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Abstract 
The purpose of the present thesis is to study the influence of Proton Exchange on Electric 
Field assisted Poling of congruent Lithium Niobate and its applications on periodically pat-
terned structures. Moreover, the possibility of using Proton Exchange to avoid neighbours 
domains merging is studied and successfully demonstrated for period shorter than 10μm. 
Before approaching the poling of periodically patterned LiNbO3 samples, the main charac-
teristics of the evolution of the poling of uniform samples in different masking conditions 
are investigated. It is well known that the kinetics of domains switching is highly dependent 
on the poling setup and on the quality/type of electrode employed to contact the crystal to 
the high voltage. We used a thin layer of Titanium both as mask for proton diffusion and as 
metal electrode for poling experiments. Moreover different masking configurations are pre-
sented and characterized. 
The second part of this work deals with the periodic poling of 0.5mm-thick congruent lith-
ium niobate. 9x4 mm2 1-D Ti gratings with 8.66µm and 8.03µm period were first fabricated 
on the +z side of the crystal and a superficial chemical pattern was reproduced via acid bath. 
Three different types of samples were obtained and before the poling the metallic mask was 
removed whereas in one configuration it was left assuring better homogeneity of the in-
verted areas. 
The results we obtained suggest it could be possible to achieve periodically poled congruent 
lithium niobate gratings with period shorter than 4µm in ~500µm thick samples and hence 
obtain aspect ratios of more than 250. 
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1. Introduction 
 
Nowadays, a major research effort is profused towards making optical devices for frequency 
conversion at high efficiency and achieving solid-state laser sources of low size, cost and 
capable of processing optical signals bypassing the need for electronic circuits. A fundamen-
tal requirement in order to fulfil these and other needs which will be clear later, is the use of 
nonlinear and non-centrosymmetric crystals such as Lithium Niobate, Lithium Tantalate, 
Potassium Titanyl Phosphate, etc. Among them Lithium Niobate shows the highest nonlin-
ear coefficients, which makes it the favourite candidate for realization of all optical devices 
such as parametric oscillators (OPO), parametric amplifiers (OPA), second harmonic gen-
erators (SHG), modulators, etc. The most important areas of application of these devices are 
telecommunications, sensors, spectroscopy and frequency conversion. Others implications 
are in medicine, biology, aerospace equipment, detection of chemical agents, etc. The main 
limitations of these technologies are the values of the nonlinearity which are still low and, 
since the conversion efficiency is a function of the phase mismatch, the condition of phase 
matching must be imposed. A technique that allows to circumvent the limit imposed by the 
low efficiency values of the nonlinear interactions is the Quasi-Phase Matching (QPM), 
which consists in engineering ferroelectric domains in a periodical fashion with micrometric 
(or even nanometric) resolutions. In the case of Lithium Niobate to develop solid-state and 
compact sources in the blue-ultraviolet frequency range by using this technique it is required 
to obtain ferroelectric gratings with periods shorter than 10µm. Since the kinetics of inver-
sion of the ferroelectric domains is critical the fulfilment of the QPM condition is much 
more difficult to achieve. 

1.1 Aim of the thesis 

The aim of this thesis is to explore the possibility of engineering ferroelectric domains on 
micron or sub-micron scales employing chemical patterning in lithium niobate. We will es-
sentially use the technique of Bulk Periodic Poling (BPP) together with selective Proton Ex-
change (PE), in order to achieve local control of poling process. The crucial aspect is that in 
the areas where proton exchange is made the value of the coercive field is increased and 
there will not be reversal of ferroelectric domains. The basic idea is then to recreate a 
chemical mask on the surface of the crystal which would be capable of withstanding higher 
voltage, technological processes (i.e. realization of guides, etc...), able to contain and control 
the lateral growth of domains and permit to avoid phenomena of neighbour domains fusion 
(merging or coalescence). In order to achieve these results, the influence of the chemical al-
teration on the kinetics of inversions is studied and analyzed first and then the outcomes are 
used in designing periodically patterned samples. 

1.2 Outline 

The work presented in this thesis is the result of an intensive period of technological training 
and studies started in June 2009 and finished in March 2010 in the Laser Physics Group, 
Department of Applied Physics, at the Royal Institute of Technology (KTH), Stockholm, 
Sweden. The whole experimental work has been performed at KTH, in NanoFabLab Clean 
room (AlbaNova) and Laser Physics poling lab. 
The purpose of the present thesis is to study the influence of Proton Exchange on poling of 
Lithium Niobate and its applications on periodically patterned structures. Moreover, the pos-
sibility of using Proton Exchange to avoid neighbour domains merging is studied and suc-
cessfully demonstrated for period shorter than 10μm. 
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The content of this thesis is organized as follows. Chapter 2 gives an overview of the basic 
theory of nonlinear optics. A particular study is carried out for second-order nonlinear proc-
esses and the coupled wave equation is derived by Maxwell's equations. Then the problem 
of Phase Matching is presented and the techniques of Birefringent Phase Matching and the 
Quasi Phasematching are described. In the end a method to calculate the gratings period for 
SHG applications is given. In chapter 3 the general properties of Lithium Niobate are pre-
sented. The stoichiometry and the crystalline geometry are first analyzed and the most im-
portant physical properties are discussed. Particular emphasis is given to ferroelectricity and 
photorefractive effect. Chapter 4 deals with the techniques of Proton Exchange and Electric 
Field Poling. More attention is given to the domains kinetics in periodically patterned sam-
ples. In chapter 5 the effect of different masking conditions on the poling are investigated 
and results of systematic studies are presented and commented. The influence of uniform 
proton exchanged layers is analyzed first. Then both selective proton exchange and metal 
masking are considered. Conclusions on the results of the experiments are given. Chapter 6 
presents the results of experiments on Bulk Periodical Poling. Considerations and motiva-
tions on both the voltage waveform and the technological steps employed to fabricate differ-
ent types of samples are discussed first. Details about the experimental results are then 
commented and compared. Conclusions on this set of experiments are given. In the end, 
chapter 7 summarizes my global conclusions on the experimental results and further per-
spective researches. 
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2. Nonlinear Optics Theory   
 
When an electromagnetic wave propagates through a medium, it interacts with the material 
inducing a response that depends on the strength of the electric field. The main outcome of 
nonlinear interactions is the possibility to transfer energy from one wave (usually called 
“pump”) to other waves at different frequencies (called “signal” and “idler”). Since the den-
sity of power carried by the propagating wave must be very high in order to originate 
nonlinear optical interactions (~5x1016W/cm2 [1]), it is possible to develop appreciable 
nonlinear effects only by using laser sources. 
The beginning of nonlinear optics has followed shortly after the demonstration of the first 
laser by Maiman in 1960. In fact, the first nonlinear optic experiment was performed in 1961 
with the first frequency doubling of a ruby laser using a quartz crystal demonstrated by 
Franken et al [2]. Nonlinear optical phenomena are “nonlinear” in the sense that they depend 
in a nonlinear manner upon the amplitude of the optical incident field. For instance, since 
second-harmonic generation is a second order interaction, the intensity of the generated light 
at second harmonic frequency increases as the square of the intensity of the applied pump 
light. Third-harmonic generation depends upon the third power of the intensity of the 
incident light, and so on. Obviously, the conversion efficiency decreases as the order of the 
considered interaction increases. 

2.1 Origins of non linearity in optical media  

In order to describe what is meant by an optical nonlinearity, it is possible to consider how 
the dipole moment per unit volume, or polarization P, of a material system depends upon the 
strength E of the applied optical field. If an optical medium is crossed by an oscillating 
electric field, E, electrons are perturbed from their normal path and generate electric dipoles. 
The macroscopic consequence of this phenomenon is the presence of an induced 
polarization, P. Depending on the magnitude of the applied electric field, the polarization 
can be either linear or nonlinear and can be expressed by the following relation:  

 ( )[ ]tEPtP ≡)(  2.1 

If the strength of the applied field is small, as schematically depicted in fig. 2.1a, the fluctua-
tion of electrons from the original position is small and the induced polarization can be con-
sidered linear because electrons oscillate at the same frequency of the applied field. There-
fore, the emitted field has the same frequency of the incident wave and the relation between 
the polarization and the electric field is as follows:  

 ( ) ( ) ( )tEtP 1
0χε=  2.2 

where P(t) is the total induced polarization inside the dielectric, ε0 is the dielectric constant 
of vacuum, χ(1) is the 1st order susceptibility tensor (i.e. the measure of how easily a dielec-
tric polarizes itself in response of an incident field) and E(t) is the total electric field. Eq. 2.2 
represents the first-order response, i.e. the linear response, and it is extensively used in con-
ventional linear optics. χ(1) is generally a complex quantity: its real part is related to the re-
fractive index1

                                                 
1 The refractive index is defined as: n2=Re[(1+ χ(1))]. 

 of the material whereas the imaginary part is related to losses. However, 
when increasing the strength of the incident E-field, the first-order relation (eq. 2.2) is not 
longer sufficient to describe medium’s response. In fact, the generated dipoles do not follow 
anymore the oscillations of the applied field and, as a consequence, the material generates 
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higher order harmonics, i.e. it responds in nonlinear manner (fig. 2.1b). Since electrons do 
not oscillate at the same frequency of the applied field the new radiated field will contain 
higher order harmonics of the incident wave because of the nonlinear relation between the 
amplitude of the applied electric field and the induced polarization. Under these hypotheses 
we can then expand eq. 2.1 in power series as follows [1, 3]: 

 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ...3
0

2
0

1
0 +++= tEtEtEtEtEtEtP χεχεχε  2.3 

where the first term, ε0 χ(1) E(t), is again the linear response of the medium. 
The second-order term, ε0 χ(2) E(t)E(t), is the first nonlinear element, responsible for second 
order effects such as second-harmonic generation, sum-frequency generation, difference-
frequency generation, optical parametric oscillation, optical rectification and the Pockels 
effect. The quantity χ(2) is known as the second-order nonlinear susceptibility.  Moreover, in 
order to generate second-order nonlinear optical interactions, the crystal needs to be non-
centrosymmetric, that is, have no inversion symmetry. It is otherwise called centrosymmet-
ric and the even terms in eq. 2.3 are equal to zero.  
The third-order term, ε0 χ(3) E(t)E(t)E(t), accounts for higher order nonlinear effects such as 
third-harmonic generation, intensity-dependent refractive index, Brillouin scattering, Kerr 
effect. The quantity χ(3) is known as the third-order nonlinear susceptibility. 
 

 

Liquids, gases, amorphous solids, and even many crystals are centrosymmetric. In them, the 
term χ(2) vanishes and consequently the first nonlinear term to be considered in eq 2.3 is the 
third-order one, χ(3). On the other hand, if the material is non-centrosymmetric χ(2)≠0  and 
the first nonlinear term to be considered is the second one.  
Nonlinear susceptibilities of the dielectric medium of mth order, χ(m), are tensors whose rank 
is (m+1). The magnitude of the susceptibilities decreases with m and it is highly dependent 
on the crystalline structure and symmetry. Among the 32 crystal classes existing in nature, 
21 are non-centrosymmetric, thus they can yield second-order nonlinear interactions. The 
second-order susceptibility χ(2) is a 3rd order rank tensor consisting of 33=27 elements. If 
Kleinman’s symmetry is valid2

                                                 
2 The Kleinman’s symmetry is valid if all the spectral components of the field are far from the resonances of 

the medium. 

 [4], the second-order susceptibility tensor can be simplified 

E 

a≠a’ 

b≠ 

Figure 2.1 The graphic relation between the electric field, E, and the induced polarization, P. (a) Linear 
behaviour for small incident field, P=P(1); (b) Nonlinear behaviour for strong incident field,                      
P= P(1)+P(2)+P(3)+…The induced polarization is distorted and new spectral components are generated. 

(a) (b) 

a 

a 

b 
b

 

 b 
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and only 18 components of the tensor are independent. Experimental values of the nonlin-
earity are given in terms of a new susceptibility tensor d: 

 )2(

2
1

ijkijkd χ=   

where d is valid in the frequency domain whereas χ(2) is valid in the time domain. The rea-
son for this definition is related to the experimental way to measure the value of the nonlin-
ear terms3

When Kleinman’s symmetry condition is valid, the tensor is symmetric with respect to its 
last two indices (jk), dijk=dikj

.  

4

 

. Thus, a new contracted matrix dil can be introduced by using 
the following contractions for the indices (also known as Voigt notation [1]): 

jk:  11 22 33 23,32 31,13 12,21 
l:       1  2  3    4    5    6   

The nonlinear susceptibility tensor can be then represented as 3x6 matrix and, since 
d12≡d122≡d212≡d26 and d14≡d123≡d213≡d25, only 10 elements are different. Under these con-
ditions, the dil matrix becomes: 

 
















=

141323332415

121424232216

161514131211

dddddd
dddddd
dddddd

dil  2.4 

If we now consider a second-order nonlinear interaction5

 

, by transforming eq. 2.3 in the 
Fourier domain, i.e. in terms of interacting frequency, we can easily describe a three waves 
interaction as follows: 

213

)2(
ωωω

EEdP il∝   

where 𝑃𝜔3
(2) is the polarization associated to the frequency  𝜔3 generated by the mixing of the 

interacting waves 𝜔1and  𝜔2. The law of conservation of energy must be satisfied thus ω3= 
ω1+ ω2, i.e. a photon at frequency ω3 is obtained as annihilation of two photons at frequency 
ω1 and ω2 respectively. The induced second-order non linear polarization, 𝑃𝜔3

(2), can be writ-
ten in spatial coordinates as [1]: 

 

( )
( )
( )

( ) ( )
( ) ( )
( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) 


























+
+
+
















=

















yxyx

zxzx

zyzy

zz

yy

xx

z

y

x

EEEE
EEEE
EEEE

EE
EE
EE

dddddd
dddddd
dddddd

K
P
P
P

1221

1221

1221

21

21

21

3

3

3

141323332415

121424232216

161514131211

0
)2(

)2(

)2(

2

ωωωω

ωωωω

ωωωω

ωω

ωω

ωω

ω

ω

ω

ε  2.5 

where K is the degeneracy factor and it is 1/2 when ω1=ω2  whereas 1 when ω1≠ω2. 

                                                 
3 The value of the nonlinear term is obtained evaluating the intensity of higher harmonics. 
4 The tensor is invariant to the permutation in its last 2 indices, j and k. 
5 All the terms higher than the 2nd order are negligible. 
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2.2 The coupled wave equations 

In this  paragraph we  will  briefly  show  how  is  possible  to  describe  nonlinear  effects  
by examining  Maxwell  equations and deriving the evolution for the equation of the com-
plex amplitudes of the interacting fields.  
Maxwell’s equations for a lossless, nonmagnetic medium without free charges and free cur-
rents are given by the following equations: 

 0=⋅∇ D  2.6a 
 0=⋅∇ B  2.6b 
 

t
B

c
E

∂
∂

−=×∇
1  2.6c 

 
t
D

c
B

∂
∂

=×∇
1  2.6d 

c being the speed of light in vacuum. From these relations we can obtain the wave equation 
which describes the electromagnetic field propagation inside a nonlinear crystal. To do that, 
we calculate the rotor of eq. 2.6c obtaining:  

 ( )B
tc

E ×∇
∂
∂

−=×∇×∇
1  2.7 

By using Maxwell’s relation 2.6d in 2.7 it gives: 

 
2

2

2

1
t
D

c
E

∂
∂

−=×∇×∇  2.8 

which is the general form of the wave propagation equation, valid both for the linear and the 
nonlinear case. If we now consider the vector relation:  

 EEE 2∇−⋅∇∇=×∇×∇  2.9 

with the assumption that: 

 ( ) 022

2

=
⋅∇

≈
⋅∇

≈⋅∇
n

D
n

EnE  2.10 

it becomes:  

 EE 2−∇≈×∇×∇  2.11 

By substituting for eq. 2.11 in eq. 2.8 gives: 

 
2

2

2
2 1

t
D

c
E

∂
∂

=∇  2.12 

where D is the total displacement field given by the relation: 

 PED += 0ε  2.13 
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where ε0E is the linear displacement and P is the total induced polarization. 
Now for the nonlinear case, the total polarization is given by: 

 NLL PPP +=  2.14 

where PL is the linear polarization given by the first term of eq. 2.3: 

 ( )EP L 1
0 χε=  2.14a 

whereas PNL is the nonlinear polarization given by the remaining terms of eq. 2.3: 

 ( ) ( ) ...3
0

2
0 ++= EEEEEP NL χεχε  2.14b 

By substituting eq. 2.14a and 2.14b in eq. 2.13 gives: 

 ( ) NLPED ++= )1( 1
0 χε  2.15 

where the dielectric constant of the medium is defined as follows: 

 1+ χ(1)=εr   

and the refractive index of the medium, n, is defined as:1 

 n2=Re[εr]=Re[1+ χ(1)]  2.15a 

By replacing eq. 2.15a in eq. 2.15 and then in eq. 2.12, we finally obtain the general form of 
the wave propagation equation in which we have isolated the nonlinear term: 

 
2

2

22

2

2

2
2 )(1)()(

t
tP

ct
tE

c
ntE

NL

∂
∂

=
∂

∂
−∇  2.16 

This equation can be interpreted as an inhomogeneous equation in which the nonlinear po-
larization PNL represents the nonlinear response that drives the electric field E. It is possible 
to simplify the resolution of eq. 2.16 in the frequency domain by assuming that the E-field is 
oriented along one direction, for instance z, i.e. Ey=Ex=0 and for the time derivatives ∂/∂t = 
jω. Eq. 2.16 then becomes: 

 
)()()( 2

2
22

n
NL

z
n

nznnz P
c

EkE ω
ω

ωω −=+∇  2.17 

where Ez is the amplitude of the field along z at frequency ωn and kn is the wave vector, de-
fined as: 

 ( )
c

nk n
nn

ωω= .  

In order to solve eq. 2.17, first the homogeneous equation can be solved6

In absence of a nonlinear source term the solution of this equation is in the form of: 

 and then, employ-
ing perturbation theory, it is possible to obtain the general solution in the nonlinear case.  

                                                 
6 By considering the nonlinear terms negligible, that is by putting equals to zero the second term of eq. 2.17. 
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 ..)( )( cceEE xkti
nnz

nn += −ωω  2.18 

which is the plane-wave solution of the homogeneous equation for the nth spectral compo-
nent of the field at the generic frequency ωn with complex amplitude En and propagating 
vector kn. To take into account the nonlinear term, by using the perturbation theory, we can 
consider the amplitude En in eq.2.18 to be a function of the spatial coordinate xand fre-
quency ωn

7

 

. By substituting for eq. 2.18 in eq.2.17 we obtain, after few steps: 
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2
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−=
∂

∂
−

∂
∂

 2.19 

If we now assume thar the envelope of the plane waves varies slowly with the propagation 
distance, we then neglect the second-order derivatives with respect to x. This assumption is 
known as SVEA8

 

 and is expressed as follows: 
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 2.20a 
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∂
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∂
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The general wave propagation equation can be then simplified as follows: 

 NL
n

nn P
nc

i
x

E
2
ω

−=
∂

∂  2.21 

where Pn
NL is the induced polarization expressed by eq. 2.5. In the case of second order 

nonlinear interactions we can rewrite eq. 2.21 for the case of three wave mixing. The follow-
ing equation at frequency ω3 is then obtained:  

 kxieEdE
cn

i
x

E ∆−−=
∂

∂
21

3

33 ω
 2.22a 

where the quantity ∆k= k3-k2-k1 is the phase mismatch among the three interacting waves 
and d is the nonlinear coefficient obtained from the d-matrix (expressed in eq. 2.4). The 
value of d depends on the polarization of the three waves and on the crystal employed. Eq. 
2.22a is known as coupled wave equation because it shows how the amplitude of the ω3 
wave varies as a consequence of its coupling to the ω1 and ω2 waves. With the same proce-
dure it is possible to derive analogous equations for the ω1 and ω2 fields. The two additional 
coupled wave equations are given by: 

 kxieEdE
cn

i
x

E ∆−=
∂

∂ *
23

1

11 ω
 2.22b 

 kxieEdE
cn

i
x

E ∆−=
∂

∂ *
13

2

22 ω
 2.22c 

                                                 
7 x is the direction of propagation of the electromagnetic wave considered at frequency ωn. 
8 Slowly-Varying Envelope Approximation. 
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A three wave mixing process described in terms of interactions among photons is schemati-
cally presented in fig. 2.2. The law of conservation of energy states that ω3= ω1+ ω2, and 
can be employed to describe two phenomena: 
Up-conversion if ω1 + ω2 = ω3, i.e. two photons at frequency ω1 and ω2 are annihilated to 
generate a photon at frequency ω3; 
Down-conversion if ω2 = ω3 - ω1, one photon at frequency ω3 is annihilated to generate two 
photons at frequency ω1 and ω2 respectively. 

 

2.3 Harmonic and parametric processes 

A parametric process denotes an interaction in which the law of conservation of energy and 
the law of conservation of momentum must be verified at the same time.  
The law of conservation of energy states that the total amount of energy in an isolated sys-
tem remains constant over time, i.e. in terms of frequency:  

 ω3 = ω1 + ω2  2.23 

The law of conservation of momentum states that the total momentum of a closed system 
(which has no interactions with external agents) is constant, i.e. in terms of wave vectors: 

 k3 = k1 + k2  2.24 

It will be possible to analytically describe all second order nonlinear interactions only by 
taking into account eq. 2.22 - 2.24. In the following paragraph I shall briefly describe a par-
ticular case of up-conversion, namely the second-harmonic generation (SHG) process. 

2.3.1 Second-harmonic generation (SHG) 

Second-harmonic generation is a special case of sum-frequency generation in which 
ω1=ω2=ωF. In terms of quantum physics, two photons of the same frequency from the pump 
(ωF) are annihilated and a new photon, at a frequency which is twice the frequency of the 
incoming field (ωSH), is generated. Fig. 2.3 schematically represents the second-harmonic 
generation process. 
 

ω1 ω1 

ω2 

ω3 ω3 

Up-conversion Down-conversion 
Figure 2.2 Virtual level description of the interaction of three-frequency mixing 

ω2 

http://en.wikipedia.org/wiki/Energy�
http://en.wikipedia.org/wiki/Isolated_system�
http://en.wikipedia.org/wiki/Isolated_system�
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SHG is a parametric process, thus energy and momentum conservation laws must be satis-
fied at the same time, thus it means:  

 




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=+=
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FFFSH

kkkk 2
2ωωωω   

Since E1=E2=EF, only two coupled wave equations (from eq. 2.22) can be written:  

 kxi
FSH

F

FF eEdE
cn

i
x

E ∆−−=
∂

∂ *ω
  2.25a 

 kxi
FF

SH

SHSH eEdE
cn

i
x

E ∆−=
∂

∂ ω
 2.25b 

where ∆k=kSH-2kF is the phase mismatch while the degeneracy factor K (in eq. 2.5) is equal 
to 1/2. 
For the special case in which ∆k=0 and the pump is undepleted the amplitude of the second-
harmonic field (expressed by eq. 2.25b) increases linearly along x and consequently the in-
tensity increases quadratically with distance. The condition ∆k=0 is known as perfect phase 
matching and when it is fulfilled the second-harmonic (ωSH) and the fundamental pump (ωF) 
waves keep the same phase relation during propagation9

When ∆k≠0 the intensity of the generated SH is smaller than that for the case of perfect 
phase matching (∆k=0). If we consider the case of undepleted pump (i.e.

. However, this condition is not easy 
to satisfy along the whole interaction path of the waves (due to material dispersion) and 
many techniques have been developed in order to solve this problem and, as a consequence, 
to increase the conversion efficiency in nonlinear interactions. 

0/ =∂∂ xEF ) and 
ESH(0)=0, we can obtain the amplitude of the second-harmonic wave by integrating eq. 
2.25b over the whole length L: 

 
( ) 






 ∆

−=−= ∫ ∆−

2
sin2

0

2 kLcLEd
cn

idxeEd
cn

iLE F
SH

SH
L

kxi
F

SH

SH
SH

ωω

 
2.26 

The intensity of a generic wave of frequency ω is given by the magnitude of the time-
averaged Poynting vector, which is given by: 

 20

2 i
i

i EcnI ε
=  2.27 

                                                 
9 In case of perfect phase-matching the second harmonic field interferes constructively at each section of the 

material and grows quadratically along the propagating direction. 

ωF 

 
ωF 

 

ωF 

 
ωSH = ωF +ωF 
 

d= )2(

2
1 χ  

Figure 2.3 Schematic representation of second-harmonic generation. Two input photons from the pump 
are annihilated to generate one photon of twice energy. 
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If we substitute for eq. 2.26 in eq. 2.27 (rewritten for the second-harmonic), we obtain, after 
easy steps, the following expression for the intensity of the second-harmonic wave: 

 






 ∆

=
2

sin2 22
32

0

222 kLcL
cnn

dII
SHF

FSH
SH ε

ω  2.28 

where IF is the intensity of the fundamental frequency (the pump wave), L is the interaction 
length and nF and nSH are the refractive indices of the material at the fundamental and SH 
frequencies respectively.  
Eq. 2.28 indicates a quadratic dependence of the SH intensity both on the intensity of the 
pump wave (Iω) and on the interaction length (L). This relation is valid only for plane waves 
and for an undepleted pump (low conversion regime). If pump depletion is not negligible, it 
is necessary to solve both eq. 2.25a and eq. 2.25b taking into account the variation of the 
pump amplitude with the propagation length (i.e. 0/ ≠∂∂ xEF ).  
In eq. 2.28, the output (ISH) is proportional to sinc2 which reaches its maximum value when 
the argument is zero, i.e. for perfect phase matching, as shown in fig. 2.4, next page. This 
condition corresponds to the fulfilment of the momentum conservation law. 
The SHG process is typically characterized by a coherence length, defined as: 

 
k

Lc ∆
=

π   

which represents the spatial distance at which the cumulated phase mismatch between the 
fundamental and SH waves is π. 

2.4 Phase-matching  

For parametric interactions to be efficient, the phase-matching condition has to be fulfilled. 
This means that the induced polarizations, P, and the E-field waves at the same frequency 
need to be in phase, at each section of the medium. If perfect phase-matching is achieved 
(Δk=0) then the parametric process is highly efficient as clear from Eq. 2.28 and Fig. 2.4. 
However, perfect phase-matching is not easy to achieve because the refractive index of the 
material is frequency-dependent and the momentum conservation law is not generally satis-
fied. If we consider the case of second-harmonic generation, and moreover we suppose EF 
and ESH are polarized along the same direction, the condition of phase-matching requires 
that nF= nSH which generally is not satisfied due to the dispersion of the material. As a con-
sequence, the SHG conversion efficiency will be low.  
The most important techniques developed to overcome these limitations employ the bire-
fringence of anisotropic crystals or the manipulation of the nonlinear coefficients in a peri-
odic manner. The former technique is known as Birefringent Phase-Matching (BPM), 
whereas the latter is known as Quasi Phase-Matching (QPM). In the following paragraphs, a 
short overview on these techniques is given.  
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2.4.1 Birefringent phase-matching (BPM) 

Birefringence is a property of anisotropic materials, whose refractive index depends on the 
polarization direction of the field (i.e. the direction of oscillation of the electric field). The 
latter property makes the material (then called birefringent) capable of exhibiting double 
refraction, when being traversed by an unpolarized electromagnetic beam. Not all crystals 
are birefringent and in particular crystals belonging to the cubic system are optically iso-
tropic, i.e. non birefringent. As a consequence they are not phase-matchable using this tech-
nique. Let us now consider a birefringent crystal. Fig. 2.5 displays the dispersion of the re-
fractive indices in LiNbO3, one of the most widely used nonlinear optical materials, which is 
uniaxial (i.e. exhibits two different indices depending on the field polarisation)10

 

. 

In the normal dispersion regime, the refractive index is an increasing function of frequency. 
Hence, if the highest frequency wave is polarized along the direction with the lowest refrac-
tive index and the lowest frequency wave is polarized along the direction with the highest 
refractive index it is possible to satisfy the condition nF= nSH and to achieve perfect-phase 
matching at certain wavelengths.  
                                                 
10 Further details on physical properties of LiNbO3 are presented in next chapter. 
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Figure 2.5 Ordinary and extraordinary refractive indices for a LiNbO3 crystal. The extraordinary re-
fractive index tends to the ordinary refractive index with the angle of direction of propagation θ. In 
red, a possible combination of refractive indices for second-harmonic generation using birefringence 
phase matching is shown. 
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Figure 2.4 Normalized second-harmonic output intensity with the influence of phase mismatch vector 
Δk on the efficiency of conversion. 

http://www.rp-photonics.com/refractive_index.html�
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The extraordinary refractive index (ne) is a function of temperature (T) and of the angle θ 
between the optical axis of the crystal and the pump wavevector (kF), which allows some 
degree of tunability of the phase-matching condition, yet in a small range of frequencies. 
The relation between ne and θ is as follows: 
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2

2

2
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θθ
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where no is the ordinary refractive index. If we consider the case of second-harmonic gen-
eration, the optimal phase-matching condition is achieved when the two propagating waves 
(the pump and the second-harmonic) are orthogonal and θ=π/2, i.e. ne(θ)=ne. This is called 
noncritical phase-matching (NCPM), and it eliminates the walk-off (i.e. angle between the 
direction of energy flow and phase front) that reduces the spatial overlap between the two 
interacting waves. Although BPM is convenient it has several disadvantages. It is restricted 
to a short frequency range and it is highly influenced by the dispersive properties of the ma-
terial. Moreover, it can be used only for certain components of the matrix showed in eq. 2.4 
and the resulting effective nonlinear coefficient is a function of both the propagation and the 
polarization direction of the interacting waves. A way to overcome the limits of BPM is to 
use the quasi phase-matching technique. 

2.4.2 Quasi Phase-Matching (QPM) 

There are circumstances in which birefringent phase-matching or other techniques are not 
practical. For instance not all crystals are birefringent or may possess insufficient birefrin-
gence over the wavelength range of interest. This is even more problematic for short wave-
lengths since the refractive indices tend to rapidly vary with the wavelength whereas the bi-
refringence tends to be approximately constant. Moreover, in order to employ the highest 
nonlinear coefficients (that is the diagonal elements of χ(2) or d in eq. 2.4 for materials such 
as LiNbO3) all the interacting waves must be polarized along the same direction and bire-
fringent phase-matching is not possible.  
In all those cases another technique, known as Quasi Phase-Matching (QPM) becomes ap-
pealing. The basic idea of this method is to correct the phase mismatch among the interact-
ing waves through a spatial modulation of the sign of the nonlinear susceptibility. The inver-
sion of the sign of the susceptibility in a ferroelectric material can be achieved by reversing 
the sign of the spontaneous polarization. This requires to physically engineer the nonlinear 
crystal in a periodic manner along the length of interaction, as shown in Fig. 2.6. 
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If we now consider the case of SHG, the interacting waves have different phase velocity and 
over a coherence length, Lc, they accumulate a phase mismatch of π. When the nonlinearity 
is modulated as in Fig. 2.6a at each section (of Λ/2) an extra π phase shift (eiπ=-1) is intro-
duced. Thus at each section, the overall phase mismatch of π is then brought back to zero, 
ensuring a macroscopic phase-matching condition and high conversion efficiency.  
If the sign of the nonlinear coefficient is switched every coherence length Lc QPM is real-
ised to first order (which yields the highest conversion efficiency) whereas if the sign of the 
nonlinear coefficient is switched every three coherence lengths third order QPM is obtained 
and so on. Fig 2.7 shows different cases. 
 

 

For first order QPM the period of the domain grating must be: 

 
cL2=Λ   

Thereby the sign of d is switched every Λ/2 to achieve the mismatch compensation. If we 
consider the Fourier expansion of the spatial distribution of the nonlinear coefficient d, also 
depicted in fig. 6a, we can write: 

Figure 2.7 Growth of second-harmonic signal with the distance in different phase matching condition [5]: 
(a) Perfect phasematching; (b) non-phasematched process: continuous energy exchange between the pump 
and the second-harmonic wave (cascaded interactions); (c) First order QPM; (d) Third order QPM. 

d +d 

-d 
Λ 

Direction of propagation 
(a) 

Orientation of the spontaneous polarization inside the crystal for QPM technique 
Lc Λ=2Lc 

(b) 

Figure 2.6 Physical engineering of a nonlinear crystal to achieve QPM; (a) modulation of the nonlinear 
coefficient for 1st order QPM (a duty cycle of 50% is required for high conversion efficiency); (b) cor-
responding periodic engineering of the spontaneous polarization in a ferroelectric crystal (Λ=2Lc) 
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where dil is the nonlinear coefficient of the material, Gm is the Fourier coefficient of the mth 
harmonic, and kmQ is the mth grating vector, defined as: 

 ..3,2,12
=

Λ
= mmkmQ

π  2.29 

Then the amplitude of the mth spatial harmonic of the grating is given by: 

 
milGdd =   

The value of the Fourier coefficient, Gm, is given by: 

 )sin(2 Dm
m

Gm π
π

=   

where D is the duty cycle of the periodic structure. The maximum value of Gm is reached 
when m=1 and the argument of the sin is equal to π/2, thus D must be equal to 1/2 at the op-
timum value. The value of the nonlinear coefficient under these conditions is: 
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m
d
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=   

The value of d also depends on the polarization of the interacting waves, according to dil 
(Eq. 2.4). Typical values in LiNbO3 are d31 = 4.35 pm/V, d33 = -27.2 pm/V [6] . If the duty 
cycle is different from the optimum value, the effective nonlinear coefficient will be lower. 
Fig. 2.8 shows the nonlinear coefficient d as a function of the QPM order and the duty cycle 
of the periodic structure.  
For first order QPM the highest conversion efficiency is achieved for D=0.5. Higher order 
processes are less efficient and more sensitive on the variations of the duty cycle. 
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Figure 2.8 Normalized value of the nonlinear coefficient with the duty cycle of the periodic structure 
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2.5 Gratings for SHG 

Let us now consider a SHG process and show how to calculate the required period for QPM 
as a function of the fundamental wavelength.  
For SHG the laws of conservation of energy and momentum expressed by eq. 2.23 and eq. 
2.24 require that: 
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where ωSH and ωF are the second-harmonic and the fundamental frequency respectively 
whereas kSH and kF represent the wave-vectors. The QPM technique introduces an extra 
wave vector (related to the spatial grating) to correct the phase mismatch as follows: 

 Δk = kSH -2 kF + kmQ  =0,  2.30 

where kSH and  kF  are defined as: 
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whereas kmQ  is the grating wave vector defined in eq. 2.29. Replacing eq. 2.29 and eq.2.31 
in eq. 2.30, and taking into account the law of conservation of energy, we obtain: 
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and after few steps: 
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where m is the order of QPM. 
The period of the gratings for QPM application depends on the pump wavelength (λF) and 
the polarization of both waves (the material is supposed to be birefringent). To employ the 
highest nonlinear coefficient, d33, both waves need to be polarized along the z-axis, hence 
the extraordinary refractive index (ne) is used in eq. 2.32. 
Fig. 2.9 illustrates eq. 2.32 for m=1, 2, 3. The calculations were made using LiNbO3 Sell-
meier equations after Jundt [7].  
A QPM grating with a given period can be characterised at different orders, i.e. different 
SHG wavelengths. For instance, an 8 μm period grating (black horizontal continuous line) 
can yield QPM to the following wavelengths: ~810nm (III order QPM), ~908nm (II order 
QPM), ~1120nm (I order QPM).  
Obviously, the conversion efficiency decreases with the order of QPM. On the other hand,  
fabricating a bulk grating in LiNbO3 for 1st order QPM at λF~810nm (Λ~2.6 μm) can be very 
challenging so that it might be more convenient to resort to 3rd order QPM, to relax the con-
straint on fabrication. 
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Figure 2.9 Period (Λ) of the grating for SHG as a function of the fundamental pump wavelength (λF) 
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3. Properties of Lithium Niobate 
 
Lithium Niobate is an artificial, negative uniaxial, non-centrosymmetric, ferroelectric 
crystal. Its ferroelectricity was first discovered by Matthias and Rameika in 1949 [1]. 
Nowadays, thanks to its manifold properties, it is one of the most widely used crystals for 
optical applications. As matter of fact it is characterised by large pyroelectric, piezoelectric, 
nonlinear and electo-optic coefficients and it is also employed for applications in which 
acoustic and acousto-optic properties are required. LiNbO3 is the base material to realize 
many devices employed in different fields of science and technology. For instance, it is used 
to build acoustic wave transducers, optical modulators, second-harmonic generators, beam 
deflectors, dielectric waveguides, memory elements and others [2].  

3.1 Stoichiometry and Crystalline Geometry  

The Czochralski growth method, commonly used to obtain crystalline semiconductors like 
silicon or gallium arsenide, was first used during the Sixties by the Bell Laboratories and it 
is now the preferred method to obtain LiNbO3 wafers. The melt used to grow crystalline 
LiNbO3 is obtained by Lithium carbonate (Li2CO3) and Niobium pentoxide (Nb2O5) and the 
reaction is as follows: 

 Li2CO3 + Nb2O5  2LiNbO3 + CO2  

LiNbO3 can be grown in a wide range of compositions. The one that exactly matches the 
chemical compound symbol, LiNbO3, i.e. having a ratio of [Li]:[Nb]:[O] of 1:1:3, is 
commonly referred as Stoichiometric Lithium Niobate (SLN). However, due to the volatility 
of the Li ions, the growth of the stoichiometric composition is quite challenging and the one 
that is easiest to grow (and therefore commonly used) is lithium-deficient and corresponds to 
the  Congruent point (CLN) at which both the solid and the liquid phase can co-exist. As 
shown in fig. 3.1 this point corresponds to a ratio of Li to the total Li and Nb concentration 
of: 

 [ ]
[ ] 4845.0

][
=

+ NbLi
Li

  

LiNbO3 is a uniaxial crystal and at room temperature it belongs to the perovskite structural 
family, from the name of the homonymous mineral (CaTiO3, Calcium Titanate). The general 
structure of a perovskite crystal is a XYZ3 composition in which atoms are placed in a 
hexagonal close-packed arrangement of Z atom layers.  
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However, since Li+ and Nb5+ do not have the same atomic radii, the generated crystalline 
structure is slightly deformed from the original one and it is called distorted perovskite, as 
shown in fig. 3.2.  

 
In the case of LiNbO3, the distorted perovskite structure can be seen as a hexagonal close-
packet configuration forming oxygen octahedra of which one third of the interstices is 
occupied by Niobium ions, another third by Lithium ions and the rest is vacant, as shown in 
further detail in Fig. 3.3.  
Above the Curie temperature the material loses its spontaneous polarization and becomes 
paraelectric. The Curie temperature is dependent on the composition and equal to 1142 ºC 
for CLN. In the paraelectric phase, the Niobium ions are placed between oxygen planes, 
whereas the Lithium ions lie above or below an oxygen layer, with the average position 
being in line with the oxygen (Fig. 3.3a). In this configuration the crystal does not show any 
spontaneous polarization. Below the Curie temperature, LiNbO3 is in its ferroelectric phase. 
The oxygen atoms are in same position as in the paraelectric phase and form layers 
orthogonal to the z-axis but the positions of both Nb5+ and Li+ ions are different. Looking 
along the +z direction of the crystal, the oxygen octahedral interstices are filled in the order 
of {Nb, Vacancy, Li, Nb, Vacancy, Li, ...}. Thus, both Nb5+ and Li+ ions are displaced 
from their paraelectric positions along the +z direction, as shown in Fig. 3.3b. 

Figure 3.2 A simple representation of the Perovskite structure. On the left side the regular one, on the right 
side the distorted one, typical of LN [4] 

Figure 3.1 Phase diagram of LiO2-NbO5 compound [3] 

CLN 
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The spontaneous polarization, Ps, is the result of the charge separation from this reposition-
ing of ions. In its ferroelectric phase a LiNbO3 crystal exhibits three-fold rotation symmetry 
about its c (z) axis: it belongs to the trigonal crystal system and it also exhibits mirror sym-
metry about three planes that are 120º apart. In accord to these two symmetries, LiNbO3 be-
longs also to the 3m point group [6]. In the trigonal system, two different unit cells can be 
chosen: hexagonal or rhombohedral. The conventional hexagonal unit cell in LiNbO3 is 
shown in fig. 3.4 and contains six formula weights.  

 

Figure 3.4. Conventional hexagonal unit cell of lithium niobate with hexagonal axes (a1, a2, a3, c) [7] 

+c 
axis 

+ a2 
axis +a1 

axis 

+a3 
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Figure 3.3 Schematic structure of Lithium Niobate in its 2 phases: (a) Paraelectric phase: Niobium 
ions are centered between two oxygen layers whereas Lithium ions are slightly above or below the 
oxygen layer with the average position in line with oxygen; (b) Ferroelectric phase: at room tempera-
ture Niobium and Lithium ions are slightly above the paraelectric position generating the spontaneous 
polarization P. [5] 
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There are two methods to determine the direction of the c-axis: one is to compress the 
crystal along the c-axis direction, the other one is to cool (or heat) the crystal. The +c-axis 
becomes negative upon compression and positive upon cooling [8]. The three equivalents a-
axes (a1, a2, a3) of the conventional hexagonal unit cell are 60º apart and lie in a plane 
normal to the c-axis. The coordinate system generally used to describe the physical 
properties of lithium niobate is neither hexagonal nor rhombohedral but rather x, y, z 
Cartesian system. The accepted convention for relating the hexagonal axes to the x, y, z 
principal axes is shown in fig 3.5.  
 

 
The z-axis is chosen to be parallel to the c-axis. The y-axis is chosen to coincide with any of 
the equivalent a-axes. After the z and y axes are selected, the x-axis is chosen such that the 
system is xyz right handed. The y-axis must lie in a plane of mirror symmetry. The sense of 
the z-axis is the same of the c-axis. The sense of y-axis is determined in a manner similar to 
that described for z-axis: upon compression the +y-axis becomes negatively charged. The 
sense of the x-axis can not be determined because it is perpendicular to a mirror plane and x-
faces do not become charged under any condition. 

3.2 Physical Properties 

3.2.1 Dielectric properties 

LiNbO3 is a dielectric material and the relation between the electric field, E, and the electric 
displacement, D, is: 

 zyxjiED j
j

iji ,,, == ∑ε   

where εij is the ijth component of the dielectric tensor shown by the material and it is: 

 εij = ε0(εr)ij   

where ε0 is the dielectric constant of vacuum and (εr)ij is the relative permittivity of the 
medium. In a frame of reference coinciding with the crystal axes (x, y, z –coordinates, 
introduced in the previous paragraph), then the [ε] matrix takes a diagonal form: 

Figure 3.5 Standard orientation of the x, y, z principal axes used to describe tensor physical properties 
in lithium niobate [7] 
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Since ε11= ε22≠ ε33, LiNbO3 is optically anisotropic and it shows two refractive indices no 
(ordinary index along x and y axes) and ne (extraordinary index, along z-axis). They are 
respectively: 
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Given that ne < no, the crystal is negative uniaxial. The dispersion curves of the refractive 
indices can be obtained by Sellmeier equations. In undoped CLN, the Sellmeier equation at 
21°C [9] is expressed by the following formula: 
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 Fig 3.6, next page,shows the refractive indices across the crystal transparency window at 
21°C, calculated with the Sellmeier coefficients (A-F) listed intable 3.1 (Jundt [9]): 

Coefficient ne no 
A 2.24658069 2.40691372 
B -0.00222513 0.012681341 
C 1.3408238 1.49393912 
D 0.070858913 0.05982444 
E 6.88306766 7.76170158 
F 331.0001462 330.981629 

Table 3.1 Parameters for Sellmeier equation for CLN after Jundt [9] 

 

 

The transparency window of LiNbO3 extends from 350nm to around 5μm and it is shown in 
fig. 3.7.  

Figure 3.6 Ordinary and extraordinary refractive indices for Lithium Niobate within the transparent 
wavelength window 
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In chapter 2, where we discussed the nonlinear response of a crystal, the nonlinear 
susceptibility tensor dijk was introduced (eq. 2.4). In LiNbO3 (which is not centrosymmetric) 
the latter takes the following form: 
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The dijk elements are frequency dependent and are shown in table 3.2, measured for 
frequency doubling to 532 nm [11].  

 
 d15=d31= 4.35 pm/V 

d22 = 2.10 pm/V 
d33 = -27.2 pm/V 

 

Table 3.2 Second-order non linear susceptibility tensor elements for LN [11] 
 

3.2.2 Pyroelectric effect and Ferroelectricity in LiNbO3  

The pyroelectric effect describes the dependence of the spontaneous polarisation with 
temperature. When the temperature increases the value of the polarisation decreases till it 
disappears completely above the Curie temperature. The general relation is linear and can be 
written as: 

 TpPs ∆=∆   

where 𝑝̅ is the pyroelectric tensor. Since this effect is due to the movement of the Niobium 
and Lithium ions with respect  to the oxygen layers along the z axis, the pyroelectric tensor 
is of the form [12]: 
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Figure 3.7 Transmission spectrum of Congruent Lithium Niobate [10] 
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where and pz= -4 10-5 C/(K*m2). The negative value of pz indicates, that upon cooling, the 
+z face of the crystal becomes more positively charged. Ferroelectric crystals, such as 
LiNbO3, are pyroelectric.  
Regions inside which the polarization is uniform and has the same direction are called 
domains. When the crystal is grown with the Czochralski technique it usually presents a 
multidomain structure because of temperature gradients and/or mechanical strain. In order to 
obtain a single domain bulk crystal, during the cooling process a voltage is applied between 
the crystal and the crucible so to obtain single domain wafers. This technique is employed 
because the spontaneous polarization decreases when the crystal is heated and it disappears 
above the Curie temperature. Therefore the required voltage is lower than at room 
temperature. The spontaneous polarization, Ps, of a ferroelectric crystal can be reversed by 
applying an appropriate external electric field. This operation is called Electric Field Poling 
(EFP) and will be analyzed in more detail in the next chapter. The threshold electric field 
required to reverse the polarization of a domain is called coercive field, Ec, and it is highly 
dependent on the temperature, on the crystalline structure and the sample history. The 
amount of charge, Q, required to reverse a domain of a certain area, A, is related to the 
spontaneous polarization by the following formula: 
 

sp APQ 2=  3.1 

If conduction is negligible, as it is the case for CLN, then the charge Qp can be expressed as: 

 ∫= dtIQ polp   

where the current Ipol is the electric current measured in the external circuit during the poling 
process. Ipol thus provides a monitoring tool for the poling process in CLN. This method 
cannot in general easily be applied to crystals where the electrical conductivity is non 
negligible. The main ferroelectric properties of LiNbO3 are summarised in table 3.3: 

Tc (°C) Ps (C/m2) Ec (kV/mm) 

1412 0.78 21 

 
Table 3.3 General value of ferroelectric parameters of LiNbO3 [13] 

3.2.3 Electro-optic effect 

The electro-optic effect is the variation of the refractive index of a crystal when an electric 
field is applied. Since Lithium Niobate is non-centrosymmetric it is electro-optic and the 
sign of the variation of the induced refractive indices are dependent on the polarity of the 
applied voltage. The electro-optic effect induces deformations of the index ellipsoid 
expressed by [14]: 

 1222 123123
2

33
2

22
2

11 =+++++ xyBzxByzBzByBxB  3.2 

If we now consider an applied electric field along the optical axis, z-axis, (i.e. Ex = Ey = 0 
and Ez ≠ 0) then the index variations are a consequence of the deformation of the index 
ellipsoid along the z- direction. One can express the variations of the two refractive indices 
of LN (ordinary/extraordinary) as follows: 
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The index changes Δno and Δne depend on the electro-optic coefficients r13=8.6 pm/V and 
r33=30.8pm/V and on the strength of the applied electric field, Ez. Since r33 > r13 the largest 
index change is seen by extraordinarily polarised optical waves when applying the electric 
field along the optical axis, z [14]. 

3.2.4 Piezoelectric and photoelastic effect 

A piezoelectric crystal produces an electric charge when a mechanical stress is applied to it 
(the crystal is pressed or stretched, direct piezoelectric effect). Conversely, a mechanical 
deformation is produced when an electric field is applied (inverse piezoelectric effect). This 
effect is present in crystals that do not have a centre of symmetry. The direct piezoelectric 
effect induces a polarisation vector inside the crystal that can be expressed as below: 

 
xy

yz
xyzx dP σ∑=   

where σxy is the stress tensor whereas dxyz is the piezoelectric tensor. The inverse 
piezoelectric effect due to an external electric field can be expressed as below: 

 ∑=
x

xxyzyz EdS   

where Syz is the deformation tensor whereas dxyz is the piezoelectric tensor. Fig. 3.8 
illustrates the direct and inverse piezoelectric effect.   

 

P 

(a) 

Pi 

(b) 

Pi 

(c) 

Si 

(d) 

Si 

(e) 
Figure 3.8 Example of piezoelectric effect. In (a) is shown the piezoelectric material without a stress or charge 
and the direction of the internal spontaneous polarisation P. If the material is stretched (b), then a voltage of 
the opposite polarity as the polarisation P will appear between the electrodes as a consequence of the sign of 
the induced polarisation Pi.  If compressed (c), a voltage of the same polarity will appear as a consequence of 
the sign of the induced polarisation Pi. Conversely, if a voltage is applied the material will deform, as a conse-
quence of the sign of the deformation tensor Si.  A voltage with the same polarity as the polarisation P (d), will 
cause an expansion of the material whereas a voltage with the opposite polarity (e) will cause a compression. 
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LiNbO3 also presents the photo-elastic effect, or acosto-optic effect, that is a variation of the 
refractive index induced by an external mechanical stress. As matter of fact, if a SAW 
(Surface Acoustic Wave) is propagating on a crystal of LiNbO3, it induces a periodical 
deformation on the surface of the crystal. As a consequence of the photo-elastic effect, the 
refractive index of the crystal is periodically modulated and it is possible to realize 
integrated gratings for various purposes [14] 

3.2.5 Photovoltaic and photorefractive effect 
When a pyroelectric crystal (in its ferroelectric phase) is uniformly illuminated by an optical 
beam, a short circuit current flows through the solid as a result of the bulk photovoltaic 
effect [15]. The effect was first described by Glass et al. in 1974 [16] and the tensor 
relationship between the short circuit current density and the illumination is described by: 

 zyxkjiEEJ
jk

kjijki ,,,,* == ∑α   

where Ji is the current density vector, Ej and Ek are components of the electric field vector, 
αijk is the third-rank photovoltaic tensor and * represents the complex conjugation.  
When a crystal of CLN is illuminated by green or blue light (< ~550 nm) electrons from 
impurities are photo-excited and generate the photorefractive effect. Photorefraction is a 
light-induced change of the refractive index and it has been reported in 1966 by Askin, Boyd 
and al. at Bell Laboratories as an optically-induced inhomogeneity in the refractive index of 
crystal [17]. The photorefractive effect is a result of the interaction of several phenomena. It 
is well known that in CLN impurities remain in parts per million (ppm) concentrations. This 
includes Fe, which is present in its two valence states, Fe2+ and Fe3+. These impurities act as 
electron donor and acceptor sites, respectively, with energy levels within the band gap of 
LiNbO3 (Fig. 3.9) and the quanto-mechanical energy relation between the propagating 
photons and the photo generated electrons is:  

 Fe2+ + hv  Fe3+ + e-(in conduction band)  

Illumination, particularly at high intensities causes excitation of electrons from donor trap 
sites to the conductive band and conversely for holes (LiNbO3 is an insulator, Eg = 4eV) as 
shown in fig. 3.9.  

 

These photocarriers are generated in the irradiated volume and drift away from the beam 
volume until they are re-captured in an acceptor trap site. While the electrons drift, they 
generate a local space-charged field that will induce a refractive index modification as a 

Figure 3.9 Jump of an electron from a donor site (Fe2+) to acceptor site (Fe3+) 

Ev LN Ev LN 

Ec LN Ec LN 

Ea Fe3+ 

Ed Fe2+ 

Ea Fe3+ 

Ed Fe2+ 

Ea 
Fe3+ 

Ed Fe2+ 

Ev LN 

Ec LN 



 

28 
 

consequence of the electro-optic effect. The laser beam will then be spatially distorted inside 
the crystal. LiNbO3 severely suffers from photorefractive damage, particularly at visible 
wavelengths. Two phenomena allow the separation of photo-induced charges: the dark 
conductivity and the photoconductivity. Spatially inhomogeneous intensity causes charge 
carriers migration and accumulation in the darker region due to less excitation and lower 
conductivity [18]. Many models on the evolution of the photorefraction have been presented 
(Buse [19]). We now present a simple description on the photorefractive effect with more 
details. Since the mobility of electrons is higher along the z-axis, they tend to accumulate 
along this direction, as schematically shown in fig. 3.10. The photocurrent associated to this 
drift can is expressed by: 

 kIjz α=   

where I is the intensity of the incident light, α is the absorption coefficient, k is the Glass 
constant, which depends on the wavelength, on the crystal and on the nature of the acceptor 
sites [20]. The distribution of electrons (shown in fig. 3.10) yields an electric field, E, which 
is opposite to the photocurrent. 

 
The total photocurrent, considering also the contribution of the induced electric field Ez, can 
be expressed by the following formula: 

 )(tEkIj zz σα −=  3.4 

where σ is the sum of the thermal conductivity (σd known also as dark conductivity) and the 
photoconductivity σph: 

 
phph Iβασ =   

where βph depends on the wavelength, on the concentration of dopants, on the mobility and 
on the mean lifetime of electrons. If we consider the equation of continuity of charge and the 
first Maxwell equation, we obtain the following relation: 

 
ε

zz j
dt

dE
=   

which applied to eq. 3.4 gives: 
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Figure 3.10 Distribution of electric field (E) and electrons during the propagation of a high intensity opti-
cal beam 
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The solution of eq. 3.5 (with �𝐸𝑧|(t=0) = 0) is: 
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where 𝐸𝑠𝑎𝑡 = 𝑘𝛼𝐼
𝜎

 is the electric field in short circuit conditions and 𝑇0 = 𝜀
𝜎
 is known as 

temporal constant of photorefractive response. If σ~σph the electric field becomes: 

 

ph
sat

kE
β

≈   

which is independent on the intensity of the incident light. If we now consider the variation 
of the refractive indices caused by the electro optic effect, Eq. 3.3 can be rewritten as: 
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where Ez(t) is expressed by Eq. 3.6. Eq. 3.7 summarises the effect of the photorefraction. 
The photorefractive effect can manifest itself in various ways such as a phase modulation, 
beam break-up, Bragg scattering, reduction of efficiency in nonlinear interactions, beam 
distortion, etc. To minimize these effects, several measures can be taken:  
a) operating at higher temperature, in order to increase the photoconductivity;  
b) make the LiNbO3 more stoichiometric, in order to reduce the presence of impurities;  
c) doping the crystal with anti-photorefractive dopants, like Magnesium dioxide (MgO) 
which is characterized by an energy level inside the band gap of LiNbO3 and acts as acceptor 
site for e- [21, 22, 23]. 
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4. Techniques of Proton Exchange and Electric Field Poling 
 
The technique of Proton Exchange, together with Titanium in-diffusion, is one of the most 
wide-spread methods to make optical waveguides in LiNbO3. It is based on a chemical 
modification of the surface of the crystal which causes a variation of the refractive index of 
the material. It is then possible to achieve guiding structure and a laser beam can easily be 
confined and guided through the crystal.  
In chapter 2 the technique of QPM has been analysed. Many techniques have been proposed 
and developed up to now to engineer the ferroelectric structure of LiNbO3. Among these, in 
the last few years, much effort has been devoted to switching the spontaneous polarization 
of LiNbO3 using an external electric field. This technique, known as Electric Field Poling 
(EFP), permits to switch the orientation of the ferroelectric domains in LiNbO3 through an 
external electric circuit. Moreover, it has extensively been proved that EFP is the easiest and 
the most reliable method to Periodically Pole LiNbO3 (PPLN) with periods longer than 15 
µm [1, 2]. The main problem in achieving QPM in LiNbO3 is the difficulty in modulating 
and in engineering the nonlinear coefficient when the period becomes shorter than 10 µm 
[3]. As matter of fact, in short period gratings (<10µm) the evolution of the domains, during 
the switching, is not easy to control and monitor, especially if we consider the lateral spread 
of the domains. The principal problems in achieving short period gratings will be discussed 
in this chapter.  
Here we show how EFP PPLN can be combined with Proton Exchange to control the 
switching kinetics and limit the lateral spreading of ferroelectric domains at short periods 
(<10µm). 

4.1 Proton Exchange Technique 

Proton Exchange and Titanium in-diffusion are two of the most used techniques for the 
fabrication of waveguides in LiNbO3. Titanium in-diffusion (Ti-LiNbO3) is not ideal for 
QPM applications for several reasons. As matter of fact, the process of diffusion is 
performed at elevated temperatures (~1000 °C), not far from the Curie point, and 
modifications both in the crystalline structure and in the distribution of domains inside the 
crystal can be induced. Moreover, the process of Lithium Oxide (Li2O) out-diffusion is 
enhanced at these temperatures and, as a consequence, a loss in resolution of the desired 
domain patterns is possible. However, Li2O out-diffusion has been shown to be avoided by 
using a small amount of Li2O powder during Ti-diffusion [4]. Despite these problems, Ti in-
diffusion technique has been employed for QPM applications by Sohler at al. in 1999 [5], by 
working on the –z-face and adding a few technological steps to overcome the deleterious 
effects of the spontaneous domain inversion on +z-face caused by Ti in-diffusion (first 
reported by Miyazawa in 1979 [6]).  
On the contrary, Proton Exchange (PE-LiNbO3) is better suited for QPM applications and 
widely employed for the fabrication of waveguides on Periodically Poled LiNbO3. Since the 
process of diffusion can be performed at lower temperatures (≤  400 °C) the periodic domain 
structure in the crystal (i.e. PPLN) is not normally perturbed [7]. 
Proton Exchange in Lithium Niobate consists in the substitution of Li+ ions with H+ protons 
at the surface of the crystal when it is exposed to an acid bath at elevated temperatures. The 
process was first discovered by Jackel and reported in 1982 [8]. Proton Exchange is 
generally performed by dipping the crystal in a proton source, e.g., melts of organic or 
inorganic acids and hydrates, as shown in fig. 4.1. One of the most common sources is 
Benzoic Acid (BA - C7H6O2 or C6H5COOH), which is a colourless crystalline solid at room 
temperature with a melting point between 121 °C and 122.4 °C and a boiling point of 250°C 
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[9]. The exchange process can be seen as an equilibrium process expressed by the following 
reaction: 

  LiNbO3 + x H+                   HxLi1-xNbO3 + x Li+, 4.1 

where x, the substitution rate of hydrogen in LiNbO3, is dependent on both the bath acidity 
and the temperature of the exchange process. When H+ protons from pure benzoic acid are 
exchanged with Li+ ions from LiNbO3, one obtains an increment of about 5% of the 
extraordinary ne refractive index (Δne≈5% ne-bulk at λ=633nm): hence a waveguide structure 
can be created in the higher refractive index layer of HxLi1-xNbO3 formed below the crystal 
surface. The composition of the film is nearly independent of processing conditions, with 
x≈0.7 [10].  

 

Proton exchange (PE) can be described as a diffusion process, with a diffusion coefficient 
dependent on both the acidity of the bath and the temperature of the process. PE in pure BA 
can be characterises through the Equation of Arrhenius, with a concentration-independent 
diffusion coefficient, DPE, known also as constant of diffusion of hydrogen in LiNbO3. Then 
the thickness of the exchanged layer, dPE, can be expressed through the following relation: 

 ( ) PEPEPEPE tTDd 2=  4.2 

where TPE, and tPE are temperature and the duration of the process, respectively. DPE is 
temperature-dependent and displays simple exponential activation energy according to: 
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where k is the Boltzmann constant (k=8,617343 · 10−5 eV K−1). Fig. 4.2 shows the fit of the 
depth of exchange as a function of PE time and temperature for a proton exchange process 
in Benzoic Acid for a z-cut LiNbO3. 

 

Figure 4.1 An example of Proton Exchange setup. The crystal is dipped inside the melted acid solution and 
it is heated at high temperatures [9]   
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D0 and Ea depend on the crystalline orientation. For diffusion along the z and x- axes, 
according to Bortz [7] they are:  

 ( )
( ) ;

926.0
978.0

;
/1005.1
/1084.1

29

29





=
=

=




⋅=
⋅=

=
eVE
eVE

Eand
hmD
hmD

D
aX

aZ
a

OX

OZ
O µ

µ

 
4.4 

The variations of the refractive indices associated to pure BA PE are Δne≈0.13 for the 
extraordinary axis and Δno≈-0.04 for the ordinary axis respectively (measurements at 623 
nm) and can be considered independent from the temperature and the duration of the 
process. The refractive index distribution after PE can be reconstructed via the inverse-WKB 
method from measurements on the waveguide effective indices [11]. After PE in pure BA 
the index profile is typically of the form shown in Fig 4.3. 

 
 

Δne 

dc 

Figure 4.3 Typical step index profile of Proton Exchanged LiNbO3 (ne) [12] 

Figure 4.2 Variation of the depth of exchange with the duration of the process (in hours) at different 
temperatures (TPE in ºC). 
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The exchanged areas exhibit a -step-index profile, the depth of which relates quite well with 
the thickness of the PE layer of eq.4.2.  
If we look at the crystalline structure of the exchanged layer (fig. 4.4), in a very simple model H+ 
protons fill the empty places of Li+ atoms.  
 

 

The compound, HxLi1-xNbO3, is centrosymmetric and non-ferroelectric [12]. As a 
consequence of the exchange the new crystalline structure on the surface is deformed and a 
strain is present between the superficial exchanged and the deep bulk LiNbO3 layers. Since 
LiNbO3 is photoelastic and piezoelectric (see chapter 3), the strain inside the crystal induces 
an electric field that, through the electooptic effect, causes local variation of the refractive 
index. Moreover, the presence of this internal electric field could induce spontaneous 
domains inversion at HxLi1-xNbO3:LiNbO3 interface. This aspect will be discussed with 
reference to the experimental results presented in chapters V and VI. 

4.2 PE Set-up 

One of the most important aspects of the project was the development a suitable setup for 
the PE process. The one used in this work is sketched in Fig. 4.5. 

 

The samples are first fixed on the roof of the PE container and crystalline BA is put in the 
lower half of the PE cell (Fig. 4.5a), made of an acid-proof material. The whole is then 
heated to the desired PE temperature. When the BA is completely melted, the cell is turned 
and the samples are then immersed in the acid bath (Fig. 4.5b). The opposite procedure is 

Figure 4.5 Setup used for PE. (a) Position of the PE cell during the heating/cooling process. (b) Position of 
the PE cell during the exchange process 

(a) (b) 

LiNbO3 samples 

Sealed cont. 

Crystalline BA Molten BA 

Heating 

Cooling 

 

Li+ 
 

  

 

H+ 

Figure 4.4 Modifications of the crystalline structure of LiNbO3 as a consequence of the proton exchange 
process [13] 
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followed at the end of the process. Further details about the parameters of the process are 
presented in the coming chapters. 

4.3 Electric Field Poling Technique 

Lithium Niobate is a ferroelectric crystal and the orientation of the spontaneous polarization 
Ps is determined by the position of Li+ and Nb5+ ions along the z-axis with respect to the 
oxygen layers. In order to reverse the polarity of the spontaneous polarization, an external 
electric field, Eext, exceeding a threshold value, the so-called coercive field Ec (fig. 4.6), 
needs to be applied along the z-axis. 
 

 
The value of the coercive field is highly dependent on many technological parameters like 
composition, strains, temperature, etc [14, 15, 16, 17]. The coercive field, Ec, represents the 
minimum electric field required to displace Li+ and Nb5+ ions from the configuration of fig. 
4.6a, to that of fig. 4.6b. The spontaneous polarization, Ps, and the Coercive Field, Ec, in 
CLN have a value of 0.78µC/cm2 and 21kV/mm2 respectively [18], as we also verified in 
our experiments.  
The generic approach to periodically reverse the domain orientation inside the crystal by 
EFP is shown in Fig. 4.7. It basically consists in locally applying a suitable electric field 
(Eapp>Ec) through an external voltage supply (Vpol). The electric field (Eapp) is applied along 
the thickness d and it has the opposite direction with respect to the spontaneous polarization, 
Ps, in the regions where one wants to invert the domain polarity, i.e. under the electrodes.  

 

 
 
 
 
Since the polarization is oriented along the z-axis, the external electric field, Eext, is applied 
along this axis. The periodic pattern is defined through electrodes on the xy-plane and is 

Figure 4 7 Generic poling setup for EFP in z-cut LiNbO3. The poling voltage is applied directly on the crys-
tal surface through patterned electrodes 
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Figure 4.6 Orientation of the Spontaneous Polarization P, before (a) and after the poling (b) 
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normally oriented as shown in Fig.4.7, so that the grating lines are parallel to the y-axis, to 
take advantage of the fact that domains grow much faster along y than along x [19]. For bulk 
applications regular domains with straight walls propagating through the whole thickness of 
the crystal (typically ~500 µm) are required. Ferroelectric gratings made by EPF are 
typically stable at temperatures up to ~800 ºC and the periodic poling also reduces the 
optical photorefractive damage threshold. In this work we used z-cut LiNbO3. 

4.4 Domain kinetic in electric field assisted poling  

It is possible to identify a few intermediate steps (discussed in the next sections), which 
provide a simple picture of the domain kinetic during standard periodic EFP, when making 
the following assumptions [19]: 

1 Domain walls are flat and normal to the crystal x-axis; 
2 Nucleation occurs exclusively at the electrodes;  
3 Domain wall motion is governed by the z-component of the electric field averaged 

over the xz cross-section of the domain; 
4 The functional relationship between domain wall velocity and the z-component of 

the electric field averaged over the xz cross-section of the domain is the same 
everywhere in the crystal; 

5 The dielectric relaxation times of the ferroelectric and insulator are assumed to be 
much longer than the poling time; 

6 The distribution of the field along the z-axis (Ez) is not uniform. Fig. 4.8 can give an 
idea of the field distribution at the interface of the electrodes.  

 

4.4.1 Nucleation of new domains  

The nucleation of new domains is the first stage of the domains reversal process. Each 
domain has its own starting-point, called nucleation site. Due to the LiNbO3 symmetry, a 
domain nucleus is typically a six-walled pyramid, with a hexagonal base (that corresponds 
to one surface of the sample) (fig. 4.9b) and a tip needle-like shaped in depth (fig. 4.9a). 
During this phase, since a suitable external voltage is applied to the crystal, new nucleation 
sites are induced on the material, mainly under the edges of the electrodes as a consequence 
of the field distribution, depicted in fig. 4.8. However, in practice it is impossible to 
visualise the appearance of individual nanoscale domains without etching processes or other 
high resolution microscopy techniques such as AFM. 

Figure 4.8 Profile of the electric field inside the crystal along the electrode structure for different depth 
(z). The typical influence of the tip of the electrode is presented: the field is higher in correspondence of 
the edge of the metal [13]. 
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4.4.2 Tip propagation 

After a domain has nucleated, it quickly propagates across the thickness of the crystal along 
the polar axis (z-axis). The tip of the domain, with charged domain walls, rapidly moves 
through the structure of the crystal. During the propagation of the tip also the base of the 
domain grows but less rapidly.  The ratio between the tip velocity and the wall lateral 
growth is ~1000:1 [19] (fig. 4.10a). Therefore, we can assume that the domain reaches the 
opposite site of the crystal before its lateral dimensions become appreciable. Actually, this 
assumption is true only if we do not consider short period gratings (<10µm) and thick 
samples. It is easy to verify that for thick LiNbO3 (d≈500µm), when the period becomes 
shorter than 10µm the lateral dimensions of the domain can represent a technological limit. 
When the tip of an isolated domain reaches the other surface of the crystal, a hexagonal 
shape structure is formed through the crystal thickness (fig. 4.10b). Then the walls of this 
structure start growing laterally. 

 

4.4.3 Sideways domain growth and domain coalescence 

At this stage the domain expands in the transverse direction with respect to the polar axis. The sideways do-
main walls motion results in regular-polygonal-shaped domains with sides oriented along crystallographic 
axes. When adjacent domains come in proximity they quickly merge and form larger domains (this phenome-
non has extensively been studied by Ye and Dolbilov, Shur and al., [20, 21]). Domains merging especially 
occurs under the electrodes (along the y-axis) and in proximity of crystalline irregularities. Domains also 
spread out from the area covered by the electrodes, along the x-axis. Thus, each domain grows first under the 
electrode (fig. 4.11a) before spreading out (fig. 4.11b). It is fundamental to take into account this behaviour in 
periodic poling because the discrepancy between the patterned electrode and the real inverted areas can cause a 
loss of the desired duty-cycle. 

Figure 4.10 Tips evolution under the electrodes. (a) Tips propagate under the edges of the electrode till –z-
face and (b) the reversed domains quickly terminate at the opposite face of the crystal and start growing 
under the electrodes before spreading out [19]. 
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It is also possible to quantify the walls propagation velocity as a function of the applied 
electric field. Many studies have been done in this direction and the most exhaustive ones 
are presented by Miller [19], fig. 4.12, and Nakamura et al. [22].  

 

A relationship that describes the dependence of domain wall velocity on the applied electric 
field is useful in order to identify an appropriate poling voltage value. According to this 
aspect, it is fundamental to design the appropriate voltage waveform and poling setup in 
order to allow the domains to grow and correctly stabilize. It becomes even more critical for 
domain sizes below 5 µm when the probability of interaction and ultimately merging of 
neighbouring domains becomes a limiting factor (not accounted by the previous simplified 
model). 

4.4.4 Spontaneous backswitching 

The last step in the poling is a possible domain back-switching, which consists in the 
switching of the domain polarization to its original polarity due to residual internal 
unscreened fields. This is one extra effect to take into account when designing the poling 
voltage waveform. Rapid variations at the end of the voltage pulse can induce back-
switching. 

Figure 4.12 Domain wall velocity as a function of the applied voltage: the squares are relative to experi-
mental data [19]. 

Figure 4.11 Sideways domain growth. (a) Rapid coalescence of the domains under the electrodes and (b) 
consequent propagation of the domain walls out of the electrodes [19]. 
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4.5 EFP Set-up 

The quality of the poling is highly dependent on many factors such as the technological 
history of the sample (treatment, cleanness, defects, thickness, etc), the employed set-up to 
contact the voltage (cell, liquid/gel/metallic electrode, configuration, etc.), the 
photolithographic process used to obtain patterned electrodes (metal/photoresist employed, 
duty cycle, adhesion features) and the poling electric circuit (output impedance of the 
source, shape of the voltage waveform).  
In this work, before carrying out poling experiments all the samples were accurately cleaned 
in acetone (with ultrasonic bath) and isopropanol and then the desired mask pattern was 
created on the surface of the crystal. More details about the pattern and the cells will be 
given in the next chapter during the descriptions of the experiments. The electric circuit used 
for the poling is shown in figure 4.13.  

 

Here the voltage pulse is provided by a programmable signal generator (Agilent 33120A) 
the output of which is amplified through a high voltage amplifier (Trek 20/20C) which 
multiplies the voltage signal by 2000 and then applies it directly to the sample. From the 
circuit we also obtain the voltage/current signal in order to monitor the poling evolution. In 
the poling experiments we used the possibility for current limitation provided by the voltage 
amplifier and a small resistor (~10kΩ) is in series with the sample. 

4.6 Method of analysis  

Several methods can be used to assess the quality of the poling. Generally, they can be 
divided into non-destructive and destructive ones. Among the non-destructive and fast 
techniques we used the monitoring of the poling current and domain imaging through 
crossed polarisers. Since conduction is negligible in LiNbO3, it is possible to estimate the 
poling evolution through the trend of the current flowing in the external electric circuit. 

Figure 4.13 electric circuits for poling process 
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A typical monitored voltage/current waveform for forward poling is shown in fig. 4.14. The 
graph is relative to a sample (c-LN 25) which does not have any pattern on the surface.  
We first poled uniform samples in order to check the values for the most important 
parameters (i.e. spontaneous polarisation, coercive field, delivered charge, duration of the 
poling pulse, current limitation, leakage current, etc.). We used ~500µm thick LiNbO3 
samples and poled them with 1s-long voltage ramp (blue curve) in order to check the value 
of the coercive field. Fig. 4.14 illustrates the typical needle-like trend (Barkhause spikes) of 
the poling current (green curve) obtained for CLN substrates. This behaviour is due to 
domains evolution during the poling. The kinetic of domain inversion for uniform samples 
was extensively studied by Dolbilov and Shur in 2008 [23]. If we consider the resolution of 
our  measuring tool and take a current value of 200 µA as the threshold for our poling, then 
the average value of the switching voltage, Vsw, was found to be around 22.6 kV/mm, in 
good agreement with the literature (Ec~22 kV/mm generally measured at lower currents) 
(Myers [18], Miller [19]). 

 

The poling process can be considered self-terminating because after a domain is inverted 
along the crystal thickness the velocity of the lateral growth under the insulating joint is very 
low and can be considered negligible. Hence domains out of the contact area are not 
inverted and the insulating joint represents the physical limit to the poled area. As a matter 
of fact if we look at figure 4.14, at around ~650 ms a quick reduction of the poling current is 
detected. The current after the poling (I~133µA) is higher and it suggests a changing in the 
capacitive behaviour of the crystal. Deeper analyses have been carried out in Miller [19].  
The technique of crossed polarisers is based on the birefringence of the inverted/non-
inverted domains. As a matter of fact, after the poling a strain among the walls of the 
inverted domains subsists and since LiNbO3 is piezoelectric a birefringence is induced. It is 
then easy to detect this strain through crossed polarizers. This method can be used to check 
the macroscopic size of the poled area but it is not possible to resolve the details of the 
domain structures precisely at micrometric scales. Fig 4.15 shows a typical birefringent 
contrast image obtained with the technique of crossed polarisers. 
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As an example of a destructive method we can mention the selective wet etching of 
ferroelectric domains in hydrofluoric acid (HF). It is based on the visual analysis of the steps 
created on the surface of the material as a consequence of the different etching rate of –z and 
+z face in HF (fig 4.16 [24, 25]).  
It is well known that LiNbO3 has a strong resistance against etching but if the material is 
somehow modified, like in the case of PE, it can be easily etched. It is then possible to 
distinguish steps in correspondence to different areas (+z, -z, PE+z, PE-z). In our 
experiments, the etching was carried out in hydrofluoric acid (HF 38-40% in H2O) in a 
teflon beaker for 60 min. After etching and cleaning in deionised water, the surface relief 
patterns were measured using a profiler (KLA Tencor Profiler). It was then possible to 
determine the ±z-face etching rate with and without PE. Moreover the real depths of 
exchange (dpez, dpex, dpey) were measured and compared to the model explained above (eq.4.2 
and eq.4.4).    
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Figure 4.16 Schematic showing +z and -z crystal faces (a) before poling, (b) after periodical poling and 
(c) after etching in HF; (d) –z view of sample C-LN 3 (PPLN Λ=8.66µm) 
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5. Effect of masking on poling kinetics 
 
The present chapter describes the results of preliminary experiments performed on 
congruent LiNbO3 samples in order to “calibrate” and compare the poling under different 
masking conditions. Three types of samples were prepared, namely: 
1 Uniformly proton exchanged samples (samples a), used to evaluate both the switching 

field as a function of the depth of exchange and the influence of chemical alteration on 
the electrical features of the crystal; 

2 Selective proton exchanged samples (samples b), in order to investigate the influence of 
chemically altered layers on the poling kinetics;  

3 Selective metalized and proton exchanged samples (samples c), in order to evaluate the 
combined effect of metallic electrodes and proton exchange on the poling. 

Fig. 5.1 shows the different types of samples. 

 

Samples b and c were designed to evaluate the influence of neighbour chemically altered 
area in the poling. In the poling of samples b and c the metal has had two functions (as 
showed in fig. 5.2): 
- to act as uniform electrode (fig. 5.2a) ; 
- to act as a mask for proton exchange (fig. 5.2b);  if we consider the lateral diffusion to be 

negligible, a thin metallic layer inhibits diffusion of protons in the areas below.  

 

We chose Titanium for several reasons: 
- Chemical properties: it is resistant to high temperatures and acid11

                                                 
11 Except for hydrofluoric acid in which it has an high etching rate. 
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Figure 5.2 Employment of metal: (a) electrode for the poling; (b) mask for proton diffusion. 
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- Electrical/physical properties: low electrical resistivity (ρ=0.420 µΩm), thus it can be 
used as electrode; 

- Technological properties: good characteristics of adhesion and easy to evaporate (low 
melting temperature point 1660 ºC) [1]. 

All the experiments described in this chapter were carried out on ~500 µm z-cut LiNbO3 
substrates produced by Castech, Fujian, China.  
This chapter is divided into three sections that describe results for the three different types of 
samples. The first part of each section briefly presents the technological steps required to prepare the 
substrates (cleaning, metal deposition, proton exchange, etching). Then results are presented and 
discussed: the main aspects are highlighted and a comparison between the different situations is 
carried out.  

5.1 The voltage waveform and the poling cell  

The poling of this first batch of samples was performed using the pulse voltage showed in 
fig. 5.3. It can be divided into three parts. The first one is a 50 ms-long section in which the 
voltage on the sample is ramped to 70% of the maximum voltage value: this is to charge the 
capacitor before the actual poling (when LN behaves like a normal dielectric). Then we 
apply the poling ramp which goes from 70% to the maximum value (Vmax). 

 
The voltage ramp was designed in order to fulfil the following requirements: 
- long enough to reverse the polarization in the entire contacted area (eq. 3.1) and also 

analyse the sample behaviour after the self-termination of the poling (to e.g. estimate 
leakage currents); 

- slow enough to be able to resolve effects that occur during the poling by analysing the 
current behaviour; 

- obtain a right time gap to measure the current after the poling; 
- investigate others behaviours of the material. 
The final tail of the pulse is represented by a 100ms long ramp in which the voltage is 
slowly brought to zero in order to avoid domain back switching [2, 3, 4]. The electrical 
contact of the sample was achieved through the structure showed in fig. 5.4, using gel 
electrodes to contact the high voltage to the surface of the crystal.  
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Figure 5.4 Schematic view of the assembled cell used for the inversion of polarization 
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5.2 Influence of uniform Proton Exchange (Samples a) 

In order to investigate the dependence of the switching electric field on the thickness of the 
exchanged layer, three proton exchange processes in pure Benzoic Acid (BA) were 
performed. Fig.5.5 schematically shows the features of these samples. 

 
Table 5.1 shows the main features of the chemical process (eq. 4.2 was used to calculate tPE). 

 Expected Exchange depth (dPE) Temperature (TPE) Time (tPE) 

 1 µm 200 ºC 3.5 h 
2 µm 200 ºC 14.2 h 
3 µm 200 ºC 32 h 

Table 5.1 Main features of Proton Exchange process 

Fig. 5.6 shows voltage/current waveforms for samples a in comparison with the reference sample     c-LN2512

Several differences in the poling behaviour can be underlined. The first one is the global 
trend of the current (green curve): in PE samples the typical needle-like trend is absent and 
the current has a smoother shape. The voltage at which the current starts to flow is shifted to 
higher values depending on the depth of the exchanged layer, as depicted in fig 5.7.  

. 

 

Table 5.2 lists data we obtained from the poling curves depicted in fig. 5.6. 

 Expected Exchange depth (dPE) Epol (kV/mm) ΔEpol (kV/mm) Ipol (µA) 

 
0 µ 22.60 - 177.17 

1 µm 22.92 +0.32 156.36 
2 µm 23.36 +0.76 82.68 
3 µm 23.52 +0.92 132.64 

Table 5.2 Main parameters measured for samples a 
We can point out the following aspects:  

                                                 
12 Non-exchanged congruent lithium niobate. 

Figure 5.6 Voltage/current waveforms for uniform proton exchanged samples (Samples a) 

Figure 5.5 Main features of samples 
 

 

PE-LiNbO3 LiNbO3  
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- The average increment of the poling voltage is about ΔEpol*dPE≈+0,15 - (kV/mm)*µm13

- The value of the current after poling (Ipol) decreases as the depth of the proton exchange 
increases

. 

14

These results suggest it is possible to increase the value of the coercive field of LiNbO3 of 
about 150V/mm for each micron of modified layer and moreover the chemical modification 
of the superficial layers induces perturbations in the electrical behaviour of the crystal. As 
matter of fact, the capacitance of the sample is reduced and a dependence on the depth of 
exchange can be obtained.  

.   

 

 It is possible to develop an easy capacitive model to describe the effect of the superficial 
alteration on the value of the current after the poling. If we consider the chemical features of 
the sample across its thickness, three areas can be identified. As a matter of fact, a congruent 
non altered area is packed among two chemically altered areas (fig. 5.8a) and a 3-series 
capacitors model can be developed in which each capacitor is referred to the corresponding 
area. They are characterized by the corresponding dielectric constant and the distance of 
displacement between the conductive planes is the depth of exchange (fig. 5.8b). In fig. 5.8c 
the equivalent capacitor, obtained as sum of the series capacitors, is represented. 

                                                 
13 Since the samples were dippen in pure BA without any mask they present proton exchanged layers on both 
sides. Hence, if one considers the increment of the poling voltage per µm of exchanged layer, it is necessary to 
divide by 2 the results listed in table 5.2. 
14 Except for sample c-LN01 (2µm PE). 
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The value of the capacitances is expressed by the following formulae: 

𝐶𝑃𝐸 = 𝜀0𝜀𝑃𝐸 
𝑆

𝑑𝑃𝐸
   

𝐶𝐿𝑁 = 𝜀0𝜀𝐿𝑁 
𝑆

(𝑑−2𝑑𝑃𝐸)  

where ε0 is the dielectric constant of vacuum, εPE and εLN are the dielectric constants of the 
chemically altered and congruent areas respectively, S is the area of the electrodes of the 
capacitor whereas dPE and d-2dPE are the distances between the conductive planes of the 
capacitor for each case. After few steps the equivalent capacitance (Ceq) can be written as: 

𝐶𝑒𝑞 = 𝐶𝐿𝑁
1

1+2𝐶𝐿𝑁𝐶𝑃𝐸

   

Since 𝑑 − 2𝑑𝑃𝐸 ≫ 𝑑𝑃𝐸  then 𝐶𝑃𝐸 ≫ 𝐶𝐿𝑁 and the equivalent capcacitance (Ceq) is: 

𝐶𝑒𝑞 ≅ 𝐶𝐿𝑁 = 𝜀0𝜀𝐿𝑁 
𝑆

(𝑑−2𝑑𝑃𝐸) 

in which a linear dependence of the capacity on the depth of exchange (dPE) is reported. If 
one wants to calculate the value of Ceq from the experimental data, the constitutive equation 
of the capacitor can be used: 

𝐼 = 𝐶
𝑑𝑉
𝑑𝑡

 

where I is the poling current after the poling (Ipol), 
𝑑𝑉
𝑑𝑡

 is the time derivative of the applied 
voltage and C is the equivalent capacitance (Ceq). If we consider the experimental values for 
the current listed in table 5.2, it is easy to verify the consistency of this model. As a matter 
of fact the current decreases as the depth of exchange increases and the same fashion is true 
for the equivalent capacitance. 
Fig. 5.9 shows a view of the inverted domain walls in sample c-LN04 (3µm PE) using the 
technique of crossed polarisers. If we compare this image to that obtained for the non-
exchanged sample c-LN25 (fig. 4.15) the evolution of the domain walls is represented by 
formation and smooth growth of irregularly shaped structures instead of regular hexagonal 
domains. Detailed analyses of this behaviour are presented in Shur at al. [5] 
 

d-2dPE Ceq LiNbO3  
PE-LiNbO3 

PE-LiNbO3 

(a) (b) 

LiNbO3  

PE-LiNbO3  

PE-LiNbO3  dPE 

dPE 

(c) 

CPE 

CPE 

CLN 

dPE 

dPE 

Figure 5.8 Capacitive model of samples a. For each area along the thickness of sample depicted in (a) can 
be identified a corresponding capacitor (b) in which the distance between the conductive planes depend on 
the depth of exchange. Then the equivalent capacitor is represented in (c). 

d-2dPE 
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After the poling, sample c-LN04 was etched in hydrofluoric acid for 60 min in order to 
reveal the domains. Since the compound HxLi1-xNbO3 is not ferroelectric the domains do not 
reach the surface of the crystal and no relieves were detected within the PE areas.  

5.3 Effects of selective masking on poling  

Fig. 5.10 shows the technological steps we employed to make samples b and c. After 
cleaning      (step 1), a thin layer of Titanium was evaporated on half of the sample, which 
triangular shapes of different orientations on the +z and –z faces (step 2), so to obtain four 
different areas on the same sample, namely with: 
-  PE on –z but not on +z (area 1); 
-  PE on +z but not on –z (area 2); 
-  no PE on either face (area 3) ; 
-  PE on both faces (area 4). 
After the metal patterning we performed Proton Exchange in pure BA for the times 
corresponding to PE depths of 1, 2 and 3μm, as illustrated by table 5.1 (step 3) was 
performed. After the PE step half of the samples were put in hydrofluoric acid to remove the 
triangular metal layer (samples of type b). On the others the Ti layer was left on the crystal 
(samples c). Hence in the latter the Titanium layer has had a double function: mask for PE 
and also metallic electrode for the poling. More details are shown in tables in fig 5.10. 

Figure 5.9 Inverted domain walls in sample c-LN04 (3µm PE) 

+Z -Z 

x 
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5.3.1 Influence of selective Proton Exchange, poling without metal (Samples b) 
In this paragraph we discuss the poling of samples from which we removed the metal mask 
pattern before the poling (samples type b). Fig. 5.11 shows their voltage/current waveforms 
in comparison with the reference sample c-LN2515

 

.  

                                                 
15 Non-exchanged congruent lithium niobate. 
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Figure 5.10 Technological steps for samples b and c: (1) cleaning; (2) Ti evaporation according to tri-
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The current curves exhibit Barkhausen-spikes typical of congruent LN superimposed over 
smoother current profiles, resembling the ones obtained in uniform PE samples in fig. 5.6. 
The evolution of the current with the time has three main sections, which can be associated 
to 3 different phases of the poling: 
- The first section corresponds to voltages of 22.40÷22.56 kV and has a pronounced needle-

like trend. These values are consistent with the poling of uniform non exchanged samples, 
and we can therefore reasonably associate this portion of the current to the poling of the 
area 3 (at which correspond an electric field Epol

3). 
- The central part shows a needle-like trend over a smoother current profile. This can be 

reasonably attributed to the poling in areas 1 and 2 (PE-Z and PE+Z respectively, at Epol
1-2) 

and possibly a poling continuing in area 3. 
- The tail of the current waveform is a small smooth pulse which can be related to the poling 

of area 4 (PE±Z at Epol
4). This interpretation seems consistent with the results obtained in 

uniformly exchanged samples, where poling occurred in a similar voltage range (table 
5.2).   

Figure 5.12 schematically summarizes the corresponding threshold fields for the poling of 
the different sections, based on the above interpretation of the current evolution. The value 
of Epol

3 is the same for all the samples whereas Epol
1-2 and Epol

4 (which represent the 
switching voltage for each area) increase with the PE depth (dPE). The resolution of these 
experiments is not sufficient to clearly distinguish between Epol

1 and Epol
2, although previous 

tests suggest that Epol
1 > Epol

2.  

 

Table 5.3 lists data we obtained from the poling curves of fig. 5.10. 

 Expected exchange depth (dPE) Epol
3 

(kV/mm) 
Epol

4 
(kV/mm) ΔEpol (kV/mm) Ipol (µA) 

 0 µ 22.60 - - 177.17 
1 µm 22.56 23 +0.40 130.96 
2 µm 22.40 23.2 +0.8 128.08 
3 µm 22.56 23.5 +0.94 168.13 

Table 5.3 Main parameters measured for samples b (Selective PE) 

The residual currents after the poling (Ipol), except for sample c-LN08 (3µm PE), exhibit the 
same trend as for samples a (see table 5.2), i.e. they decrease as the depth of exchange 
increases and the same model developed for samples a, but taking into account more 
components, can be applied to this configuration.  
  

Figure 5.12 Schematic representation of the increment of the switching voltage in respect to the chemical 
features of the selected area. Epol

1-2 and Epol
4 increase with dPE. 
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5.4 Influence of Proton Exchange and metal electrodes (Samples c) 

The last set of samples has a metal selectively deposited on the surfaces and was selectively 
proton exchanged (according to the same pattern). Experiments employing similar 
configurations are presented in Ramaswamy at al. [6] even though in those cases annealing 
was performed after the proton exchange. Fig. 5.13 shows voltage/current waveforms for 
samples c and compares them with the reference sample c-LN25. If we look at the current 
curves for sample c-LN22 and c-LN2716

- The first section corresponds to voltages of 21.92÷22.10 kV and has a pronounced 
needle-like trend. This is consistent with the poling of the non-exchanged section, i.e. 
area 3 (at which correspond an electric field Epol

3). It is worth noticing that now (with the 
metal electrode) the poling starts at a lower voltage than in the equivalent cases for 
samples b. 

 we can easily detect again three sections, as done 
before for samples b: 

- The central part is characterised by a smoother current profile, resembling the one obtained in 
uniform PE samples. This again can be associated to the poling in areas 1 and 2 (PE-Z and PE+Z 
respectively, at Epol

1-2).  
- The final tail of the current pulse is a small smooth pulse which can be related to the poling of 

area 4 (PE±Z at Epol
4).  

 

Recognising the three above mentioned phases of the poling is more difficult for the curves 
of sample c-LN1817

                                                 
16 These samples present 2 and 3µm thick proton exchanged layers respectively. 

, where the needle-like trend is completely overlapped to the typical 
current trend for PE. This behaviour indicates the two processes occur almost at the same 
time most likely because of a too thin PE layer and a still relatively fast poling ramp which 
does not allow to clearly distinguish the various processes over time. The results of the 
analysis of the poling waveforms are summarised in fig. 5.14. The value of Epol

3 (no PE) is 
the same for all the samples and it is non dependent on the depth of exchange. Epol

1-2 and 
Epol

4 (which represent the switching voltage for areas with PE on either +z or -z) increase 

17 This sample has 1µm thick proton exchanged layers on the surfaces. 
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with the thickness of the exchanged layer (dPE) and, as a matter of fact, for 2 and 3µm PE 
samples, there is no significant time overlap between the poling of area 3 and 1-2.  
 

 

Table 5.5 lists data we obtained from the poling curves depicted in fig. 5.13. 

 Expected Exchange depth (dPE) Epol
3 

(kV/mm) 
Epol

1-2 
(kV/mm) 

Epol
4 

(kV/mm) 
ΔEpol 

(kV/mm) Ipol(µA) 

 0 µ 22.60 - - - 177.17 
1 µm 21.91 22.24 - - 212.83 
2 µm 22.10 22.40 23.36 +0.76 173.45 
3 µm 21.86 22.72 23.64 +1.04 139.39 

Table 5.5 Main parameters measured for samples c (Selective metallic electrodes and PE) 

The current after the poling (Ipol), except for sample c-LN18 (1µmPE), has the same profile 
reported for samples a (see table 5.2), i.e. it decreases as the depth of exchange increases. 
After the poling, sample c-LN18 was inspected through crossed-polarizes in order to analyze 
the spread out of the domains. Fig 5.15 shows the spread out of the domains in one area in 
which the metal has been left on the +z side before the poling.  

 

The domains’ edges do not respect the pattern and they spread out of the metallic electrodes 
even though they reflect the patterned electrode instead of the crystalline geometry. The 
main reasons for this effect are the tip effect of metal edges and the too thin chemically 
modified layer. This aspect underlines how the photolithography and the correct depth of the 
modified layer are important to obtain a good confinement of the domains. In order to 
inspect the domain evolution in depth (along z) inside the crystal we also cut, polished and 

Figure 5.15 +z view of the edge of the titanium mask. The inverted domains spread out of the metallic 
electrode and reflect the structure of the electrode instead of that of the crystal. 
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Figure 5.14 Schematic representation of the increment of the switching voltage in respect to the chemical 
features of the selected area. Epol

1-2 and Epol
4 increase with dPE. 
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etched vertical cross-sections of sample c-N27. Due to the differential etching rates along y 
of reversed and unreversed domains as well as of PE and non-PE regions we could then 
extract information on: 
- the depth of diffusion of proton, dPE; 
- the lateral spreading of the domains; 
- the influence of the Ti mask on domains evolution and termination. 
The PE depth measured on sample cLN27 was of 2.3±0.1µm, which corresponds to a 
difference of -0.7±0.1µm (~23%) with respect to predictions based on Bortz [7]. Area 3, 
Ti±Z, and 1, Ti+Z-PE-Z, are completely poled and exhibit a single ferroelectric domain across 
the whole crystal thickness. On the -z face of area 2 (i.e. region with proton-exchange on +z 
and metal electrode on –z) the inverted domains do not completely reach the surface of the 
crystal and significant perturbations are noticeable on -z (fig. 5.16): domains of opposite 
polarity coexist next one another, with tips of non-inverted domains extending to a depth of 
around 50µm into the crystal. Similar effects have been reported by Myers with Aluminium 
electrodes on –z [8].  
The effect we observe when titanium is present on –z could be qualitatively explained as a 
consequence of the creation of an electron-depleted area close to the dielectric-metal 
interface. The metal extracts electrons from the substrate and induces an electric field close 
to the interface which might perturb the poling and avoid regular domain termination.  

 

5.5 Global results and considerations 

The experiments described in this chapter suggest the possibility to combine selective proton 
exchange and metal electrodes for the poling. The main conclusions on the joint effect of 
these 2 parameters on the switching voltage are illustrated in Fig 5.17. The PE increases the 
switching voltage by about 1.4% for each µm of modified layer (blue curve). On the other 
hand, Titanium electrodes imply an average reduction of about 3÷4% (green curve).  
Further conclusions that can be drawn from the results presented in this chapter are also that 
the PE implies: 
- a reduction of the capacitive behaviour of the crystal. 
- a loss of ferroelectricity.  
- a domain walls motion which proceeds by irregularly shaped edges (not as the typical 

hexagonal structure of CLN).  
Moreover, metal electrodes on -z significantly perturb the poling dynamics when PE is 
contemporarily performed on +z.  
The results presented in this chapter provide a preliminary study in view of periodic poling 
with selective PE. The main idea is to use PE to hinder domain spreading beyond the 
contacted areas and improve domain pattern fidelity in the poling of periodic structures with 

Figure 5.16 Crossed-section view of –z side of area 2 (Ti-Z-PE+Z) for sample c-LN 27. View of the 
non inverted domains at the interface  

-z face 
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Inverted 
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periods below 10µm. Previous studies on the effect of PE on PPLN have considered poling 
at relatively long periods, namely longer than 20µm. [9]. In the next chapter I shall discuss 
the first results on periodic poling at periods below 10µm on 500μm thick LN substrates, 
implemented by means of selective proton exchange. 
 

 
 
 
  

Figure 5.17 Profile of the switching voltage on the depth of Proton Exchange with/without metal electrodes 
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6. Bulk Periodic Poling 
 
Over the last ten years periodic poling of Lithium Niobate (PPLN) has developed into a 
mature technology, which has lead to some of the most efficient nonlinear devices to date 
and to a variety of applications in various fields of science and optical technology. 
Nevertheless obtaining high-quality short-period PPLN bulk gratings (<10 µm) still remains 
a challenge, due to limitations imposed by the kinetics of ferroelectric domains at those 
spatial scales. New technological approaches need to be devised towards this goal. The 
space of parameters to be explored can be extremely large, yet the results we obtained in the 
poling of uniform samples (described in the previous chapter) indicated a few interesting 
directions, which encouraged us to pursue a most ambitious target, namely to use PE 
patterning to control the poling in the periodic case, with periods below 10 microns.  
Previous investigations on combinations of these two processes were limited to periods 
greater than 20µm, where standard EFP technology is already performing satisfactorily. On 
the other hand, the real interest would be to find technological solutions to pole much 
shorter periods, where standard EFP fails short, although this needs understanding and 
controlling better the dynamics of the poling with PE patterning over scales of a few 
microns. This was the objective of the studies presented in this chapter, dealing with the 
poling of 1D gratings at periods around Λ=8µm.  

6.1 The voltage waveform  

The poling of periodically patterned samples was performed using the voltage waveform 
shown in Fig.6.1, consisting essentially of three sections. 
1. The voltage is increased to the half of the poling value and a short plateau stabilizes the 

sample before the poling. The ramp permits to gradually charge the sample’s parasitic 
capacitance. 

2. The voltage is rapidly increased (in less than 1 ms) to a pre-set poling value above the 
coercive value and is kept constant for 80 ms; 

3. The final section consists in a stabilizing short plateau in which the voltage is rapidly 
brought below the coercive value, stabilised at 50% of the poling voltage and then 
decreased to zero with a long (100 ms) decay ramp, in order to avoid back-switching.  
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Figure 6.1 Voltage waveform designed for periodically poling 
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The choice of the voltage for the poling plateau (V2) is critical since the domain propagation 
velocity is very sensitive to its variations with respect to the coercive value (see fig. 4.12). 
An exact prediction of the latter, which depends on poling conditions as it depends on a 
many parameters (sample history, composition and uniformity, masking conditions, etc.),18

We performed the poling through the application of one or several pulses (depending on the 
required charge) of the form depicted in fig. 6.1, choosing each time the value of the poling 
voltage. The sample response during the poling is then characterised by the “free” evolution 
of the current during the poling plateau. A close analysis of its features (not only of the total 
charge transferred to the sample) can give some insight into the dynamics of the poling, 
although the ultimate assessment of the poling results required microscopic analysis under 
x-polarised and/or etching. All these aspects are discussed in the next paragraphs with 
specific reference to three samples which illustrate the most significant features emerging 
from each of the configurations we considered in the periodic poling experiments. 

 
is normally very difficult. Our approach involved assessing its value “empirically” for the 
specific experimental conditions in which the poling is performed. According to information 
collected from the previous experiments on uniform samples, consistent with the literature 
(Myers [1], Miller [2]), we estimated the optimum voltage value to be around 21kV.  

6.2 Fabrication and technology 

With respect to the information we obtained on the poling of uniform samples, the number 
of different configurations of periodic masking that is possible to fabricate is quite large. In 
light of the most promising results we decided to restrict the analysis to three types of 
samples: 
- Periodic proton exchange on +z and uniform proton exchange on –z (Samples 2a); 
- Periodic proton exchange on +z, no masking on -z (Samples 2b); 
- Periodic proton exchange and periodic metal electrodes on +z, no masking on -z (Samples 

2c). 
Figure 6.2 shows the technological steps we employed in fabricating periodic samples. 
From a single 3-inch wafer (Castech Inc. [3]) we obtained 20 16x11mm2 samples. After 
cleaning, a thin metallic layer of Titanium was evaporated on +z (step 1). Then 
photolithography was carried out (step 2) involving photoresist spinning and backing first. 
Exposure to UV light according to the desired pattern and development were then 
performed. For samples 2a and 2b a 9x4 mm2 mask with Λ=8.66µm (50% duty cycle) was 
used whereas for samples 2c a 9x4 mm2 mask with Λ=8.03µm (70% duty cycle) was 
employed. After the development of the photoresist, Reactive Ion Etching (RIE) was 
performed (System100 OXFORD INSTRUMENTS [4]) to selectively remove titanium and 
thus open windows on LiNbO3 (step 3). Fig. 6.3 shows a pattern with period Λ=8.03µm and 
70% dc before RIE.  
On samples 2b and 2c we performed an extra step consisting in the evaporation of a uniform 
layer of Titanium on –z, to prevent PE on the backside (step 3+).  
For the PE, given the results on uniform samples, we decide to fix the processing conditions 
to Proton Exchange in pure BA at T=200 ºC for 32h, corresponding to a depth of exchange 
of ~2.3μm (step 4). All the samples discussed in what follows underwent this specific PE 
process.  
 

                                                 
18 Further details in chapter 4-Domain kinetic in electric field assisted poling 
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The final step in the whole process consisted in removing the Ti mask, via etching in HF for 
samples 2a and 2b (to remove the metal from both faces) and a RIE process to etch away the 
metal on –z only, for samples 2c (step 5).  

Figure 6.3 +z view of the photoresist pattern before RIE 
 

20µm 

+Z view 

Ti 

LiNbO3 

1) Ti evaporation on +z  

2) Photoresist spinning and 
photolitography 

3) Reactive Ion Etching 
on +z 

3+b-c) Ti evaporation on –z  

4) Proton Exchange 

Sample (2a) 

Sample (2b) 

Sample (2c) 
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Figure 6.2 Technological steps for periodic samples: (1) Ti evaporation on +z; (2) Photolithography; (3) 
RIE; (3+) Ti evaporation on - side (only for samples 2b and 2c; (4) Proton Exchange in pure BA; (5) Etch-
ing (wet etching for samples 2a, RIE for samples 2b and 2c). 
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6.3 Analysis of poling in Periodically Patterned samples 

A first analysis of the poling for each sample was done by identifying on each of the 
voltage/current waveforms: 
- the switching voltage VSW (i.e. the value of voltage at which a current flow is detected in 

the external electric circuit); 
- the delivered charge Qdel; 
- the occurrence of backswitching. 
The poling cell employed in these experiments is the same presented in previous chapter 
(Fig. 5.4).  
By taking into account the geometrical dimensions of the cell19

 

 (7x4mm2), the value of the 
spontaneous polarization (Ps) and the features of the desired domains (duty cycle 50%), it is 
possible to quantify the theoretical amount of charge required for the poling. According to 
eq. 3.1 it is: 

( )[ ] CCdcAPQ sth µµ 84.215.078.0472*2 =××××==      50%dc 6.1 

After the poling, all samples were visually inspected through crossed polarisers to reveal the 
extension of the domains and the most representative samples were etched in hydrofluoric 
acid to check the quality of the domains both on +z and –z.  

6.3.1 Results of poling Samples 2a (periodic PE +Z, uniform PE –Z)  
The first configuration is characterized by a periodic chemical pattern on +z and a uniform 
exchanged layer on –z, as detailed shown in fig. 6.4. To obtain the chemical pattern on the 
surface of the crystal we employed Ti as a mask with period of Λ=8.66µm and 50% duty 
cycle.  

 
Fig. 6.5 shows the voltage/current waveforms for sample c-LN12.  
 
 
 
 

                                                 
19 The geometrical features to take into account are the physical contact windows with the gel electrode. 
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According to results we obtained from the analysis of selective PE patterned samples20

Another pulse at Vmax=21.2kV/mm (fig. 6.5c) was applied and the current (~86µA) together 
with the charge Qdel~4.1µC gave us confirmation the poling was continuing. Another pulse 
at the same voltage (fig. 6.5d) was applied. The current had the usual profile with a 
maximum value of ~126µA. The charge transferred to the sample is Qdel~6.7µC. No more 
pulses were applied because the amount of the total delivered charge (Qdel~19µC, ~85% of 
the theoretical one) was close to the required one (eq. 6.1). At the beginning/end of each 
current plateau a small positive/negative peak is detectable. It is related to the 
charge/discharge of the parasitic capacitance of the poling cell.  

 we 
expected a theoretical switching electric field of ESW=22.6÷23.5 kV/mm. Four pulses at two 
different maximum voltage values were applied to this sample (c-LN 12). At 
Emax=20.8kV/mm (fig. 6.5a) a low current (~50µA) was detected. At Emax=21.2kV/mm (fig. 
6.5b) the current doubles (~100µA). In this case the value of the voltage is above the 
coercive voltage because the current increases with time (that is related to the inversion of 
new domains across the crystal) and the amount of the charge delivered to the sample 
Qdel~5.7µC is almost 25% of the total required one. 

In order to evaluate the real distribution of the domains the samples were etched in HF for 
60 min. Fig 6.6 shows an image of the domains taken with a 100X microscope 
magnifications on +z. In it we can distinguish different regions: 
- poled regions (-z), that appear more etched in respect to the non poled regions (+z, fig. 

6.6a) 
- proton exchanged regions into the grooves of the periodic pattern and appear as smooth 

areas (fig. 6.6a); 
- under electrodes diffusion regions that appear as inhomogeneous etched areas (fig. 6.6b). 
 

                                                 
20 In previous chapter, Influence of selective Proton Exchange, poling without metal (Samples b) 
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Figure 6.5 Voltage/current waveforms for c-LN12 (most representatives among samples 2a) for suc-
cessive pulses 
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The following aspects can be pointed out: 
- a large domain is first induced out of the pattern (right top side of fig 6.6a) and then it - 

propagates in the periodic structure. This hypothesis is corroborated by the trend of the 
domains’ edges inside the chemical pattern; 

- the inverted domains do not completely propagate along the y-axis for the whole 4mm 
width of the pattern. The macroscopic regions were they stop appear as a larger domain 
edge (see also fig. 6.7); 

- there is significant lateral proton diffusion under the metallic mask, which appears as a 
region with nonuniformities and granular nano-structures. It is depicted in fig. 6.6b that is 
a magnified particular and it shows more details about the lateral proton diffusion 
(dPEx=1.41µm; dPEy=1.75µm). A more detailed analysis of the sample cross section seems 
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Figure 6.6 +z view of sample c-LN 12 after 60 min in HF; (a) general view of the pattern and in 
(b) magnified particular view of the diffusion under the metallic mask 
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to suggest that the lumpy structure is related to inverted micron and sub-micron domains 
which extend to depths of a few tens of µm from the surface. The significant extent of the 
lateral diffusion results in very shallow non exchanged stripes (~0.8µm) and 
correspondingly into very shallow inverted domains (~0.55µm) apparent on the surface. 
The remaining exchanged area under the electrode (~3.8µm) appears as a smooth region 
after the etching. 

Fig. 6.7 illustrates a +z view of an area of non uniformity of the superficial poling. The 
dashed line marks the border of the region were the periodic poling stops the backside  
 

  
More details about the evolution of the domains inside the crystal are presented in fig. 6.8 
which shows the crossed section of sample c-LN12.  
The following aspects can be underlined: 
- the domains go across the whole thickness of the sample although the duty cycle is not 

uniform; 
- non completely inverted domains appear on both faces under the exchanged areas. We 

believe it is due to the screening of the superficial proton exchange. Many inverted 
domains are generated under the exchanged areas but they do not propagate further into 
the crystal.  

Fig. 6.9 shows a magnified section of the –z interface. A lot of reversed domains are induced 
and the periodic pattern is perturbed by the exchanged layer up to a depth of ~50μm from 
the surface 

Figure 6.7 +z view of a non uniform inverted area on the superficial pattern (sample c-
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. 
 

 
The results for the poling of the configuration discussed in this paragraph can be 
summarised as follows: 
- Non uniformity of inverted domains and duty cycle on surface and inside the crystal (non-

PE/PE areas);  
- Non completely inverted domains near proton exchanged layers, particularly pronounced 

on the –z side, due to the uniform PE. 

6.3.2 Results of poling Samples 2b (periodic PE +Z) 
The second configuration is characterized only by a periodic chemical pattern on +z whereas 
no chemical modifications are induced on –z, as detailed shown in fig. 6.10. A Ti mask with 
period of Λ=8.66µm and 50% duty cycle was employed.  
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Figure 6.10 Technological features for Samples 2b, c-LN 6 
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Figure 6.8 Cross section view of sample c-LN 12 
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Fig. 6.11 shows the voltage/current waveforms for sample c-LN06. 

 
After the normal charging procedure (pulses at low voltage) we totally applied 2 pulses. At 
Emax=20.4 kV/mm we did not note any current but the trend of voltage showed a very 
shallow overlapped “noise” that is related to nucleation stage. At Emax=21 kV/mm (fig. 6.11) 
the current increases with time up to 200µA. We believe this pulse is mainly characterized 
by tip propagation across the crystal and the delivered charge, Qdel~10.7µC, is almost 50% 
of the theoretical one. Moreover the shape of the current presents needles in the end of the 
pulse. This profile is related to poling of non-exchanged areas21

 

. No others pulses were 
applied although the amount of the total delivered charge is Qdel~11µC, i.e. ~50% of the 
theoretical one, because we wanted to inspect the domain distribution at this stage and avoid 
the risk of overpoling the sample with the next pulse. In order to evaluate the quality of the 
poling sample c-LN06 was etched in HF for 60 min. Fig 6.12 shows a particular part of +z 
side.  

 

 
                                                 
21 In chapter 4, “Method of analysis” 

Figure 6.12 +z view of sample c-LN06 after 60 min in HF 
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Figure 6.11 Voltage/current waveforms for c-LN06 (most representative Samples 2b) 
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The following aspects can be pointed out: 
- the inverted domains do not completely propagate along the y-axis and are interrupted in 

correspondence of a bigger domain edge (thin dashed white line)  
- the lateral proton diffusion under the metallic mask is also here significant (dPEx=1.36µm; 

dPEy=1.77µm).  
Since sample c-LN06 does not have PE on –z, it is possible to directly inspect the domains 
termination on the other face of the crystal via etching. Fig. 6.13a and fig 6.13b illustrate 
two views of the –z side. In fig. 6.13a a large domain is induced in the lateral frame of the 
mask and then propagates inside the pattern inducing domain merging. However, a periodic 
pattern is apparent on –z although it is not uniform over the whole scale of the mask 
(4x7mm2).  

 
 

 

In fig 6.13b, a detail of the domain propagation along y-axis is presented. We detected a 
periodically poled area of about ~200µm along y. The crystal is overpoled behind it whereas 
is underpoled ahead. More details about the evolution of the domains inside the crystal are 

Figure 6.13b -z view of sample c-LN 6 after 60 min in HF; (b) jagged edge of the propagating domains: peri-
odic propagating on the front and domains’ merging on the back; 
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Figure 6.13a -z view of sample c-LN06 after 60 min in HF; particular of the domain distribution. 
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presented in fig. 6.14 which shows the crossed section of sample c-LN06. The following 
aspects can be underlined: 
- the duty cycle is uniform and 50%; 
- non completely inverted domains on +z: they are detected under the exchanged areas. We 

believe it is due to the screening of the superficial proton exchange. Many inverted do-
mains are generated under the exchanged areas but they do not propagate across the crys-
tal.  

- Absence of non-inverted domains on –z interface and straight termination at the interface. 
 

 

6.3.3 Motivations for designing Samples 2c 

The first experiments of periodic poling revealed problems either in proton exchange that in 
evolution of the domains. The high proton diffusion under the metallic mask (dPEx~1.4μm) 
sensibly reduces the dimensions of the non-exchanged areas. Moreover, the inverted 
domains at the interfaces induced by the presence proton exchange on –z was detected and 
eliminated through a metallic mask during the chemical process. The evolution of the 
domains on the surface has been shown to be highly dependent on pattern’s geometry and on 
the poling conditions. A good duty cycle has been achieved inside the crystal but uniformity 
and homogeneity in the domains inversions over the whole crystal must be improved. In 
order to reduce lateral diffusion of protons a new mask was designed with smaller apertures: 
Λ=8.03µm period and dc=70%. Moreover, in order to enhance the nucleation rate and 
improve the homogeneity of domains on +z, metallic electrodes were left before the poling. 
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Figure 6.14 Cross section view of sample c-LN06 
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6.3.4 Results of poling Samples 2c (periodic Ti and PE +z) 

The last configuration is characterized by both periodic chemical (PE) and metallic pattern 
on +z side whereas on –z the crystal did not undergo any process, as detailed shown in fig. 
6.16. A Ti mask with period of Λ=8.03µm and 70% duty cycle was employed.   

 
Fig. 6.17 shows the voltage/current waveforms for sample N03. After the normal charging 
procedure (pulses at low voltage) we totally applied 2 pulses at Vmax=22 kV/mm. If we look 
at the profile of the current, it increases in the first pulse and decreases in the second one. 
These indicate self-termination of the poling. In chapter IV22 was pointed out that the lateral 
velocity of domains is highly dependent on the applied voltage. Since the distribution of the 
electric field on the surface of the crystal is as depicted in fig 4.823

 

 the effective electric field 
on the PE crystal (where domain coalescence is much more probable) is lower if compared 
to that under the Ti. Then the lateral velocity of domains is lower as well and, once the 
domains reach the –z side, they do not grow laterally. In this case the switching voltage is 
higher than in other configurations. The main reason for this behaviour is related to both the 
presence of metal as electrode and the PE as chemical mask, as shown in fig. 6.18. 

                                                 
22 In paragraph "Domain kinetic in electric field assisted poling” 
23 The electric field is higher on the edges and lower out of the electrodes 
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Figure 6.17 Voltage/current waveforms for N3 (most representatives sample 2c) 
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Although Ti is a better electrode (it is uniform) the lateral diffusion of protons acts as a 
screen for the tip-effect of metal’s edges. The tip effect increases the value of the field in the 
edges but, on the contrary, the lateral diffusion acts as a screen and the total consequence is 
an increase of the switching voltage required to pole the crystal. The amount of the total 
delivered charge is Qdel~18.2µC, i.e. ~83% of the theoretical one. No other pulses were then 
applied to avoid the lateral merging of domains. A visual analysis through crossed polarizers 
was carried out and depicted in fig. 6.19. Only a small area (~0.5mm2) was not poled mainly 
due to the fact the total delivered charge is slightly inferior to the required one. A good 
homogeneity was achieved thanks to the metal which increased the nucleation rate of new 
domains and assured a better electric contact. The analysis of the –z (after 60 min in HF) 
revealed both large periodically poled areas and overpoled zones mainly due to coalescence 
of neighbouring domains. Fig. 6.20 shows a –z view of the inverted domains: a large 
periodic structure with duty cycle close to 75% is detected. This configuration confirmed 
that it is possible to obtain high homogeneity but it also underlined that the dimensions of 
the inverted domains are high influenced by the dimensions of the electrodes on +z. The 
metallic electrode on +z had a duty cycle of about 70% and this closely matches the domain 
duty cycle obtained on the opposite faces (75%). The PE acts as a limit for lateral spread out 
of domains and neighbour domains lie 1.5 µm close one another. 

 

Figure 6.19 +z view of sample N3 through crossed polarizers  

280 µm 

PE PE PE 
Ti Ti Ti 

Lateral diffusion 
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Figure 6.18 Schematic view of both the tip-effect of metal electrodes and the screen effect of PE  



 

70 
 

 

6.4 Global results and considerations 

The influences of different technological configurations on the poling evolution were 
analyzed in periodically patterned samples. The presence of proton exchanged confirmed the 
possibility to use chemical modifications of the crystal to ensure a good lateral containment 
of inverted domains. As a matter of fact, in the poling of samples 2a (c-LN12) it was 
demonstrated as chemically altered layers induced non-completely inverted domains on both 
surfaces. The main consequence is the local loss of duty cycle and bad domains termination 
on –z. They can not terminate on –z because of the loss of ferroelectricity of superficial 
layers. This problem has been partially solved using metallic mask on –z during PE 
(Samples 2b) although the homogeneity was not satisfactory for optical applications. The 
presence of metallic electrodes on +z assured a high nucleation rate on the surface and 
permitted to obtain large periodically poled areas with good uniformity (Samples 2c). In the 
end, the combination of both periodic metallic electrodes and chemical pattern showed to be 
the most successful configuration. It was demonstrated how to control the lateral growth of 
ferroelectric domains in LiNbO3 through thin superficial chemical modifications. One can 
think to employ this technique to successfully design gratings with period shorter than 
10µm. Moreover, other configurations of metal and PE can be detailed studied in future 
applications. 
  

Figure 6.20 –z view of sample N3 after 60 min etch in HF 
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7. Conclusions 
 
The experiments described in this thesis gave an overview on the possibility of using Proton 
Exchange and metal electrodes as masks for poling technique. In this context, several 
experiments were carried out and different configurations were investigated.  
The main outcome is the demonstration of a high correlation of the increment of the 
switching voltage on the thickness of the modified layers. As a matter of fact, a linear 
increment of the coercive field of about ΔEpol≈+0,15 (kV/mm) for each micron of 
exchanged layer was found. Moreover, when a thin metallic layer is used as electrode a 
global reduction of the switching voltage of about 3÷4% is reported. This is mainly due to 
contact uniformity and tip-effect at the edges. The chemical modification implies also 
variations in electrical and physical feature of LiNbO3 such as decreasing of capacitive 
behaviour and loss of ferroelectricity. The domains walls motion is perturbed and it 
proceeds by irregularly shaped areas instead of regular hexagonal structures typical of the 
crystalline lattice. This behaviour has also a correlation with the current waveforms in which 
Barkausen spikes are not detected with respect to the congruent non-exchanged sample. The 
influence of the original polarization on the features of the poling was also analyzed since 
the switching voltage is seen to be dependent on the sign of the intrinsic polarization and on 
side of PE or metal deposition.  
The results obtained from uniform samples were used for the poling of periodically 
patterned LiNbO3. Selective proton exchanged layers confirmed the possibility of using 
chemical modifications to ensure good lateral containment of inverted domains. On the 
contrary, they have a great influence on the quality of the poling near the surfaces. As a 
matter of fact, non-inverted domains and nano-domains close to the exchanged surfaces 
were detected and the main consequence is the local loss of duty cycle and discontinuous 
domains termination. This problem has been solved using metallic mask on –z.  
The use of metal as electrode has been shown to reduce the switching voltage whereas the 
lateral PE diffusion reduces the tip effect of the metal edges first and moreover it contains 
the lateral growth of the inverted domains. Thus it gave the possibility to monitor the later 
motion of the domains in periodic structures and to avoid domains merging. In the last 
experiment it was shown that the presence of metallic electrodes on +z assures a high 
nucleation rate on the surface and it permits to obtain large periodically poled areas with 
good uniformity. The combination of both periodic metallic electrodes and chemical pattern 
only on the +z was shown to be the most successful configuration. Thus the possibility to 
control the lateral growth of ferroelectric domains in LiNbO3 was demonstrated by 
analyzing crossed-sections and domains’ distribution on -z. It was also shown how to design 
ferroelectric gratings in Lithium Niobate with period shorter than 10µm (8.66 and 8.03 µm 
respectively).  

7.1 Further developments 

New configurations of metal and PE can be studied in future applications in order design 
ferroelectric gratings with periods shorter than 8 µm. Before approaching experiments for 
smaller structures it is worth to deepen other aspects which can have an important role in the 
poling kinetics and outcomes. In particular it is possible to point out two macro areas of 
research: 
- Influence of Titanium; 
- Influence of chemical alteration. 
Titanium has been shown to be a metal with high ionization energy that it means a high ca-
pability of attracting electrons from the crystal. As a consequence a thin electrons-depleted 
area can be induced at the interface and it can have an important role both in the poling and 
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in proton exchange evolution. As a matter of fact, the kinetics of the chemical process needs 
to be wider studied and correlated to the physical characteristic of the metal. The occurrence 
of inducing spontaneous inverted nano-domains at the interface PE-LiNbO3:LiNbO3 must be 
verified and avoided. In the end, the use of the chemical mask must be verified for periods 
shorter than 8µm. 
On the other hand by using the fabricated gratings, second harmonic generation (SHG) in 
blue-violet range can be achieved. The main problem related to the emission in this section 
of the spectrum is the photorefractive effect due to local generation of free carriers. Since 
lithium niobate is an electro-optic material, the local accumulation of charge causes a 
variation of the refractive indices and therefore the condition of Quasi - Phase Matching 
cannot be any longer guaranteed. The immediate consequence is the drastic reduction of the 
conversion efficiency. To overcome this problem two different strategies may be achieved. 
One is based on increasing the temperature of the sample which leads both reduction of the 
coercive field and higher diffusivity of free carriers in the material with consequent 
reduction of the local photo-induced electric field. The second exploits a variant of lithium 
niobate doped with 5 mol% MgO for which many studies have demonstrated lower coercive 
field and significant reduction of the photorefractive effect. 
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