these parameters.  

 

Table B.2 Fitted parameters of Equation B1 for trace and retrace current 
branches of Figure B.5.  

Parameter Trace (error) Retrace (error) 

Vth (V) 3.08 (0.056) 2.01 (0.169) 
I0red (pA) 0.327 (0.019) 0.468 (0.040) 
b (10-3) 21,62 (0.234) 17,63 (0.296) 
Ic (pA) 0.082 (0.098) 0.218 (0.172) 

 

B.4.2.2 Diode OFF state  

The device OFF state describes the electrical response below the threshold 
(Vext < Vth), implying the charging/discharging of the RC circuit (Figure 6.5) for the 
ramp up (trace) and down (retrace) time segments. Figure B.6 shows the same data of 
Figure B.5a on a magnified current scale.  

In the OFF state, the trace branch (black) shows an initial exponential transient    
(-10 V ≤ Vext ≤ -5 V), followed by a portion at constant slope, referred to as linear 

regime. On the other hand, the retrace branch (red) shows only the linear regime as 
the exponential transient occurs for 10 V ≤ Vext ≤ 5 V when the diode is ON and the 
simplified RC model (discussed below) does not longer apply. 

The electrical response in the OFF state involves leakage currents through e.g. 
surface water layers (R1), and charging effects.143  
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Figure B.6 I-V curve of Figure B.5a on a magnified scale. 

The response of the RC circuit is obtained as a function of time or external voltage 
(Vext) by using circuit theory.144 The current is first expressed by using the 
Kirchhoff’s law in the Laplace domain:  

 IOFFs�=Zeqs�×Vexts�= R11+sR2C�
1+sCR1+R2�× �δext

s2 + V0

s
�  

Zeq(s) being the impedance, and Vext(s) the voltage excitation, i.e., the waveform of 
Figure B.4a: Vextt�	=	δext	t	+	V0  with a ramping rate δext, and an initial value V0 
(∓10	V). Each ramp segment (trace/retrace) is treated separately and the initial time 
(t = 0) is taken a t = 0 and t = (10 - V0) / δext for trace and retrace, respectively. The 
previous expression, rearranged and re-transformed into the time domain, yields the 
response of the RC circuit [IOFF = f(t)]: 

 IOFFt�= δext

R1
t+V0 ¾ 1

R1
+

1

R2
e
� 

t
R2CÀ+Cδext ¾1 − e

� 
t

R2CÀ+IOffset  

being IÛÜÜ
�. the current offset of the ammeter, added to the theoretical solution. The 
latter can also be written as a function of the external voltage [IOFF = f(Vext)], as 
follows: 

IOFFVext�= Vext − V0

R1
+V0 ¾ 1

R1
+

1

R2
e
� 

Vext�V0
δext×R2CÀ+Cδext ¾1 − e

� 
Vext�V0
δext×R2CÀ+IOffset B2 

where the product R2C, τRC, is the time constant of the RC circuit (describing the 
exponential transients of the I-V curves of Figure B.6), whereas R1 accounts for the 
intermediate linear regime. The resistance R1 is evaluated independently by 
simplifying Equation (B2), as in the linear regime the exponential terms are negligible 1t ≥ 4τß, or	 ÍÉÎÏ�ÍàáÉÎÏ ≥ 4R�C6.144 The expression of Equation (B2) for the linear 

regime is: 
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 IOFF_linear_regimeVext�=VextR1 +Cδext+IOffset� B2.2 

which allows extracting R1 independently on the other parameters. The extrapolated 
values of the different parameters of the RC model, for the data of Figure B.6, are 
listed in Table B.3. For the retrace branch (red) the parameters R2, C and IOffset 
(formally the same) cannot be extracted as the exponential transient is immersed into 
the ON state.  

 

Table B.3 Fitted parameters of Equation (B.2) and (B.2.1) for trace and retrace 

current branches of Figure B.6.  

Parameter Trace (error) Retrace (error) 

R1 (TΩ) 276.2 (5.2) 164.0 (6.1) 
R2 (TΩ) 63.97 (3.3) / 
C (fF) 59.2 (2.7) / 

IOffset (fA) 33.7 (1.2) / 

 

B.5 Impact of experimental conditions 

The effect of the tip-surface interface was studied by varying the following 
experimental conditions: 

a. SPM cell humidity (ambient � 0%);  
b. metallic tip-coating (Pt � Au); 
c. orientation of the substrate polarization (-Z � +Z).  

 
Spatial c-AFM maps. Figure B.7 shows c-AFM measurements obtained with the 
procedures and settings described in par. B.3.3 for different experimental conditions. 

Figure B.7a is the reference case, namely:  

• Ambient humidity; 
• Pt/Ir-coated tips (Multi 75 E-G, resonance frequency = 75 kHz, k = 3 N/m, 

Budget sensors);  
• Substrate polarization by the tip –Z.  

Figure B7 illustrates the case of reduced humidity (obtained by letting N2 flow 
into a sealed SPM cell for a few hours), same tip and substrate as the reference. 
Figure B.7c shows the case of using Au/Cr-coated probes (NSC 36/Cr-Au, b-type, 
resonance frequency = 150 kHz, k = 3 N/m, µMasch); same humidity and substrate 
polarization as the reference. Finally, Figure B.7d is the case of opposite substrate 
polarization orientation, +Z, all the rest being as the reference case.  

In Figure B.7e, scan lines as extracted across the conductive PE region at 
comparable sample thickness (Z ~ 2 µm), and smoothed by averaging 20 adjacent 
points, are plotted together. The value of the spatial extent of the conductive region 
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(Wβ2), measured as illustrated in Figure B.7e, is listed in Figure B.7f for the 
considered experimental conditions.  

 

Figure B.7 Spatial c-AFM characterization. a-d) C-AFM spatial maps for 
different experimental conditions. e) Scan lines extracted from a-d) at 
comparable sample thickness (Z ~ 2µm). f) Value of the extension of the 
conductive region (Wβ2, spatial resolution ~ 117 nm). 

The spatial c-AFM maps and the scan lines of Figure B.7e indicate the reduction 
of the humidity of the SPM cell (Figure B.7b) results in a substantial increase of the 
maximum current, compared to the reference case (Figure B.7a). Such a behavior can 
be interpreted in light of the reduction of voltage drop across the tip-surface 
interface.155 In condition of reduced humidity, a contraction of the water meniscus,156 
which normally surrounds the tip-surface interface appears reasonable, hence yielding 
higher currents than the reference case. On the other hand, using Au-coated 
cantilevers (Figure B.7c), or changing the orientation of the substrate polarization 
(+Z, Figure B.7d), results in an apparent contraction of the conductive region (Au), 
and also deterioration of the image quality (+Z). However, the extension of the 
conductive region (Wβ2, listed in Figure B.7f), shown in Figure B.7e, suggests the 
latter is comparable in all the considered cases, hence independent on the 
experimental conditions.  

In summary, the results on the c-AFM spatial maps indicate the experimental 
conditions do not affect the extention of the conductive inner PE region (Wβ2 is 
comparable in all the studied cases). However, the SPM cell humidity strongly affects 
the current levels, yielding the highest current contrast. 

 

I-V curves ON state. Further insights on the effect of the experimental conditions 
were assessed from statistical analyses of the parameters of the I-V curves. Figure B.8 
summarizes I-V curves measured in different experimental conditions with the 
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procedure outlined in par. B.4.1. The voltage thresholds, Vth, and exponential pre-
factors, b, were evaluated as in par. B.4.2.1 for the different experimental condition, 
and are plotted in Figure B.8e-h and B.8i-l. Assuming a gaussian statistical 
distribution of the measured data, mean values (ãä) and standard deviations (σ) were 
calculated and are listed in Table B4. 

 

Figure B.8 Schematic representation of the tip-surface interface in different 
experimental conditions. Representative I-V curves are shown in a-d), measured 
with ammeter sensitivity S = 10 pA/V and ramping rate = 0.4 V/s; the 
distribution of the voltage thresholds, Vth, is plotted in e-h) whereas the 
distribution of the exponential pre-factors is illustrated in i-l). Black/grey refer to 
trace, whereas red/magenta to retrace, respectively. 

The data of Figure B.8a-d indicate the diodelike response is apparent in all cases 
and, except for the reference case (shown in Figure B.8a), the ammeter is saturated 
(Isat ~ 125 pA, S = 10 pA/V). The distribution of the voltage threshold, Vth, plotted in 
Figure B.8e-h, and the gaussian fitting listed in Table B4, indicate the variation of the 
experimental conditions results in a substantial reduction of the diode threshold in 
respect to the reference case (shown in Figure B.8e). Moreover, the voltage thresholds 
for trace and retrace are not overlapping, and an hysteretic response, reminiscent of a 
memristive behavior,153 is apparent within the diode ON state. The reduction of the 
voltage thresholds is consistent with a reduction of the size of the water meniscus at 
the tip-surface interface (schematically illustrated on top of Figure B.8 for different 
experimental conditions), expected in conditions of reduced SPM cell humidity,155, 156 
higher Au tip-coating hydrophibicity,158 and lower water adsorption energy for +Z 
polarized substrates.159 
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Table B4 Mean values and standard deviations of the voltage thresholds, Vth, 
and exponential pre-factors, b, for the I-V curves of Figure B.8a-d. The numbers 
among parentheses indicate to the standard error.  

Parameter Amb. H. Pt (-Z) Low H. Pt (-Z) Amb. H. Au (-Z) Amb. H. Pt 

(+Z) Vå.»� 	V� 5.89 (0.06)  3.05 (0.04)  3.07 (0.22)  3.5 (0.08)  σÍÏÐç 	V� 0.52 (0.07)  0.67 (0.05)  0.20 (0.31)  0.72 (0.09)  Vå.»ß 	V� 5.63 (0.13) 2.16 (0.12) 0.97 (0.065) 1.02 (0.02) σÍÏÐè 	V� 0.39 (0.13) 1.02 (0.14) 0.11 (0.014) 0.11 (0.05) bä�	10��� 10.4 (0.41) 13.2 (0.35) 25.0 (1.57) / σéç 	10��� 4.80 (0.59) 8.95 (0.89) 6.95 (4.02) / bäß	10��� 8.33 (0.13) 10.8 (0.03) 24.0 (0.67) / σéè 	10��� 6.00 (0.33) 7.65 (0.07) 4.96 (3.30) / 

 

The data shown in Figure B.8i-l and Table B4, suggest the exponential pre-factor, 
b, is mostly influenced by the tip-coating and the orientation of the substrate (Figure 
B.8k-l), hence dependent on the electrodes, whereas the humidity has little impact 
(Figure B.8j).  

  

I-V curves OFF state. The variation of the experimental conditions is also expected 
to affect the diode OFF state. Figure B.9 illustrates trace branches of the I-V curves of 
Figure B.8a-d, which show the typical trend of the diode OFF state described in par. 
B.4.2.2: initial exponential transient followed by a portion at constant slope, linear 

regime. The value of the parameters for the RC-model (R1, R2, C, IOffset) were 
evaluated by fitting the data to Equation B2 and are plotted in Figure B.9e-h. 
Furthermore, assuming a gaussian statistical distribution of the latter, mean values (ãä) 
and standard deviations (σ) were calculated and are listed in Table B5. 

The surface resistance, R1, accounts for the slope of the I-V curves in the linear 

regime. From the the data plotted in Figure B.9a-d, and statistical distribution plotted 
in Figure B.9e, it can be inferred R1 is strongly affected by the experimental 
conditions. Compared to the reference case (Figure B.9a, Table B5), in conditions of 
reduced humidity (Figure B.9b) and +Z polarized substrates (Figure B.9d) the value 
of R1 is greately enhanced, indicated also by a lower slope of the I-V curves. Such a 
behavior is consistent with a reduction of the thickness of the adsorbed water layer at 
the tip-surface interface in such a conditions.155, 156, 159 On the other hand, the data 
regarding Au-coated tips (Figure B.9c) indicate a weak reduction of the surface 
resistance, consistently with comparable humidity level and thickness of the surface 
water layer.  

The statistical distribution of the other parameters, namely the contact resistance, 
R2, and the tip-surface capacitance, C, (Figure B.9f-g, Table B5), indicate a strong 
influence of the humidity conditions, which can be reasonably ascribed to a reduction 
of tip-surface contact area. R2 and C appear to be weakly influenced by the tip Au-
coating or the orientation of the substrate orientation. A final remark, concerns the 
current offset, IOffset, shown in Figure B.9h, which is within the same order of 
magnitude for all the experimental conditions, as the settings used for all the 
measurements are the same.  
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Figure B.9 a-d) Representative trace branches for I-V curves of Figure S10a-d. 
e-f) Statistical distribution of the parameters of the diode OFF state. 

 

Table B5 Mean values and standard deviations of the parameters of the diode 
OFF state for the I-V curves of Figure B9a-d. The numbers among parentheses 
indicate to the standard error.  

Parameter Amb. H. Pt (-Z) Low H. Pt (-Z) Amb. H. Au (-Z) Amb. H. Pt (+Z) Rå�TΩ� 465.09 (15.73) 1383.11  (127.01) 225 (3.03) 2116.30 (261.98) σß4TΩ� 265.08 (16.12) 785.60 (136.85) 69.89 (0.01) 938.91 (278.98) Rå�TΩ� 76.22 (7.41) 311.24 (13.50) 101.03 (0.77) 127.22 (6.14) σßÒTΩ� 56.72 (15.83) 131.50 (34.50) 21.08 (1.53) 2.40 (0.54) CäfF� 98.33 (0.81) 25.27 (0.42) 88.5 ( 4.72) 76.59 (7.12) σ	fF� 4.37 (1.73) 8.60 (0.94) 0.89 (0.05) 17.10 (8.56) IÛ̅ÜÜ
�.fA� 15.54 (1.62) 21.55 (0.60) 9.91 (6.86) 15.42 (2.41) σìíîîxÉÏ 	fA� 22.45 (3.62) 12.87 (1.26) 2.19 (0.01) 5.45 (1.47) 
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B.6 FORC IV ESM and IV curves loop area maps  

Spatial area maps for all the values of VON are shown in Figure B.10 and B.11. 

 

Figure B.10 Spatial ESM loop area maps at different values of VON; maps are 
plotted with the same scale. 

 
Figure B.11 Spatial I-V curves loop area maps for all the values of VON; maps 
are plotted with the same scale. 
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B.7 Substrate depletion 

The maximum amplitude of the I-V response can vary upon the application of 
subsequent pulses, especially when high values of current are detected. This is 
summarized by Figure B.12, which shows four I-V curves measured subsequently in 
the same location of the sample (conductive inner PE region), and by using Au-coated 
tips and in conditions of ambient humidity. 

 

Figure B.12 Effect of substrate depletion after subsequent pulses. The amplitude 
of the IV response is reduced with subsequent pulses. The inset is the current and 
voltage plotted as function of the time. 

From Figure B.12, it can be noticed as the first pulse is characterized by a marked 
current peak (as high as 9 nA) and a large current hysteresis. On the other hand, the 
second and third I-V curve show a much lower current peak value, although 
possessing a large current hysteresis. Finally, in the fourth I-V curve the current 
reaches a higher value compared to the second and third I-V curve. This is also 
noticeable from the inset which shows the same data (both current and voltage) as a 
function of time.  

The current provides a direct evaluation of the electrochemical reaction occurring 
at the tip-surface interface. Thus, it is reasonable to assume that the reduction of the 
peak current in the second and thirds I-V curve implies a depletion of the reactants in 
the crystal below the tip during the first pulse. Similarly, the increase of the current in 
the fourth I-V curve suggests that protons have diffused from neighbours areas and 
can partake in the electrochemical reaction at the tip-surface interface. 
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