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Abstract

Faculty Of Engineering Science And Mathematics

Optoelectronics Research Centre

Doctor of Philosophy

by Alistair C Muir

The aim of this thesis is to investigate the influence of ultraviolet laser light on single
crystal lithium niobate surfaces with a focus on useful functionalisation. The investi-
gations split naturally into three areas: effects on hydrophilicity by low intensity laser
irradiation, effects on ferroelectric domain inversion by focussed laser irradiation, and
modelling of the heating and subsequent lithium diffusion during focussed laser irradia-

tion.

It was seen that irradiation of ultraviolet laser light with a photon energy greater than
the bad gap of lithium niobate resulted in an increase to the hydrophilicity, or wettability,
of the surface. The magnitude of the change was seen to be dependent upon both the
conditions of laser intensity and exposure time and upon the environment in which
exposures took place with a greater change seen with greater exposure time and/or
intensity and with a greater environmental humidity. Under vacuum no change to the
hydrophilicity was seen. It was shown that spatial structuring of the surface wettability

could be achieved at the sub-micron level.

Irradiation of focused continuous wave ultraviolet laser light was seen to have two con-
trasting effects upon ferroelectric domain inversion. It was first seen that illumination of
focussed laser light of high enough intensity could directly invert the ferroelectric polarity
in the exposed region. The effect was characterised by chemical etching in hydrofluoric
acid and by piezoresponse force microscopy and was seen to be most effective on the -z
face of the crystal. An explanation was proposed whereby photo-excited charges travel
within a pyro-electric field, creating a space-charge field which locally inverts the spon-
taneous polarisation. The anisotropy in behaviour between the +z and -z faces was
explained by the different mobilities of electrons and holes. It was also seen that if the
crystal was electrically poled after illumination of the +z face, domain inversion was

inhibited in the illuminated region. The region of inhibited domain inversion was seen
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to be greater than the region of direct poling and created domains with high quality sur-
faces. This was demonstrated to be a highly effective method for topographical surface

microstructuring when followed by chemical etching.

The heating of lithium niobate by focussed continuous wave ultraviolet laser light was
modelled. It was found that the temperature distributions created were highly localised
to the beam spot and were independent of beam scan speeds for practically achievable
speeds. The temperature dependence of the thermal diffusivity was included and seen
to greatly increase the gradients of the temperature distributions at high temperatures.
The diffusion of lithium ions due to the steep temperature gradients and, hence, ionic
diffusivity gradient was modelled and it was found that lithium ions will diffuse from the
surface, into the bulk of the crystal. This will leave a high refractive index surface layer
through the dependence upon lithium concentration. The depth of the modelled lithium
concentration profiles after the passage of the beam were found not to be sufficient to

cause optical waveguiding.
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Chapter 1

Introduction

Lithium niobate (LN) is one of the most widely used dielectric materials available today.
It has found use in areas of technology ranging from wireless humidity meters [1] to
pyroelectric energy meters [2] to optical frequency converters [3] to electronic acoustic
delay lines and filters, high speed optical modulators for telecoms systems [4, 5] and
even desktop nuclear fusion [6]. This wide range of uses has led to, and been driven by,
methods of large scale manufacture of crystals of extremely high quality with relatively
low cost. Of course, LN has only found such a wide and extensive range of uses because

it possesses many exploitable physical properties making it a highly functional material.

Many of the uses and applications of LN involve primarily, or exclusively, the LN surface.
It is the aim of this thesis to examine ways in which the surface can be modified,
primarily through ultraviolet (UV) laser irradiation, such that the functionality of this

highly useful material can be increased even further.

All properties originate from the structure of the material and this is reviewed in chapter
1. Chapter 1 then goes on to outline some of these properties that are relevant to the
work carried out in this thesis, with reference to some common devices that exploit the
said properties. Large lists of numeric values of tensor components are not given as these
can be found in the literature when needed, rather, the emphasis of the section is in
highlighting the origins of the effects in a manner where the inter-relations of seemingly

independent effects can be seen.

Chapter 2 investigates the effect of UV irradiation on the wetting properties, or more
generally the hydrophilic properties, of the surface. In this chapter low intensity, de-
focussed, laser light is used to provide a large exposure area. The results are likely to
apply, however, to higher intensity exposure conditions also. The change in the hy-

drophilicity is characterised by the contact angle of sessile drops of water for various
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exposure conditions changing the incident power, exposure time, pulse duration (includ-
ing c.w. exposure), and environmental humidity. A mechanism for the UV-induced
hydrophilicity change is proposed whereby environmental HoO molecules dissociatively
adsorb onto the surface during illumination, thereby increasing the hydrophilicity. The
ability of the increased wettability to create arbitrary liquid spreading paths is then
investigated using scanned loosely focussed beams. Hydrophilic paths are written using
a translation stage in various shapes including straight lines, s-bends and raster scans.
The dependence upon track width of the spreading from macroscopic drops is also inves-
tigated. Finally the hydrophilicity is structured on the micron and sub-micron length
scales and is shown to affect the condensation of liquids from vapour such that useful
liquid structures can be made. The technological implications of the effect at each of

these length scales in discussed.

Chapter 3 investigates the effect of focussed UV laser light, at a wavelength of 244 nm,
on the local ferroelectric polarisation and shows that, at high enough intensity, UV
laser light can directly invert the spontaneous polarisation. Investigations are carried
out on both the +z and -z crystal faces and the resultant changes to the surfaces are
characterised by both chemical etching and piezoresponse force microscopy. A model of
the interaction is proposed whereby photo-excited charges travel within a pyro-electric
field, creating a space-charge field which locally inverts the spontaneous polarisation.
The anisotropy in behaviour between the +z and -z faces is investigated and is explained

within the proposed model by the different mobilities of electrons and holes.

Chapter 4 extends the work of chapter 3 by investigating what effect the prior exposure
of focussed UV laser light has during subsequent electric field poling. It is found that,
when exposure is on the +z face, domain inversion is inhibited within the exposed region
to some depth below the surface. Again the effect is characterised by chemical etching
and piezoresponse force microscopy and is explained within the framework of the model
proposed in chapter 3. It is found to be a highly useful tool for topographical structuring,
when combined with chemical etching, and the technological implications, along with

limitations due to crystal symmetry, are discussed.

Chapter 5 looks theoretically at the heating of the crystal during focussed UV laser irra-
diation and develops both analytical and fully-numerical models to give the temperature
distributions in the moving reference frame of the scanning beam. Through the use of
an integral transform method the temperature dependence of the thermal diffusivity is
included within the analytical model and results of this resultant non-linear model are
compared to those of the linear case with constant thermal diffusivity. The importance
of the inclusion of temperature dependence is discussed and the temperature distribu-

tions obtained under various conditions of beam spot size and power are analysed. The
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effect on the temperature distributions of varying optical absorption coefficient is inves-
tigated and the implications for heating with COy lasers is discussed. The numerical
model is used to verify the techniques used in the analytical model since detailed ex-
perimental verification is technically very difficult. The numerical model is then used to
further investigate the inclusion of temperature dependence in other thermal properties.
A simple experiment is then carried out to test the model whereby the experimentally
found conditions of beam power and spot size at the point at which melting occurs are

compared with those predicted by the non-linear analytical model.

In chapter 6 a model is developed to describe the diffusion of lithium ions in the very steep
temperature gradients seen during UV laser heating. Finite difference methods are used
to solve the time-dependent equations in the reference frame of the crystal during the
passage of heating beam with the temperatures being obtained from the heating model
of chapter 5. The movement of lithium ions is shown to be essentially one-dimensional
and directed perpendicular to the surface. The dependence of the resultant lithium
concentration distribution on heating beam parameters of spot size, incident power,
and scan speed and upon the optical absorption depth are investigated. The lithium
concentration distributions are then converted into refractive index profiles through the
Sellmeier equations for LN and these are tested for their waveguidance properties at

optical wavelengths.

The work of the thesis is then summarised in chapter 7 and general conclusions are
drawn. Suggestions for future work utilising and extending the results, models and

methods of this thesis are then made in chapter 8.
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1.1 The Structure of Lithium Niobate

Of the 32 crystal classes, 20 are seen to produce a spontaneous polarisation when sub-
jected to an external stress and these are known as the piezoelectric classes. Of the 20
piezoelectric classes, 10 are characterised by the fact that they have at least one unique
polar axis which retains a spontaneous polarisation without an external electric field or
applied stress and these are known as the polar classes. Within the 10 classes of polar
crystals some crystals are found that can reverse their direction of spontaneous polarisa-
tion under the application of an electric field such that the new direction is a stable state
upon removal of the field. This property cannot be distinguished from the symmetry of
the crystal structure alone and classification must so be done experimentally, however.
These crystals are known as the ferroelectrics and it is within this group of crystals that
we find LN.

LN is an artificial crystal that was first grown in 1937 [7] and has been intensively
investigated since [7-9]. LN has the chemical formula (in the stoichiometric case) of
LiNbOg3 and is composed of lithium, niobium and oxygen. In the LioO-NboOs system
LN melts congruently at 1550 K at a composition of 48.6 mol. % Li;O and so this is the
most frequently found composition. LN does, however, exist as a single crystal phase
over a wide range of stoichiometries from 44.5 to 50.5 mol. % LipO at 1463 K [10].
The thermodynamically stable single-phase composition at room temperature is much
narrower at ~ 49 to 50.5 mol. % Li2O, however room temperature ion kinetics prevent
precipitation into secondary phases. Crystals with compositions of less than ~ 49 mol.
% LisO are then created when the crystal cools at a rate greater than that at which a
second phase can precipitate and are thus only meta-stable at room temperature. For
many applications this does not cause any problems but for others it can be a relevant
consideration if heating occurs during later processing [7, 11-13]. Within the work of

this thesis heating of the crystal will be frequent.

The crystal structure of LN is trigonal, meaning that it has a three-fold rotational
symmetry about the polar axis. It also possesses a mirror plane parallel to the axis of
rotation which places it in the crystal class 3m, in the Hermann-Mauguin notation, or
Csy, in the Schonflies notation [8]. The crystal structure consists of a sequence of close-
packed, face sharing, oxygen octahedra stacked along the polar axis. The stacking of
the oxygen octahedra is in a screw-like manner [7] which repeats after six oxygen planes
along the polar axis. The oxygen tetrahedral interstices remain empty whilst the oxygen
octahedra are filled with either lithium or niobium cations or vacancies along the positive
polar direction (for perfect crystal structuring) in the following order: lithium, niobium,
vacancy, lithium, niobium, vacancy. . . At temperatures above the Curie temperature, T,

of ~ 1490 K the crystal is paraelectric with the niobium cations located in the geometric
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centres of their oxygen octahedra and the lithium cations at a position of +0.037 nm on
either side of the oxygen plane with equal probability [8]. As the crystal cools through
the Curie temperature the phase transition from paraelectric to ferroelectric takes place.
This transition is of second order [8] since no abrupt change is seen at T.. The niobium
cations move away from the geometric centre of the oxygen octahedra and the lithium
cations arrange co-operatively to the same side of the oxygen plane. Long range forces
control the ordering of the movement from the paraelectric positions such that dipole
moments of the individual unit cells align and a net spontaneous polarisation is obtained
[7]. The position of the cations within the oxygen octahedra distorts the octahedra such
that the oxygen-oxygen distance in the planes nearest the cations is less than that of
the plane opposite. At room temperature the oxygen-oxygen distances are 0.3362 nm
and 0.2879 nm in the planes nearest the lithium and niobium cations respectively. The
niobium cation, then, has a larger effect upon the oxygen octahedra than does the
lithium and this is also represented by the distances between the cation and the oxygen
planes. The oxygen-lithium distance for the oxygen plane nearest the cation is 0.2068 nm
and for the opposite plane is 0.2238 nm. The oxygen-niobium distance for the oxygen
plane nearest the cation is, in contrast, just 0.1890 nm. The sum of the ionic radii of the
oxygen and niobium ions is, however, 0.2010 nm which implies overlapping wavefunctions
and strong ionic bonds. The breaking of these bonds will then form an energy barrier
to polarisation reversal. The sum of the ionic radii of the oxygen and lithium ions is
0.2000 nm which, when compared with the oxygen-lithium distances, implies a weak
bonding to the oxygen sub-lattice. However, for polarisation reversal the lithium cation
must pass through the oxygen plane into the vacant octahedron. The oxygen-oxygen
distance in this plane is 0.3362 nm which gives a space available for a sphere of radius
0.0620 nm. The ionic radius of the lithium ion is 0.0680 nm which means that it is
difficult for the lithium to pass through the plane, which provides another energy barrier

for domain inversion. [7]

It is thus the non-central positioning of the lithium and niobium cations that gives rise
to the spontaneous polarisation, denoted Py, and the energy barriers for ionic movement
that gives rise to the room temperature stability of this spontaneous polarisation. It
is then from this stable spontaneous polarisation that many of the useful properties of
LN are derived. The magnitude of the spontaneous polarisation of LN, with a value of
~ 70uC cm~2 [8], is around an order of magnitude larger than for most ferroelectrics.
The positions of the atoms within the unit cell are well known at room temperature and
are given in [14]. Figure 1.1 shows the arrangement of atoms within LN for a stack of
oxygen octahedra along the polar axis. Also shown is the displacement of the lithium
and niobium cations during polarisation reversal. Figure 1.2 shows the arrangement of

atoms within the plane perpendicular to the polar axis. It can be seen here that the
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FIGURE 1.1: The crystal structure of LN showing the displacement of cations during
polarisation reversal. After [15]

cations and vacancies are arranged such that each is surrounded by three of the other

two.

The symmetry of LN lends itself well to a hexagonal coordinate system with axes
(a1,a92,a2,c) where ¢ is the polar axis and the a; axes are perpendicular to the mir-
ror planes [14]. The coordinate system for the tensors that describe many properties of
the crystal, however, is Cartesian. The accepted convention for relating the hexagonal
axes to the Cartesian axes is as follows: The z axis is chosen to be parallel to the ¢ axis.
The z axis is chosen to coincide with any of the a; axes and the y axis is perpendicular
to the z axis and thus lies in a plane of mirror symmetry [14]. The direction of the
+z axis is defined as being directed outward from the face that becomes positive upon
cooling [7] and negative upon compression [14]. The direction of the y axis is defined
similarly as being directed out from the face which becomes negative upon compression
[14].
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FIGURE 1.2: The crystal structure of LN in the plane perpendicular to the polar axis.
Oxygen octahedra are shown as solid lines.

1.2 Exploitable Properties and Common Applications

1.2.1 Optical Transparency

LN has a wide transparency window over the visible part of the spectrum which makes
it a very useful optical material. The transparency region starts in the infra-red between
5500 - 7000 nm and reaches the ultraviolet at between 320 - 350 nm. The transmission
curve is extremely flat over this range with the only appreciable dip occurring at 2870 nm
due to the presence of OH™ groups within the crystal. A typical transmission curve of
un-doped congruent LN is shown in figure 1.3. The electronic band structure of LN
around the Fermi level is determined mainly by the NbOg octahedra since the upper
level of the valence band is formed by the oxygen 2p states and the lower level of the
conduction band is formed by the niobium 4d states. The band gap of LN is around
3.7 - 3.9 eV [7]. The optical properties of LN in the UV region have been studied by
Mamedov et al. [16] for photon energies between 0 and 35 eV. Since a large part of the
work of this thesis relates to effects due to UV light the optical absorption data obtained
in [16] is shown in figure 1.4. The work is mainly carried out at wavelengths of 244 nm
and 266 nm which correspond to photon energies of 5.09 and 4.66 eV respectively. It
can be seen in figure 1.4 that the optical absorption is rapidly increasing in this area

which may have implications if the curve would shift with temperature, for example.

Whilst the main optical absorption characteristics are determined by the NbOg octa-
hedra, weak absorption can also be caused by energy levels within the band-gap that

are associated with either structural defects or extrinsic impurity ions. The absorption
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FIGURE 1.3: Optical transmission spectrum of LN. Data re-plotted after [7].
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FIGURE 1.4: Optical absorption coefficient of LN in the UV region. Data re-plotted
after [16].

due to these intra-band-gap energy levels does not significantly affect the overall trans-
parency of the crystal at normal concentrations but are of great importance as sources
and sinks of photo-excited charge. Figure 1.5 shows the positions within the band-gap
of some experimentally verified and calculated energy levels corresponding to either F
(or colour) centres which comprise electrons trapped at ionic vacancies, or extrinsic im-
purities such as iron. Some impurities, such as iron, are present even when doping is

not intentional and are a main cause of photo-sensitivity.

1.2.2 x® Non-Linear Optical Properties

Second order, (@), non-linearities form the basis of many of the common optical uses of

LN, indeed it is precisely the fact that LN has large non-linear optical coefficients that
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FIGURE 1.5: Intra-band-gap energy levels of some common F centres and impurity
ions. After [7].

sets it apart from most other optical dielectrics. To understand these non-linearities it

is first important, however, to examine how a system responds in the linear regime.

When light of frequency w is transmitted through a transparent material the electric
field of the light accelerates the loosely bound valance electrons, distorting the shape of
the electron distribution. For most cases the restorative electrostatic forces that act to
maintain the electron distribution are far greater than the distorting forces induced by
the light and the magnitude of the distortion of the electron distribution is proportional
to the applied electric field. The distortion of the electron distribution is referred to
as the electrical polarisation P and is given in this linear regime, in tensor component

form, as

Pi(w) = € inj(w)Ej(w) 1,]=x,Y,2 (1.1)

where E is the driving electric field, w is the angular frequency of the oscillating electric
field and x is the electric susceptibility tensor. The product egx is, of course, the
derivative of P with respect to E and is related to the refractive index, n, asn = /1 + x.
Since the polarisation is linearly proportional to the applied field which oscillates at a
frequency w, the polarisation also oscillates at the frequency w and will thus also re-
radiate an electric field at this same frequency. The applicability of the assumption of
linear behaviour will break down at high electric field strengths, however, when the linear
response begins to saturate. At this point non-linear contributions to the polarisation
must be taken into account. These non-linear contributions are always present, but are
insignificant due to the extremely high values of the interatomic or crystalline electric

field strengths which act to restore the spatial electron distributions. Externally applied
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electric fields are usually relatively weak compared to these, even when focused laser
light is used. In these situations the non-linearity is weak and it is legitimate to expand
the polarisation as a Taylor series about £ = 0 where the magnitude of terms decreases

rapidly with order. The non-linear terms are then given by, to third order,

PiNL =€ Z XEJQIE;EJE/C + €p Z XE?,Z,IE]'E]CEZ + ... (1.2)
ik ikl

where (™ is the mth order susceptibility tensor and the explicit dependence on w has
been dropped from the notation. In materials that are centro-symmetric, the second
order non-linear coefficients must be zero or otherwise an inversion of the applied field
would not result in an inversion of the polarisation, which is un-physical. Due to the
ferroelectric nature of LN, however, there is no inversion symmetry to the z axis and so
2)

X( is non-zero.

In a scalar approximation, to make notation more legible, and assuming non-zero non-

linear terms we can consider the non-linear polarisation
PNE = oxPE? 4+ ¢oxOE3 4 - .. (1.3)

If the response of the polarisation to a harmonic electric field with two frequency com-
ponents of the form

E = Eysinwgt + Ey sinwqt (1.4)
is considered

pNL _ eox? {E¢sin? wot + E} sin® wit + 2By B sinwot sinwi t } (L5)
+e0x® {Eg sin wot + Ej sin wlt}3 4

where only the second order term has been expanded due to its greater relevance to the
majority of practical uses. In the second order term we can see three factors which de-
scribe components of the time-dependent polarisation and hence the re-radiated field of
the induced dipole. The first two terms are dependent only upon each of the components
of the driving field individually, however the third term is dependent upon both com-
ponents of the driving field and represents a component of the re-radiated field which is
derived from a mixing of the two incident field components. Expanding the third term

in equation 1.5 through standard trigonometric relations we obtain
PNE — egxP Eg By {cos (wo — wi) t 4 cos (wo + wi) t} + - - (1.6)

where other factors, not arising from the third term in equation 1.5, have been omitted

for clarity. It can then be seen that when an electric field which has two frequency
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components is incident upon a non-centrosymmetric non-linear crystal, such as LN, the
induced polarisation, and hence re-radiated field will contain frequency components that
are either the sum or difference of the two incident field components. This effect is re-
ferred to as either sum frequency generation (SFG) of difference frequency generation
(DFQG), respectively, and forms the basis of optical parametric generation (OPG) tech-
niques which are used extensively to create coherent light at wavelengths which are not
otherwise easily available from lasing sources from wavelengths that are easily available
[3, 17]. If we consider now the situation where a monochromatic field, with frequency w

and magnitude F, is present equation 1.5 becomes

PNL — 60);(2) E?(1 —cos2wt) + - -- . (1.7)
where, again, the third order term is omitted for clarity. It can be seen that, even
when only a single frequency component is present in the incident field, the induced
polarisation and hence re-radiated field contains a frequency component at twice the
frequency of the incident field. This effect is known as second harmonic generation
(SHG) and is widely employed to generate laser light at short wavelengths that are
not otherwise available. In fact this is just a special case of SFG when wy and w; are
degenerate. SHG will be used in the remainder of this section, however, to explore
other properties of the parametric generation process, but the principles and conclusion

obtained are applicable to all OPG techniques.

This far in the discussion, only the response of an isolated point has been considered and
no discussion of travelling waves has been made. In reality optical materials are extended
structures and we want the frequency conversion processes described above to continue
in a constructive manner such that high intensity harmonics can be produced. This
is hindered by dispersive qualities of the medium since the phase velocity is frequency
dependent. Thus the two frequency components, the incident wave and the generated
wave, will travel at different speeds within the material. The generated wave will always
have a fixed phase relationship to the incident wave, however, so as the generated wave
travels through the crystal from point a to point b the phase difference between the waves
generated at each point will continually increase until destructive interference occurs and
the amplitude of the generated wave decreases. The length over which this occurs is
known as the coherence length, [., (not to be confused with the normal definition of the

coherence length of laser light) and is given by

™

= Ak

(1.8)

where Ak is the difference in wavevector of the generated wave and the incident wave.

In certain circumstances the refractive indices of the two frequency components can
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be made equal, through birefringent phase matching for example, and in this case the
waves travel at equal velocity and the Ak drops to zero and the process is continually

constructive.

Another method by which a generated wave of continuously increasing amplitude can
be created is by quasi phase matching (QPM) [3]. It was mentioned above that the
generated wave has a constant phase relationship to the incident wave, however if the
polarity of the crystal is inverted, the sign of the relevant x(?) tensor coefficients invert
also and the generated wave undergoes a phase shift of 7 relative to the wave that would
have been created in the crystal of the original polarisation. The phase of existing waves
is not affected by entering a region of inverted polarity since the first order susceptibility
tensor is symmetric. Thus, if the polarity of the crystal is inverted at the point in
which the pre-existing generated wave becomes out of phase with the newly generated
wave, a 7w phase shift occurs to the newly generated wave and the two are again in
phase and interfere constructively. This process is known as QPM and has resulted
in the development of periodically poled lithium niobate (PPLN) as a highly efficient
and flexible medium for frequency conversion. Thus by switching the polarity of the
ferroelectric domain at a spatial frequency of ml., where m is an integer, efficient build-up
of the second harmonic can occur. Although the efficiency of QPM is not as great as that
of perfect phase matching, it does have the advantages over birefringent phase matching
that the diagonal terms of the y(?) tensor are accessible and that phase matching can
occur over a wider spectral range. Appendix A examines the build-up of the second
harmonic in greater detail and figure 1.6 shows the evolution of the second harmonic
intensity with distance through the crystal for the cases of; no phase matching, perfect
phase matching, first order QPM with the domain inversion period A = [. and third
order QPM with the domain inversion period A = 3l..

PPLN structures are not, however, limited to one dimensional gratings but have also
been demonstrated as two dimensional hexagonally poled domain arrays [18] where
multiple phase matching configurations are present due to the different lattice vectors
of the domain array. This allows for multiple frequencies to be generated from a single

beam, separated by angle, and much wider tuning ranges.

1.2.3 The Electro-Optic Effect

The electro-optic effect is one of the most exploited properties of LN due to its use in
electro-optic modulators to directly alter the phase of a light signal. The electro-optic
effect derives again from the non-centrosymmetric nature of LN and the non-zero x(?

susceptibility. Considering the second order term of equation 1.3 with the electric field
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FIGURE 1.6: Variation of the second harmonic intensity with propagation distance for
the situations of no phase matching, perfect phase matching and quasi phase matching
with A =, and A = 31..

comprising a harmonic term and a non-harmonic DC term we obtain

PNL — o\ (Eysinwt + Epc)? + - -
= X P (E2sin®wt + E3 + 2EpcEysinwt). + - - - (1.9)

The third term of equation 1.9 then gives a component to the induced electrical polarisa-
tion at the frequency of the incident harmonic field whose magnitude depends upon the
magnitude of the applied DC field. This component of the polarisation will then trans-
late to a DC field induced change to the refractive index of the crystal at the frequency
of the harmonic component. Since the electric fields are both vector quantities and the
susceptibility is a tensor quantity, the scalar approximation above is a simplification and
the induced refractive index change will depend upon the relative orientations of the two
fields and the crystal axes. In full tensor component form the refractive index change is

given by

1
A <nz> = Zﬁ‘jkEk i,J, k=92 (1.10)

1] k
where r is the electro-optic tensor and Fj are the components of the applied electric
field vector. The electro-optic tensor is related to the change in the susceptibility, Ax;j,

originating in the term in equation 1.9 discussed above by [19]

“Avi
pc _ “_Xijk (1.11)
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where E,? ¢ is the k component of the applied DC field and €;,; are the linear permittiv-

ities in the ¢ and j directions.

The electro-optic effect has been used to make a wide range of devices when combined
with channel waveguides [5, 20] since both electrodes can be applied to the surface of
the crystal with separations of just a few microns, allowing large electric fields to be
generated from low voltages. The simplest device is a phase modulator that consists
of two electrodes surrounding a channel waveguide. When a voltage is applied across
the electrodes a field is present in the waveguide which changes the index, altering the
velocity of light within the waveguide, and retards or advances the phase of the light
exiting the guide. The modulation of the phase can be used to encode information
onto the carrier light signal however the deciphering of the signal upon receiving can be
challenging due to difficulties in measuring phase shifts and ambiguities between shifts
m apart. However, once one can modulate the phase it is a simple matter to incorporate
the phase shift into one arm of an interferometer and use the phase retardance in one
arm to create either destructive or constructive interference when the split beams re-
combine such that the intensity is modulated and the encoded signal is easy to read.
Another way in which this can be achieved is through the use of a directional coupler
consisting of closely spaced waveguides where the coupling between them is controlled

by the electro-optically induced index change.

The electro-optic effect can also be used to create useful devices in bulk crystals. This
can be achieved in a similar way as QPM achieves high efficiency harmonic generation,
by spatially structuring the ferroelectric crystal polarity. The sign of the index change
produced by a given electric field is determined by both the relative orientation of the
field and the electro-optic tensor as can be seen in equation 1.10. It has already been
stated that when the polarity of the ferroelectric domain is inverted the sign of the x(?
tensor components invert also and so, through equation 1.11, so too do the sign of the
r tensor components. This means that if a uniform field is applied across a boundary
between two oppositely oriented ferroelectric domains then each domain will experience
an index change in the opposite direction and an optical interface will be produced that
can reflect and refract light waves. This has been used to produce electrically controllable
lens arrays [21], beam deflectors [21-25], total internal reflection (TIR) switches [23-25]
and Bragg diffraction gratings [26].
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1.2.4 Photo-refractive Effect

The photo-refractive effect is a non-instant, non-local, light induced change to the re-
fractive index that persists for some time after the illumination has stopped. The photo-
refractive effect is due to three processes. First photo-ionisation of inter-band defects,
in the case of visible light, or band to band photo-excitation, in the case of UV light
creates free charges within the crystal. This is followed by charge transport through
inter-band diffusion, electronic drift or photovoltaic current until charges are trapped in
regions of low light intensity. This space-charge distribution creates electric fields within
the crystal which can act upon the refractive index through the electro-optic effect. The
photo-refractive effect in LN thus derives again from the non-centrosymmetric nature of

LN and the non-zero y(?) susceptibility.

The photo-refractive effect is often a hindrance in optical applications since the modifi-
cation of the refractive index across the beam front will cause the beam to fan, destroy-
ing the spatial profile. Doping the crystal with magnesium is commonly used to reduce
photo-refractive effects [27]. The ability of light to influence the refractive index through
the photo-refractive effect is used, however, in a wide range of useful applications from
phase conjugation for beam clean-up and multi-wave mixing for power sharing between
different quality beams to the creation of highly multiplexed volume holographic mem-
ories [28]. In the cases where photo-refractive effects are desirable the photo-refractive
sensitivity is often increased by doping with either iron or copper[27]. Since the space-
charge fields necessary for the photo-refractive effect will decay over time due to the dark
conductivity of the crystal, methods have been developed to thermally fix the charge
distributions [29]

1.2.5 Pyro-Electric Effect

At high temperatures, above T, LN is paraelectric with the niobium and lithium cations
sitting in the centres of their respective oxygen octahedra. As the temperature drops be-
low T, the lithium and niobium cations move away from the centres and a spontaneous
polarisation develops. The displacement of the cations from their para-electric positions
is a function of the energy of the system [8] and hence temperature. At a temperature
below T, a depolarisation field is present within the crystal due to the divergence of
the spontaneous polarisation at the surface [8], either through the abrupt structural
dislocation of the surface or due to a relaxation of the structure at the surface. This is
compensated by the movement of free charges [8] and the alignment of dipolar defects

[30] within the crystal. The compensating mechanisms are, however, slow to react to
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changes in the spontaneous polarisation, which are themselves an almost instant reac-
tion to changes in temperature. Thus when the temperature of the crystal changes over
a time scale shorter than that at which the charge compensation mechanisms can re-
act, the spontaneous polarisation is left over-compensated and an electric field develops

within the crystal. This is known as the pyro-electric effect.

Thermodynamic phenomenological theories of ferroelectrics predict that the dependence

upon spontaneous polarisation on temperature is of the form [8, 31]
P2 =B(T.—T)/v (1.12)

where 8 and ~ are positive, temperature independant, constants. This behaviour has
been seen in LT [31] which has a lower value of T, making experimental measurements
much easier, but is isomorphous to LN and so should behave similarly. A dependence
of similar character has also been seen in LN [32] although over a narrower temperature
range that does not include T.. It is clear, however, that the relationship between
spontaneous polarisation and temperature is not linear as is stated in [14]. Over small
temperature changes a linear approximation may be justified but in the work of this
thesis the temperatures of interest shall range from room temperature to the melting
point of LN near 1500 K.

Although commercial devices are made that utilise directly the pyro-electric effect, such
as laser pulse energy meters and infra-red detectors [33], LN is not often chosen. The
pyro-electric effect is seen, however to be highly influential upon the charge transport
mechanisms in LN and has been shown to be the cause of electron emission [34, 35].
The production of high electric field strengths through the pyro-electric effect has also

been used to drive a deuteron beam for use in fusion experiments [6].

1.2.6 Surface Optical Waveguides

Surface optical waveguide structures have been made in LN in a variety of different ways,
either by altering the surface layer to obtain a higher refractive index or by modifying

the crystal in a sub-surface layer such that the index of the sub-surface layer is reduced.

LN is a chemically stable single crystal over a wide stoichiometry range [10] and it
is well known that the refractive index varies with stoichiometry over this range [36]
with the extraordinary index increasing with decreasing Li concentration. It follows,
then, that optical waveguiding structures may be created by the out-diffusion at high
temperatures of volatile LioO. This has been investigated by Kaminow and Carruthers

[37] and Carruthers et al. [38] and, indeed, guiding structures are produced. It is also
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seen that these structures are of high quality and guide with low losses. The method
of using vapour fluxes of LisO to vary the stoichiometry, and hence refractive index,
has been extended by heating LN to high temperatures within a crucible made from
either LiNbOg + LigNbOy4 or LiNbO3 4+ LiNb3Og which act as either a source or sink,
respectively, for Li. Using this method it was also found that the vacuum environment
of [37, 38] was not needed.

The in-diffusion of metals through the LN surface is also seen to produce a refractive
index change that can be used for optical waveguiding. The metal atoms are easily
accommodated in LN due to the high level of structural defects present, even in stoi-
chiometric crystals. Many species have been investigated including Mg, Ni, Zn, Fe, Co,
Cu, Cr, V and Ti. A thin film, 10 - 100 nm thick, of the metal is deposited onto the
LN surface by either vacuum evaporation or sputtering and then the crystal is heated
to a high temperature, around 1000°C, where diffusion can take place. Divalent species
such such as Ni, Zn and Mg are seen to occupy Li vacancies within the crystal and
cause a reduction of the extraordinary index. When Ni or Zn are diffused the ordinary
index increases, however if Mg is used the ordinary index will decrease. Tri-valent or
tetra-valent species such as Fe, Cr and Ti are seen to occupy niobium vacancies within
the crystal and cause an increase to both the ordinary and extraordinary indices. [11]
The diffusion of Ti is the most widely studied process due to the relatively large change
in both the extraordinary and ordinary indices of < 0.02 and < 0.04 respectively al-
lowing waveguides supporting both TE and TM modes. In the case of Ti in-diffusion
it has been suggested by Sugii et al. [39] that the index change is due to the increased
polarisability and photoelastic effect caused by the differing sizes of the Nb and Ti ions.

Proton exchange is another widely used method for changing the refractive index of
the LN surface for the production of optical waveguides [11]. The method differs from
metal in-diffusion since the LN samples are submerged within a solution containing the
donor H™ ions, often benzoic acid, which then substitute for Li ions within the crystal
which can diffuse into the acid. The process takes place at temperatures of around
120 - 150°C which is far lower than those used in in-diffusion which are around 1000°C.
The proton exchange process is seen to increase the extra-ordinary refractive index by
around 0.12 [40] and to decrease the ordinary refractive index by around 0.05 [11].
These index changes are considerably higher than those that can be achieved through
metal in-diffusion. It is seen that the proton exchange process can reduce the electro-
optic [41] and acousto-optic [11] sensitivity of the crystal which may limit its utility,
however post-exchange annealing can improve these piezoelectric and optical properties.
The photo-refractive sensitivity of proton exchanged waveguides is greatly reduced with
estimates of a reduction of four orders of magnitude compared to un-exchanged crystal.

Due to the large refractive index change, proton exchange has been used in conjunction
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with titanium in-diffused waveguides to create a number of useful devices such as lenses

[42], polarisers [43] and Bragg gratings [44].

A further method of creating optical waveguiding structures in LN also employs the
inclusion of other elements into the crystal, but in a very different manner to either
metal in-diffusion or proton exchange. Ion implantation uses a high energy ionic beam
to bombard the LN surface such that the ions penetrate the surface to a depth given by
the energy and species of the ions [11]. When the ions initially enter the crystal they lose
energy through electrostatic forces only and do not cause significant damage. When the
ions have slowed sufficiently they lose their remaining energy through nuclear collisions
and cause considerable damage to the crystal which lowers the refractive index. It is
then the contrast in refractive index between the largely un-affected surface layer with
this lower index sub-surface damaged layer that forms the waveguide. Many different
ions can be employed for ion-implantation such as N, O, He, Ar, H and Ti. Due to
the low damage level of the surface layer, the non-linear properties of the waveguide
are well preserved. The index of the surface layer can also be raised when using He
ions since bombardment encourages a loss of LioO from the surface. This is seen to
be dependant upon both the ion dose and energy and can be used to help control the

waveguide properties [11].

1.2.7 Piezoelectric and Converse-Piezoelectric Effect

The piezoelectric effect is the creation of an electric field by an applied stress. Since
LN is ferroelectric it is also, by definition, piezoelectric. From a viewpoint of macro-
scopic phenomenology the piezoelectric effect can be described by the following coupled

equations [§]

dEi = —gijdXi-i-/ig](-dDj (1.13)
dD; = d;;jdX; + €,dE; (1.14)

where E is the electric field vector, D is the electric displacement vector, X is the me-
chanical stress tensor, €;; and k;; are the electrical permittivity and reciprocal electrical
) oD,
1 1 . .
= — | and d;; | = = | are piezoelectric
0X; N < an) Y

compliance tensors of third rank. The electric displacement is given by

permittivity tensors respectively and g;;

dD; = EijdEj + dPs; (115)
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which, when substituted into equation 1.14, gives the linear relation
dPy; = d;jdX; (1.16)

between the spontaneous polarisation and the applied stress.

The converse-piezoelectric effect, as the name suggests, is the creation of a mechanical
strain due to an applied electric field. In the same manner as above the converse-

piezoelectric effect can be described by the following coupled equations [§]

dXZ' = c,;jdxj — eijdEj (1.17)
d:L‘Z' = SiEjde + dljdEj (1.18)
: . : 0X;\ . . . .
where z is the mechanical strain tensor, e;; | = 95 is a piezoelectric tensor of third
J

rank and 05 and 55 are the third rank elastic stiffness and elastic compliance tensors,

respectively, at constant electric field.

These two effects allow the transduction from mechanical energy into electrical energy
and vice versa which gives rise to many useful applications. In LN the main application
of the piezoelectric and converse-piezoelectric effect has been the creation, and scrutiny,
of either bulk or surface acoustic waves (SAW) with the use of interdigital electrodes.
The most widely used device employing SAW is the acoustic delay line filter which is
found in many wireless communications devices and is produced in vast quantities by
the electronics industry [45]. SAW are highly localised to the surface of the crystal and
so their propagation is seen to be extremely sensitive to the surface conditions and this
has led to a wide range of sensing applications from temperature [46] and humidity [47]
sensors to gas composition [48] and flow [49] sensors to liquid conductivity sensors [50].
When liquids are concerned it has even been seen that SAW can be used to actuate and
mix liquid drops along defined tracks within the acoustic delay line [51] adding further

functionality to sensors which may allow for autonomous lab-on-a-chip devices.

The converse-piezoelectric effect has also been used to create piezoelectric actuators with
LN [52-55] and forms the basis of piezo-response force microscopy which is widely used

in the detection and characterisation of ferroelectric domain structures [56].



References 20

References

1]

[11]

[12]

R.D. Hollinger, A.R. Tellakula, C.-T'. Li, V.V. Varadan, and V.K. Varadan. Wire-
less surface acoustic wave-based humidity sensor. Proceedings of the SPIE - The

International Society for Optical Engineering, 3876:54 — 62, 1999.

John H. Lehman, Katherine E. Hurst, Antonije M. Radojevic, Anne C. Dillon, and
Jr. Richard M. Osgood. Multiwall carbon nanotube absorber on a thin-film lithium
niobate pyroelectric detector. Opt. Lett., 32(7):772-774, 2007.

L. E. Myers and W. R. Bosenberg. Periodically poled lithium niobate and quasi-
phase-matched optical parametric oscillators. IEEE Journal of quantum electronics,
33:1663-1672, 1997.

F. Lucchi, D. Janner, M. Belmonte, S. Balsamo, M. Villa, S. Giurgola, P. Vergani,
and V. Pruneri. Very low voltage single drive domain inverted LiNbOg integrated
electro-optic modulator. Optics Ezxpress, 15(17):10739 — 10743, 2007.

E.L. Wooten, K.M. Kissa, A. Yi-Yan, E.J. Murphy, D.A. Lafaw, P.F. Hallemeier,
D. Maack, D.V. Attanasio, D.J. Fritz, G.J. McBrien, and D.E. Bossi. A review of
lithium niobate modulators for fiber-optic communications systems. IEEE Journal

of Selected Topics in Quantum Electronics, 6(1):69 — 82, 2000.

B. Naranjo, J.K. Gimzewski, and S. Putterman. Observation of nuclear fusion
driven by a pyroelectric crystal. Nature, 434(7037):1115-1117, April 2005.

A. M. Prokhorov and Yu. S. Kuz‘minov. Physics and chemistry of crystalline lithium
niobate. Hilger, IOP Publishing Ltd, Bristol, BS1 6NX, England, 1990.

M. E. Lines and A. M. Glass. Principles and Application of Ferroelectrics and
Related Materials. Clarenon Press, 1977.

K. K. Wong. Properties Of Lithium Niobate. EMIS Datareview. IEEE, 1989.

L.O. Svaasand, M. Eriksrud, G. Nakken, and A.P. Grande. Solid-solution range of
LiNbOs. Journal of Crystal Growth, 22(3):230 — 2, 1974.

M.N. Armenise. Fabrication techniques of lithium niobate waveguides. IFE Pro-
ceedings J (Optoelectronics), 135(2):85 — 91, 1988.

M. N. Armenise, C. Canali, M. De Sario, A. Carnera, P. Mazzoldi, and G. Celotti.
Characterization of TiOg, LiNbgOg, and (Tip5Nbg.35)O2 compound growth ob-
served during Ti:LiNbOj3 optical waveguide fabrication. Journal of Applied Physics,
54(11):6223-6231, 1983.



References 21

[13]

[14]

22]

[24]

E. Born, J. Hornsteiner, T. Metzger, and E. Riha. Diffusion of niobium in congruent
lithium niobate. Physica Status Solidi A, 177(2):393 — 400, 2000.

R.S. Weis and T.K. Gaylord. Lithium niobate: summary of physical properties and
crystal structure. Applied Physics A (Solids and Surfaces), A37(4):191 — 203, 1985.

Venkatraman Gopalan, Volkmar Dierolf, and David A. Scrymgeour. Defect-domain
wall interactions in trigonal ferroelectrics. Annual Review of Materials Research,
37:449 — 489, 2007.

A .M. Mamedov, L.S. Hajiyeva, 1.S. Ibragimova, and B.S. Aliyeva. Vacuum ultravi-
olet (VUV) reflectivity and electron states in LiNbOgs. Physica B &; C, 128B+C:
61 — 8, 1985.

R.L. Byer. Quasi-phasematched nonlinear interactions and devices. Journal of
Nonlinear Optical Physics and Materials, 6(4):549 — 92, 1997.

N.G.R. Broderick, G.W. Ross, H.L.. Offerhaus, D.J. Richardson, and D.C. Hanna.
Hexagonally poled lithium niobate: a two-dimensional nonlinear photonic crystal.
Physical Review Letters, 84(19):4345 — 8, 2000.

Chun-Ching Shih and A. Yariv. A theoretical model of the linear electro-optic
effect. Journal of Physics C (Solid State Physics), 15(4):825 — 46, 1982.

R.C. Alferness. Waveguide electrooptic modulators. IEEE Transactions on Mi-
crowave Theory and Techniques, MTT-30(8):1121 — 37, 1982.

M. Yamada, M. Saitoh, and H. Ooki. Electric-field induced cylindrical lens, switch-
ing and deflection devices composed of the inverted domains in LiNbOj crystals.
Applied Physics Letters, 69(24):3659 — 3661, 1996.

S.J. Barrington, A.J. Boyland, and R.W. Eason. Domain-engineered lithium nio-
bate as a medium for an integrated solid-state two-dimensional color laser scanning
system. Applied Optics, 43(8):1625 — 7, 2004/03/10.

Stephen J. Barrington, Alexander J. Boyland, and Robert W. Eason. Resolution
considerations in electro-optic, single interface deflectors. Applied Optics, 43(5):

1038 — 1043, 2004.

A.J. Boyland, G.W. Ross, S. Mailis, P.G.R. Smith, and R.W. Eason. Total inter-
nal reflection switching in electro-optically addressable domain-engineered LiNbOsg.
Electronics Letters, 37(9):585 — 587, 2001.

R.W. Eason, A.J. Boyland, S. Mailis, and P.G.R. Smith. Electro-optically controlled
beam deflection for grazing incidence geometry on a domain-engineered interface in

LiNbOg3. Optics Communications, 197(1-3):201 — 7, 15 Sept. 2001.



References 22

[26]

[35]

[36]

J.A. Abernethy, C.B.E. Gawith, R.W. Eason, and P.G.R. Smith. Demonstration
and optical characteristics of electro-optic bragg modulators in periodically poled
lithium niobate in the near-infrared. Applied Physics Letters, 81(14):2514 — 16, 30
Sept. 2002.

K. Buse. Light-induced charge transport processes in photorefractive crystals. II.
materials. Applied Physics B (Lasers and Optics), B64(4):391 — 407, 1997.

K. Buse. Light-induced charge transport processes in photorefractive crystals. I.
models and experimental methods. Applied Physics B (Lasers and Optics), B64(3):
273 — 91, 1997.

K. Buse, S. Breer, K. Peithmann, S. Kapphan, M. Gao, and E. Kratzig. Origin
of thermal fixing in photorefractive lithium niobate crystals. Physical Review B
(Condensed Matter), 56(3):1225 — 35, 1997.

S. Kim, V. Gopalan, K. Kitamura, and Y. Furukawa. Domain reversal and nonsto-

ichiometry in lithium tantalate. Journal of Applied Physics, 90(6):2949 —, 2001.

A. M. Glass. Dielectric, thermal , and pyroelectric properties of ferroelectric
LiTaOgs. Physical Review, 172:564-571, 1968.

A. Savage. Pyroelectricity and spontaneous polarization in LiNbOs. Journal of
Applied Physics, 37(8):3071-3072, 1966.

Tesfaye Gebre, Ashok K. Batra, Padmaja Guggilla, Mohan D. Aggarwal, and Ravin-
dra B. Lal. Pyroelectric properties of pure and doped lithium niobate crystals for
infrared sensors. Ferroelectrics, Letters Section, 31(5-6):131 — 139, 2004.

E.M. Bourim, C.-W. Moon, S.-W. Lee, and In Kyeong Yoo. Investigation of pyro-
electric electron emission from monodomain lithium niobate single crystals. Physica
B, 383(2):171 — 82, 2006.

G.I. Rozenman. Photoinduced exoemission from lithium niobate. Soviet Physics -
Solid State, 30(8):1340 — 2, 1988.

U. Schlarb and K. Betzler. Refractive indices of lithium niobate as a function of

wavelength and composition. Journal of Applied Physics, 73(7):3472 —, 1993.

[LP. Kaminow and J.R. Carruthers. Optical waveguiding layers in LiNbOs and
LiTaOs. Applied Physics Letters, 22(7):326 — 8, 1973.

J.R. Carruthers, I.P. Kaminow, and L.W. Stulz. Diffusion kinetics and optical
waveguiding properties of outdiffused layers in lithium niobate and lithium tanta-
late. Applied Optics, 13(10):2333 — 42, 1974.



References 23

[39]

[40]

[41]

[42]

[44]

[47]

[48]

K. Sugii, M. Fukuma, and H. Iwasaki. A study of titanium diffusion into LiNbOj3
waveguides by electron probe analysis and X-ray diffraction methods. Journal of
Materials Science, 13(3):523 — 33, 1978.

J. L. Jackel, C. E. Rice, and J. J. Veselka. Proton exchange for high-index waveg-
uides in LiNbOs. Applied Physics Letters, 41(7):607-608, 1982.

R. A. Becker. Comparison of guided-wave interferometric modulators fabricated
on LiNbO3 via Ti indiffusion and proton exchange. Applied Physics Letters, 43(2):
131-133, 1983.

C. S. Tsai, D. Y. Zang, and P. Le. Acousto-optic bragg diffraction in a LiNbOg
channel-planar composite waveguide with application to optical computing. Applied
Physics Letters, 47(6):549-551, 1985.

U. Hempelmann, H. Herrmann, G. Mrozynski, V. Reimann, and W. Sohler. Inte-
grated optical proton exchanged tm-pass polarizers in LiNbO3 : modelling and ex-

perimental performance. Lightwave Technology, Journal of, 13(8):1750-1759, 1995.

B.-E. Benkelfat, R. Ferriere, B. Wacogne, and P. Mollier. Technological implemen-
tation of bragg grating reflectors in Ti:LiNbOj3 waveguides by proton exchange.
Photonics Technology Letters, IEEE, 14(10):1430-1432, 2002.

D.P. Morgan. History of SAW devices. Proceedings of the 1998 IEEE International
Frequency Control Symposium (Cat. No.98CHS36165), pages 439 — 60, 1998.

X. Q. Bao, W. Burkhard, V. V. Varadan, and V. K. Varadan. SAW temperature
sensor and remote reading system. Ultrasonics Symposium Proceedings, pages 583
— 585, 1987.

T. Nomura, K. Oofuchi, T. Yasuda, and S. Furukawa. SAW humidity sensor using
dielectric hygroscopic polymer film. Proceedings of the IEEE Ultrasonics Sympo-
sium, 1:503 — 506, 1994.

J. Hechner, W. Soluch, and T. Wrobel. Methods of harmful effects limitation in
SAW gas sensors. Proceedings of the 1999 Joint Meeting of the European Frequency

and Time Forum and the IEEE International Frequency Control Symposium (Cat.
No.99CH36513), vol.2:1078 — 81, 1999.

S.G. Joshi. Surface-acoustic-wave (SAW) flow sensor. [IEEE Transactions on Ul-

trasonics, Ferroelectrics and Frequency Control, 38(2):148 — 54, 1991.

Chi-Yen Shen, Yu-Tang Shen, and R.S. Horng. Chemical sensors using surface
acoustic wave devices on proton-exchanged LiNbOj3. 1998 IEEE Ultrasonics Sym-
posium. Proceedings (Cat. No. 98CH36102), vol.1:501 — 4, 1998.



References 24

[51]

[55]

[56]

C.J. Strobl, Z. von Guttenberg, and A. Wixforth. Nano- and pico-dispensing of
fluids on planar substrates using SAW. IEEFE Transactions on Ultrasonics, Ferro-
electrics and Frequency Control, 51(11):1432 — 6, 2004.

Kiyoshi Nakamura and Hiroshi Shimizu. Local domain inversion in ferroelectric
crystals and its application to piezoelectric devices. Ultrasonics Symposium Pro-
ceedings, 1:309 — 318, 1989.

K. Nakamura and H. Shimizu. Hysteresis-free piezoelectric actuators using LiNbO3

plates with a ferroelectric inversion layer. Ferroelectrics, 93:211 — 16, 1989.

M. Ueda, H. Sawada, A. Tanaka, and N. Wakatsuki. Piezoelectric actuator us-
ing a LiNbO3 bimorph for an optical switch. IEEE 1990 Ultrasonics Symposium
Proceedings (Cat. No.90CH2938-9), pages 1183 — 6, 1990.

Hideki Yokoyama, Subaru Kudo, and Noboru Wakatsuki. Suppression of mechanical
resonances of LiNbO3 actuator with oppositely-polarized layers. Japanese Journal
of Applied Physics, Part 1: Regular Papers and Short Notes and Review Papers, 38
(5 B):3334 — 3337, 1999.

T Jungk, A Hoffmann, and E Soergel. Quantitative analysis of ferroelectric do-
main imaging with piezoresponse force microscopy. Applied Physics Letters, 89
(16):163507 —, 2006.



Chapter 2

Hydrophilic Surface Activation
With Low Intensity UV Laser
Light

2.1 Background and Motivation

Chapter 1 introduced LN as a material that has found many uses in the optoelectron-
ics industry due to its large electro-optic, acousto-optic and non-linear coefficients. In
many instances there is a requirement to perform a functionalisation of the surface such
that further processing steps can be carried out [1-3] or to control an interaction of
the crystal with a fluid in a finalised device [4]. Wafer bonding has been seen to be
an important process in LN for either creating large area PPLN devices for power scal-
ing [5], waveguide structures [2, 3, 6] and as an etch-stop for topographical structuring
[1]. This has been carried out between LN wafers by functionalising the surface with
solutions such as NHyOH + H202 + H>0O[1-3, 6] which make the surface hydrophilic
such that the hydrophilic-hydrophilic attraction can bond the wafers. This technique
has been shown to not only bond wafers of differing doping [6] but also of different
crystals such as LN to lithium tantalate (LT) [3] or even LN to GaAs [7]. Creation
of structured hydrophobic surfaces has been achieved through depositing monolayers
such as octadecyltrichlorosilane [4]. The structuring of these surface functionalisations,
whether hydrophilic or hydrophobic, is currently achieved through the multiple process-
ing steps of photolithography that may disrupt or further complicate the construction of
other device components. The hydrophilic-hydrophilic attraction is not limited to planar
macroscopic surfaces but also occurs between particles with hydrophilic surfaces. Thus

a structured hydrophilic surface can form a template for attachment of hydrophilic, or
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hydrophilic coated, particles such as many nano-particles or even biological molecules

and cells.

In this chapter we show that it is possible to achieve a change of the inherent wetting
properties of the crystal surface simply by exposing it to ultraviolet (UV) radiation at
photon energies exceeding the band gap of the material. The surface energy of the
crystal is seen to increase greatly such that the surface becomes super-hydrophilic. The
change in the hydrophilicity of the surface is first investigated in section 2.2 using the
contact angles of sessile drops of de-ionised (DI) water to characterise the effect in terms
of the incident laser intensity and the exposure environment. In section 2.3 the use of the
hydrophilicity change is investigated for the application of structured spreading of liquids
as a novel deposition technique and in section 2.4 the hydrophilicity is structured on the
micron and sub-micron scale for possible applications in the deposition of nano-particles

or biological molecules or applications in environmental or chemical sensing.

2.2 Macro-scale Sessile Drop Contact Angle Investigation

2.2.1 Experimental Details

Experiments characterising the hydrophilicity change using sessile water drops have been
carried out using a range of different lasers ( with wavelengths (\) of 244 nm, 248 nm
and 266 nm) which were either pulsed, with pulse durations ranging from 130 fs to
20 ns, or continuous wave. Ultrafast laser exposures were carried out at A\ = 266 nm
using the third harmonic of a Coherent Mira oscillator - Legend amplifier system. The
laser beam (pulse duration 130 fs, repetition rate 1 kHz) was expanded to give an energy
fluence of 0.045 mJ cm™2 per pulse. Nanosecond laser exposures were carried out at
A = 266 nm (fourth harmonic of a Nd:YVOy laser, 20 ns pulse duration, 20 Hz repetition
rate) and A = 248 nm (KrF laser, pulse duration 20 ns, repetition rate 10 Hz). The A =
266 nm beam was expanded to give an energy fluence of 2 mJ cm™? per pulse and the
A = 248 nm beam was truncated by a 6 mm by 6 mm square aperture to give an energy
fluence at the sample of 40 mJ cm™2 per pulse. The exposures using the femtosecond

and nanosecond lasers were carried out under ambient laboratory conditions.

The continuous wave exposures were carried out at A = 244 nm using a frequency dou-
bled argon ion laser, and the slightly elliptical beam provided by the laser was expanded
to give a spot with a major axis of 12 mm and minor axis of 10 mm. Exposures were
carried out over a range of incident powers from 10 mW to 60 mW in an environmental
chamber which provides a controlled environment of pressure, temperature and atmo-

sphere. Large glass windows enabled optical monitoring of the surface for the contact
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Snapshot in progress -

FIGURE 2.1: Beam profile of the continuous wave laser after expansion and spatial
modulation through Fresnel diffraction of the lens aperture.

angle measurements. The UV illumination of the samples was performed through a fused

silica window and the exposure time was controlled by a computer-controlled shutter.

The spatial profile of the beam is an important factor when considering the spreading
of sessile drops since the contact angle is a function of the local surface energy at the
contact line of the drop. The surface energy change is also a local function of the
intensity and so as the contact angle decreases the contact line will move further into
the lower intensity wings of the beam. The profile of the KrF laser beam was highly
homogeneous, since only a small portion of the whole beam was used, the beams of
the femtosecond laser and the nanosecond Nd:YVOQOy laser had Gaussian profiles. The
beam from the continuous wave laser was expanded using a two lens arrangement which
expanded the beam at the second lens to greater than the lens diameter. Thus Fresnel
diffraction from the aperture formed by the lens occurred and was seen to increase the
intensity at the edge of the beam. This had the effect that at very low contact angles,
where the lateral size of the drop becomes large, the contact line is pinned at the high

intensity edge. The beam profile from the continuous wave laser is shown in figure 2.1.

After UV exposure a 0.5 ul drop of de-ionised (DI) water was immediately placed on
the surface and the drop profile was imaged and captured using a CCD camera. The
contact angle was measured using ImageJ image analysis software! and the BIG Drop

Shape Analysis plug-inZ.

Tmage J: http://rsb.info.nih.gov /ij/
*Drop shape analysis plug-in: http://bigwww.epfl.ch/demo/dropanalysis/
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(a) Contact angle of a drop on an un-illuminated surface.

coili——— wm o B

(b) A drop that has wetted the LN surface after exposure to UV light.

FIGURE 2.2: Effect of the contact angle (fg) of a DI water sessile drop on LN after
exposure to UV light.

2.2.2 Results and Discussion

Figure 2.2 shows the effect of UV irradiation upon the contact angle of a sessile drop and
defines the contact angle, 0, as the angle between the substrate surface and the tangent
to the drop profile at the line where the solid, liquid and vapour phases meet. Figure
2.2(a) shows a drop of DI water on an un-illuminated surface and figure 2.2(b) shows a
drop of the same volume on a pre-illuminated surface. After sufficient illumination, the
contact angle of the drop decreases to a super-hydrophilic state (fp < 5°) and the surface
approaches complete wetting (0 = 0°). As can be seen in figure 2.2(b), determination
of the drop contact line becomes difficult at low contact angles with the visualisation
method used here. Due to this difficulty, and subsequent high degree of error, such low

contact angles, although observed, shall not be reported.

All lasers used were seen to produce a change in the hydrophilicity. The A = 244 nm
laser was chosen for the bulk of the investigation because of the superior quality of its
beam profile. Exposures were carried out on both the positive and negative z faces but

no significant difference in their behaviour was found.

Figure 2.3 shows the variation of the water contact angle on the +z face as a function
of exposure time with A = 244 nm exposure, for powers (measured before the fused
silica window of the chamber) of 10 mW (open circle), 20 mW (filled circle) and 60 mW
(triangle). The exposures were carried out at a temperature T = 27 °C and relative

humidity of 55 %. It can be seen from the figure that the contact angle change is not a
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expanded view of the first minute. Lines added to guide the eye.

linear function of the total exposure, i.e. the integrated number of photons arriving at
the surface, since doubling the incident power does not simply halve the time required
to reach a given contact angle. Rather it is seen that the change is a function of both the
total exposure and the incident intensity with higher intensities giving a greater change

for equivalent exposure.

Charging of the surface was not seen to be a cause of contact angle change. Figure
2.4 shows the application of a 1ul drop of DI water to the surface of a sample which
has been rinsed with acetone and blown dry with compressed air immediately before
application. Due to the pyroelectric nature of LN the rapid cooling from the quickly
evaporated acetone causes the surface to be strongly charged as can be seen by the
strong attraction of the water droplet causing the drop to elongate toward the sample.
Upon contacting the sample, however, no significant hydrophilicity is seen. This shows
that surface charging is not the cause of the UV induced hydrophilicity. This attraction
and deformation of a suspended drop toward the surface is also seen after exposures to
UV in vacuum where no change to the contact angle is seen. The dependence of contact

angle to atmospheric conditions will be described below.

The contact angle of olive oil was also measured before and after UV exposure however
the surface was not seen to become oleophilic since no change in the contact angle was
seen even after an exposure of 30 mW for 10 minutes. Prior to application, the drop
was strongly pulled toward the sample, which was probably due to the photo-induced
surface charging, however upon contacting the surface no significant change in contact

angle was seen.
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(a) A 1l drop is strongly pulled toward the  (b) Resultant contact angle of drop is not sig-
charged surface as can be seen by the drop nificantly changed by surface charging.
elongation.

FIGURE 2.4: Effect of UV exposure on the wetting of LN by olive oil.

The atmosphere was observed to have a pronounced effect upon the hydrophilicity
change. It was found that when illuminating with the chamber having been evacu-
ated to a pressure of less than 2 mbar, no significant change to the contact angle was
observed even for long exposures (15 minutes) at 45 mW. The humidity of the chamber
during exposure was also seen to greatly influence the change in hydrophilicity, with
a lesser effect occurring in dryer atmospheres. The relative humidity at constant tem-
perature was lowered within the chamber by purging with dry nitrogen or increased
by bubbling air through de-ionised water and measured with a thermohygrometer. The
ambient relative humidity in the lab was 38 %. The samples were then illuminated under
the desired humidity and then returned to atmospheric conditions for the contact angle
measurement. As the humidity was increased the change in contact angle was greater
for the same exposure. To keep the contact angle large enough to be measureable the
exposure time was decresed as the humidity increased. This means that the change in
the contact angle needs to be normalised in some way for analysis. Youngs equation
relates the surface energies at the solid-liquid and solid-vapor interfaces to the contact

angle of the three phase system as

V1w cos(0g) = Ysv — Vsi (2.1)

where ~ is the interfacial energy and the subscripts v, sv and sl correspond to the
liquid-vapor, solid-vapor and solid-liquid interfaces respectively. Since -y, is a property

of the liquid alone, a change in the contact angle will come about only from a change
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in (ysy — 7vs1). If it can be assumed that the rate of change of this quantity with UV
exposure time is constant within our experimental conditions then so too will be cos(g)

such that

d 0

d cos(0p) = k(RH) (2.2)
dt
where & is dependent upon the relative humidity (RH) and describes the strength of the

contact angle change. This leads to

cos(0g) — cos(0g(t =0))

k(RH) = ;

(2.3)

where 0 (t = 0) is the contact angle of unexposed lithium niobate and ¢ is the exposure
time. Figure 2.5 shows the variation of the parameter x(RH) with relative humidity for
exposures on the +z face. The error was calculated from the standard deviation (o) of
repeated readings of the contact angle on cleaned unexposed samples, yielding a value
of 0 = 2.8°. Due to the large number of samples and exposures required to get error
estimates over the full range of contact angles, it is assumed that the error is constant.
In reality it is likely that the measurement error will increase with decreasing contact
angle, but that the reproducibility will increase due to the lesser effect of deformations
of the drop by the pipettor causing contact line pining. It can be seen in the figure
that there is a linear trend, with the change in surface energy being proportional to the
number of water molecules present in the atmosphere. The continuation of the trend
beyond the ambient humidity, when nitrogen purging was no longer required, indicates
that the decrease in UV sensitivity with lowering humidity is indeed due to a reduction
in atmospheric water and not due to the displacement of other species by the nitrogen.
The value at 95 % RH may be reduced due to condensation present upon the sample

surface.

In order to study the recovery of the contact angle after exposure a number of samples
were exposed at 45 mW for 60 s and then stored individually in polypropelene tubs in
the dark. Figure 2.6 shows that the recovery to the initial contact angle takes around 20
days and that the recovery is not a linear function of time but proceeds at a continuously
decreasing rate. If the surface energy change is due to the adsorption of water molecules
on the crystal surface, as the humidity dependence suggests, and the thermal desorption
of these molecules is a random process with constant probability, then the decay of the
surface energy as measured by the cosine of the contact angle should be well modeled
by an exponential decay. The decay of the cosine of the contact angle is shown in figure
2.7 with the best fit of the form y = yo + y1 x exp(—t/7). The curve fits well and gives
a value of yg = 0.62 corresponding to a final contact angle of 51.6° which is well within
the range of measured unexposed contact angles. The other fit parameters are y; = 0.37

and 7 = 2 days.
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FIGURE 2.6: Recovery of the contact angle with time after exposure at 45 mW for 60 s.

From the observed dependence on humidity of the contact angle change after UV expo-
sure it is proposed that the enhanced hydrophilicity is due to dissociative adsorption of
atmospheric water onto photo-induced defects creating (hydrophilic) surface hydroxyl
groups. The band gap of LN is determined primarily by the properties of the NbOg
octahedra since the upper level of the valence band is formed by the oxygen electron
2p states while the lower level of the conduction band is formed by the d orbitals of
the niobium ion [8]. Photons of energy approximately that of the band gap will thus be

absorbed to create an electron-hole pair bound to a niobium and oxygen ion respectively.
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FIGURE 2.7: Decay of the cosine of the contact angle with time after exposure at 45
mW for 60 s. Errors are calculated from a constant error in 6 of +2.8°.

The dissociative adsorption will then proceed as follows [9]

Nb* + 0% +hr — Nb** +0-
Nb** + 0™+ H,0 — Nb* 0> H' + O H'. (2.4)

The reaction above is similar to that proposed for the UV induced hydrophilicity of TiO9
[10, 11] and ZnO [12] by Watanabe and Hashimoto et al. Indeed the band structure
of LN is similar to the band structure of TiOs since the main building blocks of each
crystal are the BOg oxygen octahedra with the band gap of TiOy being formed by O 2p
orbitals and Ti 3d orbitals and so one may expect the behaviour to be similar for hv >
Eg4 exposure. This simple hypothesis is, however, shown to be false in [13] where it is
shown that SrTiOs has no UV-induced hydrophilic conversion despite being an ABOj3
oxygen-octahedral dielectric such as LN and having a band structure similar to both LN
and TiOs. One difference between SrTiO3 and LN however is the stacking of the BOg
octahedra; SrTiOj is a perovskite type dielectric that contains corner-sharing oxygen
octahedra whereas the LN oxygen octahedra are face-sharing. The octahedra in TiO, are
also face-sharing and so this may be another requirement for the hydrophilic conversion
process. In [14] the origin of the UV-induced hydrophilic conversion in TiO2 proposed
by Watanabe and Hashimoto is disputed and attributed solely to the photocatalytic
decomposition of organic contaminants which exposes the inherently hydrophilic TiO4
surface. Although LN also shows a high photocatalytic activity under UV irradiation
[15] our results concerning the humidity dependence of the contact angle change and the
fact that no change occurs under vacuum do not support this hypothesis since we see no

reason why the photocatalytic decomposition would not occur under these conditions
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also. In comparison to the hydrophilic conversion in TiO2 we find that the contact angle
change in LN proceeds at a greater rate at the intensities used in this investigation. In
[12] the contact angle change from the initial angle of 54° to 10° is seen to take around
5 minutes for a UV intensity of 50 mW cm~2 (A = 365 nm) whereas we see in figure 2.3
that for an exposure of around 20 mW cm™? the change from 55° to 10° is made in just
30 s (A =244 nm). In [14] the change from the initial contact angle (80°) to 15° is seen
to take around 18 minutes for a UV exposure of 13.6 mW cm~2 (A = 254 nm) with an
initial slope of 4 °® min~' whereas in figure 2 we see that for an intensity of around 10
mW cm~2 the change from 55° to 15° takes around 10 minutes with an initial slope (t

< 200 s) of around 13° min~1.

2.3 Structured Spreading

It has been shown in the previous section that after illumination with UV laser light, the
surface of LN will become increasingly hydrophilic and a liquid drop will spread until
the equilibrium contact angle, which may be zero for high UV doses, is reached. Thus if
a drop of liquid is placed over an irradiated path, rather than a large region, the water
will spread along the path until the equilibrium contact angle is reached. This may
have application in the selective deposition of either liquid or solid substances (through

evaporation of a carrier liquid) onto the LN surface.

2.3.1 Experimental Details

A computer-controlled stage system was used in conjunction with the frequency doubled
argon ion continuous wave laser and the Nd:YVOy pulsed laser to translate the sample
in the plane perpendicular to a focussed beam, thereby inscribing two dimensional paths
of increased hydrophilicity across the surface. The KrF laser was used with a stencil to
essentially print the path onto sample. This could only be done with the KrF laser due
to its high energy per pulse and large beam spot size. The spreading behaviour of the

water was recorded using a CCD camera and a computer video capture card.

The focusing control of the continuous wave laser was far greater than that of the
Nd:YVOy4 pulsed laser and so this was used to create straight lines of varying width to
identify the dimensions over which spreading would occur. The exposure of the irradiated
regions was kept constant and so, for a given beam power, the velocity decreased as the

beam spot size increased.

The Nd:YVOy4 pulsed laser was used to examine the qualitative behaviour of spreading

along different path geometries with a beam spot diameter of around 1 mm as estimated
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by eye. The path shapes investigated were cosine s-bends, cross-hatches, fans, square
corners, and the ORC light logo, although only results from the square corners and

s-bends will be shown here.

2.3.2 Results and Discussion

The patterned irradiation of the LN surface through the translation of a focused beam in
the case of the frequency doubled argon ion continuous wave and Nd:YVO, pulsed lasers
or the irradiation through a stencil in the case of the KrF laser did result in spreading
along the written paths. Although the fluences used should have resulted in complete
wetting, on many occasions the wetting film remained at a macroscopic thickness and
did not spread across the whole of the treated path as may be expected. An array of
cosine s-bends was written onto the LN surface following the pattern shown in figure 2.8
where the offset of the curve labelled 1 was 2 mm and the curve labelled 4 was a straight
line. A drop of water was then applied to one end of each s-bend and the spreading of
the drop was captured using a CCD camera. Figure 2.9 shows a comparative time series
of the wetting of curves 1 and 4 with the wetting of curve 4 being shown uppermost
in each subfigure. The time t=0 is given by the point at which the drop touches the
surface in each application, thus figure 2.9 can be used to compare the velocity of the
spreading drop in each case. It can be seen that the spreading along the bend of higher
curvature was faster than that along the straight line since after 560 ms the drop on
the straight line has not yet reached the end. Figure 2.10 shows the final spreading of
the entire array in greater detail. It can be seen that the height of the deposited liquid
track is not constant along the length of tracks 3 and 4 as may be expected for a final
equilibrium state. However, at this volume scale, the drop shapes are determined by
mainly surface energies and hydrostatic forces and not gravity, and so it is not inevitable
that the the final spreading height should be constant. The remnant of the initial drop
then remains on bends 3 and 4 since the contact line is pinned outside of the track. In
tracks 1 and 2, where the spreading was more energetic, the contact line of the initial
drop has been pulled inward to the exposed track. This relation between the size of the
initial drop, the strength of the spreading and the size of any remnant will be important
when considering deposition applications. The spreading co-efficient that describes the

non-equilibrium wetting behaviour is given by [16]

S = Yso — Vsl — Vv (25)

where ,, is the energy associated with a ‘dry’ solid surface, 4 is the energy of the
solid-liquid interface and -, is the energy of the liquid-vapor interface. This shows

that greater spreading will occur with a greater change to s, which we would expect
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FIGURE 2.8: Diagram of the s-bend array exposure pattern.

to be a function of dwell time if saturation is not yet reached. This is believed to be
the cause of the greater spreading in figure 2.9 at higher radii of curvature since the
translation stages were required to make more changes to the velocity hence lowering
the average speed and increasing the fluence. It was expected that the greater radii of
curvature would have reduced the speed of the spreading drop due to inertial effects.
The spreading of liquid films along pre-exposed tracks was not restricted to patterns
with smoothly varying bends but also could flow around tight corners as can be seen in
figure 2.11 in which water from the drop in the lower left hand corner has spread around

two ninety-degree corners before finally coming to rest.

The width of the wetting strip was greater than the radius of the writing beam in all
cases. This would be expected for two reasons. Firstly, the beams used to write the
strips were not step-like top-hat beams but rather had an almost Gaussian profile. This
would mean that there was not a sharp interface at the spot diameter and since the
unexposed area is not hydrophobic (contact angle greater than 90 degrees) the initial
drop will spread laterally some distance into the unexposed region before much of the
volume can spread along the written path. The second consideration is for cases where
the initial drop has a diameter greater than the exposed path. The typical writing spot
radius was 1-2 mm and the drop volumes used in the initial wetting of the structure
were 2-5 ul. The diameter of a spherical drop of volume 2 pl is 1.6 mm and the diameter
of a 5 pul drop is 2.1 mm. The diameter of the pendant drop emerging from the syringe
would not be too far from this and so it is likely that the initial drop was larger than the
diameter of the structure in many cases. When this is the case, for spreading to occur
only along the irradiated path it would be necessary to reduce the radius of curvature
of the contact line within the path. The contact line has a tension and hence energy

associated with it that increases with decreasing radius of curvature [17, 18] and so it
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FIGURE 2.9: Time series comparison of the wetting of cosine s-bends 1 (lower frame of
each subfigure) and 4 (upper frame of each subfigure).

FI1GURE 2.10: Screen capture from film of drop spreading on irradiated cosine s-bend
patterns. The spreading speed increased with curvature, possibly due to increased
fluence.
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FIGURE 2.11: Screen capture from film of drop spreading on a scanned pattern with
sharp corners. Arrow indicates point at which spreading stopped.

(a) No Spreading along 10 - 500 (b) Drop begins to spread along 1 (¢) Drop spreads along 1 mm
pm tracks. mm track. track, pulling water from non-
irradiated area.

FIGURE 2.12: Screen captures from film of drop spreading on irradiated tracks of
constant exposure but varying width. Spreading only occurred for the track with width
approximately equal to the drop diameter.

may be energetically favourable to spread partly on the untreated region. Figure 2.12
shows a sample written at 244 nm composed of parallel lines written with equal exposure
(obtained by varying both power and scan velocity) for beam diameters ranging from
10 pm to 1 mm. Spreading of a 2 ul drop only occurred for the line of diameter 1 mm.
Deformations of the contact line of the sessile drop at the other lines were seen where
part of the contact line was pulled but the energy gained by wetting the higher energy

surface was not great enough to encourage complete wetting along the line.

2.4 Micro-scale Structured Surface wettability

Having investigated the behaviour of the UV induced hydrophilicity in LN, spatial struc-
turing of the surface hydrophilicity, and thus wetting properties, was investigated also

for possible application in micro-fluidic devices and sensors.
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2.4.1 Experimental Details

Patterning on the micron scale was achieved by the use of transmission electron mi-
croscopy (TEM) hexagonal grids as absorption masks. The grids had hexagonal open-
ings with a diameter of 40 um (between parallel sides) at a periodicity of 60 ym. The
grid was attached to the surface of the sample which was subsequently illuminated under

ambient conditions with A = 244 nm light from the frequency doubled argon ion laser.

Patterning at the sub-micron scale was achieved either through exposure with an inter-
ference pattern of two overlapping beams from the A = 266 nm Nd:YVOy laser or by

using a phase mask.

Exposures using phase masks were carried out with both the Nd:YVO,4 (A = 266 nm)
pulsed source and the A = 244 nm c.w. source. The phase mask exposures were per-
formed under the same conditions used in the sessile drop experiments. The phase mask
used for the A = 244 nm exposures had a period of 1136 nm and the masks used for the
A = 266 nm exposures had a period of 1076 nm. The beams used in both cases were
divergent and not critically aligned. As such much of the zeroth order diffracted beam
was present, which caused modulation of the light intensity pattern at the phase mask
period due to interference between the zeroth and first orders as well as at half of this

value due to interference of the two first order beams.

Visualisation of the patterning was achieved through the preferential creation of dew on
the exposed areas by cooling the sample in a stream of humid air and visualising the
dew pattern directly using a microscope. The existence of structures was also inferred

from diffraction of a He-Ne laser beam from the grating formed by the dew.

2.4.2 Results and Discussion

Figure 2.13 shows an optical microscope image of the condensation formed on the +z
face after an exposure through the TEM grid (A = 244 nm, 45 mW for 2 minutes). The
sample was cooled by a thermoelectric heat pump to a temperature close to the dew
point. The hexagonal lattice which corresponds to the TEM grid pattern can clearly be
seen as water vapour from the air preferentially condenses onto the exposed areas. Areas
of significant condensation appear darker in the figure whilst dry areas remain bright.
For these exposure conditions the condensation mechanism is seen to be dropwise rather

than filmwise.

Figure 2.14(a) shows an optical microscopy image of the preferential condensation of

water vapor onto a lithium niobate surface exposed with interfering beams from the
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FiGure 2.13: Condensation pattern formed after cooling in a humid atmosphere.
Sample exposed through a TEM grid.

Nd:YVOy, laser. The areas where water is condensing appear dark due to scattering
while dry areas appear bright. In this instance it can be seen that the condensation
mechanism appears to be filmwise as no discernible drop shapes are present in the
condensing areas of the grating pattern. Whether the condensation proceeds as discreet
drops or films depends upon the hydrophilicity change that has occurred upon the surface
with filmwise condensation occurring for a completely hydrophilic surface (0 = 0).
Since the interfering beams have a Gaussian intensity profile however, it is possible
to view a wide range of illuminating conditions on the same illuminated spot. For
example, the microscope image of figure 2.14(b) shows the condensation formed in an
area corresponding to lower intensity where the surface does not wet completely and so
drops of condensation form. The contrast of the image has been enhanced for clarity and
the preferential formation of the drops along the lines of the illuminating interference

pattern can be seen clearly.

Diffraction of a He-Ne laser beam ( A = 633 nm ) was also seen from the sub-micron
structured surfaces due to spatially resolved condensation. The phase mask illuminations
create interference patterns with periods of 1136 nm and 1076 nm for A = 244 nm and
A = 266 nm illumination respectively giving feature sizes of the hydrophilic patterning
of 500 nm. The probe laser beam was incident normally on the sample surface and the
diffracted light was measured in transmission. The angles of the first diffracted order in
each case were found to be 35.4° for the 1076 nm period mask and 33.9° for the 1136
nm period mask which are within measurement error of the theoretical values of 36.0°

and 33.9° respectively.
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FiGUrE 2.14: Condensation patterns formed after an interference pattern exposure.

We envisage that spatial structuring of the wetting properties with this simple, one step,
method will enable the creation of new microfluidic devices by creating fluid confinement
with surface energy barriers, rather than physical barriers such as ridge structures or
channels. Since no physical barriers will be present to scatter either optical or acoustic
waves, device design can have the flexibility to take full advantage of the many non-linear
optical and acoustic properties for which lithium niobate has become an indispensable

material and help create true bio and chemical analysis lab-on-a-chip devices.

2.5 Summary and Conclusions

The hydrophilicity of LN has been seen to undergo a transition from mildly hydrophobic
to super-hydrophilic under the influence of UV laser light. This has been investigated
using the contact angles of 0.5 - 1 ul sessile drops under varying exposure intensities,
times and environment. It was seen that the transition from a mildly hydrophobic to
a hydrophilic state occurs more rapidly with higher incident light intensity however it
was seen that the contact angle change is not simply a function of total exposure. It
was seen that the change in hydrophilicity was strongly dependant upon the exposure
environment, with the transition occurring faster in a high humidity environment and
not occurring at all under vacuum conditions. From this observation it was proposed
that the hydrophilicity change is due to the dissociative adsorption of atmospheric water
molecules onto the crystal surface. The observation also indicated that the change was
not due to the photo-catalytic decomposition of organic contaminants to the surface, as
has been proposed for other photo-induced hydrophilicity changes [14], since this would
also occur in vacuum. The dark decay of the hydrophilic change has been measured

by producing identically exposed samples which were stored in sealed containers. It
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was seen that the decay of the contact angle, and hence hydrophilicity change, fitted
well a decaying exponential with a time constant of two days. This agrees with the
hypothesis that the hydrophilicity change is due to adsorbed hydroxyl groups if the
change is proportional to the hydroxyl density and thermal desorption occurs randomly

with constant probability.

The spreading of liquid along defined hydrophilic tracks was also investigated as a
method of deposition and it was seen that DI water did indeed spread with lateral
confinement to exposed tracks. The velocity of the spreading water was seen to be
dependant upon the exposure of the sample and hence upon the energy change of the
surface. The geometry of the defined tracks was not seen to be important with spreading
occurring along smooth bends and around tight corners. It was seen that the width of
the wetting strip was greater than the width of the exposed region and this is likely to
limit the extent to which spreading can occur along a track. The effect of the width
of the exposed track was also investigated and it was seen that there was a lower limit
of around 1 mm when applied drops had a volume of around 2 pl. This may be due
to the extra energy required to decrease the radius of curvature of the contact line

compensating for the energy of wetting the higher energy hydrophilic surface.

Structuring of the surface energy has been performed at the micron and sub-micron
scale with the use of TEM grid amplitude masks and optical phase masks. The wetting
characteristics were observed by the creation of dew on the surface since dew nucleation
will occur preferentially in areas of high surface energy. It was seen that a large contrast
to the wetting properties was easily achievable at these length scales and that, in the
case of condensation of dew, the wetting mechanism could be tailored with the exposure
such that condensation could occur in either a film-wise or drop-wise manner. The dew
patterns were observed optically with a microscope and CCD camera and were inferred
by the diffraction of a laser beam. In this investigation condensation from a vapour was
employed, however other application methods could be used, such as aerosols or fine
powders, that would allow the transfer of solid particles either directly or in a carrier

liquid.

In conclusion we have shown that UV laser light can be used effectively as a simple, one
step, method to control the hydrophilicity of the LN surface. On the micron and sub-
micron scale this could have great application to the creation of sensor arrays using either
biological molecules or hydrophilic nano-particles or quantum dots. On the millimetre
scale it has been shown that this can be used as a structured deposition method of fluids,
or colloidal solids within a liquid carrier, after placing a drop on the exposed track. It
has also been shown that the hydrophilicity of macroscopic areas can be controlled which

can allow for a simple method of wafer bonding. Indeed, following the publication of
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the work presented in this chapter, Torchinsky and Rosenman [19] have achieved wafer
bonding in lithium tantalate (LT), which is isomorphous to LN, through exactly this
method. Furthermore in [19] it was shown through XPS measurements that the oxygen
concentration on the surface increases during UV exposure as is expected under the

model of dissociative water adsorption presented in this chapter.

UV induced hydrophilicity is then a useful form of surface functionalisation of LN which
has already shown application for wafer bonding [19] and promises to show further

application in a wide range of scientific disciplines.
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Chapter 3

UV Continuous Wave All Optical
Poling

3.1 Introduction: Light-Poling Interactions

As described in chapter 1 LN is a ferroelectric crystal with a spontaneous polarisation
caused by the displacement of Lit and Nb®t cations along the crystallographic c-axis,
thus giving rise to 180° anti-parallel domains. The orientation of the spontaneous po-
larisation can be reversed by the application of an external electric field, indeed it is
precisely this property that defines LN as a ferroelectric rather than just a pyroelec-
tric. The orientation of these domains determines the crystal response to many external
stimuli, such as DC or AC externally applied electric fields, optical fields or even acids
interacting with the crystal surface and so structuring and engineering these domains has
become a key method toward functionalising LN and exploiting many of its key inherent
properties. The range of applications that has been found for domain-engineered LN is
vast, with examples in single-crystal piezoelectric actuators [1-3], voltage-controlled pla-
nar lens arrangements [4], beam deflectors [4-8], total internal reflection switches [6-8],
Bragg gratings [9], ridge waveguides and fiber alignment grooves [10, 11], free-standing
micro-cantilevers [12] and, of course, x(? gratings for QPM of non-linear frequency

conversion [13, 14].

The conventional method for domain engineering is to apply an electric field via struc-
tured electrodes or a structured dielectric coating with a homogeneous liquid electrode.
In either case domain inversion occurs when the electric field inside the crystal exceeds
that of the coercive field [15, pg. 103] of the crystal. However, the photo-lithography

required for the structured deposition in each case is complex, expensive and requires

46
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cleanroom environment and the field contrast achievable at small length-scales means

that domain patterning at periods less than around 4um is challenging [16]

To circumvent the problems associated with conventional electric field poling much work
has been done recently using laser radiation to either pole the crystal directly, or to in-
fluence the poling characteristics under simultaneous electric field application. To date
light-poling interaction experiments can be grouped under three headings, all optical
poling (AOP)[17-20], light assisted poling (LAP)[21-32] and latent-LAP[33]. AOP in-
volves illumination with high-energy, pulsed, UV laser light at fluences near the ablation
threshold and has been seen to create complex self-assembled surface domain patterns
[18, 20] or ordered domain inversion when using a phase mask [17, 19]. LAP involves
the use of visible light in conjunction with an applied electric field to induce domain
inversion in the illuminated regions at a field strength below the coercive field of the
un-illuminated crystal and latent-LAP involves illumination with high intensity femto-
second visible laser pulses followed by a delayed application of an electric field. The
parameter space available for light-poling interaction investigations is vast, consisting
of the incident wavelength, power/intensity, choice of continuous wave or pulsed light
with the corresponding choice of pulse duration and repetition rate, temperature, il-
lumination face, crystal pre-treatment (e.g. pre-poling), crystal dopants, whether an
electric field is applied and if so; the field strength, pulse duration and pulse shape,
electrode type and so on. Although much of this parameter space remains unexplored,
investigations have been carried out with applied electric fields over a large wavelength
range from UV to IR with pulse durations ranging from c.w. to femtoseconds and light
intensities ranging from 0.01 W cm™2 to 50 MW c¢m ™2, and without electric fields over
a wavelength range of 248 nm to 532 nm. Appendix B summarises, in a tabular format,
the majority of the published light-poling interaction investigations to date. Details
of the experimental conditions and results are given and where authors have proposed

interaction mechanisms, these are included also.

In this chapter the influence of focussed c.w. UV light is investigated for AOP and a new
method of domain structuring of latent light impeded poling (LLIP), whereby domain
inversion is seen to be inhibited in illuminated regions during a subsequent electric field
poling step, is presented in the following chapter. In each case experimental results are
presented and a qualitative model is proposed that accounts for the behaviour of both

effects.
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3.2 UV Continuous Wave All Optical Poling

AOQOP has previously been seen only during pulsed laser illumination close to the ablation
threshold [17-20]. It has been assumed that the high peak power of a pulsed source is
a pre-requisite for AOP, however recent results here show that AOP is also possible in

the c.w. regime using focussed UV laser light at a wavelength of 244 nm.

The experimental method is outlined in section 3.3 and the results are presented and
discussed in section 3.4. The written structures are interrogated using piezoresponse
force microscopy (PFM) and by chemical etching in hydrofluoric (HF') acid followed by
both surface profiling and scanning electron microscopy. Section 3.5 presents an outline
of a possible mechanism by which domain inversion could occur under UV illumination

and conclusions are made in section 3.6.

3.3 Experimental Method

A UV laser beam of wavelength 244 nm is provided by a frequency-doubled argon ion
laser. The beam is expanded, spatially filtered and collimated before being focused onto
a LN sample by a 40 mm focal length lens. The focused spot has a calculated radius of
approximately 1.5 pym, however, from the size of damage features seen in a photo-resist
covered slide we believe the actual spot radius to be approximately 2.5 pym. The LN
samples (500 pm thick single crystal) are mounted upon a three axis computer-controlled
stage system (Newport MM2000). The exposure was also controlled by a computer-
controlled shutter such that the beam was present only when the stage velocity was
constant to ensure uniform exposure along the written lines. The stages were translated
to write lines along both the 2 and y axes at speeds between 50 to 300 ym s~!. Exposures
under the above conditions were made at incident powers between 20 and 30 mW, which
corresponds to an intensity range of 100 - 150 kW cm™2. At powers below ~ 20 mW no
significant effect is seen and at powers higher than ~ 30 mW, although the effect is seen,
excessive melting and thermal damage occur. Exposures were carried out on both the
positive and negative z faces of iron-doped (0.1 mol % and 0.01 mol %) and un-doped
crystals and in duplicate such that identical samples could be analysed by PFM and
by etching. Exposures were also carried out on the —z face only of titanium in-diffused

crystals.

For PFM analysis an atomic force microscope with a conducting tip was used to measure
the piezoresponse of the exposed surface by applying an electric field to the surface with
a metal coated silicon tip whilst measuring the induced strain by the tip deflection. An

overview of the principles of PEM can be found in [34, 35].
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Chemical etching in hydrofluoric (HF) acid is a well-established method of domain vi-
sualisation in LN due to the fact that the —z face etches readily whilst the +z face does
not etch at all [36]. Thus if domains are inverted during UV laser irradiation they will
present as either a raised ridge in the case of —z face exposures or as an etched trench in
+z face exposures. A number of un-doped samples were etched at room temperature in
HF acid of 48% aqueous solution for consecutive intervals of 5 minutes, between which
they were imaged with an optical microscope and profiled using a KLA-Tencor stylus
profilometer. After a cumulative etching time of 1 hr these samples were imaged with a
scanning electron microscope (SEM). Other un-doped samples, and both the titanium
in-diffused and iron doped samples, were etched for around 15 minutes only before being

imaged with an SEM.

Further exposures were performed on a periodically poled LN (PPLN) sample which was
analysed by PFM as the PPLN structure gave a benchmark against which to compare
any UV laser-induced PFM signal.

3.4 Results and Discussion

3.4.1 Pre-Etching Examination

Before etching the samples were inspected using optical microscopy and surface pro-
filometry. Figures 3.1(a) and 3.1(b) show optical microscope images of an un-etched +z
sample exposed at 30mW and 22mW, respectively, with a scan speed of 50 um s~!. It can
be seen that at the higher power damage has occurred and the exposed area is composed
of two regions; an outer region where the crystal has experienced thermal deformation
and cracking and a second region, within the first, in which the crystal appears to be
darker. The darkened region may, however, indicate a change in the refractive index of
the crystal, as was observed following UV illumination by Mailis et al. [37]. The line of
the cracks in the high power exposure are not seen to follow the direction of any of the
crystal axes. In the lower power exposure no physical damage is seen to occur, however
the darkening persists. This agrees with thermal modelling of the heating of LN by UV
laser light carried out in chapter 5 which shows that melting would not occur for a spot
size of 2.5 pm up to a power of 24mW. Figure 3.2 shows the variation of width of the

two regions mentioned above with incident power for identical scanning speeds.
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(a) High power, 30 mW. (b) Low power, 22 mW.

FI1GURE 3.1: Optical microscope images of un-etched, directly written structures. Scan
speed of 50 pm s~! for both exposures.
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FIGURE 3.2: Variation with incident power of the width of the two regions observed in
the UV written structures before etching. Error bars obtained as standard deviation of
repeated measurements.
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Profiling of the un-etched exposures shows that the crystal expands in the regions of
obvious damage and that the surface height increases by up to ~50 nm on the exposed
face, regardless of polarity. Figure 3.3 shows a profilometer trace across a 30mW expo-
sure on the +z face. The peaks correspond to pairs of lines written at different speeds
with low speeds on the left of the plot and faster speeds on the right, ranging from 50
to 300 um s~!. The direction of the trace is perpendicular to the lines. No dependence
upon the scanning velocity is evident. The points at which the beam is incident corre-
sponds to the narrow peaks, the width of which agrees with the ~ 5um diameter of the
beam, spaced 20 um apart for identical speeds. However, across the base of each pair of
peaks, an extra expansion of ~ 10 nm can be seen that extends over a width of around
40 pm. The origin of this extended structure is unclear but may be due to mechanical
strain from thermally induced stress or could be debris from the central damaged region.
Figure 3.4 shows a corresponding scan of an exposure carried out at the same velocities
but an incident power of 22 mW. It can be seen that the sharp peaks are not present
whilst the shallow, extended, expansion remains. This associates the sharp peak with
physical damage and the shallow expansion with another effect which is likely related
to the thermal stress field created during laser heating which would extend beyond the
heated region. Interestingly the shallow expansion in the low power scan are roughly
half the width of the shallow expansions in the high power scan. In the high power scan
the shallow expansions can clearly be seen to be the sum of two shallow expansions,
centred on each scan line, as is particularly evident in the right most pair of peaks. In
the low power scan, however, the shallow expansions are roughly half the width of that
seen at high power. Since the scan lines are separated by the same distance in each case,
this incongruity between the two results then suggests two possibilities; the expansion is
due to a of superposition of effects associated with each scan and so would form mainly
in the centre or that, since the beam is scanning in different directions during each scan
in a peak pair, that there is a non-reciprocity in the effect when scanning along the
positive and negative directions such that, at this low power, the effect is only seen in
one direction. The first suggestion seems unlikely and can be partly ruled out by obser-
vation of the high power results in which a dip in the centre of the shallow peak can be
observed, indicating that two shallow peaks are centred on the scan lines. The second
proposition cannot be proved by the data set presented here and would require further
investigation, however non-reciprocity in the behaviour of LN to scanning laser beams

has recently been reported [38].
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FIGURE 3.3: Profilometer scan of an un-etched exposure at 30 mW. Peaks correspond
to pairs of lines written at the different speeds with low speeds on the left of the plot
and faster speeds on the right.
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FIGURE 3.4: Profilometer scan of an un-etched exposure at 22 mW. Peaks correspond
to pairs of lines written at the different speeds with low speeds on the left of the plot and
faster speeds on the right. Vertical scale identical to that in 3.3 for ease of comparison.
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(b) P=27 mW (c) P=26 mW (d) P=25 mW

(e) P=29 mW (f) P=27 mW (g) P=26 mW (h) P=25 mW

Figure 3.5: Variation with power of the UV laser-induced layer on the -z face. Lines
scanned along the crystallographic y direction. SEM images of structures revealed by HF
etching for 15 minutes. (a-d) Scan speed 50 um s™. (e-h) Scan speed 200 pm s™.

3.4.2 Etching Results

Figure 3.5 shows SEM images after etching of exposed areas on the -z face of un-doped
congruent LN with scan speeds of 50 (a-d) and 200 (e-h) um s It is clear to see that the
behaviour is strongly dependent upon exposure conditions with an abrupt qualitative change
occurring at the highest power, splitting the behaviour into two regimes. These two regimes
will be referred to as the high power regime and the low power regime, with the understanding
that the terms are relative to the somewhat narrow power window of the main investigation.
As was mentioned earlier, the effect is seen to occur at higher powers above 30 mW, but is
considerably below 20 mW. The narrow width of the power window is believed to be due to
the strong temperature dependence of the effect and the steep rate of change of temperature
with power for these beam parameters which shall be shown in chapter 5. In the high power
regime the UV exposed region is seen to be smooth and resists etching in the crystallographic
z direction. The surface contains cracks, due to thermal damage, and is decorated with thin

lines that extend along the x axes of the crystal. These features will be discussed in detail later.
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FIGURE 3.6: SEM image of the discrete features seen on the upper surface of the —z
face in the low power regime.

In the low power regime it is seen that etching is also resisted in the exposed regions,
resulting in a raised ridge structure. The upper surface of the ridges is seen to consist
of densely packed discrete features that have dimensions of around 50-100 nm and an
example of this is shown in high magnification in figure 3.6. These features are believed
to be +2z nano-domains formed during the UV illumination since they resist etching in
the vertical direction whilst the —z face they are embedded within does not. Thus the

surrounding material etches and the nano-domains are revealed.

The change in height with cumulative etching time of the ridges, with respect to the
unexposed background —z face, is shown in figure 3.7. The slope of the curve gives the
differential etch rate between exposed and unexposed regions. In the high power (solid
blue) curve it can be seen that the gradient is constant and has a value which agrees
with the etch rate of virgin LN [36]. This indicates that the ridge does not etch at all.
As the power decreases it is seen that the etch resistance lasts for a time dependent upon
the power and scan speed, but this time decreases with decreasing power or increasing
velocity, until features etch at the same rate as the unexposed regions. This agrees
with the hypothesis that the discrete features formed during lower power illuminations
are +z nano-domains since, as the surrounding -z material is etched, the sides of these
nano-domains are exposed to the etchant. At this point the nano-domains will begin to
side-etch as the acid attacks the -y faces. The ease at which etchant can enter between
the nano-domains and attack the sides will, of course, depend upon the packing density.
When the side etched distance reaches the radius of the nano-domains they will begin
to reduce in height and the differential etch rate between the —z crystal face and the
exposed region will reduce. At the point at which the entire depth of these nano-features
is revealed and side-etching has removed them completely the differential etch rate goes

to zero and the height of the ridge is preserved.
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FI1GURE 3.7: Change in feature height above —z face with etch time for different power

exposures at a scan speed of 100 ym s~!. Flat gradient shows no etch resistance. Error

bars obtained as standard deviations of repeated measurements. Insert shows how the
height is defined.

The width of the upper surface of the ridges after 15 mins etching is plotted in figure 3.8
as a function of scan speed for laser powers of 29, 27, 26 and 25 mW. It can be seen that
the width is strongly dependent upon the incident intensity and only weakly dependent
upon the scan speed with the width increasing with increasing power and decreasing
with increasing scan speed. Whilst, for a particular scan speed, it is seen that the width
of the upper layer decreases with decreasing power, the overall width of the ridge left
after etching is essentially constant (not shown in figure 3.8). This indicates that this
entire width was initially covered in a capping layer of the +z nano-domains described
above, but that either the density, size and/or depth of the nano-domains decreased
with distance from the centre of the beam path such that the outer nano-domains were
removed by the time the measurements were taken. Figure 3.8 then shows that the
density, size and depth of the nano-domains in the capping layer vary strongly with

power and also vary with scan speed.

In the high power regime, exposures on the —z face (figure 3.5(a)) are seen to result in
an etch resistant layer of quite different topography as compared to low power exposures.
The surface of the layer is seen to be very flat and smooth as compared to the low power
regime where it consisted of discrete features that are believed to be +2z nano-domains.
The edges of the layer are also seen to be sharp and well-defined. Some cracks are
present due to thermal damage and these generally span the surface without particular
alignment to crystal axes. Since the density of the features believed to be +z nano-

domains was seen earlier to increase with increasing laser intensity, it is believed that
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FIGURE 3.8: Variation in the width of the upper surface of the etched ridges with power
and scan speed. Error bars obtained as standard deviations of repeated measurements.

the well-defined and smooth surface produced in the high power regime is due to the
merging of the nano-domains to form a continuous +z domain. Further evidence for

this will be presented.

Figure 3.9 shows an SEM image of a high-power exposure after 1 hr etching where the
affected layer can be seen to extend to a depth of around 1 wum, whilst the total height
of the ridge is just over 2 um. To investigate better the topography of the features the
sample was tilted with respect to the electron beam, about the long axis of the line. The
layer is seen to resist etching in the depth direction completely up to etching times of
1 hr as can be seen in figure 3.7, however figure 3.9 shows that the upper layer does etch
in the vertical direction from underneath as can be seen from the voids where etchant
has been permitted to enter through the thermally induced cracks. Furthermore it can
be seen from the symmetric shape of the voids that the etch rate of the layer from
underneath, toward the surface, is very similar to that of the unaffected crystal beneath.
This indicates that the affected layer is a region of crystalline LN with an inverted
polarity from the following reasoning. A domain inverted layer on the —z face would
present a +z face to the etchant and so would resist etching in the inward surface
normal direction. If etchant was permitted within or below this inverted layer it would
see in the outward surface normal direction a —z face and would so etch accordingly.
If etchant is present at the head-to-head boundary between a positive surface domain
and an underlying negative bulk domain it would be presented with two —z faces and so
would etch in the directions both away from and toward the surface, at the same time as

etching sideways, and so a void would be formed. The void would be diamond-shaped
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Affected Layer

Underlying Crystal

FicUure 3.9: SEM image of typical features on the —z face after high power UV

exposure revealed after 1 hr etching. The x axis of the crystal runs along the direction

of the ridge. Sample tilted at 30° to the electron beam, about the z axis. The areas

indicated by annotations form the upstanding ridge structure and are both in relief of
the crystal surface.

in cross-section with opposite vertices on the line parallel to the surface indicating the
depth of the surface domain. This is seen in figure 3.9 and gives the approximate depth

of the surface domains as ~ 1um.

The etching behaviour along the x and y axes of the exposed ridges can also be used
to indicate the polarity of the affected surface layer in relation to the underlying bulk
material. Once a domain inverted layer is revealed by the etching of the surrounding
crystal, thus forming a ridge structure, it would present either ¢ or x faces to the etchant
depending upon the scanning direction and hence geometry of the newly formed ridge.
In the case that the beam is scanned along the y axis and the z faces are then presented
to the etchant there would be no asymmetry of the etching since the x axis etches at the
same rate along both the positive and negative directions. This is the behaviour seen
in figure 3.10. In the case that the y faces of the crystal are presented to the etchant,
however, an asymmetry is expected since the y axis etches differentially, with the -y faces
etching at a far greater rate than the +y faces [39]. The direction of the y axis is of course
coupled to the direction of the z axis such that when the z axis is inverted the y axis
inverts also [39]. This asymmetry of the etching in the y direction was seen in figure
3.11 which, through the argument above, identifies the y axis of the ridge structure
as pointing upward in the figure. The direction of the y axis of the underlying and
unexposed LN points downward in the figure. The asymmetries of the etch behaviour
thus show that the exposed region is still crystalline and that the direction of the z and

y axes is opposite to that of the unexposed crystal.
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FicUure 3.10: SEM image of a high-power exposure after 1 hr etching viewed from

directly above. The two side faces presented to the etchant are z faces and so no

differential etching is seen and the polarity cannot be ascertained. Insert shows axes of
the underlying crystal.

Ficure 3.11: SEM image of a high-power exposure after 1 hr etching viewed from

directly above. The polarity of the affected layer is seen through the differential y

etching indicating that the affected layer is of the opposite polarity to the surrounding
crystal. Insert shows axes of the underlying crystal.
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F1GURE 3.12: Typical behaviour of 4z exposures in the high and low power regimes.
Beams scanned along the crystallographic x direction.

Exposures to the +z face also showed strong intensity dependence, splitting the be-
haviour again into a low and high power regime. The distinction between a high and
low power regime was seen to be made at the same incident powers on the +z face of
the crystal as on the -z face. In the low power regime 4z face exposures were seen to
produce trenches after etching as can be seen in figure 3.12(b). These may be due to the
etching of a shallow -z domain until the underlying +z domain is reached. For powers
in the intermediate region between the high and low power regimes, remnant features
appear in the centre of the tracks that resist etching, however they disappear at the
lowest powers. The depth of these trenches, as measured by a surface profiler, was seen
to be inversely proportional to the scan speed. The measured depths of the trenches
reached some tens of nanometers, however the true depth may be greater since the tip
of the surface profiler has a large radius of curvature which makes probing narrow struc-
tures difficult. Figure 3.13 shows the variation in height of the exposed areas, relative to
the unexposed face, with etching time for different incident powers and scan speeds. It
can be seen that in the higher power case, figure 3.13(a), the height is constant within
the error. In the lowest power, figure 3.13(c), the depth decreases rapidly to a value
that is constant within the error. The ultimate depth of the trenches in figure 3.13(c)
is clearly inversely proportional to the scan speed with deeper trenches being formed
with slower scans and thus greater exposure. In the intermediate power region, figure
3.13(b), it can be seen that the ultimate depth of the trenches is greater than that of
the lower power exposures, but that this depth is reached at a slower rate. This is most
likely to be due to the remnant features in the centre of the trenches taking longer to

etch away and thus reveal the depth of the trench. A trend with scan speed can also
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FIGURE 3.13: Height of the exposed regions (relative to the un-exposed) against etch
time for various scan speeds and powers. Error bars obtained from standard deviation
of repeated scans where available.

be seen in figure 3.13(b) where the ultimate depth of the trenches increases with slower
scan speed, but takes a greater time to get there due to a greater density of remnant
features requiring a greater time for removal through side etching. The exception of this
in figure 3.13(b) is the slowest scan speed which is likely to have the greatest density of
remnant features. The ultimate depth of the trenches would give an indication of the
depth of the domains formed, if indeed this is what they are. This would mean that the
UV directly written domains reach only a depth of a few tens of nano-meters on the +z
face, which would limit their application to practical optical devices. They are however
controllable structures that may still find application in other areas such as plasmonics.
Figure 3.14 shows a surface profiler scan corresponding to the rightmost points in figure

3.13(c) where the velocity dependence, and hence controllability, is clearly seen.
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FIGURE 3.14: Surface profiler scan across exposures at a constant power of 22 mW
with varying scan speed after an hours etching. From left to right, peak pair scan speed;
50 pm s~ 100 pm s=1, 150 pm s~1, 300 pm s~

The behaviour of the +z face in the high power regime is different. At high powers
etching is not seen to occur over the entire exposed area. This can be seen in figure
3.12(a) that shows an exposure after 1 hr etching. Large cracks (seen horizontally in
figure 3.12(a)) caused by thermal effects can be seen (also visible before etching). In
the high power regime, on both the +z and —z face, long, narrow, features are formed
within the exposed area that etch in contrast to their surrounding material as would
-z domains in a +z background. These have widths of around 50-100 nm and are
aligned strictly along the crystal z axes. Such aligned features should not exist in an
amorphous material and so further confirms the crystalline nature of the surface. Due
to the symmetry of the crystal structure, LN has three pairs of orthogonal z and y
axes. The particular x axis that the features dominantly align to depends on the scan
direction of the beam. When the beam scans along the y; axis, features are seen to
appear along the zo and x3 axes but are not seen along x1, as shown in figures 3.15(a,c)
for both the positive and negative z faces. When the beam is translated along the x;
direction, the features are seen to align to the x; axis only as seen in figures 3.15(b,d).
It is believed that these features are formed by the nucleation of a nanodomain followed
by one dimensional growth along the = axis. It is interesting to note that these features
span the cracks formed by thermal damage indicating that they were formed before the
crystal cracked since any effect within the crystal would not traverse a void. That the
domain is seen to grow along the x axes differentiates the behaviour from that seen in
previous AOP studies [17-20] in which long, narrow, domains have grown along the y
axes. This implies a different mechanism to the correlated nucleation due to incomplete

screening proposed in [40]. The fact that these domains are forming with walls parallel to
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(a) Iron doped +z exposure, scanned (b) Iron doped +z exposure, scanned along x.
along y

(¢) Un-doped —z exposure, scanned (d) Iron doped —z exposure, scanned along x.
along y.

FiGure 3.15: SEM images showing alignment to the x axes of features exposed by
etching on the positive and negative z faces after UV exposure in the high power
regime.

the z axis is also interesting since z walls have a normal in-plane polarisation and so are
a higher energy configuration than y walls [41]. On the +z face this may represent the
only poled region in the exposed area. On the —z face the lines appear as on the +z face
strengthening the hypothesis that the polarity of the —z exposed regions has inverted
and that the line features are caused by a fast one dimensional domain growth on the 4z
face. Self organised domain growth along crystal axes has been seen in previous AOP
studies where the growth was along the y axes and had much larger feature size and a

larger distance of closest approach of around 1.5 um [18, 20]. Structures similar to those
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F1GURE 3.16: Typical behaviour of —z exposures in the high power regime on titanium
in-diffused LN. Beam scanned along the crystallographic y direction.

seen in this paper have been seen during spontaneous backswitching during electric field
poling where the alignment has been along either the x or y axes with a feature size of

tens of nm [42].

No difference was seen in the etch behaviour of iron doped samples as compared to
un-doped samples since the same corresponding surface topography was present in both
the high and low power regimes. This observation suggests dopants and defects with
energy levels within the band-gap play little role and that the effect is dominated by

band-band transitions.

Figure 3.16 shows an SEM image of a —z face exposure, in the high power regime, on
a titanium in-diffused sample after etching in HF acid. It can be seen that the etch
behaviour is again similar to that of the exposures on un-doped LN, with a raised ridge
being formed. The cracks due to thermal damage can again be seen, however the features
that align to the x axes, that were seen earlier on iron-doped and un-doped LN, are seen
with a much lower density. The quality of the edges is reduced due to remnant titanium

oxide on the surface.
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(a) Topography

(b) PFM Image

F1GURE 3.17: Topography and PFM amplitude of a scanned UV exposure over PPLN.

PPLN domains run horizontally in the images and UV written lines run vertically. In

the PFM image —z domains appear black and +z domains appear white. UV scans
are seen to invert —z areas of PPLN.

3.4.3 PFM Results

Piezoresponse force microscopy utilises the converse piezoelectric effect to determine
the polarity of ferroelectric domains [34]. An electric field is applied to the sample
through a conducting atomic force microscopy tip which limits the depth resolution of
the technique since the field within the crystal extends to approximately two times the
radius of curvature of the tip. In our case this corresponds to a depth of around 100 nm.
Any domain features with depth greater than this will be seen as bulk domains and
show the full piezoresponse amplitude contrast. Domain features with depth less than
100 nm, however, will give the integrated piezoresponse of the sampling volume. This
makes identification of shallow domains difficult since both shallow inverted domains

and regions of non-piezoelectric material can give the same net PFM response.

Figure 3.17 shows the topography (a) and PFM amplitude (b) of a scanned exposure
over a PPLN sample. The PPLN domains run horizontally over the image whilst the
UV scanned lines run vertically. The full PFM contrast is clearly visible due to the
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PPLN structure with black areas indicating a —z face and white areas indicating a +z
face. The immediate observation is that the UV exposed areas show similar contrast
to the +z areas of the PPLN. Figure 3.18(b) shows a line plot of the PFM intensity
across the line indicated in figure 3.18(a). The different areas of the crystal can clearly
be identified in the line plot of the experimental data. The average piezoresponse over
each area has been overlaid as a horizontal line as follows; -z face (green dotted line),
+z face (purple dashed line), the UV affected, initially -z, region (light blue dash-dot
line) and the mid-level or null piezoresponse (red solid line). It can be seen that the
piezoresponse in the UV scanned region is not identical to the piezoresponse of the
+z region, however it is significantly greater than the mid-level response between -z
and +z regions. This is a crucial observation since it indicates that there must be
material present within the PFM sampling volume that has a +z polarity. The reduced
piezoresponse, as compared to the bulk -z material, could be due to many reasons such
as a layer of damaged material, or an increased defect density or opposite nano-domains
with reversed polarity within the resolution of the scan or even simply that the domains
are shallow within the PFM sampling volume. Figure 3.17(b) also shows that, in the
high power regime, the +z areas of the crystal remain +z after illumination. This agrees
with the etching behaviour of the high power exposures as was seen in figure 3.12(a).
Figure 3.19 plots the piezoresponse across the line indicated and shows the effect of the
UV beam on an area which was initially +z. The domain polarity is not seen to change
however it is interesting to note that the piezoresponse is not greatly reduced either.
When compared with the reduction of the peizoresponse, compared to the bulk value, of
the illuminated region in figure 3.18(b) it is clear that the reduction of the piezoresponse
in figure 3.18(b) is not due to an amorphous layer. If this were so the reduction would
be present equally on both the +z and -z regions and result in equal reductions to the

piezoresponse.

A second important observation to be made from figure 3.17 is that the area seen to be
affected by the beam is much wider in the topographical image than in the piezoresponse
image. This is similar to the behaviour seen optically in section 3.4.1 where a darkened
region could be seen within the region of damage. It can also be seen that the area is more
well-defined by straight edges in the piezoresponse image. Both of these observations
act to decouple the physical thermal damage from any possible light-induced domain

reversal.

The depth resolution of the PFM gives an estimate of the minimum depth of the domain
formed on the —z as ~ 100 nm. A greater estimate of the depth, which may be taken
as an upper limit, has been given earlier in section 3.4.2 as ~ 1pym. Although methods

exist to measure the depth of domains, such as side-polishing and etching [42] and z
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FIGURE 3.18: Line plot of the piezoresponse across a path in the PPLN crystal en-

compassing bulk +z and -z domains and the area of -z domain which appears to be

inverted by UV writing. The path is marked in (a) by a red line. Horizontal lines

in (b) indicate the average piezoresponse of the -z face (green dotted line), +z face

(purple dashed line), the UV affected, initially -z, region (light blue dash-dot line) and
the mid-level or null piezoresponse (red solid line).
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FIGURE 3.19: Line plot of the piezoresponse across a path in the PPLN crystal en-
compassing bulk +z and -z domains and the area of +z domain scanned with the UV
beam. The path is marked in (a) by a red line.

or y face PFM [43] it is not believe that these are suitable in this instance due to the

presumed shallow depth of the structures and the influence of surface damage.

3.5 Model Hypothesis

The results presented earlier suggest that inverted ferroelectric domains are being formed
during UV illumination. The UV laser induced ferroelectric domain inversion can be
explained by considering an electric field formed by the separation of photo excited

charges under the following reasoning.
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(c) Photo-excited charges at surface move in (d) Charge separation produces Egc_pn. Equi-
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(e) When cool, Ps and hence Egep, increase, (f) If Esc—ph > Ec then Ps inverts.

leaving a net field anti-parallel to Ps.

FIGURE 3.20: Schematic of the proposed mechanism for domain inversion. Solid arrows
represent electric field vectors. Other vectors represented by broken arrows for clarity.

LN is ferroelectric and so possesses a spontaneous electric polarization Py which has
associated with it an electric depolarisation field Egep. At room temperature the unex-
posed crystal is in equilibrium and Egep is screened by free charges and defects within
the crystal [15] which create a compensation field, Eg.;, with equal magnitude to Eqep
and aligned parallel to Pg. This is shown schematically in figure 3.20(a). When the UV
beam enters the crystal the energy is absorbed within the upper 50 nm (1/e? intensity
absorption depth ~ 30 nm) [44] and is mostly converted into heat, creating temperature
distributions with spatial extents of the order of the beam width [45]. When the crys-
tal is heated, Py and consequently Eqe, are decreased as the Li and Nb cations move
toward the para-electric positions. Eg is very slow to react [15] to changes in Py and
so a net field is left as Eq; now overcompensates Egcp, as shown in figure 3.20(b). At
the same time, since the photon energy of the UV beam (5.1 eV) is greater than the

LN band gap (= 4 eV), photo-excitation occurs creating electron-hole pairs. Most will
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re-combine and release their energy as heat. However, a fraction will survive and be free
to travel within the crystal under the influence of both electric fields and concentration
gradients. These photo-excited charges will see the net electric field, Epet, and will drift
under its influence with holes moving toward the +z face and electrons moving toward
the —z face, as shown in figure 3.20(c). It is worth noting here that charges excited
between intrinsic energy bands in LN are not accelerated in the same way as those from
defect levels and do not contribute to the bulk photovoltaic currents [46] as do impurity
defects with energies within the band gap. The separated photo-excited charges will
thus create a photo-induced space-charge field, Es._pp, anti-parallel to Eg,. If drift were
the only driving force a maximum steady-state photo-induced field would be created
that was equal to the vector sum of the Eqe, and Eg.; however charges also move by
diffusion under the influence of concentration, and possibly thermal [45], gradients which
may increase the magnitude of the photo-induced field. The field may also be increased
by thermal [47] or photo-induced emission [48] of electrons from the surface. As the
beam moves on, the crystal cools and Py and, consequently, Eqe, again increase. Egep
and Eg; now cancel leaving the net field in the crystal equal to Egc—pn. If Ege_pp is
high enough it is energetically favourable for the spontaneous polarisation to align with
the photo-induced field and the polarisation will be reversed. With reference to figure
3.20(e), in the boundaries of this simple model, domain inversion should occur only for
Esc—ph >Egr such that alignment of Py with Eg._p, would lower the total energy of
the system. In the model above where Eg. remains constant, with magnitude equal
to the room temperature depolarisation field, the estimate of the coercive field is the

magnitude of Eqep and is given by

B = -2 (3.1)

where € is the permittivity along the z axis. The estimate of the coercive field above
evaluates to 28,235 kV cm™! using € = 30¢y and Py = 0.75 C m~2. This is clearly
greater than the experimentally determined coercive field of 210 kV em™! [15]. The
experimentally determined coercive field does not in general agree with descriptions of
ideal crystals but is found to be highly dependent upon defects within the crystal [49, 50],
the existence of domain walls [49] or residual nanodomains [42] and upon behaviour of
screening processes within the crystal [42]. In our case we also have the additional
factor of a highly increased temperature which is known to alter the dynamics of both
the defects [51, 52] and the intrinsic poling process. Thus it is highly likely that poling

can be achieved even when Eg, is not completely compensated by Eg._pn (figure 3.20(f)).

This model agrees well with the previously observed dependence of the domain width on
speed and power as shown in figure 3.8. It was seen that the width of the domain inverted
region had only a weak dependence upon scan speed but a very strong dependence upon

power, which indicates that the effect is not simply a function of exposure. Although the
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model requires photo-excited charges, the number density of which will be a function
of exposure, the driving force for charge movement originates from the temperature
distribution created by the heating laser. The temperature distribution has been shown
in chapter 5 to be independent of scan speed for speeds below around 20 cm s~! and hence
independent of exposure. The strong temperature dependence and the requirement
to be reasonably near the melting point can be understood with the model above by
considering the steep change of Py with temperature near the Curie point since Py

(T. — T)'/? [15] where T, is the curie temperature.

Anisotropy between the behaviour on the two faces is expected under the following
reasoning. The optical absorption depth is around 30 nm at the writing wavelength and
so photo-excited charges can only be created within this depth. Thus the source of free
charges able to create Ey._p, is essentially two dimensional and located at the surface in
a plane parallel to the surface. As can be seen in figure 3.20(c) the field Eye in which the
photo-excited charges move is directed parallel to Py regardless of which face is heated.
Thus when heating the +z face photo-excited holes will be trapped at the surface whilst
photo-excited electrons will drift into the bulk of the crystal and, conversely, when the —z
face is heated photo-excited holes will drift into the bulk whilst photo-excited electrons
will be trapped at the surface. If the mobilities of both electrons and holes were equal
then the two situations would be similar and the same Es._p;, would result. However,
electron and hole mobilities are in general different with electrons being more mobile
than holes with typical semiconductor mobility ratios of 3 (Si) to 23 (GaAs). Thus even
from relatively simple consideration an anisotropy between the behaviour on the two z

faces is expected.

In the experimental work and modelling described above, a laser wavelength of 244 nm
has either been used or assumed for the incident light. As previously mentioned this
wavelength has an optical absorption depth of 30 nm [44], which has two pertinent
consequences with regard to the model described above. The first of these is that the
length scale of the temperature distributions created by the beam are given by the beam
radius, since the absorption depth is much less than the beam radius. The second is
that the region in which photo-excited charges can be created is, of course, limited to
the absorption depth. Since the ratio of the absorption depth to the beam radius is ~ 80
the source of charges that can create the field Eg._p, is essentially two dimensional and
located at the surface. The limited depth of the charge source limits the distance over
which charge separation can occur and hence the depth over which Eg._py extends. This
then, ultimately, result in a limit to the depth of the domain formed. If a laser wavelength
at which the optical absorption depth within the crystal is greater than the 30 nm optical
absorption depth at A\ = 244 nm, and that still has a photon energy greater than the

band-gap, then the charge source will become extended in the depth direction and deeper
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domains may be able to be formed. The optical absorption coefficient increases rapidly
with decreasing wavelength near A = 244 nm, so increasing the wavelength will increase
the depth of the charge source. The temperature distributions within the crystal, and
hence charge driving forces, would remain unchanged until the absorption depth was of

equal magnitude to the beam radius.

A full numerical investigation of the charge and electric fields produced during UV
laser exposure is required for validation of this qualitative model. Unfortunately, time
has not allowed this within the duration of this thesis and this must be left as future
work. The equations governing the charge transport have, however, been derived and
this derivation is given in appendix C. The three coupled equations that govern the

movement of optically excited charges are given below as

de. kT .
dct - /"LTBV TVeo + 1V - c.E + Q. (3.2)
d kT
% _ Hn eB V- TVen — iV - ehE + Q. (3.3)
and
V-eE+ V- PS = C(Ch - Ce) (34)

where ¢, j, are the electron and hole concentrations, ji. j are the electron and hole mobil-
ities, kp is the Boltzmann constant, 7" is the temperature, Q). 5 are the source terms for
electrons and holes, E is the electric field within the crystal, € is the electrical permit-
tivity tensor and Py is the spontaneous polarisation vector. The electric field through
the solution of the scalar potential and this is described in appendix C also. The source

functions may be given by

en_ N
Q™" = he/ A (3.5)

where I is the local light intensity, h is Planck’s constant, c is the speed of light, A the
wavelength of the light and 7 is a numerical factor describing the probability that an ex-
cited electron-hole pair avoid re-combination. The temperature can be treated as being
independent from either the electric field or charge concentrations and may be calcu-
lated using the method described in chapter 5. As was described in the qualitative model
above, the main driving force is provided by the temperature dependence of the spon-
taneous polarisation and this is given by the second term in equation 3.4. The precise
form of the temperature dependence of the spontaneous polarisation is not quantified for
LN fully between room temperature and the melting point, however phenomenological
Landau theory [15, 53] predicts that near the Curie temperature the magnitude of the

spontaneous polarisation should vary as

Do

Ps = B(Tc - T) (36)
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where [ is an experimentally determined constant. This function has been found to fit
well to LT near T, [53] and so should also be suitable for LN. An alternative, similar,

expression has also been found as [54, pg. 185]

1
3 (P\? 3(T.—T)]2
- =) =|1+4-——| -1 3.7
(7) -+ @
where Py = 0.71 C m? and ATy = 90 °C. Solving equations 3.2, 3.3 and 3.4 in three

spatial dimensions and time will be a demanding task, although some simplification may

be possible from changing reference frames as was carried out in chapter 5.

In short we believe that domain formation is due to a space-charge field created by the
combined effects of photo-excitation of charge and drift within an electric field, caused by
the decrease of spontaneous polarisation at elevated temperatures, and that the different

behaviour of the two faces is due to the different mobilities of electrons and holes.

3.6 Conclusion

In conclusion, it has been demonstrated domain inversion in congruent lithium niobate,
iron-doped congruent lithium niobate and titanium in-diffused lithium niobate by a
scanning continuous wave ultra-violet laser operating at a wavelength of 244 nm. The
domain structures obtained have been analysed using piezoresponse force microscopy
and by chemical etching in hydrofluoric acid, followed by surface profiling and scanning
electron microscopy. The positive domains formed on the —z face are also seen to
contain self aligned nano-domains of negative polarity aligned along the z axes of the
crystal. On the +2z face domain inversion can be seen at low powers, over the width of
the exposed area, by etching. At higher powers domain inversion is not seen over the
entire width of the exposure, however aligned nano-domains are seen within the exposed
area. The domains formed on the —z face at high powers have also been investigated by
piezoresponse force microscopy. The piezoresponse of the UV written domains is seen
to be reduced in comparison to bulk domains of the same polarity, however this has
been shown not to be a result of surface melting but may be due to inhomogeneity or
limited depth within the PFM sampling volume. A model is proposed whereby domain
inversion is obtained through the action of a space-charge field of photo-excited charges
and the differences of behaviour on the positive and negative faces can be explained by
different electron and hole mobilities. Although not solved, the equations governing the

model are derived.

Although we were unable to perform the experiments, we believe that by varying the

illuminating laser wavelength to tune the optical absorption depth to a greater value the
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FI1GURE 3.21: Micro-holes formed after laser illumination and etching.

depth of the domains will be increased. To increase the depth of the structure would
certainly extend the range of possible application of domains written in this manner.
Presently, the depth is too shallow for use in optical frequency generation through QPM,
even when waveguide geometries are used. There are however uses that the technology
can be applied to. It has certainly been shown that surface domain formation followed
by chemical etching provides a simple and quick method for surface structuring which
can itself be put to a wide variety of uses. The demonstration of etched ridge structures
on titanium in-diffused planar waveguides makes possible the fabrication of strip-loaded
waveguides [55] with no photolithography. The creation of shallow trenches on the +z
face could also be advantages to fields such as plasmonics due to the high etch resistance
of the +z face ensuring a high surface quality. Of course extended trenches are not
the only structures that can be made as shown in figure 3.21 which shows an optical
microscope image micro-holes (< 2um) dots that have been created using the optical
arrangement described in this chapter. The size of the dots is less than that of the
beam that made them indicating that, with tighter focussing, small dots could be made
that could usefully pattern substrates for uses in areas such as plasmonics. There is
much work still to be done in the field of continuous wave AOP and, hopefully, the work

carried out here has provided a substantial foundation.
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Chapter 4

UV Continuous Wave Latent
Light-Impeded Poling

The previous chapter has shown that focussed UV laser light can of produce space-
charge fields within the crystal that are capable of ferroelectric domain inversion. In
this chapter the interaction of the induced space charge field with domains created
during a subsequent electric field poling step is investigated. It is seen that when the
+z face is illuminated and then subsequently poled using a conventional electric field
poling arrangement, the illuminated regions remain as +z islands within a background
of newly poled -z domain. It is seen that the inhibited domains are not restricted in
their shape or alignment by the crystal axes. The formation of these inhibited domains
is seen to be dependent upon not only the illumination conditions but also the dynamics

of the poling step.

The experimental method is outlined in section 4.1 and the results are presented and
analysed in section 4.2. The poling process is visualised using an optical method, and
recorded via a CCD camera, and the structures are interrogated using PFM and by
etching in HF acid followed by optical microscopy and SEM. In section 4.3 the experi-
mental results are discussed with reference to the domain interactions with the charge
distributions that would be produced under the model of section 3.5. Conclusions are

made in section 4.4.

4.1 Experimental Method

A beam from a frequency-doubled Ar-ion laser was focused to a spot size of 2.5 um on

the +z or -z face of either an un-doped congruent or 5 mol % MgO-doped LN crystal.

78
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Positioning and exposure control of the crystal was achieved by a computer-controlled,
three-axis stage system coupled with a mechanical shutter. For dynamic exposures, sets
of parallel lines were drawn on the z faces of the crystals along the crystallographic x or
y directions by moving the stages at speeds ranging from 0.05 - 0.3 mm s~!. For static
exposures, arrays of illuminated spots with identical exposure times, ranging from a few
milliseconds to a few tens of seconds, were formed. The separation between the edges
of adjacent illuminated spots in the arrays varied from zero to 6 pm which permitted
us to verify if any proximity effect existed such as that observed in pulsed laser direct
poling [1] where the closest approach observed there was of order ~ 1.5um, irrespective
of illuminated pattern resolution. For both types of exposure, the power was varied
between 20 - 28 mW. Each set of illumination conditions was duplicated for both +z
and -z face illumination, to allow a direct comparison of the resultant effects on each
of these polar faces. The samples were then poled using the electric field poling (EFP)
set-up described in reference [2]. Using this arrangement in-situ monitoring of the poling
process was available using crossed polarisers and the induced birefringence at domain
walls to track the wall movement. This was recorded to computer using a CCD camera.
The voltage was ramped at 2 kV/min to a value of ~10.1 kV, corresponding to an
electric field of 20.2 kV/mm across the 0.5 mm thick sample. This value of the applied
electric field ensures that domain inversion occurs slowly, which is desirable since the
kinetics of the domain wall motion is seen to influence greatly the shape and quality of
the resultant structures. Etching of the poled crystal in aqueous HF acid solution then
allows visualisation of the formed domain structures through the different etch rates of
the two z faces [3]. PFM was also used to verify the domain nature of these structures.

Lastly, the samples were imaged using SEM and optical microscopy.

4.2 Experimental Results

4.2.1 -z Face Illumination

Illumination of the -z face was not seen to result in domain inhibition but rather was seen
to initiate nucleation of domains. The growth of the domains after nucleation, however,
was seen to be greatly affected by the illumination of the surface. For an unexposed
crystal, during nucleation and growth of a domain, our visualisation method would ini-
tially show a small black domain dot which would then resolve into a hexagonally shaped
domain. This domain would then grow through two dimensional domain wall growth
as described in [4]. This was not seen to occur when the -z face had been illuminated.
Figure 4.1 shows the visualised domains after growth initiated at a nucleation site in an

illuminated region. The region to the left contains 4 sets of 8 lines spaced 50um apart
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FIGURE 4.1: Captured video frame of poling process viewed under crossed polaris-
ers. Area to the left corresponds to domains nucleated on the exposed regions after
subsequent random growth. Width of area to left ~ 2 mm.

with sets spaced by 100pm and so extends around 2 mm in width. The growth of the
domains seems random and un-correlated and does not follow the symmetry of the crys-
tal structure at all. It is interesting that this behaviour extends far from the illuminated
region both laterally from the exposed area and in depth. It can clearly be seen that
nucleation occurs preferentially in the illuminated area. Figures 4.2(a) and 4.2(b) show
microscope images of the illuminated faces after brief etching in HF for around 15 mins
where positive domains appear smooth and bright and -z domains appear rough and
dull. The crystal was not poled completely since the electric field was removed before
this occurred and in the sample imaged in figure 4.2 domains were not seen to reach the

+2Z.

4.2.2 +2z Face Exposures

Figure 4.3 shows the first observation of the latent light impeded poling effect. Whilst
applying a voltage to try to push the directly written domains of the previous chapter
(chapter 3) deeper within the crystal some small areas were seen to pole as bulk domains.
The field was removed and the sample etched to investigate whether the directly written
domains were indeed pushed deeper and it was seen that where bulk domains had formed
in exposed areas positive domains were left where the beam had been scanned. Further

exposures were then made to study this effect in its own right.

Arrays of dots were produced covering the same are of the crystal (100 x 100pum) and

with the same exposure conditions of incident power, 26 mW, and dwell time, 100 ms,
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(a) Low magnification (b) High magnification

F1GURE 4.2: Optical microscope images of -z exposures between 20 and 24 mW at a
velocity of 100pum s~! after poling and brief etching.

FIGURE 4.3: First observation of latent light impeded poling. The impeded poling
region can clearly be seen as the line of positive domain within the small hexagonal
negative domain that has been revealed by etching.

but with different dot separations of 4, 6, 8, 10 and 12 pum. Figures 4.4 and 4.5 show
two SEM images of dot arrays after poling and etching. There was no interaction
observed between neighbouring dots in as much as no significant deviation of either size
or shape was observed with varying distance between exposures. This allows structuring
on extremely small scales as can be seen in figure 4.5 where separations of less than one
micron can be seen. As the exposures overlap, so too do the resultant domains and this

can be seen on the left edge of figure 4.4.
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FIGURE 4.4: SEM image of a poling inhibited dot array
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FI1GURE 4.5: High magnification SEM image of a poling inhibited dot array
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FIGURE 4.6: SEM images of poling inhibited regions caused by scanning exposures.
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Scanned exposures were also investigated and SEM images of some examples after poling
and brief etching are shown in figure 4.6. In figures 4.6(a), 4.6(b), 4.6(c), 4.6(d) and
4.6(f) bulk positive domains can be seen, since the poling field was removed before the
crystal could pole completely, and these can be differentiated from the poling inhibited
regions from their characteristic smooth walls. All exposures are of similar conditions
to those of the previous subsection, sec 3.2, and so the first thing to notice is that
the features seen during exposures on the +z face during direct pole experiments are,
of course, still present. Trenches corresponding to low power direct optical poling can
be seen in figures 4.6(b) and 4.6(e) and the cracks and domain-like features aligned to
the z-axes can be seen in figures 4.6(d) and 4.6(f). It can be seen that the impeded
poling effect extends further than the direct poling effect, with the width of the poling
impeded structures being approximately three times that of the direct-pole features seen
in the centre of the exposures. Similar to static exposures, structures could be written
with arbitrary separations. Figure 4.6(e) shows the structure created after scanning two
lines such that the exposures nearly overlap. The negative domain left between the two
poling inhibited domains measures just 500 nm in width. Similarly small distances can
be seen between the poling impeded domains and the regular bulk domains in figures
4.6(c) and 4.6(d). These figures also show that the impeded poling domains do not
need to align along the crystal axes since the line of the impeded domain is seen to
divert away from the wall of the bulk domain, which is directed strictly along the y axis
[5]. It was seen throughout the impeded poling experiments that bulk domains would
often be pinned at the scanned exposed lines such as in figure 4.6(c) and that, once
a domain had encountered a scanned line, subsequent growth of the domains tended
to be along the length of the scanned line, leading to asymmetric domains rather than
the regular-hexagonal domains favoured by the virgin material. This can be seen in
figure 4.7 which shows a video still sequence captured during a poling cycle. It can be
seen in the figure that the nucleation is occurring nearly entirely along the illuminated
lines and that the growth has a very preferential direction along the length of the lines.
The figure also gives a good indication of the time scales of the poling process that
was found to be optimal. The growth of the domains was not seen to proceed at a
constant rate, particularly when the domain size became large. This can be seen in
figures 4.7(h-i) where the domain in the lower right has grown suddenly as compared to
its previous growth rate. The non-regular hexagonal shape of the domains is also clear
to see, although the shape remains a six-sided polygon with sides aligned to the y axes

of the crystal.
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FIGURE 4.7: Video stills showing the influence of scanned UV exposures on the +z
face on the poling process. Time (t) in minutes.
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F1GURE 4.8: SEM image of a poling inhibited cross hatched pattern with lines written
along the z and y axes.

FIGURE 4.9: High magnification SEM image of a crossing region in the poling inhibited
cross hatched pattern shown in figure 4.8.

Additional scanned UV exposure of a specific area was not observed to produce any
further effect. This can be seen in figure 4.8 where a cross-hatched pattern is shown
as a result of sequential line scans along the z and y crystallographic axes. A higher
magnification SEM image that shows the quality of the overlapped exposure is shown
in figure 4.9. The sample was tilted by 30 during the SEM scan which allows the
observation of the quality of the side wall of the pole-inhibited domain.

The polarity of the inhibited domains was further investigated by PFM which confirmed
the observations deduced by chemical etching. Figure 4.10 shows a PFM image of an

area of the crystal that carries a set of static dot illuminations. Again, the poling
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7

FIGURE 4.10: PFM image of poling inhibited dot array. White = +z face, black = -z
face as indicated. White area to left of image is an un-poled bulk domain.

field was removed before complete inversion of the crystal could take place and so both
positive and negative bulk domains are present as is required for the full calibration of
the PFM scan. Full contrast is associated with opposite ferroelectric domains where a +z
face appears white (left section of the image) while a -z face appears black (right larger
section of the image). The dots which appear white in a black background of the PFM
image correspond to the UV exposed areas which have maintained their original domain
orientation (+z) while the surrounding area has been inverted (-z) and appears black.
PFM measurements were made on static exposures with powers ranging from 24.5 to
26.5 mW and exposure times ranging from 50 to 500 ms and the full contrast was seen in
all. To make it easier to identify the exposed areas the sample was etched very briefly in
HF. This gave a surface relief of only around 80 nm but enabled verification of whether
the entire region of etch resistance was, in fact, a positive domain since PFM also records
topographic information. Figure 4.11 shows the piezoresponse and topography across
the line indicated in figure 4.12. The correlation between the two signals is very good,
indicating that the entire area that resists etching is indeed due to a retainment of the

original polarisation during poling.
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FI1GURE 4.11: Comparison of the piezoresponse and topography signals from the PFM

across the line shown in figure 4.12.
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FIGURE 4.12: Piezoresponse image showing the area used in comparing the piezore-

sponse and topography in figure 4.11.
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FIGURE 4.13: Variation in inhibited domain area from static exposures as measured
from piezoresponse images. Error bars show standard deviations from repeat measure-
ments.

The width of the area over which inhibition occurs is seen to be dependent upon both the
incident power and the dwell time or scanning velocity of the beam with larger domains
formed for longer dwell or lower scan speeds. Figure 4.13 shows the variation of the
area of poling inhibited dots with exposure time for two different powers as measured
from the piezoresponse images. In the figure the dependence upon the exposure time is
clear, but the dependence upon power is less distinct due to the small difference in the
powers used. It is interesting to note, however, that static and scanned exposures with
equivalent exposures have not produced equivalent domain widths. A scanned exposure
with a power of 24 mW and velocity of 100 um s~! gives a domain with width of 3.6 ym
and corresponds to an exposure time of 5 ym/100 pm s~! = 50 ms. A corresponding
static exposure with a power of 24 mW results in a circular domain spot with diameter
1

of 4.7 ym. To achieve the same domain width in a static exposure at 100 ym s™" a

power of around 28 mW must be used.

Attempts were made to measure the depth of the domain inhibited regions through
cutting, polishing and then etching the y faces of the exposed regions. Unfortunately,
the results were inconclusive due to the damage to the upper edge during polishing.
This prevented a thorough characterisation but did allow an estimate of the upper limit
to the depth to be made of ~ 1um. A lower limit to the depth of the inhibited domains
is given by PFM as it has a depth sensitivity of ~100 nm as stated in chapter 3. Since
the inhibited domains give a full contrast, 100 nm can be taken as a lower limit to their
depth.

The quality of the poling inhibited regions was observed to be highly dependant upon
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FIGURE 4.14: SEM image of a static dot array exposure. Region to the top left where
dot domains are fragmented corresponds to a region of fast bulk domain growth. Line
indicates the position of the domain labelled A in figure 4.15(a).

the domain wall kinetics during the EFP step. It was seen that when the wall movement
was smooth and reasonably slow, the inhibition process produced continuous domains,
when the domain wall movement was fast the domain inhibition occurred only partially
or did not occur at all. Figure 4.14 shows an SEM image of the resultant domain
pattern for a situation in which two domains have joined in a fast ‘gulping’ [4] manner
and figure 4.15 shows video stills of the poling process. Where the two domains have
previously grown slowly, the inhibited domains are fully formed as can be seen in figure
4.14, corresponding to times before figure 4.15(b). The position of the walls of the
domain labelled A in figure 4.15(a) is shown in figure 4.14 where the distinction between
fully inhibited and fragmented domains can be seen. The fast movement of the walls
during the rapid merging of the domains between figures 4.15(b) and 4.15(d), which are
successive frames taken at a frame rate of 30 frames per second giving a domain wall

L can then be seen to correspond to

velocity during this stage of approximately 1.5 mm s~
the region of fragmented domain inhibition in figure 4.14. As the domain wall movement
slows, the domain inhibition becomes complete again as can be seen at the top of dot

array in figure 4.14.
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(b) t=69.400 (d) t=70.467

(e) t=80

F1GURE 4.15: Video stills sequence of fast domain movement leading to fragmentation
of inhibited domains seen in figure 4.14. Time is measured in seconds relative to the
first frame.
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A3

FIGURE 4.16: Optical microscope image of domain inhibited regions after higher volt-
age EFP. A - initial slow growth domains. B - bounding line of first fast growth. C -
bounding line of second fast growth.

In congruent crystals the domain wall movement can often progress in a ’jerky’ manner
[4, 6]. As it was previously shown, this leads to an incomplete domain inhibition or
no inhibition at all. This effect was seen to be increasingly prominent at higher poling
voltages and hence led to the realisation that low voltage, slow, poling was essential.
Figure 4.16 shows the results obtained when a higher poling voltage is used, leading
to more energetic domain wall movement. Three distinct domain growth features can
clearly be seen in the figure. The initial domains that have grown along the lines, as in
figure 4.7, are labelled as A. In these areas the initial growth was slow and inhibition is
complete. A sudden domain growth, with fast wall movement, has occurred to merge
the initially separate A domains and possibly others not visible in the figure to form a
domain bounded by the line B. During the fast motion of the wall, domain inversion is
not inhibited at all but at the end of the motion the domain wall decelerates, allowing the
inhibition process to occur. At a later time the domain bounded by line B grows through
fast wall motion to form a domain bounded by the line C. Possibly due to the larger
size of the domain, the wall deceleration appears to be more gradual, and a smoother
transition from non-inhibiting to inhibiting behaviour can be seen as a tapering of the
inhibited domain. This is shown in higher magnification in figure 4.17. In each of these
figures the alignment of the domain walls can clearly be seen from the shape of the ends
of the inhibited domains. In MgO doped crystals where EFP is known to be slower [7, 8]

and smoother, the inhibited domains appeared to be smooth and continuous everywhere.

In the areas where the inhibition process was seen to be only partially effective, complex
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FIGURE 4.17: Optical microscope image of an inhibited domain formed at the end of
a fast wall movement. Taper of inhibited domain illustrates deceleration of the domain
wall.

patterns were seen, some of which are shown in figure 4.18. The origin of these patterns
is not yet clear and may arise as a self correlated behaviour as in similar patterns
seen during backswitched poling [4] or may represent an underlying modulation of the
sub-surface charge distribution which modulates the local domain inhibition threshold.
Similar patterns are seen at the edges of the fully inhibited regions, pointing toward this
behaviour as being transitional between inhibition and normal poling. This can be seen,
for example, in figure 4.6 where it presents mostly as arrays of quasi-periodic triangular
dot domains. Similar patterns to those shown in 4.18 have also been observed during
backswitched poling [4]. In this case, however, a large field is applied to the crystal
using structured electrodes such that the domains spread outside of the electrode area,
underneath an insulating dielectric. The backswitching then occurs when the external
field is removed abruptly such that the screening mechanisms are retarded, leaving the
domain unstable. In our case there is no abrupt field removal since the ramp rates
of the external field are extremely slow. An equivalent of the abrupt field removal,
however, may be the fast movement of the switching front of the domain wall across the
exposed area. In the case where the wall movement is fast it may be that additional
energy, associated with the velocity of the wall, allows the exposed area to pole initially,
however the same conditions that inhibit domain inversion at slower wall velocities lead
to the newly switched domain being unstable, and so backswitching occurs and stability
is found through an inhomogeneous domain state within the exposed area. With further
investigation this effect may prove to be highly useful due to the high spatial period

patterning achievable.
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FIGURE 4.18: SEM images of complex structures seen during incomplete domain inhi-
bition.

In order to investigate the stability of the inhibited domains the crystal was thermally
annealed for 1 hr at 215°C after the EFP step of the process. SEM investigation of the
HF etched annealed crystal showed that the poling inhibited domains survived the brief

annealing process without any significant change.

Domain inhibited structures have been etched for an extended period of time to prove
their applicability for surface structuring. Figure 4.19 shows the same cross hatched
structure shown previously in figure 4.8 after 39 hrs etching in HF. The high-aspect
ratio achieved is clearly evident in the figure. As was described in the previous chapter,
the particular crystal faces that are presented to the etchant as the background -z crystal
etches will affect the overall shape of the surface relief structures through the different

etch rates of the z and +y and -y axes. When the beam is scanned along y axis, the
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FIGURE 4.19: SEM image of domain inhibited cross hatched pattern after 39 hrs
etching in HF. Sample tilted to 45°.

10 ym

FI1GURE 4.20: SEM image of domain inhibited dot array after 60 hrs etching in HF.
Sample tilted to 45°.

ridge structure formed by etching will present = faces to the acid. Since the z faces
are highly resistant to etching high aspect ratio, symmetric, ridges can be formed and
are the most useful for applications such as ridge waveguides. Figure 4.20 shows an
SEM image of an array of static dot exposures after etching at room temperature for 60
hrs where it can be seen that, as well as two dimensional structures, three dimensional
structures such as sharp tips can be formed that may have uses for applications such as

surface enhanced Raman scattering or even as atomic force microscope (AFM) tips.

The etch behaviour of the structures can be used to deduce the depth profile of the
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y

FicUrRE 4.21: SEM image of a void in the cross hatched inhibited domain pattern
shown in figure 4.19 viewed from directly above. An z axis runs horizontally in the
figure and a y axis runs vertically.

domain inhibited layer in the following way. In figure 4.19 it can be seen that the
width of the structures written along the y axes, such that x faces are revealed as the
structures etch, retain their width as the crystal etches in the z direction whilst the
structures written along the z direction become increasingly thinner. At first sight the
etch behaviour of the structures written along z seems to indicate that the y axis of
the domain inhibited layer has not inverted, however this is not the case and in fact
may tell us something of the depth profile of inhibited domains. This can best be begun
with reference to figure 4.21 which shows a void of the cross hatched inhibited domain
pattern, after 39 hrs etching, viewed from directly above. The void contains four faces,
to the left and right are the two z faces which etch at the same rate and hence show equal
gradients and meet in the horizontal centre of the void. To the top and bottom are the
negative and positive y faces respectively which do not etch at the same rate and hence
have different gradients resulting in the faces approaching at a point above the vertical
centre of the void. The upper edge shows the greatest gradient since this face has been
etching as the -z face has been etching in the depth direction. The question now is;
if the domain orientation at the surface of the cross hatched lines has inverted, which
inverts y as well as z, why has the inverse etching behaviour not occurred to this layer?
And more specifically, why has the upper edge of the horizontal lines not seemed to have
etched at all? The answer to these questions reveals information about the depth profile
of the domain inverted layer and shows that the depth of the domain inhibited layer
must decrease in depth to zero at its edge. If the depth of the domain goes smoothly to
zero, when the -z face etches it is the y face of the bulk material that is presented always

to the etchant, and not the y face of the domain inhibited region. When the +y face
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etching etching. The bulk crystal has shielded the -y
face of the right hand domain, preventing it
from etching.

FIGURE 4.22: Variation of etch behaviour between domains with smoothly varying
depth and a step depth profile.

of the bulk crystal is presented it shields the -y face of the inhibited domain from the
etchant, as can be seen in figure 4.22, and so etching of the inhibited domain does not
occur. This is the situation of the upper edge of the horizontal line in figure 4.21, where
the inhibited domain does not etch even though it is a -y face. The situation of the
lower edge of the horizontal line in figure 4.21 can be similarly explained. The -y face
of the bulk crystal is presented as the crystal etches in the z direction. The bulk crystal
will then etch until the positive y face of the domain inverted layer is revealed, at which
point sideways etching will stop. However, the etching in the y direction undercuts the
inhibited domain if its thickness goes smoothly to zero and so the -z face of the inhibited
domain will be presented in the undercut region. This will then readily etch and the
inhibited domain will be removed. This situation is shown schematically in figure 4.23.
Hence the inhibited layer takes on the apparent etch characteristics of the underlying

material.
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(d) Smoothly varying domain boundary after
etching. The bulk crystal has etched in the z
direction revealing a -y face of the bulk crys-
tal which etches and undercuts the domain on
the left. This then presents the -z face of the
domain on the left which etches away in the
direction indicated by the arrow. The region
of the left domain removed by etching is indi-
cated by the dashed lines.

FIGURE 4.23: Variation of etch behaviour between domains with smoothly varying
depth and a step depth profile.
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4.3 Discussion of Results

The experimental results presented in the previous subsection leave little doubt that
the structures produced by UV laser exposure followed by EFP are indeed ferroelectric
domains, where the process of domain inversion has been inhibited during the EFP
step. It is seen that, using the EFP method and apparatus of reference [2], nucleation
occurs always on the -z face which has important consequences for the poling behaviour
after exposure on either the positive or negative z faces. When exposure was on the -z
face the exposed areas acted as sites of nucleation. However as the nucleated domain
attempted to propagate into the crystal, although not inhibited, the domain propagation
was severely affected by the exposure, leading to a highly disordered domain. When the
exposure was on the +z face the domain which nucleated on the -z face, although with
some spatial preference directly opposite the exposed area, and then propagated through
the crystal freely until approaching the +z face. At this point the propagation of the
domain front is hindered in the exposed region, leaving the area un-poled. In section
3.2 a model was proposed for the mechanism responsible for direct poling during UV
laser exposure, and since the inhibited domain effect described in this section is simply
a further step after nearly identical exposures to section 3.2, the model proposed should
account for the behaviour seen here. It was proposed that the direct pole behaviour is
due to a laser initiated charge separation whereby; on the -z face, electrons are trapped
at the surface and holes driven into the bulk and, on the +z face holes are trapped on
the surface and electrons are driven into the bulk. In the area between the two regions
of opposite net charge, there then exists an electric field which is oriented appropriately
to pole the crystal. However, when charges are separated in this way, an electric field
is also produced. This electric field will have the characteristics of that formed by
a simple charge dipole and will thus change direction (along the dipole axis) when
measured either within or without the dipole. Thus if a charge distribution induces
domain inversion within the dipole it shall also inhibit inversion outside of the dipole.
In order to explore this further numerically, without evaluating the full time dependent
charge transport model, positive and negative charges are distributed following a likely
probability density function (pdf) and the resultant scalar potential and vector electric
field distributions are calculated. The pdf used for the positive charge distribution after

exposure on the +z face is given by

p(z) o erfe(z/dp) (4.1)



UV Continuous Wave Latent Light-Impeded Poling 100

18

= = = Positive Charge
Negative Charge

16

14

12

10

z/arb

FIGURE 4.24: Probability density functions of the positions of randomly placed point
charges.

where erfc(z) is the complimentary error function and dp describes the width of the

distribution. For the negative charge distribution the pdf
p(z) o z2erfc(z/dn) (4.2)

is used where, again, dn describes the width of the distribution. Both distributions
are normalised in the calculations by normalising the corresponding cumulative density
functions. Figure 4.24 illustrates the two pdfs and figures 4.25(a) and 4.25(b) show the
distributions of 10,000 randomly distributed positive and negative charges. A Gaussian
pdf has been used in the direction perpendicular to z. The scalar potential fields of
each charge distribution are shown in figures 4.26(a) and 4.26(b) and scalar potential of
the overall charge distribution is shown in figure 4.27(a). The electric field is given by
the gradient of the potential field and this is shown in figure 4.27(b). The two different
regions of opposite field orientation can clearly be seen, with the region of positive field
localised to the surface, which would be responsible for direct poling, and the region of
negative field extending further into the crystal, which would be responsible for inhibiting
the poling process. This differing of the depths of the fields involved in the two processes
may account for the inability of the PFM measurements to view directly poled domains

on the +z face whilst inhibited domains are clearly seen.

A similar effect has been seen during LAP whilst illuminating with a confocal microscope
[9, 10]. In this instance a confocal microscope produced a high intensity (50 MW cm™2)
focal region with a spot size of ~500 nm using light with a wavelength of 488 nm. An

electric field was applied during illumination in the direction required to pole. The
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FIGURE 4.25: Distributions of 10,000 randomly placed positive and negative charges
following pdfs shown in figure 4.24 in depth and a Gaussian pdf in the transverse
direction.
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FIGURE 4.26: Scalar electrical potential fields of the charge distributions shown in
figure 4.25. Colour bars show field magnitudes in arbitrary units.

photoexcited charges excited in the focal region re-distribute to produce a zero net field

in the focal region. Thus the electric field in the focal region, due to the photoexcited

charges only, is directed opposite to the external field and so outside the focal region

the field is directed parallel to the external field and hence aids domain inversion. Two

differences between this and the results presented in this section then are the direction of

the charge driving field and the asymmetry introduced by the localisation to the surface

due to the high absorption in the UV region, however the basic reasoning is the same.

This suggests that a similar inhibition effect could also be achieved using visible light

with an externally applied, reverse bias, field. In [10] it was shown that charges from
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FIGURE 4.27: Scalar electrical potential field of the combined charge distributions

shown in figure 4.25 and the z component of the electric field. The length scale in

figure 4.27(b) has been reduced for greater clarity. Colour bars show field magnitudes
in arbitrary units.

traps of different depths within the bandgap were involved, and that only the effect of
the deeper traps endured after the external field was switched off. Due to this it is likely
that this effect will only work with high intensity pulsed light such that multi-photon
absorption can excite charges from either deep traps or from the valence band to the
conduction band. A femtosecond source would thus be preferable. In this way it would
be possible to tailor the depth at which the inhibition takes place, and even to structure

domains within the depth direction, producing gratings along the z axis.

The results of this chapter have shown that the kinetics of the poling process are crucial
for the domain inhibition, which influences the way process should be viewed. In many
LAP studies, it is sufficient to think of how light may influence the local coercive field
of the crystal. However, the use of the term ‘coercive field” implies that the effect is
described entirely by the local region of the crystal and is not dependant upon the wall
kinetics. In the case of inhibited domains it is better to think of an interaction of the
moving, charged, domain wall with the electric field caused by the re-distributed charges.
This may then include an analogy to momentum of the domain wall which could account
for the overcoming by the moving domain of the inhibiting electric field in areas of fast

wall movement.

4.4 Conclusion

A new method of light assisted domain engineering in lithium niobate has been demon-

strated that is fundamentally different to that of either conventional LAP or AOP. In this
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method illumination of focussed c.w. UV light on the +z face leads to a local inhibition
of domain inversion in the illuminated areas during a subsequent EFP step. The mecha-
nism proposed is that, during illumination, the absorbed UV radiation heats the crystal
and produces a pyro-electric field which drives photo-excited charges to leave a dipolar
charge distribution after the passage of the beam. This dipolar charge distribution is
arranged such that a charged domain wall approaching the region will be influenced by
an electric field that will repel the wall and hence inhibit poling in the illuminated area.
The extent to which the domain inversion is inhibited is seen to be dependent upon the
kinetics of the domain walls during the EFP step and these can be controlled by some
amount by the magnitude of the external field applied during the EFP step. When wall
movement is slow, inhibition is seen to be complete and when wall movement is very
fast inhibition does not occur. In the intermediary points, however, partial inhibition is
seen which results in complex, self assembled, sub-micron scale domain patterning which
shows promise for high spatial frequency patterning unachievable through conventional
EFP and thus warrants further investigation. The ferroelectric nature of these inhibited

domains has been confirmed by PFM.

As a method of surface structuring, UV poling inhibition followed by etching has been
shown to be highly successful with high aspect ratio structures demonstrated with no
loss of quality of the upper face. The shape/size and the quality of the fabricated
structures is determined by the incident exposure conditions, in combination with the
subsequent EFP parameters and the annealing steps respectively. Additionally, as the
crystallographic symmetry is not observed to impose limitations on the orientations of
the created structures, any desired shapes can be achieved. This may lead to a wide

variety of useful structures from ridge wave-guides to diffraction gratings.

The depth of the inhibited domains has not yet been conclusively ascertained, however a
lower limit to the depth has been given by PFM as around 100 nm and initial indications
from side etching indicate depths of the order of a micron. To be useful for optical
applications, the depth of the domains would need to be around 5 - 10 pm so that they
could be used in waveguide applications. This may be achievable through variation of
the exposure conditions, such as wavelength or spot size, or by having an external field
present during illumination or possibly by cycling the EFP step. Such an investigation,
along with a thorough and systematic study depth under current conditions must be

left for future work.

The application of the technique to ultrafast visible pulsed lasers, where multiphoton
absorption provides photo-excited charges from either deep traps or band to band tran-

sitions and an external electric field facilitates charge separation, has also been proposed
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for future work as a direct consequence of understanding gained during this investigation.

In this way full three dimensional domain engineering will be possible.
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Chapter 5

Modelling The Heating Of
Lithium Niobate By a Focused

Scanning Laser Beam

5.1 Background and Motivation

In chapters 3 and 4 it was shown that illumination of LN with a scanning, focussed, UV
laser beam with a wavelength of 244 nm can either directly pole the crystal or create a
region where poling is impeded in a subsequent EFP step. It was hypothesised that the
main driving force for the effect was the temperature field caused by the high optical
absorption at 244 nm|[1] producing local heating, along with photoexcited charges. The
full solution of the model is complex due to the electrostatic coupling of the charged
mobile species and has not been permitted in the time scales of this thesis. Since the
fundamental driving force is due to the temperature fields, however, the heating of LN
by a scanning laser beam has been modelled here as a basis for the future application
to the model in chapters 3 and 4 and to other investigations of focussed UV light - LN
interactions. This modelling is carried out in this chapter using both non-linear ana-
lytical and numerical finite difference methods. In section 5.2 the thermal properties
of LN are reviewed and in section 5.3 the temperature dependencies of some thermal
properties are included into a non-linear analytical heat flow model. In section 5.4 a
numerical model is constructed using the finite difference method and is used to validate
the analytical method and explore further the effect of temperature dependent ther-
mal properties. Section 5.5 presents some experimental verification of the model and

conclusions are then drawn in section 5.6.

106
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5.2 Thermal Properties Of LN

The important thermal properties that we shall consider here are the thermal conduc-
tivity K, the specific heat C' and the thermal diffusivity D. The thermal diffusivity is

defined in terms of the thermal conductivity, specific heat and mass density p as

K

D=—
pC

(5.1)

however it is often easier to measure the thermal diffusivity directly using the transit
time of a heat pulse [2, 3]. The thermal conductivity, and hence thermal diffusivity, is a
tensor quantity since the heat flow for given a temperature distribution will in general
be different along different crystal axes. The thermal conductivity has been measured in
LN for directions perpendicular and parallel to the z axis as a function of temperature
by Zhdanova et al. [4] and is presented in [4, 5|. The measurements are shown in figure
5.1 where it can be seen that the anisotropy is small. Since the anisotropy is only
around 5% it has been considered reasonable to treat LN as thermally isotropic during
the analyses within this thesis. The heat capacity of LN has also been measured between
the temperatures of 80 and 390 K by Zhdanova et al. [4] and is shown in figure 5.2. The
data has been fitted to the Einstein model of heat capacity given by

(5.2)

C = 3Nkp ( e >2 ( exp(hw/kpT)

kBT ) (exp(hw/kpT) —1)*

where N is the number density of atoms in LN, k; is the Boltzmann constant, A is the
Planck constant divided by 27, T' is the temperature and w is the fitting parameter. N
was calculated to be 2.03%° Kg~! and w was found to be 65THz for the best fit. The
thermal diffusivity has been measured as a function of temperature using an interfero-
metric method to trace a heat pulse in [3]. This data is shown in figure 5.3 (A) along
with the thermal diffusivity calculated using equation 5.1 from the thermal conductivity
and heat capacity data in [4, 5] (v7) where heat capacity data has been interpolated onto
the temperatures at which the conductivity has been measured. It can be seen that the
diffusivity decreases with temperature with the thermal diffusivity at 800 K being less
than half the room temperature value. The method in [3] was, unfortunately, unable to
show the anisotropy of the thermal diffusivity and so the conductivity in the z direction
from [4, 5] was used. Empirical fits to the diffusivity data will be made later in section

5.3.4.
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FIGURE 5.1: Thermal conductivity of LN as a function of temperature. Measurements
taken from ([4, 5]). Solid line - heat flow directed along z axis. Dashed line - heat flow
directed perpendicular to z axis.
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F1GURE 5.2: Heat Capacity of LN as a function of temperature. Measurements taken
from ([4, 5]). Solid Dots - Experimental Data. Dashed line - Theoretical fit to Einstein’s
model of heat capacity, fitting parameter w = 65THz.
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FI1GURE 5.3: Thermal diffusivity of LN as a function of temperature. Measurements
taken from [4, 5] (v7) and from [3] (A).

5.3 Non-Linear Analytical Modelling

5.3.1 System Description

The crystal was illuminated by a laser beam directed perpendicularly to the surface of
the crystal. The beam had a 1/e? spot radius of w, a power P and scans across the
crystal surface at a velocity v in a direction we shall define to be the positive x direction
in a Cartesian coordinate system with the positive z axis directed into the crystal. A
dimensionless coordinate system is defined in the reference frame of the moving beam
with origin at the point of contact between centre of the beam and the crystal surface
by making the transformations X = (x — vt)/w, Y = y/w, Z = z/w. The coordinate

systems are shown in figure 5.4.

5.3.2 Model Formulation

The starting point of the investigation is the heat equation

pC%—f -V -KVT = S(r, t) (5.3)

where p is the density of the material and S(r,t) is the heat source function. If the

specific heat and density are assumed constant with respect to temperature the relation

K

D=—
pC

(5.4)
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F1GURE 5.4: Coordinate systems used in the model. The coordinates x, y and z

correspond to the reference frame of the crystal and have their origin at the center of

the beam on the crystal surface at t = 0. X, Y and Z correspond to the reference

frame of the moving beam and are normalised in units of the beam spot radius (w).

The normalised coordinates have their origin at the centre of the beam on the crystal
surface.

can be used. The heat equation can then be expressed in the isotropic case, where D is

a function of temperature only, as

oT 1
or =V DIOVT = 5S(eh) (5.5)

The heat source is the scanning UV Gaussian laser beam which is absorbed near the
surface and converted into heat through phonon relaxation within the crystal. The
Gaussian intensity profile of the scanning laser, and hence the heat source, is described

P(1—-R)a 2((x — vt)? + 92
( 2) o (( 2) y)

S(z,y,2z,t) = exp [—a|z|] (5.6)

Tw w

where P is the incident optical power, R is the intensity reflectivity at the writing

wavelength and « is the optical absorption coefficient.

At the plane z = 0 we have the boundary between the crystal and the air above. The
transfer of heat from the crystal surface to the air, however, shall depend upon the ability
of the air to absorb heat and transport it from the surface. At the small length scales
used in this investigation the effects of the viscosity of the air dominate convection and
the heat transfer is due almost entirely to conduction [6]. Since the thermal conductivity
of air is much less than that of LN we shall treat the heat loss from the surface to the
air as being negligible and impose a boundary condition of zero heat flux. A simple way

to impose this is to reflect the system about the plane z = 0 and solve for the entire
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space —oo < z < 00, replacing the heat source of equation 5.6 for

M exp |— 2@ = Ut)Q + y2)

S(z,y,2,t) = exp [—alz]] (5.7)

Tw? w?

which includes a factor 2 outside of the exponential to account for the extra power

required to heat the extra half-space z < 0.

5.3.3 Model Solution
The Kirchhoff transform [7] is derived in appendix D with the result

1 T
o) =0(Ty) + ——— D(TdT' (5.8)

D(To) Jr,
and is used to encompass the temperature dependence of the thermal diffusivity into
a new temperature variable ©. The value of ©(7)) in equation 5.8 is arbitrary and so
can be defined to be zero. Equation 5.5 is then expressed in terms of the temperature

variable © in the reference frame of the moving beam as

00 28(X,Y,Z
vw 09 Gag _ wSXLY,Z) (5.9)
D(T(6)) 9X D(Ty)pC
If
VW
1 1
DT < (5.10)
the first term of equation 5.5 has a negligible effect. This can be written as a condition
on v;
D(T
v 7( ) (5~11)
w

The thermal diffusivity of LN between room temperature and the melting point is typ-
ically of the order 107¢ m?s™! [3] and the range of spot sizes used in reference [8] is
between 1.75 pm and 6.6 pm. If a typical spot size of 5 pum is taken it can be seen that
the first term will be negligible if

v<0.2ms L. (5.12)

The maximum scanning velocity used in [8] was 12 mm s~! which is clearly much less
than this limit of around 200 mm s~! and so in re-creating the conditions of [8] the first

term of equation 5.9 can be neglected. The heat equation can then be written as

w?S(X,Y, Z)

V2O = —
D(To)pC

(5.13)
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This is a form of Poisson’s equation which has the familiar solution [9]

_ w? S(r') 5,
O(r) = 47TD(TO)pC/\r—r/|d3r' (5.14)

The full solution of equation 5.14, after the substitution of equation 5.7 (re-expressed in
the reference frame of the moving beam), is given in appendix E. The solution can be

written as a single integral

P(1-R)a > 1
OX,Y,Z, )\ = X, Y, Mh(Z, N)dA. 5.15
(V.20 = DS [T s Y m(z.) (515)
The function ¢g(X,Y,\) is given by
2(X? +Y?)
X, Y\ = - 1
g(X.Y, ) exp[ et ] (5.16)

and the function h(Z, \) is given by

h(Z,\) = exp (f)

SR (CRE
o (s Z) st (e ) ] ). 517

The final integral must be calculated numerically.

5.3.4 Fitting The Thermal Diffusivity

Having obtained a solution for the temperature in terms of © it is necessary to use the
Kirchhoff transform again to convert to the real temperature 7" and so a function D(T)
must be generated empirically from experimental data. For an analytical solution for
T(O) it is required upon integration of the function D(7”) in equation 5.8 that ©(T)
must be a linear one-to-one function of T for T' > Ty. This considerably limits our
choices for a fitting function and rules out many that may have a physical reasoning.
Figure 5.5 shows the thermal diffusivity data from [3] which has been fitted with two

different functions. The first fit is an exponential decay of the form

D(T) = Dy + Dy exp(—aT) (5.18)
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and the second is a fit to the inverse temperature given by
D(T) == (5.19)

where Dg, D1, a and b are fitting parameters. These are found to be for best fit: Dy =
5.3973 x 107" m?s™!, D1 = 4.6392 x 107 m?s™!, ¢ = 5.748 x 1073 K~ and b = 4.173 x
10~% m?s~!'K respectively. Both are a good fit to the data but the real difference between
the two can be seen when the curves are extrapolated to higher temperatures. Here we
can see that the behaviour of the two functions differs considerably with the inverse
temperature fit giving values at high temperatures roughly half that of the exponential
fit. From the quality of the fit at high temperatures and from simple intuition one would

want to choose the exponential function, however upon integration

T
Dy exp(—aT
/ (Do + Dy exp(—aT")) dT" = f(Ty) + DoT — Dyexp(=aT) (5.20)
To a
where f(t) is a function of Ty only. This is not a linear one-to-one function and so is
incompatible with equation 5.8. This forces us to use the inverse temperature function
as a fit for D which integrates suitably and, after substitution into equation 5.8 we
obtain the relation between the linearised temperature scale © and the real temperature
T as

T(6) = T exp <7(?0> . (5.21)

Equations 5.15 and 5.21 can now be solved numerically to give the temperature in the

rest frame of the scanning beam at any arbitrary point.

5.3.5 Simulation Results

To investigate the effect of the Kirchhoff transform we can solve the linear heat equation

w?S(X,Y, 7)

V2T = —
Dlian

(5.22)

where Dy, is a linear approximation to the thermal diffusivity i.e. a constant. Equation
5.22 can then be solved in the same manner as equation 5.13. Solutions from equation
5.22 will be referred to as originating from the linear model and those from equation
5.13 in which the thermal diffusivity is temperature dependent will be referred to as
originating from the non-linear model. As a sensible choice of Dy;, we can take the
average value, or arithmetic mean, of the reciprocal of temperature approximation to
the thermal diffusivity (eqn 5.19) between 290 K and 1500 K. The average is found to
be Dyip = 5.67 x 1077 m?s~! which is approximately D(736K). Similarly as a value of

the constant heat capacity we take the arithmetic mean of the Einstein heat capacity fit
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FI1GURE 5.5: Thermal diffusivity of LN as a function of temperature. Measurements

taken from [3]. Sold line shows fit of the form D(T') = Dy + D; exp(—aT) with Dy =

5.3973 x 107" m?*s™!, Dy = 4.6392 x 107° m?s™! and a = 5.748 x 10~% K~!. Dashed
line shows fit of the form D(T) = 2 with b = 4.173 x 10~ m?s~'K.

between 290 K and 1500 K. This average is found to be C = 806 JKg~'K~! and will be
used throughout this thesis. Figure 5.6(a) shows the temperature distribution obtained
on the surface of the crystal at a relatively low power of 20 mW for both linear and
non-linear models. The spot size w is 2.5 pm and the absorption coefficient corresponds
to that at 244 nm. It can be seen that at low powers, and hence temperatures, the
linear models underestimation of the thermal diffusivity leads to decreased heat flow
and a subsequent temperature increase compared to the non-linear model. This is also
shown in figure 5.6(b) which presents the corresponding temperature distributions from
a higher power of 26 mW. Although the central temperatures are in agreement it can be
seen that the distribution obtained from the non-linear model is considerably narrower
due to the higher values of the thermal diffusivity in the cooler edges of the distribution.
The variation of the central surface temperature with power is shown in figure 5.7 where

the non-linear response is clearly seen.

Using the experimental exposure conditions of [8], simulations have been performed,
unless otherwise stated, with the absorption coefficient o at a wavelength of 244 nm
which is @ = 3.3 x 10" m~? [10]. Figure 5.8(a) shows the temperature distribution along
the X axis for three different sets of spot size and laser power. Figure 5.8(b) shows the
temperature distribution along the Z axis for the same parameters. The combinations
of spot size and laser power were chosen to produce the same peak temperature. Figure
5.8 shows that in all cases the temperature changes are highly localised to the beam
spot with the distributions dropping to around one third of the peak temperature rise

in the direction parallel to the surface, and around one fifth in the direction normal
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FIGURE 5.6: Effect of the temperature dependent thermal diffusivity in the non-linear
model (solid curve) compared to the constant thermal diffusivity of the linear model

(dashed curve). Temperature distributions along X at Z =Y = 0.
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FIGURE 5.7: Variation of the surface temperature in the centre of the beam with
incident power for both non-linear (solid curve) and linear (dashed curve) models.

Beam parameters in both cases are w = 2.5 ym, o = 3.3 x 107 m™!
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FIGURE 5.8: Temperature rise as a function of distance from the centre of the beam for
beam parameters w = 1.75 pm, P = 16.8 mW (solid line),w = 4.0 pym, P = 38.0 mW

(dashed line), w = 6.6 ym, P = 62.5 mW (dotted line).
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FIGURE 5.9: Temperature rise with depth (dashed line) and along the surface (solid
line) in the moving frame of the beam for w = 3.25 ym, P = 30 mW.

to the surface, by a distance of one beam radius. The difference in character of the

distributions in the two directions can be seen clearly in figure 5.9 which shows the

temperature distributions along the X and Z axes. The temperature gradient in the Z

direction is much greater than those parallel to the surface (X or Y') due to the fast

decay of the z component of the heat source in equation 5.7. The localisation of the

temperature changes to length scales of order w shows that the crystal is experiencing

extremely steep spatial temperature gradients, with temperatures varying by nearly

1000K in a distance of around 10pum.
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FiGURE 5.10: Temperature rise with depth. w = 3.25 pm, P = 7.5 mW, 15 mW,
30 mW.

Figure 5.10 shows the variation of the temperature distribution along the Z axis with
incident laser power for a fixed spot size. It is seen that while the spatial extent of the
temperature changes does not vary greatly with incident power, the peak temperature
increases significantly and hence the corresponding temperature gradients increase also.
For many physical processes it may be the gradient of the temperature rather than the
temperature itself that is the driving parameter and so it is worthwhile to look at the
variation of this also. The variation of the temperature gradient in the Z direction with
power at the point (X,Y, Z) = (0,0,0) is shown in figure 5.11. This can be understood
with reference to figure 5.5 which shows the thermal diffusivity of LN as a function of
temperature. This is of course the same effect as the narrowing of the temperature
distribution in figure 5.6 since the thermal diffusivity decreases in areas of increased

temperature.

The temperature distributions shown so far have been spatial distributions in the ref-
erence frame of the moving beam. These were shown mathematically to be essentially
independent of the scanning velocity by the condition in equation 5.11. However, any
physical changes to the crystal will occur in the rest frame of the crystal as the beam
passes and so despite the temperature distribution being independent of the laser scan
speed physical changes unlikely to be. Figure 5.12 shows the temporal temperature
distribution in the crystal reference frame at the point (x,y,z,t) = (0,0,0,t) for the
maximum and minimum scan speed used in [8]. The figure shows clearly that at higher
speeds the crystal will spend less time at elevated temperatures but what is also evident

is that the heating and cooling rates increase with speed also. This is important when



Modelling The Heating Of Lithium Niobate By a Focused Scanning Laser Beam 118

600

500
v 400
)
= 300
<)

200

100

5 10 15 20 25 30
Power / mW

FIGURE 5.11: Variation of the temperature gradient in the Z direction with incident
power at the point (XY, Z) = (0,0,0). w = 3.25 pum.

considering relaxation processes that may occur within the crystal. One important re-
laxation process is the relaxation of internal and surface electric fields which arise during
the heating of LN due to the pyroelectric nature of the crystal. Many mechanisms are
present to compensate the pyroelectric fields that arise when heating, such as ionic and
electronic movement within the crystal and the accumulation of surface charge from the
atmosphere. The change in electric dipole moment as a function of temperature is a very
fast process and so the extent of field compensation by the relatively slow movement of
charges will depend upon the heating and cooling rates of the crystal. This could have
a large effect on any electric field driven processes occurring within the crystal where it
may be found that the effect is stronger during a fast scan due to high uncompensated
pyroelectric fields. The results of such scans may run contrary to expections that slow

scans would produce better results due to the longer dwell time of the beam.

Until now the laser heating simulations have been aimed at reproducing the conditions
found in [8] where waveguides were written with a scanning UV laser with a wavelength
of 244 nm. The model is not however limited to simulation in the UV region of the
spectrum and in fact is relevant to any wavelength that is absorbed by the crystal. The
only limit to the applicability of the model to physical situations is that the heating
volume must be significantly smaller than the crystal such that the approximation of an
infinite model domain holds. For the modelling of heating small crystals with weakly
absorbing beams such that the absorption depth approaches that of the crystal depth
the approximation breaks down and edge effects such as source reflections at interfaces
must be considered. For the purposes of this thesis however, we shall restrict ourselves to

strongly absorbing radiation and assume that the crystal is of large enough dimensions
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FIGURE 5.12: Temporal temperature distribution in the crystal frame at the point
(z,y,2,t) = (0,0,0,¢) for the maximum and minimum scan speed used in [8]. w =
3.25 pm, P = 30 mW.

for the approximations to hold. The motivation for looking at wavelengths other than
UV, where the absorption coefficient may not be as large, is the possibility to make use
of lasers in the IR region with A < 5pum where the crystal is also absorbing. Lasers such
as the COq laser that operate at A = 10.6um are widely available and can reach much
higher powers, ~ 10 — 100W, than the available UV lasers that can reach around 500
mW. If the index change mechanism of [8] is indeed thermally driven then this should
allow the production of larger structures of greater depth or the possibility of parallel

writing.

To base the investigation on possible use of CO lasers we take imaginary part of the
refractive index, €’, at 10um as given in reference [11] as 0.05 for E L ¢ and 0.04 for

E || ¢. Using the definition
4re”

A

we obtain absorption coefficients of 6.3 x 10*m ™! and 5.0 x 10*m~! respectively for E L ¢

o=

(5.23)

and E || ¢ giving corresponding absorption depths 6 = 1/« of 15 and 20 pm.

For « significantly less than the spot size of the beam no variation of the temperature
distribution is seen and the shape is set entirely by the spot size as demonstrated in figure
5.8. Figure 5.13(a) shows the temperature distribution with depth under the center of
the beam in the reference frame of the beam as the optical absorption coefficient « is
decreased. The spot size in figure 5.13 is 5 pm and the optical absorption coefficients are
a=50x10°m™ ! o =1.0x10°m ! and a = 0.2x10°m~! with corresponding absorption

depths of 2, 10 and 50 pum respectively. As the absorption coefficient decreases and
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FIGURE 5.13: Variation of the temperature distribution (solid curves) and optical

intensity (dashed curves) with depth under the centre of the beam for various values

of a. Power varied to maintain T'(X,Y, Z) = (0,0,0) constant at 1400 K. w = 5.0 pm,
P =76 mW (diamond), 153 mW (circle), 464 mW (x).

the absorption depth increases to be comparable to the beam spot size w it is o that
has the greatest influence on the shape of the temperature distributions in the depth
direction with the depth of the distribution being comparable then to the absorption
depth. In the direction parallel to the surface the decrease of the absorption coefficient
is seen to increase the width of the temperature distribution but to a far lesser extent
than in the depth direction as can be seen in figure 5.13(b). Figure 5.14 illustrates the
change in the temperature distribution with decreasing optical absorption by showing
the temperature distribution in the plane perpendicular to the surface passing through
the point X = Y = 0 for values of a (§) of 5 x 10°m™! (2 pm) figure 5.14(a) and of
0.2 x 10°m~! (50 um) figure 5.14(b). It can be seen in the figures referenced above that
the power required to reach a given temperature increases due to the increased volume
being heated by the beam. This would place restrictions on which lasers could be used
for practical purposes but shows that CO4 lasers would certainly be suitable. It is also
worthy of note here that that if CO4 lasers are to be used to locally heat LN the smallest
possible focused spot size that could be achieved is around 5 yum. However, in an actual
experiment the spot is likely to be many times this. In this case, despite the increased
absorption depth compared to UV heating the shape of the temperature distributions

will be determined by the spot size and not «.
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FIGURE 5.14: Temperature distribution in the plane perpendicular to the surface
through the point X =Y = 0.

5.4 Finite Difference Modelling

5.4.1 Motivation and Reasoning

Testing the analytical heat flow model against experiment is extremely challenging due to
the inaccessibility of the inside of the crystal, the extremely small volumes being heated
and the short time scales over which heating occurs. To test the analytical method
we can however build a fully numerical model. This also allows us to test the effects
of the approximations in the analytical model such as the constant heat capacity and
the choice of fitting function to the thermal diffusivity. The finite difference method is
suitable for this problem due to the simple geometry of the system and the simplicity of
implementation. The problem itself is of the boundary value type since we are interested

in the steady state behavior.

5.4.2 Approximation of Derivatives By Finite Differences

The definition of the derivative is

Af _ o f@th) = fz—h) (5.24)

@_h—ﬂ h

and it is directly from this that the finite difference approximation arises. When we do

not take the limit but take a small but finite value of h we obtain the approximation

df _ fle+h) - ()
dx h

+0(h) (5.25)
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where the term O(h) is the error of the approximation and in this instance is of the order
of h. The forward difference approximation to the derivative is shown above but different
approximations can also be made depending upon the suitability to the specific geometry
of the domain being modelled or the physics of the system. For instance when we are
at the most positive extent of a domain in the x direction to take a forward difference
approximation does not have a physical meaning since the point (z + h) does not exist.
In this instance a backward difference approximation would be taken (equation 5.28).

Similarly when one is interested in a system of the form

du
a
ulto) =7 (5.26)

which models the temporal evolution of the variable u, a backward difference approxi-
mation in time would not be suitable since the initial values of u are given. The three

most common difference approximations to the first and second derivatives are shown

below
dx h ’
Forward difference
- J(@) = }{(”3 —M L om) (5.28)
Backward difference
2h '
Central difference
d?f(x)  fx4+2h) - 2f(x+h)+ f(x)
e = 12 + O(h) (5.30)

Forward difference
_ f(x—2h)—2a(2x)+f(x—2h)+O(h) (5.31)

Backward difference
_ f(.%’—i—h) _2fh(2x> +f(x_h) —|—O(h2) (5‘32)

Central difference

It can be seen that the central difference approximation has a smaller error than the
forward or backward differences. By considering the Taylor expansion of the function f
about x; an approximation to the derivatives of f can be made to arbitrary precision
with arbitrary displacement forward or backwards ( (z £ ¢h) ) with the formula

imax

> Cif(z+ih) + O(hP) (5.33)

1=1min

d!

f(z) = 7
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where d is the order of the derivative and p is the order of the error. The weights C; are

found by substituting the formal definition of the Taylor expansion for f(x + ih)

f(z+ih) = Zinn—jf(") (x) (5.34)

into equation 5.33. Then

n=o

d! imax d+p—1 R0
() = hd( 2 @) > i) + o) (5.35)

1=1min

To satisfy equation 5.35 it is necessary that

imaz 0, 0<n<d+p—1and
S e = snsdtp—landnzp (5.36)
i=imin 1, n=d

This is a set of d 4 p linear equations in 4,4z — min + 1 unknowns (C;). Constraining
the number of unknows to be d + p gives the system a unique solution and the vector C'

can be found. Once C' is found the approximation of equation 5.33 can be made.

5.4.3 Modelling With Finite Differences

To numerically model the heating of LN by a laser beam we shall take advantage of
the symmetry of the low velocity temperature distributions and introduce two planes
of symmetry in which we can apply a zero gradient boundary condition and reduce our
domain to one octant of the cartesian space. The domain consists of a regular square

mesh of nodes in which the temperatures will be sampled. The heat equation to solve is
—V-KVT = S(r,t) (5.37)

where K is assumed isotropic and temperature dependent. Due to the finite sampling
distance of the finite difference method and the very small optical absorption depth in
the UV it is sensible to approximate the source term as a boundary flux rather than
a volume source term as was used in the analytical model. As such we replace in
equation 5.7 the exponential decay with a delta function and re-derive the constant of

proportionality to give a source function

4P(1 - R)

Tw?

Sta = exp (—2(X? +Y?))6(2). (5.38)

We apply the Neumann boundary conditions of zero temperature gradient on the symme-

try boundaries and heat flux on the upper boundary and Dirichlet boundary conditions
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TABLE 5.1: Boundary definitions for the finite difference problem.

Boundary Number, i | Plane
1 Z =0
2 Z = Zmaa
3 X=0
4 X = Xz
5 Y =0
6 Y = Yo

on the remaining boundaries. This yields the differential equation problem to be solved

as
-V -KVT =0 on )

-V - KVT :Sfd on 891
n-KVT =0 on 891’375
T = T() on 8927476

(5.39)

where €2 is the computational domain, 9€; is the domain boundary and n is the inward
normal to the boundary. The boundaries 9€2; are defined as planes in X, Y, Z in table
5.1.

To enable solution of the term T'(X,Y, Z) whilst using central difference approximations

(equations 5.29 and 5.32) we recast the derivative in equation 5.37 as
V. KVT = KV*T + VK - VT. (5.40)

Substituting the difference equations 5.29 and 5.32 for the derivatives above we obtain
in Q

1
T = ﬁ {|:TX++TX—+TY++TY—+TZ++TZ__fT
1
+1 [(KX+ - Kx-) (Tx+ —Tx-)
+ (Ky+ — Ky-) (Ty+ — Ty-)
+ Kz — Kz-) (Tz+ — TZf)} } (5.41)

where the shortened notation is used where T'(X,Y, Z) = T and a positive or negative
sign coupled to a coordinate in the subscript represents a displacement of h, for example
T(X+h,Y,Z) =Tx,. We have also included an over relaxation factor f to increase the
speed of convergence. The problem is solved using point-by-point iteration throughout
the computational domain evaluating either 5.41 or the relevant boundary condition
from the equation set 5.39. The thermal conductivity K is a function of the temperature
T and in the finite difference model can take any form to encompass the temperature

dependencies found earlier for both D and C' in section 5.2 through equation 5.1. The
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computational domain is an NxNxN mesh of points, spaced a distance h apart. The
boundary conditions imposed on 023 46 are strictly only true at an infinite distance
but are a good approximation at a distance of a few beam widths. For a fixed number
of points however, increasing the domain size reduces the resolution of the model and
may affect the convergence properties. Increasing the resolution, however, dramatically
increases the number of points and hence numerical calculations to be done since an
increase of the resolution by a factor of 2 increases the number of points, and hence
computational time, by 23 = 8. As a compromise we choose the length of the domain
tobel=+/N and h=1/N =1/v/N.

5.4.4 Results and Comparison To Analytical Model

The first comparison to make is between the linear analytical model used in section 5.3.5

and the corresponding finite difference model. In this case we take
K =D;,Cp (5.42)

using the previous numerical definitions. The temperature distributions with depth
under the centre of the beam and with distance across the surface are shown in figure
5.15. The agreement between the two models is very good as can be seen by the plot of
the difference T'tq — Ty, in figure 5.16 where T4 is the temperature obtained with the
finite difference model and Ty, is the temperature obtained with the analytical model.
It can be seen that there is some disparity between the two distributions in the surface
layer where the finite difference model gives a higher temperature at the centre of the
beam. This may be due to the use of the different source term to that in the analytical
case, even though the delta function source term is the analytical limit of equation 5.7 as
a — 0o. However, the peculiarity of the localisation to just the surface layer of the finite
difference computational domain suggests that the difference is numerical in origin and
not physical. In the finite difference model the boundary conditions pin the temperature
to Ty at a finite distance from the source whereas in the analytical model no pinning of
the temperature is required since the domain is assumed to be infinite. This may be the

cause for the general lowering of the temperatures seen in the finite difference model.

If we let the heat capacity and density remain constant, we can now test how well the
Kirchoff transform has included the temperature dependence of the thermal diffusivity
by using the reciprocal of temperature fit to the thermal diffusivity data defined earlier
to calculate K. Figure 5.17 shows again the temperature distributions with depth and
along the surface where again the agreement is seen to be generally good. The differ-

ence between the two is shown in figure 5.18 where it is seen that surface disparity of
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FIGURE 5.15: Comparison of the linear analytical (dashed curve) and finite difference
(solid curve) models. w = 3.25 pym, P = 30 mW (%),P = 20 mW (x), D = Dy, =
5.67 x 1077 m2s~!, C = 806 Jkg='K~!, finite difference domain length (samples)
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FIGURE 5.16: Temperature difference between the linear analytical and finite difference

models. AT =Ttq—Top, w = 3.25 pm, P =30 mW (%), P =20 mW (x), D = Dy;, =

5.67 x 1077 m2s~!, C = 806 Jkg~'K~!, finite difference domain length (samples)
N = 200.
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FIGURE 5.17: Comparison of the nonlinear analytical model (dashed curve) and finite

difference model using the reciprocal fit for D (solid curve). w = 3.25 ym, P = 30 mW

(x), P=20mW (x), D = (4.173x107%/T) m?s~!, C = 806 Jkg 1K}, finite difference
domain length (samples) N = 200.

temperatures extends further into the crystal in this case, not being limited to to the
upper layer of nodes in the finite difference model. However, at a power of 30 mW
the difference between the temperatures obtained by the two models is only seen to be
around 8% of the maximum temperature and the general trend of the two models is
seen to be very similar. Again the effect of limiting the boundary temperatures can be
seen although here the effect is less than in the linear case since the thermal diffusivity

in these cooler regions is lower, concentrating heat near the centre of the beam.
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FI1GURE 5.18: Temperature difference between the nonlinear analytical and finite dif-

ference models. AT = Tyq — Tgn, w = 3.25 pm, P = 30 mW (x),P = 20 mW (),

D =4.173x107%/T m?s~!, C = 806 Jkg 'K~!, finite difference domain length (sam-
ples) N = 200. Inserts show an expanded view to aid comparison.
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F1GURE 5.19: Effect of including temperature dependence of the heat capacity using the

finite difference model. Linear heat capacity (solid curve) and temperature dependent

heat capacity (dashed curve). w = 3.25 ym, P = 30 mW (%), P = 20 mW (x),

D = (4173 x 1074/T) m?s~!, C = 806 Jkg 'K~!, finite difference domain length
(samples) N = 200.

It has been shown that the methods used in the nonlinear analytical modelling are
good since they agree to a high degree with the fully numerical model. During the
construction of the analytical model we were, however, limited to how faithfully we
could include nonlinear effects due to the requirement that the fitting function must
integrate to give a one-to-one function in © for T and the limitation of only being able
to fit to D and not also C. The finite difference model does not have this limitation and
so can be used to accommodate a temperature-dependent C' from equation 5.2 and the

the alternative fitting function for D of equation 5.18.

To compare the effect of including a temperature-dependent heat capacity we use the
finite difference model only so that any differences seen are due only to the heat capacity
and not differences between the models. The temperature dependence of the thermal
diffusivity is included using the reciprocal fit and the heat capacity is included as a fit

to the Einstein equation 5.2.

Figures 5.19 and 5.20 show the temperature distributions and the difference in the tem-
perature distributions respectively due to the temperature dependent heat capacity using
equation 5.2. The inclusion of a temperature dependent C' is seen to globally increase
temperatures. This is due to the fact that the linear approximation of the heat capacity
takes its value at approximately 670 K whilst the majority of the temperature distribu-
tion is below this temperature. In these low temperature regions the over estimation of

the heat capacity in the models with constant C leads to a greater required energy to
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F1GURE 5.20: Temperature difference between the distributions obtained using lin-
ear and temperature dependent heat capacity. AT = Ty — Toyinears Clinear =
806 Jkg~!K~1, finite difference domain length (samples) N = 200.

raise the temperature by a given amount and hence with a fixed steady state energy flux
equal to the source power the linear model predicts a lower temperature. However, the
effect of including a temperature dependent heat capacity is small in comparison with

the effect of including a temperature dependent diffusivity as shown in figure 5.6(b).

To compare the effect of the choice of thermal diffusivity fitting function we again use the
finite difference model. The heat capacity is taken again to be constant at 806 J Kg—'K~1

and the thermal diffusivity functions are taken from equations 5.18 and 5.19.

Figures 5.21 and 5.22 show temperature distributions and the difference in the temper-
ature distributions respectively due to the different thermal diffusivity fits (C' constant)
both along the depth and along the surface. It is clear that the difference between the
two cases is small for low temperatures. However, as the power, and hence temperatures
at the centre of the beam, increase above 800 K the effect of the divergence between
the two fits becomes apparent. The reciprocal of temperature function for the thermal
diffusivity gives a rapidly decreasing value for D, leading to reduced heat flow and a
subsequent rise in temperature compared to the exponential function for the thermal dif-
fusivity model which gives a reasonably constant diffusivity after 800 K. It still remains
to be seen which of the two is the most physically meaningful fit and so for the purposes
of the thesis the reciprocal of temperature function for the thermal diffusivity will be
used in the knowledge that for over half the temperature range practically available the

difference is negligible.
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FIGURE 5.21: Effect of choice of thermal diffusivity fit. w = 3.25 pm, P = 30 mW
(x), P =20 mW (x), C = 806 Jkg7'K~1!, finite difference domain length (samples)
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F1GURE 5.22: Temperature difference between the distributions obtained using re-

ciprocal and exponential thermal diffusivity fits. AT = Tepponential — Lreciprocais

C = 806 Jkg 'K™!, finite difference domain length (samples) N = 200. Inserts show
an expanded view to aid comparison.
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From the results of the finite difference modelling it has been seen that the method of
the analytical model is good and does compare well with the numerical modelling. Some
differences have been seen but it is difficult to say with certainty that they arise due
to limitations of the analytical model and not from errors within the finite difference
method. The primary source of temperature dependence of the system in equation
5.3 however, is the thermal diffusivity (or conductivity) hence the assumption in the

analytical model of constant heat capacity is proved to be reasonable.

5.5 Experimental Verification

As was mentioned in the previous section it is extremely hard to find a handle with
which the temperature of the crystal can be mapped while it is being heated to provide
verification of the model. Both contact and IR thermometry are unsuitable due to the
small volumes being heated and within the validity of the model no physical changes
that can be imaged after wards take place. If the model were extended to include a
phase change from solid to liquid we would be able to measure the resultant melt widths
and pit depths to compare to theory. However this is a very involved task that would
require the modelling of a highly complex system with phase changes from both solid to
liquid and liquid to gas, moving boundaries and coupled convective and diffusive fluxes
all with very little physical data to base it on. At the boundary between the two models
there is however a point where both would be valid that could provide one datum for

comparison. This point is the melt onset which will occur at a temperature of 1513 K.

5.5.1 Results

Figure 5.23 shows lines scanned at powers of 22, 24 and 26 mW as measured before the
final focusing lens. Although a darkened region can be seen in all lines that is indicative
of a refractive index change it was only at a power of 24 mW and above that any signs
of melting were seen. The beam spot size in this instance was ~2.5 ym as estimated
from burn patterns on photoresist. This is a very crude method of obtaining a spot size
and so the error may be large and perhaps of the order of 0.5 p m. Figure 5.24 shows
the power at which melting should occur for spot sizes of w = 2,2.5 and 3 pym where

very good agreement can be seen with the experimental results.
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F1cURE 5.23: Optical microscope images of lines written in LN by 244 nm UV laser
light. w =~ 2.5um, scan speed v = 300ums ™.
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FIGURE 5.24: Temperature variation with power for w = 2,2.5 and 3 pum at point
(X,Y,Z) = (0,0,0) obtained using the nonlinear analytical model. Horizontal line
indicates the melting point of congruent LN.

5.6 Summary and Conclusions

The heating of lithium niobate by absorbing laser radiation has been modelled by both
analytical and numerical methods as a first step in the understanding of the crystal
heating by absorbed laser radiation. The analytical modelling included the tempera-
ture dependence of the thermal diffusivity in a new temperature variable by means of
the Kirchhoff transform. This nonlinear analytical model was compared with its cor-
responding linear model and the inclusion of the temperature dependence of the ther-
mal diffusivity was seen to have a significant effect upon the temperature distributions
obtained. Particularly it was seen that the temperature distributions were narrowed,
becoming more localised to the source. This was attributed to a higher diffusivity in
cooler regions allowing a greater heat flow away from the source whilst in the hotter re-
gions closer to the source the thermal diffusivity was decreased leading to a reduced heat
flow and subsequent temperature rise. The anisotropy of the temperature distributions
was examined and whilst, by definition of the fundamental equations, no anisotropy
was seen parallel to the surface a strong anisotropy was seen between directions parallel
and perpendicular to the surface. The model was constructed in the moving reference
frame of the beam and it was found that the spatial temperature distributions were
independent of the scan speed for practically achievable scanning speeds. The spatial
temperature distribution in the rest frame of the crystal was transformed into the tem-
poral temperature distribution in the rest frame of the crystal to show that this is highly
dependent upon scan speed and the physical implications of this were discussed. The

dependence of the temperature distribution in the moving frame on spot size, incident
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power and optical absorption were investigated. It was found that the length scale of the
temperature distribution in the depth direction was given by whichever was the larger
of the spot size w and the absorption depth d(= 1/«) whilst the length scale of the
temperature distribution parallel to the surface remains essentially fixed at the length
scale w, broadening only slightly. The implications of this for heating with far infra-red

sources which are slightly less absorbing than UV were discussed.

To test the validity of the analytical model and the assumptions therein two methods
were used. Firstly, a fully numeric model using the finite difference method was con-
structed and secondly a crude practical experiment was used to find the power at which
melting would onset. The finite difference model was first used to compare with a lin-
ear analytical model to find a benchmark against which the subsequent comparison of
nonlinear models, to validate the use of the Kirchhoff transform, could be set. Some
differences were seen which, although being relatively small, were localised to the top
layer of surface nodes of the finite difference computational domain. Due to the sharp
discontinuity of this difference it was attributed to be of a numerical source rather than
physical and must be considered in the following comparisons. The comparison of the
nonlinear analytical and finite difference models was carried out using the same em-
pirical function for the thermal diffusivity with all other factors remaining linear. The
comparison was favourable and even with the surface disparity mentioned previously
the maximum difference seen between the two models for the high power simulation
used was only around 8% persisting near this value for only a very small fraction of
one beam width in depth. Having demonstrated that the analytical methods used are
indeed valid the finite difference model was used to investigate the impact of neglecting
the temperature dependence of the heat capacity and of the choice of empirical function
for the thermal diffusivity. The temperature dependent heat capacity was found to cause
a general increase of temperature however the increase was small and did not change the
shape of the temperature distributions to any large degree. This demonstrated that the
thermal diffusivity is indeed the prominant source of nonlinearity in the system. The
effect of the choice of a reciprocal of temperature fit for the thermal diffusivity over an
expontial fit was investigated and it was seen that where temperatures exceeded around
800 K, where the fit functions diverge, the reciprocal fit resulted in larger temperature
rises. Due to the lack of physical data at high temperatures both models were concluded
to be equally valid and the reciprocal fit is used in the remainder of this thesis. The
results of all investigations were discussed qualitatively and related back to the expected

behavior from the thermal properties.

The finite difference model and the analytical model have been shown to be complimen-

tary and both certainly have their advantages. The analytical model benefits from the
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ability to give temperatures at arbitrary points and distributions with arbitrary reso-
lution but suffers from it’s assumptions. The finite difference model on the other hand
has very few assumptions and can include a wide range of physical dependencies but is
limited in its resolution and practicality by the need to solve the entire computational
domain which must extend far enough from the source for the boundary conditions to
be valid. This places a large computational burden for which the cost is time. The
speed of the finite difference simulations could be increased by taking the full rotational
symmetry into account and recasting in polar coordinates, thereby reducing the compu-
tational domain to two dimensions. For historical reasons of the derivation this thought

did not occur until after the work was completed.

A significant difficulty in the modelling carried out in this section has been the attainabil-
ity of reliable physical data, particularly on the anisotropy and temperature dependence
of the material. The majority of the thermal data, and only that which contains any
anisotropy data, comes from Zhdanova et al. [4] and was completed almost forty years
ago when the growth of LN was in its infancy and crystal quality was very different to
that of today. Had a greater body of knowledge been available the model described here
could have provided a fully anisotropic description. A constructive extension to the heat
flow modelling would have been to include melting and the subsequent behaviour of the
melt, however this problem is highly nonlinear and would almost certainly need numeri-
cal methods that could deal with both phase changes and moving boundaries. This has
been done in other studies of materials such as steel where the material properties are
well known over a large parameter space however the lack of data for LN would prohibit
accurate models in our case. It is also not clear as to whether the benefit gained in
understanding by including a phase change would be worth the expenditure of time and

effort.

In conclusion, an analytical model of the heating of LN by a scanning laser beam has
been developed, tested and found to be valid. This model can now be used as the basis
of the investigation into the interaction of lithium niobate surfaces and highly absorbed

continuous wave laser radiation.
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Chapter 6

Modelling Of The Thermally
Driven Diffusion of Lithium Ions
In LN

6.1 Background and Motivation

In chapters 3 and 4 it was shown that illumination of LN with a scanning, focused, UV
laser beam with a wavelength of 244 nm can either directly pole the crystal or create a
region where poling is impeded in a subsequent EFP step. It was hypothesised that the
main driving force for the effect was the temperature field caused by the high optical
absorption at 244 nm[1] producing local heating, along with photoexcited charges. The
full solution of the model is complex due to the electrostatic coupling of the charged
mobile species and has not been permitted in the time scales of this thesis. Since the
fundamental driving force is due to the temperature fields, however, the heating of LN
by a scanning laser beam has been modelled in chapter 5 as a basis for the future solution
of the model in chapters 3 and 4 and for other investigations of focussed UV light - LN

interactions.

It was seen in [2] that optical waveguiding structures could be produced in LN by a
scanning focused UV laser beam. The beam, of wavelength 244 nm, from a frequency
doubled argon ion laser was focused to a 1/e? spot radius ranging from 1.75 to 3.25 ym
with energy fluences of 60 to 600 kW /cm? and scanned across the surface of the crystal.
Due to the high absorption coefficient at this wavelength of 3.3 x107 m?! [1] the optical
energy is absorbed in a very thin layer (< 100 nm) at the surface. As such it was assumed
that the effect giving rise to the refractive index change required for waveguiding could

not be due to light directly as in the photorefractive effect but must instead be caused
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by thermal effects. Indeed the creation of optical waveguides in LN following thermal
treatments is not a new phenomenon [3, 4] although in most cases it is not used as a
method in itself but presents as an unwanted by product during Ti-indiffusion [5, 6].
In these instances the change in refractive index is attributed to a decrease in lithium
content due to out-diffusion from the surface since the refractive index is known to be
a function of composition [7]. In the case of [2], however, the heating duration of a
particular area of crystal is only for the few milliseconds that the beam spot takes to
cross a given point, rather than the extended periods of hours used in [3, 4]. As such
it was believed that the index change mechanism caused by the scanning UV beam,
although related, must be of a different character and so requires an investigation of its

OoOw1l.

6.1.1 Possible Index Change Mechanisms and Limitations of Mod-
elling

Many possible mechanisms exist to change the refractive index during laser heating with
UV light, and more than one might be active in the results seen in [2]. Some of these are
straightforwardly amenable to numerical modelling given the current knowledge of the
physical properties of the crystal and from the deterministic nature of the mechanism.
Others, however, are either too complex in their mechanism or require data on physical
properties yet unknown or insufficiently characterised for LN. One such possible index
change mechanism that will not be possible to model accurately is the strain induced
index change following residual stresses caused by damage during the heating process. In
this case some modelling could be carried out, using the standard stress-strain relations
[8] and the known elastic constants and thermal expansion properties of LN [9], which
would show the thermally induced stresses during laser heating, but this would only
be valid in the linear regime and would not lead to residual stresses. Residual stresses
would result, however, from high temperature fractures or dislocations which break the
symmetry of the heating and cooling cycle. It is this knowledge of the fracture and
dislocation mechanisms in LN that is missing from the literature, preventing a reliable
model formulation. Stresses may arise from the mismatched re-solidification of a melt
pool, however this too cannot be modelled due to incomplete knowledge of the thermal

properties of the liquid phase of LN.

A further possibility that cannot be modelled, but should be considered, is the precipita-
tion of neighbouring crystallographic phases. The Lis0-Nb2Oj5 system has many stable
compositional phases with a wide stoichiometry range as can be seen from the phase
diagram of the system in figure 6.1. Between a melt composition range of 37 mol. %

to 60 mol. % LiO, LiNbOg is the first phase to form the melt and depending upon
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the melt composition this may decompose into one of two other phases [10, chap. 1].
The first, which occurs on the lithium deficient side of the phase diagram, is lithium
triniobate LiNb3Og (L3N). L3N will decompose from LN as 3LiNbO3 — LiNbgOg +
LioO [11]. The crystal is mainly composed of oxygen octahedra, as is LN, however the
arrangement of the cations is different giving the crystal a different point and space
group [12]. The refractive indices of LiNb3Og were measured at a wavelength of 633 nm
to be; n; = 2.28, ny = 2.36, ng = 2.4. For comparison the refractive indeces of con-
gruently melted LN at a wavelength of 633 nm are n, = 2.29, n. = 2.208 [13]. Since
L3N is centrosymmetric it is not ferroelectric and so does not have the technologically
useful properties of LN. The decomposition of LN into L3N can also occur during the
heating of LN [10, Sect.1.4][14-18] both on the surface and in the bulk of the crystal
for niobium rich stoichiometries. It has been shown in [14] that in fact the congruent
composition of 48.6 mol. % Li;O of LN is only metastable at low temperatures and
that the decomposition is restricted by the energetics of niobium diffusion and not by
thermodynamic stability arguments. Since the refractive indices of L3N are different to
that of LN its precipitation may cause waveguiding structures. The ny and ng indices of
L3N are greater than either n. or n, of LN whilst n; of L3N is smaller thus whether a
waveguide can be formed for a particular light polarisation depends upon the orientation
of the L3N precipitates relative to the LN host. In [19] L3N is precipitated during an-
nealing of proton exchanged LN waveguides and upon precipitation of L3N in the guide
a single mode of o-polarisation is seen to propagate, despite lowering of the host n, by
the proton exchange process [20], indicating an increase of n,. A similar behaviour is
seen in [18] where the birefringence increases with L3N growth. The waveguides in [2]
were seen, however, to guide e-polarised light and not o-polarised light which reduces

the likelihood of this being a major cause.

Another possible mechanism for changing the refractive index is an induced inhomo-
geneity of the crystal stoichiometry. Lithium niobate can exist as a single phase crystal
over a wide stoichiometry range from around 45 % LizO to around 50 % LipO [14]. This
can be seen from the phase diagrams in figure 6.1. Over this stoichiometry range the
crystal has, of course, the same physical structure as is described in section 1.1 and is
still ferroelectric, unlike the compositions in the adjoining regions of the phase diagram
of LiNb3Og and LioNbOy4. Although the general structure of the crystal remains the
same over the stoichiometry range various properties of the crystal do change and one
such property is the refractive index. The extraordinary refractive index of LN is known
to increase with decreasing LioO content [3, 4, 7, 21] and so if the local concentration of
LioO can be controlled, refractive index structures such as waveguides can be produced.
This has been achieved simply by heating the crystal to temperatures corresponding to

the region in the phase diagram where LN is stable over the required stoichiometry (see
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FIGURE 6.1: Phase-equilibrium diagram of the LisO - NboO5 system. After [11].

figure 6.1) for an extended period of time such that volatile LioO could evaporate from
the surface [4]. During depletion of Li;O from the outer surface a concentration gradient
was created within the crystal that drove a flow of LisO to the surface, through a normal
Fickian diffusion process, and a smooth variation of stoichiometry and hence refractive
index was produced with depth into the crystal. This was seen to produce high quality,

low loss, slab wave guides that guided e-polarised light.

The waveguides produced in [2] were seen to guide e-polarised light and not to guide
o-polarised light, as were those seen in [3, 4]. This may suggest that the refractive index
change seen in [2] is also due to a decrease of the lithium concentration in the exposed
region. In contrast to residual thermal stress and the precipitation of new crystal phases,
the diffusion of ionic species within the crystal is amenable to modelling and this task

will form the remainder of this chapter.

6.2 Numerical Modelling with Finite Differences

The governing equations of the thermal diffusion of lithium ions in LN are derived under
the assumptions that there is no electrostatic interaction between diffusing species and
the vacancy density is constant. The equations are solved using finite difference methods
and the temperature distributions obtained in chapter 5 to give the lithium concentra-

tion distribution in the y, z plane of the crystal after the passage of the illuminating
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beam. The resultant lithium concentration distribution is converted to a refractive index
distribution using the Sellmeier equations for LN. The waveguiding properties of the re-
fractive index distributions are then modelled using a commercial waveguide modelling
package for comparison with reference [2]. The lifetime of the lithium concentration
distributions at room temperature are investigated and compared with the lifetimes of

the experimental waveguides.

The refractive index of LN is dependent upon the concentration of lithium present [7]
and waveguides have been produced through the out-diffusion at high temperatures of
lithium from the surface of LN [3, 4]. However this requires durations of hours at tem-
peratures near the melting point and so is inadequate for situations when heating is
only observed for milliseconds. In reference [3, 4] the temperature was uniform through-
out the volume of the LN crystal and so no temperature gradients were present but
the heating process in reference [2] has been seen in chapter 5 to produce very steep
temperature gradients and it is proposed that the waveguides observed in reference [2]
were due to the thermal diffusion within the crystal of lithium away from the irradiated

regions, driven by the steep temperature gradients.

6.2.1 Model Derivation

It is assumed that the ionic diffusivity is isotropic in uniform temperature fields as
indicated in [22] and that concentration changes are small such that vacancies are always

present for diffusing species to occupy.

Two sites separated by a distance a, as shown in fig 6.2, are considered. There are ny
particles at site 1 and ny particles at site 2. The quantity r is defined to be a rate function
that corresponds to the average number of times a particle jumps in any direction in
unit time and is dependent upon temperature. In one dimension, the flux of particles

from site 1 to site 2, and site 2 to site 1 are given by Jy2 and Jo; respectively where

1
J12 = 67“17” (6.1)
and
1
Jo1 = 67“2712- (6'2)

The factor 1/6 is present since, at any given point, the particles can jump in any of the
six cartesian axis directions. We treat these with equal probability and consider only

the net flow for one direction, which will be equivalent for all. The net flux between
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FIGURE 6.2: Schematic for diffusive flow between sites 1 and 2. Jp is the net flow from
site 1 to 2 and J;; is the flow from site ¢ to site j. The two sites are separated by the
discrete jump distance a.

sites 1 and 2 is then

Jp = Ji2—Jn
1

= _6 (Tgng — rlnl) . (6.3)

In terms of concentrations

a? (rocg —ric1)
o 6 a (6.4)

where c¢; and ¢ are the concentrations of particles at site 1 and 2 respectively. Taking

the limit as a — 0

ﬁ d(re)

e (6.5)

where c is the concentration which will be dependent upon position. In the limit where
r is constant it can come out of the derivative and we return to the familiar Fick’s first
law
dc
Jp=—-D— 6.6
b ox (6.6)

where D is given by a?r/6.

The rate of change of the concentration of particles within a volume can be found by
balancing the fluxes through the test volume shown in figure 6.3. The flux of particles
through the face ABCD is

Fapep = 4dydz <JDJ; - agiz dx) . (6.7)
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where Jp, is defined at the point p. The flux through the face A’B’C'D’ is
oJ
FA’B’C’D’ = 4dyd2 <JD:1: + 8Dxd113) . (68)
x
The net contribution in the x direction is then
oJ
FABC’D — FA’B’C’D’ =Fz = —8dwdydz an . (69)
x
The contributions from the y and z directions are similarly
oJ
Fy = —8dadydz—-2Y (6.10)
Ay
and
oJ
Fz = —8dwdydz—2%. (6.11)
0z
The net change of particle number in the volume is then
oJ aJ oJ
Fr+ Fy+ Fz = —8dxdydz Dz T Dy | ZVDz
or oy 0z
= —8dxdydzVJp (6.12)
where Jp = Jp; + Jpy + Jp-. The net change in particle number is also given by
0
An = 8dxdydz—c (6.13)
ot
which gives us
Jdc
— =-VJp. (6.14)
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FIGURE 6.4: Variation of the rate function with temperature between room tempera-
ture and the melting point of LN.
Substituting equation 6.5
dc  a®
— = —V3(re 6.15
= TV (6.15)
Again when r is taken to be constant we return to Fick’s second law
Jdc
— = DVZc. 6.16
T (6.16)
The temperature dependent expression for r is
Q
r=roexp| ——— 6.17
vewp (10 (6.17)

where @ is the activation energy or the energy required for the ion to leave its present

position and rq is the attempt rate. @ and ry were found to be 0.75 eV and 5.024 x 10? s+

respectively as determined by nuclear magnetic resonance measurements [22]. Over the

temperature range seen during laser heating r varies over five orders of magnitude as

can be seen in figure 6.4.

6.2.2 Numerical Simulation

Finite difference techniques have been used to solve equation 6.15 with the boundary

condition that no concentration change occurs at the edge of the temperature distri-

butions. In the crystal rest frame the temperature distribution and hence r are time

dependent since the beam is moving. This presents a three dimensional time dependent

problem.
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The boundary conditions at |z|, |y| and z > 0 are that the concentration should smoothly
go to the background value. The boundary at z = 0 however is a sharp boundary and
the behaviour here is very different to that in the bulk. The boundary condition at z = 0
is that there is no flux of lithium through the surface. There is of course no flux into
the crystal from the air and it is assumed that there is no significant out-diffusion due

to the very short heating timescales of milliseconds.

The time scale for the diffusive motion is determined by the dwell time of the beam

which is given approximately by

w
At = — 6.18
! (6.18)
This gives a corresponding characteristic diffusive distance of
a?r

If a is taken to be the lithium-lithium distance of 0.38 nm [22] and r taken to be
7(1000 K), w = 3.25 um and v = 0.83 mm s~!, Az = 28 nm. At this length scale the
variation of rc is small everywhere except in the z direction at z = 0 therefore, from
equation 6.5 the net flow of lithium will essentially only be away from the surface in the

z direction across the length Az. The one dimensional diffusion equation is then

This is approximated by finite differences as
R A o V2 W e V2 6.91
ot N 0z (6.21)
where 2 (re) (re)
n a= (re)ih, — (re)}
J2(i1/2) = —Z—Jr 52 . (6.22)

where the superscript n and subscript ¢ refer to temporal and spatial steps respectively. It
follows naturally from the derivation of the diffusive flux to take single forward difference
approximations in the z direction. The second derivative of equation 6.20 is taken
explicitly as two first order derivatives to include the crystal surface boundary condition

in terms of a particle flux.

6.2.3 Results and Discussion

Using the model described in chapter 5 the lithium concentration distributions in the

y, z plane after the passage of the writing beam were calculated. Figure 6.5 shows a
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FIGURE 6.5: Resultant lithium concentration distribution and index distribution along
z in the enter of the written channel. P = 30 mW, w = 3.25 ym, v = 0.83 mm s~ '.

typical lithium concentration distribution (solid line) along the z axis where the writ-
ing parameters w = 3.25 um, v = 0.83 mm s~ !, P = 30 mW have been used. The
background lithium concentration in LN has been normalised to unity for clarity of
numbers. The lithium dependent refractive index calculated using the Sellmeier equa-
tions for LN [7] is also shown (dashed line in the same plot). It can be seen that there is
indeed a region of decreased lithium concentration near the surface of the crystal which
creates a region of increased refractive index and also that there is an increase in the
lithium concentration at a depth of around 0.03w which creates a region of decreased
refractive index. The magnitudes of the concentration changes are dependent upon the
temperature distributions through equation 6.17 and hence on the exposure conditions.
Figure 6.6 shows the lithium concentration distribution in the line along the surface of
the crystal. It can be seen again that the dimensions of the concentration distribution
are smaller than those of the temperature distribution. In the y direction however the
difference between the width of the temperature distribution and lithium concentration

distribution is much smaller in the z direction.
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FIGURE 6.7: Variation of the maximum concentration increase and decrease with peak
temperature. w = 3.25um, a = 3.3 x 10" m~!, v = 0.83 mm s~!. Power varies from
25 to 35 mW.

Figure 6.7 shows the variation of the maximum concentration increase and decrease
with peak temperature for beam parameters of w = 3.25um, o = 3.3 x 10" m™!, v =
0.83 mm s~!. The temperature was changed by varying the power between 25 to 35 mW
but the figure has been plotted with temperature for greater physical meaning. It
can be seen that the magnitude of the change increases with temperature in a non-
linear manner over the temperature range shown. The point of maximum concentration
decrease is always located at the surface of the crystal, however the position of the
point of maximum concentration increase is seen to move further into the crystal as
the exposure increases. Figure 6.8 shows the movement of the position in depth of the
maximum concentration increase, and hence the physical depth of the distribution, with
increasing peak temperature. The change in position of the peak is of the same order
as the step size of the model and so the outlying position of the second point is due to
a rounding error. It can be seen that, although the physical depth of the concentration
profile does increase with exposure, the change in physical distribution depth is only
around 20 nm over the temperature range in the figure. Since the lithium movement is
essentially in the depth direction only, the lateral size of the distributions scales with

the beam spot size.

Figure 6.9 shows the variation of the lithium concentration distribution in the direction
with depth as the spot size is changed. The power is varied such that the surface
temperature under the centre of the beam remains at 1500 K. As the beam size increases,
the depth of the concentration profile does not significantly increase. The magnitude of

the concentration change is seen, however, to decrease with increasing spot size which is
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FIGURE 6.9: Variation of the concentration profile with depth with beam spot size.
a =33x10" m™! v = 0.83 mm s~'. Power adjusted to keep the peak surface
temperature at 1500 K.

due to the decrease in the spatial gradient of the r distribution. A similar effect is seen
as the optical absorption is decreased, extending the temperature distributions in the
depth of the crystal, as can be seen in figure 6.10. The magnitude of the concentration
change was seen to depend strongly upon the scanning velocity of the beam as can be
seen in figure 6.11. As the velocity decreases the concentration changes become large,
such that some of the assumptions of the model such as constant vacancy density and

no electrostatic coupling may no longer hold.
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FIGURE 6.12: Temperature and corresponding diffusive jump rate distributions versus
depth under the centre of the beam for beam parameters p = 33 mW, w = 3.25 um
and an optical absorption coefficient of 3.3 x107 m™1.

The model predicts that the lithium ions do indeed move due to the temperature gradi-
ent, however, the concentration change distribution has a far smaller spatial extent than
the corresponding temperature distribution. This is due to the rapidly changing rate
function, r, as can be seen in figure 6.12 which shows a temperature distribution along
z and its corresponding r distribution. Although the magnitude of r is certainly seen to
drop quickly, it is actually the decrease in the gradient % that limits the active depth

for thermal diffusion and in figure 6.12 this is essentially zero by half a beam width in
depth.

It is possible to include in the finite difference approximation the effects of diffusion in
a direction other than z. This has been done for diffusion in the y direction and the
correction to the one dimensional case for the same beam parameters as above is shown
in figure 6.13. The form of the distribution is, as one would expect, showing movement
of lithium from the hot central region to the cooler edges of the beam path. However,
it can be seen that the magnitude of the concentration change caused only by diffusion
along y is roughly 100 times smaller than that caused by diffusion along the z dimension,

representing a maximum correction of only around 1% thus validating the assumption

that the diffusive flow is essentially one-dimensional.

The finite difference model can also be used to predict the long term behaviour of
the lithium concentration distributions by simulating their subsequent concentration
gradient driven diffusion at room temperature following the writing process. The decay
of the concentration distribution is shown in figure 6.14 where it can be seen that these

distributions are not permanent and will decay on a time scale of months. This is
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FIGURE 6.14: Decay of the concentration distribution at room temperature.

also seen experimentally with the physical guides which gives added strength to the

proposition that lithium diffusion is responsible for the index changes seen in [2].

Both figures 6.5 and 6.6 show the correct refractive index structure for optical guiding;:
a high index core region surrounded by a lower index cladding region. Whether these
refractive index distributions could support waveguide modes depends on both the mag-
nitude of the refractive index difference between the two regions and the physical size of
the high refractive index core region. The refractive index distributions predicted by the

model were inserted into Selene Pro', a commercial beam propagation package, but were

!Selene Pro Version 4.2. Produced by BBV, now part of C2V (www.C2V.nl)
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found however insufficient to support waveguide modes corresponding to those seen in
reference [2]. For comparison it was found that a slab guide with a step index configura-
tion of the minimum and maximum indexes of those seen from the model would require

a depth of at least twice that produced by the model to support waveguide modes.

There are however many significant physical processes that could be occurring but are
not included in the present model. If charge neutrality is not conserved locally a space
charge field would be created in the lithium deficient region that could act upon the re-
fractive index through the electro-optic effect. Another possible effect is photo-bleaching
during the writing process that would dynamically increase the absorption depth across
the beam spot. This would have the effect of pushing the active diffusion region further

into the crystal hence increasing the depth of the index change structure.

From this point of view a factor of two in the difference in depth between a guiding
and non-guiding structure is not strong enough to rule out thermally driven lithium
movement as being the principle cause for the waveguides seen in [2] particularly as the

structure lifetime is similar to that of the experimental waveguides.

6.3 Summary and Conclusions

Modelling of the formation of the of the UV direct-write waveguides in LN observed
in reference [2] through thermal diffusion of lithium has been carried out. A model
for thermal-diffusion in steep temperature gradients has been derived and applied to
lithium ions in LN using the temperature distributions obtained in the heat flow model
of chapter 5. It was seen that significant diffusive flow occurred in only a thin layer at

the crystal surface and was directed along the z axis into the crystal.

The lithium concentration distributions predicted by the model have been translated
into refractive index distributions through the Sellmeier equations for LN [7] and these
have been imported into a commercial waveguide modelling package. Unfortunately,
at this stage, the refractive index distributions are seen to be insufficient to support
waveguide modes. Using a comparison of a step index slab waveguide it was seen that
optical confinement would be produced by an increase to the depth of the distribution
by a factor of around 2. With consideration of the fact that the diffusion model does not
explicitly take into account the crystal structure or charge coupling of diffusing species
and the assumption that the refractive index change is due only to lithium concentration
changes with no contribution from any space-charge fields, a correction factor of only this
small magnitude is encouraging. On the basis of this promising result the diffusion model

was then used to investigate the decay rate of the lithium concentration distributions
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through normal Fickian diffusion at room temperature and the decay is seen to agree

well with the lifetimes of the experimental waveguides.

As well as the assumptions that have been made about the mechanics of both the heat
and lithium flow it has also been assumed that the lithium concentration dependence
of the refractive index is the only way in which the refractive index is changed, and
this may well not be the case. LN is piezoelectric, and photoelastic which means that if
there is any residual stress or strain, caused by either the density cycling through heating
or compaction of the crystal after a decrease in lithium concentration, it will manifest
itself in a change of refractive index. Also if charge is not conserved locally during the
lithium diffusion an electric field will result between the diffused lithium ions and their
vacancies that will also act upon the refractive index through the electro-optic effect.
Of these two possibilities it is believed that the non-uniform charge distribution and
associated electro-optic induced index change will be the larger perturbation. Hopefully
with the inclusion of effects such as this we will obtain modelling results that will agree

consistently with experiment.

Experimental evidence of the modelled lithium concentration profiles has, thus far,
eluded us. The authors of reference [2] had tried to use secondary ion mass spectrom-
etry however the results were inconclusive due to the limited transverse dimensions of
the structures. During this investigation attempts were made to measure the lithium
concentration in exposed regions with confocal micro-Raman spectroscopy using the
known dependence of the width of the peaks at 153 and 254 cm™'on lithium concen-
tration [21, 23]. The scans were carried out at the Laboratoire Matériaux Optiques,
Photonique et Systéemes at the University of Metz probing both from the upper z face
and from a polished z face of the crystal. Scans performed from the z faces failed to
show conclusively any broadening of the lines. If the results presented here do, however,
represent the true nature of the process this might be expected since the dimensions of
the confocal spot were around 0.5 X 6um with the long dimension along the optical axis.
This would mean that the region of concentration change, which has a depth or around
100 nm as can be seen in figure 6.9, would comprise just 1/60 of the free space sampling
volume and would so give only a small signal above the background. Scans performed on
the z face, which looked along the line of the written structures, should have been more
successful than those performed on the z face since the concentration would have been
constant over the length of the sampling volume and the depth of the lithium concen-
tration distributions would have corresponded to the smaller dimension of the confocal
spot. However, two problems arose here to render the results un-usable. The first was
the difficulty in producing high quality polished edges at submicron distances from the
upper surface. The faceting and roughness at these points changed the direction of the

probe beam and introduces additional scatter which lowered the intensity of the Raman
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scattered radiation. The second problem was the appearance of a second peak at 254

cm ™! which made width measurements of the peak at 238 cm™!

impossible. Some inter-
esting features were noted, however, in the Raman scans in the illuminated areas since
with each sample that was sent, new spectral lines were observed. As a possible origin
the Raman lines of L3N [24] were compared but were not found to be the cause. This
also reduces the likelihood that L3N precipitates are responsible for any index change
seen in [2]. The new spectral lines must then be caused by other defects introduced

during UV exposure, but their origin will not be explored here.

Future work would include the thermally driven diffusion of ionic species with the elec-
tronic charge transport model derived in chapter 3. In the present section it was assumed
that any electric fields could be locally compensated by more mobile electronic charges
on a time scale smaller than that required for ionic movement and so could be neglected.

This may not be the case and so a full model should be investigated.

Our results lead us to believe that the thermal diffusion of lithium ions is a primary cause
for the waveguides observed in reference [2]. However there has been no way to directly
compare modelling with experiment other than to use a further modelling package to
calculate waveguide modes. This means that the only comparison rests upon a great

deal of assumptions.
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Chapter 7

Summary and Conclusion

The work presented in this thesis has covered a varied range of topics with the unifying
theme of illumination of the LN surface with UV laser light. The results that are
summarised here illustrate how the functionality of LN can still be increased some 70
years after it was first grown, showing that this is still a highly fruitful material for

original fundamental research.

In chapter 2 the hydrophilicity of LN was seen to undergo a transition from mildly
hydrophobic to super-hydrophilic under the influence of low intensity UV laser light.
This was investigated using the contact angles of 0.5 - 1 ul sessile drops under varying
exposure intensities, times and environment. It was seen that hydrophilic transition
occurs more rapidly with higher incident light intensity but, however, was seen not to
be simply a function of total exposure since halving the incident power and doubling
the exposure time did not result in the same contact angle change. It was seen that the
change in hydrophilicity was strongly dependant upon the exposure environment with
the transition occurring faster in a high humidity environment and not occurring at all
under vacuum conditions. From this observation it was proposed that the hydrophilic-
ity change was due to the dissociative adsorption of atmospheric water molecules onto
the crystal surface. The observation also indicated that the change was not due to the
photo-catalytic decomposition of organic contaminants to the surface, as has been pro-
posed for other photo-induced hydrophilicity changes [1], since this would also occur in
vacuum. The decay of the hydrophilic change was measured and was seen to fit well to
a decaying exponential with a time constant of two days. This agreed with the hypoth-
esis that the hydrophilicity change was due to adsorbed hydroxyl groups if the change
was proportional to the hydroxyl density and thermal desorption occurs randomly with

constant probability.

159
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The spreading of liquid along defined hydrophilic tracks was also investigated as a
method of deposition and it was seen that DI water did indeed spread with lateral
confinement to exposed tracks. The velocity of the spreading water was seen to be
dependant upon the exposure of the sample and hence upon the energy change of the
surface. The geometry of the defined tracks was not seen to be important with spreading
occurring along smooth bends and around tight corners. It was seen that the width of
the wetting strip was greater than the width of the exposed region and this is likely to
limit the extent to which spreading can occur along a track. The effect of the width
of the exposed track was also investigated and it was seen that there was a lower limit
of around 1 mm when applied drops had a volume of around 2 pl. This may be due
to the extra energy required to decrease the radius of curvature of the contact line

compensating for the energy of wetting the higher energy hydrophilic surface.

Structuring of the surface energy was performed at the micron and sub-micron scale
with the use of TEM grid amplitude masks and optical phase masks. The wetting
characteristics were observed by the creation of dew on the surface since dew nucleation
will occur preferentially in areas of high surface energy. It was seen that a large contrast
to the wetting properties was easily achievable at these length scales and that, in the
case of condensation of dew, the wetting mechanism could be tailored with the exposure
such that condensation could occur in either a film-wise or drop-wise manner. The dew
patterns were observed optically with a microscope and CCD camera and were inferred

by the diffraction of a laser beam.

In chapter 3 domain inversion in congruent lithium niobate, iron-doped congruent lithium
niobate and titanium in-diffused lithium niobate under the influence of only a scanning
continuous wave ultra-violet laser operating at a wavelength of 244 nm was shown. The
domain structures obtained were analysed using piezoresponse force microscopy and by
chemical etching in hydrofluoric acid, followed by surface profiling and scanning elec-
tron microscopy. The positive domains formed on the —z face were seen to contain
self-aligned nano-domains of negative polarity which are aligned along the z axes of the
crystal. On the +z face domain inversion was seen at low powers however at higher
powers domain inversion was only seen as aligned nano-domains within the exposed
area similar to those seen on the domains formed during exposure of the -z face. The
piezoresponse of the UV-written domains was seen to be reduced in comparison to bulk
domains of the same polarity and this was shown not to be a result of surface melting
but may be due to inhomogeneity or limited depth within the PFM sampling volume. A
qualitative model was proposed to explain the mechanism of domain inversion under UV
illumination whereby the domain inversion is obtained through the action of a space-

charge field of photo-excited charges. The differences of behaviour on the positive and



Summary and Conclusion 161

negative faces was then explained by the effect of different electron and hole mobilities.

Although not evaluated, the equations governing the model were derived.

In chapter 4 a new method of light assisted domain engineering in lithium niobate was
demonstrated. This method was quite different to that of either conventional LAP or
AOP and presents an un-paralleled level of flexibility. Domain engineering was achieved
by illumination of the LN surface by focussed c.w. UV light on the +z face which lead to
a local inhibition of domain inversion in the illuminated areas during a subsequent EFP
step. The mechanism proposed was that, during illumination, photo-excited charges
were driven by a pyro-electric field to leave a dipolar charge distribution within the
crystal after the passage of the beam. This dipolar charge distribution was arranged
such that a charged domain wall approaching the region would see an electric field
that would repel the wall and hence inhibit the wall movement. Thus poling in the
illuminated area did not occur, leaving a region of crystal in which domain inversion
was inhibited. The extent to which the domain inversion was inhibited was seen to be
dependent upon the kinetics of the domain walls during the EFP step and these could
be controlled by the magnitude of the external field. When wall movement was slow,
inhibition was seen to be complete and when wall movement was very fast inhibition did
not occur at all. In the intermediary points, however, partial inhibition was seen which
resulted in complex, self assembled, sub-micron scale domain patterning. Although
this was not an intended result of the investigations, it shows promise for high spatial
frequency patterning unachievable through conventional EFP and thus warrants further
investigation. The ferroelectric nature of these inhibited domains was also confirmed by
PEM. The depths of the inhibited domains has not yet been conclusively ascertained,
however a lower limit to the depth was given by PFM as around 100 nm and initial

investigations from side etching indicated depths of the order of a micron.

As a method of surface structuring, UV poling inhibition followed by etching was shown
to be highly successful with high aspect ratio structures demonstrated with no loss of
quality of the upper face. The shape/size and the quality of the fabricated structures
was determined by the incident exposure conditions, in combination with the subsequent
EFP parameters and the annealing steps respectively. Additionally, as the crystallo-
graphic symmetry was not observed to impose limitations on the orientations of the

created structures, any desired shapes could be achieved.

In chapter 5 the heating of lithium niobate by absorbing laser radiation was modelled
by both analytical and numerical methods as a first step in the understanding of the
interactions between LN and highly absorbing, principally UV, laser radiation. The
analytical modelling included the temperature dependence of the thermal diffusivity

in a new temperature variable by means of the Kirchhoff transform. This nonlinear
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analytical model was compared with its corresponding linear model and the inclusion
of the temperature dependence of the thermal diffusivity was seen to have a marked
effect upon the temperature distributions obtained. Particularly it was seen that the
temperature distributions were narrowed, becoming more localised to the source. This
was attributed to a higher diffusivity in cooler regions allowing a greater heat flow away
from the source whilst in the hotter regions closer to the source the thermal diffusivity

was decreased leading to a reduced heat flow and subsequent temperature rise.

The model was constructed in the moving reference frame of the beam and it was found
that the spatial temperature distributions were independent of the scan speed for sensible
scanning speeds. The spatial distribution in the rest frame of the crystal was transformed
into the temporal temperature distribution in the rest frame of the crystal to show that,
of course, this is highly dependent upon scan speed and the physical implications of this
were discussed. The dependence of the temperature distribution in the beam frame on
spot size, incident power and optical absorption strength were investigated. It was found
that the length scale of the temperature distribution in the depth direction was given by
whichever was the larger of the spot size w and the absorption depth (= 1/«) whilst the
length scale of the temperature distribution parallel to the surface remains essentially
fixed at the length scale w, broadening only slightly with increasing absorption depth.
The implications of this for heating with far infra-red sources which are slightly less

absorbing than UV were discussed.

To test the validity of the analytical model and the assumptions therein two methods
were used. Firstly a fully numeric model using the finite difference method was con-
structed and secondly a crude practical experiment was used to find the power at which
melting would onset. The finite difference model was first used to compare with a lin-
ear analytical model to find a benchmark against which the subsequent comparison of
nonlinear models, to validate the use of the Kirchhoff transform, could be set. Some
differences were seen which, although being relatively small, were localised to the top
layer of surface nodes of the finite difference computational domain. Due to the sharp
discontinuity of this difference it was attributed to be of a numerical source rather than
physical and must be considered in the following comparisons. The comparison of the
nonlinear analytical and finite difference models was carried out using the same em-
pirical function for the thermal diffusivity with all other factors remaining linear. The
comparison was favorable and even with the surface disparity mentioned previously the
maximum difference seen between the two models for the high power simulation used
was only around 8% persisting near this value for only a very small fraction of one beam
width in depth. Having demonstrated that the analytical methods used are indeed valid
the finite difference model was used to investigate the impact of neglecting the temper-

ature dependence of the heat capacity and of the choice of empirical function for the
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thermal diffusivity. The effect of a temperature dependent heat capacity was found to be
a general increase of temperature that was proportional to the temperature itself. The
increase was small and did not change the shape of the temperature distributions to any
large degree. This demonstrated that the thermal diffusivity is indeed the prominant
source of nonlinearity in the system. The effect of the choice of a reciprocal of tempera-
ture fit for the thermal diffusivity over an expontial fit was investigated and it was seen
that where temperatures exceeded around 800 K, where the fit functions diverge, the
reciprocal fit resulted in larger temperature rises. Due to the lack of physical data at
high tmperatures both models were concluded to be equally valid and the reciprocal fit
was used in the remainder of this thesis. The results of all investigations were discussed

qualitativly and related back to the expected behavior from the thermal properties.

In chapter 6 modelling of the thermal diffusion of lithium was carried out as a possi-
ble mechanism for the formation of the UV direct-write waveguides in LN observed in
reference [2]. A model for thermal-diffusion in steep temperature gradients was derived
and applied to lithium ions in LN using the temperature distributions obtained in the
heat flow model of chapter 5. It was seen that significant diffusive flow occurred in only

a thin layer at the crystal surface and was directed along the z axis into the crystal.

The lithium concentration distributions predicted by the model were translated into re-
fractive index distributions through the Sellmeier equations for LN [3] and these have
been imported into a commercial waveguide modelling package. The refractive index
distributions were seen to be insufficient to support waveguide modes. Using a com-
parison of a step index slab waveguide it was seen that optical confinement would be
produced by an increase to the depth of the distribution by a factor of around 2. With
consideration of the fact that the diffusion model did not explicitly take into account
the crystal structure or charge coupling of diffusing species and the assumption that the
refractive index change was due only to its lithium concentration dependence, with no
contribution from any space-charge fields, a correction factor of only this small magni-
tude is encouraging. On the basis of this promising result the diffusion model was then
used to investigate the decay rate of the lithium concentration distributions through
normal Fickian diffusion at room temperature and the decay was seen to agree well with

the lifetimes of the experimental waveguides.

Attempts were made to measure the lithium concentration in exposed regions with con-
focal micro-Raman spectroscopy using the known dependence of the width of the peaks
at 153 and 254 cm~! on lithium concentration [4, 5]. The scans were carried out at
the Laboratoire Matériaux Optiques, Photonique et Systémes at the University of Metz
probing both from the upper z face and from a polished x face of the crystal. Scans

performed from the z faces failed to show conclusively any broadening of the lines. This
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might be expected from the results of the diffusion modelling since the dimensions of
the confocal spot are far greater than the predicted depth of the lithium distribution
which would thus give only a small signal above the background. Scans performed on
the z face, which looked into the line of the written structures, should have been more
successful than those performed on the z face since the concentration would have been
constant over the length of the sampling volume. However the results from the x face
scans were un-usable due to the quality of the polished edges within the first micron
from the crystal edge and the appearance of a second peak at 254 cm™! which made
width measurements of the peak at 238 cm™! impossible. Some interesting features were
noted, however, in the Raman scans in the illuminated areas since with each sample that
was sent, new spectral lines were observed. As a possible origin the Raman lines of L3N
[6] were compared but were not found to be the cause. This also reduces the likelihood
that L3N precipitates are responsible for any index change seen in [2]. The new spectral
lines must then be caused by other defects introduced during UV exposure, but their

origin was not explored here.

In conclusion, the work presented in this thesis has both shown new ways in which the
functionality of LN can be increased through the interactions of the LN surface with UV
laser light and has contributed to the understanding of how absorbing radiation of both
UV and IR wavelengths interacts with the material. The areas of investigation have
ranged from wettability and thermodynamic surface energy structuring, the results of
which may have far reaching implications and applicability to fields of wafer bonding,
chemical sensing, environmental sensing, liquid actuation and even micro-structured
deposition, to ferroelectric domain engineering, with application to surface topological
structuring, optical frequency conversion and charged particle deposition. The work has
been of a fundamental investigatory nature, rather than optimising previously found
methods, and so shows a large scope for future investigation and it is hoped that this

may then form the basis of other fruitful works.
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Chapter 8

Future Work

The work carried out in this thesis has been wide-ranging and is of a generally fundamen-
tal investigatory nature, rather than being device led, which leaves many possibilities
for future applied work. As always, further work can be carried out on the investigation
of the effects seen either by increasing the parameter space used experimentally or by
relaxing the constraints used in theoretical work, such as temperature independence or
isotropy. Also the work carried out in this thesis used only LN and so an obvious ex-
tension would be to investigate whether any of the effects investigated here could occur
in other materials with similar properties to LN, particularly other ferroelectrics. This
choice of other relevant materials may not be as simple as it first appears as has already
been highlighted in chapter 2 where it was seen that the UV-induced hydrophilic effect
did not occur in SrTiOs despite the similarities in both the physical structure (both
SrTiOs and LiNbO3 have BOg octahedra as the main structural element) and the elec-
tronic band structure. It may also be found in other ferroelectrics that the heating by
the laser destroys the ferroelectric ordering, since many have much lower Curie temper-
atures than LN, and that they do not return to a single domain, or even single crystal

state, upon cooling.

The wavelength range of the laser light used in this investigation was reasonably limited,
particularly in the c.w. regime where only 244 nm light was used. It would be fruitful
to investigate a wider range of wavelengths in, especially, areas where the creation of
photo-excited charges seems to be of importance such as the poling work of chapters 3
and 4. With reference to figure 1.4 it can be seen that the optical absorption coefficient
decreases rapidly with decreasing photon energy below around 5.0 eV (photon energy
at A = 244 nm is 5.09 eV) changes very rapidly and so longer wavelengths than 244 nm

could change greatly the extent of any photo-excited charge sources.
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The remainder of this chapter shall look individually at each of the areas of investigation
carried out within this thesis and identify some of the future work that could, or should,
be carried out. Some will involve the extension of the fundamental investigations however
devices that could be made that take advantage of the results of this thesis will also be

proposed.

8.1 Hydrophilic UV Surface Activation

8.1.1 Composite Areas for Greater Control of Macroscopic Properties

In chapter 2 it was seen that the magnitude of the change in hydrophilicity, as measured
by the contact angle of sessile drops, was strongly dependant upon the exposure condi-
tions of beam intensity, exposure time and environmental humidity, and upon the initial
cleaning of the surface. This made re-producability of non-saturated contact angles diffi-
cult. For applications where the macroscopic wettability needs to be controlled between
the extremes of complete wetting and the unexposed state and particularly when struc-
turing of the wettability over large areas is required we propose here the creation of a
composite surface of microscopic areas of saturated change and no change at all. The
macroscopic hydrophilicity change would then be given by the ratio of the areas. The
structuring can be achieved through patterning of the incident light, as was seen in sec-
tion 2.4 and it is simple to ensure that the effect is saturated in the exposed areas. The
areas of work requiring investigation will then be to find the most appropriate method
of controllably structuring the light, determining the relation between area ratio and
wetability change and determining at what level the structuring of the surface affects

the morphology of the liquid surface.

8.1.2 Investigation of Wettability of Other Liquids

During the study carried out in chapter 2 the main liquid used was DI water. The effect
was also seen to work with acetone, however this was not investigated fully. The effect
was not seen to work with olive oil, however this is a high viscosity oil and, most likely,
quite complex and so may not be the best representative of this class of liquids. To better
investigate the change in general wettability, and not just water wettability, a thorough
investigation with a range of liquids of polar, non polar, acid and alkali chracteristics
should be carried out. This will also help to ascertain the nature of the chemical change

to the LN surface that is responsible for the change in hydrophilicity.
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8.1.3 Variation of the Exposure Atmosphere

The present study concluded that the humidity of the exposure environment was highly
influential upon the strength of the wettability change since the increased hydrophilicity
was due to dissociative adsorption of water molecules. It may be that a similar effect
could be seen during exposure in other gaseous environments. The experimental ar-
rangement used here would easily accommodate such experiments since the exposure
chamber can be evacuated before other gases are admitted. This may have application
not only to changing the hydrophilicity of the surface, which could possibly be made
more hydrophobic if carbon containing molecules can be adsorbed, but also to other
applications where the surface reactivity could be structured by patterned adsorption of

chemical groups.

8.1.4 Reversible Hydrophilicity

The work of chapter 2 has shown that UV laser light promotes the dissociative adsorp-
tion of water molecules onto the LN surface which increases the wetability through the
interaction of the adsorbed molecules and those of liquid water. To make many use-
ful devices, such as light-controlled liquid lenses, it would be highly desirable to find
a way in which light could also be used to remove the adsorbed water molecules and
return the surface to its initial, mildly hydrophobic, state. This might be accomplished
by finding a wavelength of light that could couple efficiently to one of the vibrational
modes of the adsorbed molecules, but would not be absorbed by the LN or cause much
photo-refractive damage. In this case it may be possible to impart enough energy to the
adsorbed molecules that they essentially boil away, leaving the original surface of the
crystal. This may be achieved within the wavelength region of 2 - 4 pm where absorption
bands of water exist but LN is still transparent. For the use in liquid lenses and other
such devices, absorption by the liquid may be avoided by a careful choice of a liquid
that is still affected by the hydrophilic surface treatment, but has different absorption
properties to water. This would also allow for the actuation of liquid drops through

structured light fields alone which may be highly desirable for chemical sensing chips.

8.1.5 Nano-Particle / Macro-Molecule Deposition

The structured deposition of either large molecular structures or nano-particles may be
achieved if they can bind to the hydrophilic water molecules adsorbed onto the crystal
surface. Many nano-particles are coated in hydrophilic ligands to make them soluble

in water and many proteins contain hydrophilic amino acids. If the adhesion energy
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between the nano-particle / molecule and the hydrophilic LN surface is greater than
that between the nano-particle / molecule and the carrier liquid then the bonding may
be efficient. Careful consideration of the carrier liquid may then be necessary which may
also have implication on the stability of the nano-particles / molecules which are to be
attached. If structured bonding on the length scales at which the surface hydrophilicity

can be structured is achievable, many uses within chemical sensing could be found.

If hydrophilic nano-particle / molecule deposition is combined with the results of chap-
ters 3 and 4 then a further method of efficient deposition may be possible. When a
domain pattern is present upon the crystal surface, a change in temperature of the crys-
tal will result in an electric field through the pyro-electric effect, as described in section
1.2.5, which will point either into or out of the surface depending upon the local polarity
of the surface. Thus, if the nano-particles / molecules to be deposited are appropriately
charged they will feel an electrostatic attraction to the surface of the crystal where the
UV laser light has been used to influence the domain structure. This will cause the
nano-particles / molecules to adhere to the surface efficiently and the hydrophilic inter-
actions between the hydrophilic groups of the nano-particles / molecules and the LN

surface will ensure a strong bond when the temperature returns to the initial value.

8.1.6 Environmental Sensing

UV induced hydrophilicty can be used to construct a range of sensors whereby the
sensing area is controlled by the illumination, rather than layers of other substances
applied to the surface which may affect the operation of the sensing mechanism. Two
possible sensing mechanism could be the effect upon SAWs through attenuation and the

effect upon light fields through diffraction.

The simplest sensor that could be made would be a humidity sensor whereby the con-
densation of water is monitored on the UV treated areas where the dew point is greater
than the unexposed surface. In the case of optical interrogation the diffraction of light
from a structured grating could be monitored where the diffraction efficiency would be
a function of the volume of the condensate. By varying the temperature such that the
diffraction efficiency remains constant at a low value the dew point, and hence humidity,
can be measured. In the case of SAW sensors the condensation can be measured by
the attenuating effect upon the SAW. By structuring the hydrophilicity, condensation
can occur only on the high energy sections. This allows for long delay lines of arbitrary
length since the attenuation of the signal is not dependent upon the total propagation
distance, but only on the area of the exposed region, allowing for lower power levels to

be utilised which is important for wireless devices.
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The results of chapter 2 suggest that the wettability by oil is unaffected by the UV expo-
sure and so a dual delay line sensor, with one delay line hydrophilicly structured, can act
as a composition sensor for vapours composed of both water and oil. Oils will in general
condense at a higher temperature that water and will affect the attenuation in both delay
lines equally. Water will condense at a lower temperature and will preferentially affect
the hydrophilicly structured delay line. The magnitude and ratio of the magnitudes of
the attenuation in each arm can then give information on the concentrations of oil and

water present in the vapour.

8.1.7 Micro-Lenses and Micro-Lens Arrays

When a liquid condenses on a surface such that a drop is formed the profile of the drop
takes on a shape such that the surface area and hence surface energy is minimised. For
a drop with a circular contact line the surface will have a single radius of curvature and
a spherical cap will be formed and if the contact line if not circular multiple radii of
curvature will be present. The surface of the liquid drop will be very smooth and so will
be of high optical quality. Thus a drop of liquid can act as a high quality plano-convex
lens with different focal lengths along different axes as dictated by the shape of the
contact line. It has already been shown in chapter 2 that the initiation of condensation
from vapour to liquid can be structured by UV illumination. Further to this it is seen
that as the condensate mass increases the condensate forms a single drop encompassing
the exposed area, with the contact line pinned at the edge of the exposed area. An
example of this type of drop is shown in figure 8.1(a). The drop then forms a very
short focal length lens which can be placed at any desired location on the LN surface.
Also, since the contact line is pinned at the edge of the exposed area, the radius of
curvature of the drop, and hence focal length of the lens, is variable by controlling either
the environmental humidity or the substrate temperature to change the equilibrium, i.e.
zero net mass flux, drop surface area. The strength of the pinning can be seen in figure
8.1(b) where the contact line is pinned despite the very low radius of curvature evident
in the interference fringes. An initial area of application that we see for this is as an

integrated lens for coupling into optical waveguides.

8.2 UV Laser Poling

8.2.1 Wavelength Combination

The work carried out in chapters 3 and 4 made use of a c.w. UV laser with a wavelength

of 244 nm only. This was concluded to be successful since it fulfilled the two requirements
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(a) Small focal length micro-lens array formed by (b) Large radius of curvature condensate drop due to
structured condensation high contact line pinning strength.

FI1GURE 8.1: Micro-lenses formed by controlled condensation

of producing a spatially extended temperature distribution that was continuously present
in the laser rest frame and producing free charges that could move within the crystal.
However, even though the c.w. lasers available at a wavelength of 244 nm can do both
jobs, it may be better to use two different lasers of different wavelengths to fulfil both
requirements simultaneously in a more efficient manner. For example a c.w. carbon
dioxide laser that operates in the infra-red region at 10.6 um will heat efficiently and
has a large enough output power to heat a large area and a nano- or femto-second pulsed
UV laser can provide an efficient source for photo-excited charges. In combination it may
be possible to create structures that are not only of greater lateral size, but also of greater
depth. The use of femto-second laser pulses also allows the creation of photo-excited
charge source within the depth of the crystal through two-photon absorption of light
within the transparency region. This may be particularly useful in the domain inhibition
work where a layer of charge could be formed, which prevents the propagation of domains
to the surface, some microns below the surface where the simulations of chapter 5 predict
a carbon dioxide laser to heat efficiently. This would put the inhibited domain structures
firmly at the depth scales for optical use with guided wave structures. If a femto-second
visible source is used it may also be possible to achieve domain inhibition within the bulk
of the crystal if an external electric field is applied rather than heating the crystal to

create a pyroelectric field. This may achieve full three dimensional domain structuring.

8.2.2 Depth Study

It has not been possible to complete a thorough study of the depth of either the directly
written domains of chapter 3 or the inhibited domains of chapter 4. Some indications

of and limits to the depths have been made however if future work is to be carried out
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a full study on the effects of varying the exposure conditions of power, spot size, scan

velocity / dwell time and laser wavelength should be made.

8.2.3 Electrically Variable Planar Diffractive Optics

Through the electro-optic effect oppositely polarised domains will undergo a refractive
index change under an electric field of equal magnitude but of opposite sign. Using
transparent electrodes to apply a voltage to the domain structures created in chapters
3 and 4 would allow the creation of diffractive planar optics such as diffraction gratings
and Fresnel zone plates [R. Cudney, L. Rios, and H. Escamilla. Electrically controlled
fresnel zone plates made from ring-shaped 180° domains. Opt. Ezpress, 12(23):5783—
5788, 2004. |.

8.2.4 Methods of Increasing Domain Depth

Although the depths of the domains in chapters 3 and 4 are not yet fully ascertained,
it is appreciated that they are not yet deep enough for efficient use in waveguide PPLN
and are certainly not of the depth of the crystal. To make these useful for non-linear
frequency conversion the depth of the domains must be increased. This may be achieved
through the use of short high voltage pulses or perhaps through combination with LAP
or pulsed AOP methods where the UV associated domains may act as seeds for domain
growth. The main advantage of this combined approach would be the high degree of
freedom and flexibility present in the UV writing stage that is not achievable in the

other methods.

Repeated cycling of the poling process has also been seen to have some effect for inhibited
domain creation that may be useful for the creation of either increased or full depth
structures. It has been seen that, after the initial poling of the crystal following exposure
on the +z face, re-poling very fast avoids the problems of the uncorrelated domain
growth that is seen when domains nucleate on an exposed region of the -z face. Upon
a second forward poling it was seen that bulk domains would nucleate and grow along
the line of the exposure with an even greater preference than during the initial poling
cycle. These domains, as seen through the visualisation method outlined in chapter 4,
are of a bulk nature with a lateral size of around 10 - 20 pm. This increase in poling
sensitivity through repeated cycling should be examined further both experimentally
and theoretically and may help to give rise to new methods of structured bulk poling in

thick (> 5 mm) crystals when combined with other methods such as femto-second LAP.
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8.2.5 Structured Poling of Rotated-Cut Crystals

The crystals used in the work of this thesis have almost exclusively been of z cut,
meaning that the z axis is normal to the larges faces of the crystal wafer. This cut
is desirable for optoelectronic uses for many reasons and particularly for the ability
to easily structure an electric field along the z axis for poling. For other uses, other
crystal cuts are preferred such as the 127.86°Y-cut and the 64°Y-cut, where the normal
to the cut face lies in the yz plane but is rotated about the z axis, which are used in
SAW applications to chose the propagation velocity of the surface wave. In crystals
such as these it is very difficult to create structured domain patterns since an applied
field is generally along the direction normal to the crystal faces. Thus if conventional
techniques of electrode structuring are employed the field structure will not be parallel
to the z axis as is required for domain propagation. In contrast the methods of domain
structuring presented in chapter 4 utilises the inherent symmetry of the crystal structure
to create the fields to move photo-excited charges along the z axis. This then creates an
electric field which can interact with a propagating bulk domain. The production of bulk
domains in crystals of rotated cuts is not difficult and requires only a slightly greater
electric field across the wafer such that the component along z exceeds the coercive
field. Thus the domain inhibition method of domain structuring allows for micron scale
domain structuring on rotated cut crystals unachievable by other methods. This could

then be used for the creation of surface acoustic waves using unstructured electrodes.

8.3 Theoretical Work

8.3.1 Heat Flow Model

The laser heating model currently deals only with the solid phase however in the exper-
imental work melting of the crystal is commonly encountered. To better describe the
experimental conditions a phase change and thermal model of the liquid phase should be
included. This will not be possible analytically however and so will lose the advantage

of direct calculation.

The thermal stresses encountered during laser heating may also be an important factor
toward experimental results, particularly where fracture may occur or where mechanical
stress may couple to electrical phenomena such as UV poling through the piezoelectric
effect. An extension to the model would then be to calculate the thermal stresses and
strains due to thermal expansion of the crystal during laser heating. This may also help
to elucidate the causes for the difficulty in heating LN with focussed beams from carbon

dioxide lasers and explain why the crystal often cracks in such cases.
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8.3.2 Lithium Diffusion Model

The model of chapter 6 assumed that a model of a continuous concentration field could
be used to describe the ionic movement but predicted that the depth of the lithium
distributions, produced by the scanning UV laser beam, to be of the order of only
100 nm. This depth corresponds to only around 150 times the Li - Li distance which
was taken as the basic diffusive jump length. Thus it may be more realistic to take a
discrete approach to the modelling and use a probabilistic particle tracking model rather
than a continuous mass flux model. Despite the differences in the characteristic lengths
of the diffusion problem and the heating beams an appropriate number of tracer atoms

could be taken and then statistics used to give he full picture.

8.3.3 Poling Mechanisms Model

The model of the charge transport which leads to both the UV laser direct poling and
the UV laser induced poling inhibition has been formulated but time has not allowed

for a numerical evaluation. For future work this should be carried out.



Appendix A

Second Harmonic Generation and
Quasi-Phase-Matching

A.1 Development of the SHG intensity

During non-linear second harmonic generation the electric field of the second harmonic
at a point [ is a linear super-position of the second harmonic fields produced at the
points & < [. The electric field of the second harmonic at [ produced at a point z is

given by

E*(l,x) o cos(2ngkyx + noukaw(l — x))
x  cos(noykawl — Akx) (A.1)

where k,,, koo, n, and no, are the free-space wave vectors and refractive indices at w

and 2w respectively and

Ak = TLka'Qw — 2nwkw. <A2)

The total field of the second harmonic at [ is then

l
E*(]) o / cos(nawkoyl — Akz)da’ (A.3)
=0
sin(nawkaul) — sin(Ak — nay,kaul)
. A4
Ak (A.4)
Using a standard trigonometric relation this can be re-cast as

E2 () cos((nawkaw + 2nukew)l/2) sin(Akl/Q). (A.5)

Ak/2
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It can be seen that the electric field contains two spatial frequency components, a high
frequency component and a low frequency envelope function. The first factor corresponds
to the superposition of the two interacting waves and the second factor describes the
power transfer from the fundamental to the second harmonic. The intensity of the
second harmonic is proportional to the square of the electric field and is shown in figure
A.1. The development of the second harmonic intensity does indeed diminish after one
coherence length as stated in section 1.2.2 since the newly created second harmonic is
in anti-phase to existing second harmonic due to the difference in phase velocities given
by equation A.2. If, however, there was no difference in the refractive indices at w and

2w such that Ak = 0 the system is said to be phase matched and equation A.3 becomes

l
E* () oc/ cos(nay kawl)da’ (A.6)
=0
which integrates trivially to
E*(1) o I cos(nawkaul) (A7)

where we see that the amplitude envelope of the second harmonic field increases linearly
with propagation distance. The intensity of the second harmonic will then increase as 2.
This form of phase matching can be achieved by utilising birefringence within a material

and / or temperature tuning the dispersion characteristics.

An alternative way to achieve high second harmonic signals is through quasi phase
matching (QPM) whereby the spontaneous polarisation of the crystal in periodically
inverted. When the spontaneous polarisation is inverted the sign of the x(?) tensor com-
ponents is inverted also and the phase of the second harmonic being created undergoes
a relative phase shift of w, hence adding in phase to the existing second harmonic. A
periodically inverted domain pattern with domain widths of nl., where n is an integer,
can then result in a continually increasing second harmonic field. An expression for the
second harmonic field strength after a distance [ within the crystal can be derived as

follows.

The phase at [ of the second harmonic signal produced at the point z is given by
¢ = 2n,kur + nayka, (I — ) (A.8)

where the first factor describes the initial phase which is dependent upon the funda-
mental and the second factor is the phase accrued whilst traversing from x to [. It is

assumed that at x = 0 the phase of the fundamental is zero. The electric field at [ of
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FIGURE A.1: Variation of the second harmonic intensity with propagation distance.

the second harmonic produced at x can then be taken as

E*(z,1) « xP(@)R {ewzw}
o X(2) (.CE)?R {ei(ankwa:Jranka(lfz))}

o X(2) (l‘)% {e—iAkweingwkgwl} (A9)

where complex exponential form is now used to describe the modulation of the E field,
rather than cosine notation, in preparation for easier manipulation. The second har-

monic field at [ due to the contributions from all x is then
l
EQW(Z) x einguk’gul / X(?) (x/)e—zAkx’d$/ (Al())
=0

If we consider a periodically poled crystal with domain width A then the second order

susceptibility is given by

2
X2 (@) = X(()z) nA <o <t 1A n=even (A.11)
—X(()) nA <z <(n+1)A n=odd
where n = 0,1,2,..n. Equation A.10 can then be re-written
E*(l i (ntDA z .y
ingwk(gzl x X(()2) [(Z(—l)n/ eTIRT g0l | 4 (—1)N/ e IR 4y (A.12)
€ n=0 z=nA z=NA

where
N = [l/A]. (A.13)
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Performing the integrations we obtain

B2()  —ixg)

((emm _ 1) Nzl(_l)neiAkA(n+l)> i

inow kowl
einawhka Ak =
(—1)N (e—iAkAN _ e—mkz) (A.14)
The series sum
N-1
> (~1reiatnth (A.15)
n=0
is given by
-1 N —iaN _ 1
_El e : (A.16)

1+ eta
Substituting this result into equation A.14 the second harmonic field after a distance [

in a periodically poled crystal is given by

EQw(l) —z‘xéz) [((emkz\ _ 1) (1— e—z‘AkAN(_l)N> .

cinzokanl X AL 1 & ciAkA
(—1)N (e—iAkAN _ e—iAkl) (A.17)
The intensity of the second harmonic can then be given by
I**(l) = E*(E*)* (A.18)

which is easily calculated numerically after evaluating equation A.18. Figure A.2 shows
the variation of the second harmonic intensity amplitude envelope with propagation dis-
tance within the crystal for the situations of no phase matching, perfect phase matching

and quasi phase matching with A =1, and A = 3.
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Appendix B

Summary of Published
Light-Poling Interaction

Investigations

B.1 Published Light-Poling Interaction Investigations

The list of papers summarised in the following table does not comprise of all the literature
published on light-poling interactions to date, but does give a fair overview of current
progress and achievements. Where authors have included hypotheses of the domain

formation mechanism, these are summarised also.
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Abbreviation | Description

PFM Piezoresponse Force Microscopy

HF HydroFluoric acid etching

SEM Scanning Electron Microscopy

oM Optical Microscopy

Ol Optical Interferometry

DC Displacement Current measurements
PCM Phase Contrast Microscopy

oD Optical Diffraction

OB Optical Birefringence

TABLE B.2: Abbreviations used in the visualisation method column of table B.1.
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Appendix C

UV-Induced Charge Transport

C.1 UV-Induced Charge Transport

The equations governing the transport of photo-excited charges during focussed UV laser

irradiation were given in section 3.5. Here we give the derivation of these equations.

In all transport processes, mass must be conserved for each species undergoing transport.

This gives the mass conservation equations

dpe,h
dt

=-V- je,h + Qe,h (Cl)

where p is the charge density, ¢ is time, j is the electric current density, @) is the charge
source function and the subscripts e and h refer to electrons and holes respectively. The
electric current density for each charge carrier is composed of two contributions, a drift

current, jg-, and a diffusion current, jg;. The drift current is given by

Jar eh = 6,U*e,hce,hla (CZ)

where ¢ is the electric charge, u is the mobility, ¢ is the concentration, e is the electronic
charge and E is the electric field. This can be considered more conveniently as a particle

flux f, rather than electric current, as

(&
far e,h = 7Me7hce,hE (03)

€,

where ¢ is the charge of the carrier giving

£ o = —jleccE (C.4)

190
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and
far n = fncpE. (C.5)

The diffusion component of the current density is given by

Jdi eh = @enDenVeen (C.6)

where D is the diffusivity. Using the Einstein relation

 jkpT
N &

D

(C.7)

and, again, dividing by the carrier charge, the diffusion components can be written in

terms of particle fluxes as

—pekgT
£1; 0 = "ierce (C.8)
and
—fnkgT
f3in = 'ujhiBVCh. (C.9)

The conservation of charge equations can now be written in terms of particle fluxes as

dee R LekpT
Ce _ -V (—,ueceE _ HelB Vce> + Q. (C.10)
de¢ e
and q "
[0 T
% =_V- <ﬂhchE _Bn GB Vch> + Qpn (C.11)

where @), ;, now represent particle number sources, rather than explicitly charge sources.

Expanding we obtain

dee  jikpT .
dct _ K eB V- TVee + fieV - c.E + Q. (C.12)
and d i
[0 T
% — Hh eB V -TVep, — nV - chE+ Q. (C.13)

Equations C.12 and C.13 are coupled through the electric field E which is itself dependent
upon both ¢, and ¢;, and must be solved simultaneously. The electric field can be found

by Gauss’s law relating the electric displacement D¥ to the free charge,
V-DE =) (C.14)
Including the full form of the electric displacement

DF = ¢E + P, (C.15)
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where € is the electrical permittivity tensor and P is the spontaneous polarisation, and
expressing the vector electric field as the gradient of the scalar electrical potential, V,

equation C.14 can be re-written as
—V-eVV + V- -Ps=ce(cy — ce). (C.16)

The above equation can then be readily solved numerically for V' and the electric field
can be calculated directly for substitution into equations C.12 and C.13 at each point

in time.



Appendix D

The Kirchhoff Transform

D.1 Kirchhoff Transform

Many physical problems can be described by either partial or ordinary differential equa-

tions such as the heat diffusion equation shown in chapter 5. However, for these equations

to be analytically solvable they must be linear, which places restrictions on the extent

to which a solution can describe the physical system. In the heat diffusion equation in

chapter 5 the non-linearity arises due to the temperature dependence of D, p and C' and

if the equation is to be solved analytically these would have to be approximated with a

constant value. In some cases, however, the non-linearity can be encompassed within a

new independent variable such that the new equation is linear. In the case of equation

5.5 the term
V.-D(T)VT

can be taken as an example where of course

Taking just the term in x we can introduce a new variable by stating

dT 9T 0©
dz 00 0z’
The second term in equation 5.5 becomes

d o dl _ d aT 0O

=% = w56 5

193

(D.2)
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where it can be seen that if the term is to be linear in the variable © then

or

D(T)%

must be constant. Let the constant be D(Tp), where T is the substrate temperature,

then
oT

90
Rearranging and integrating between Ty and T, and O and © where O is the value of
O at Tp;

D(T) D(Tp). (D.4)

T ©
D(T’)dT’:D(TO)/ de’ (D.5)
To SH}
which integrates to
1 T
o(T) =0Ty + —— D(T"dT'. D.6
(T) = O(1) + 55 [ DT (D.6)

This gives the transformation from the real temperature 7" to a new temperature variable

© and is known as the Kirchhoff transform.



Appendix E

Solution of the Heat Equation

E.1 Solution of the Heat Equation

In chapter 5 it was shown that the heating of lithium niobate by a scanning UV laser

beam can be described by a form of Poisson’s equation when the scan speed is slow.

Here we describe the full solution.

The heat equation was given by equation 5.13 as

w?S(X,Y, 7)

V20 = —
D(To)pC

and this was shown to have the solution

w? S(r/> 3./
0) = 1ontmiac | v

In Cartesian coordinates this can be expressed as

S(Xluyl)Z/) ! !/ !
0(X,Y,Z)=A ~dX' dY' dZ
( ) /// (X = X")2+ (Y -Y")2+(Z-2)?%>

where

,w2

A= — —
47TpCD(T0)
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to ease notation. Unfortunately this integral cannot be performed because of the form

of the denominator. However, we can substitute the relation

1 1 T 1
(X~ X2 (Y Y2 (22 27 /_ZO/WMX

exp[i(le + koY + ng)] dki dko dks (E5)

into equation E.3 to obtain

ey [ ey e,

S(X',Y', 2"y AX' dY' dZ' dky dky dks. (E.6)

The denominator here still causes problems and so we introduce a further relation

1 oo
o /e_r’\d/\ (E.7)
0

to obtain

02— 2 [ [ [ et Xk =¥y 2 - 2
—00 A=0

exp[—(k? + k3 + EDNS(X',Y', Z') dX' dY' dZ' dk; dky dks dX. (E.8)

The source function, S, can be expressed as

S(X'Y' Z') = Bexp[—2(X"? + /)] exp(—aw|Z'|) (E.9)
where
p= 2R (E.10)
W

is introduced to ease notation. The integrals in equation E.8 can then be done separately.

The X' integral is

r V2
exp(ik1X) / exp(—2X"? — ik X') dX' = Tﬂ exp(ik1 X — k3/8) (E.11)

and the Y’ integral similarly gives

T exp(iksY — k2/8). (E.12)
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Substitution into equation E.8 gives

O(X,Y,Z) = ;gg/////exp [i(ki X + koY + k3 + (Z — Z"))]x

—00 A=

exp[—(k? + k3) /8] exp[— (k% + k3 + k2)\] dZ' dky dky dks dX.  (E.13)

The k; integral is given by

T 4 _2x2/(1
/ exp(iki X — K2/8 — k2 diy = LY TXPI2X7/(1 4 8M)] (E.14)
V24 16\
and the ko integral is given similarly by
4/ exp[—2Y 2 /(1 4 8))] (F.15)
V2 + 16X ‘ '
The k3 integral is given by
/ expliks(Z — Z') — k3\] dks = ﬁexp(—(Z — Z')?/4N). (E.16)
VA
After substitution into equation E.13 we arrive at
_ AByx 2(X2+Y?%/(1
2+ 16X
—o00
—aw|Z'| = (Z - Z")? /4
VA
The integral over Z' can now be computed and this is given by
00 0
/ exp|—aw|Z'|—(Z—2")? /AN AZ' = exp|—Z? /4] / exp|Z? /AN-Z/ (Z )2\ +aw)] dZ'

+ exp[—Z2 /4] / exp[Z7? /4N + Z'(Z)2) — aw)] dZ'. (E.18)
0

These are error functions of the form

[e.9]

/exp[—az2 —bz] dz = ;\/Zexp[bz/éla] erfc[b/2+/a] (E.19)

0
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which then gives the integral over Z’ as

%\/Hexp[—Z2/4)\] {exp[aw — ZJ2N2\ erfef(aw — Z/20)VA] +

explaw + Z/20]2\ erfe(aw + Z/QA)\&]} . (E.20)

Substitution into equation E.18 then gives the final form for © as

O(X,Y,7) =

AB 7exp[—2(x2 +Y2)/(1+8)) = Z2/4N]
2
0

1+8A
{exp[aw — ZJ2\? X erfe](aw — Z/20)VA] +

explaw + Z/2M]?\ erfe|(aw + Z/QA)\f/\]} d\ (E.21)

which must, finally, be computed numerically.
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ABSTRACT Analytical and numerical modelling of the fabrica-
tion of optical waveguides in lithium niobate (LiNbO3) through
direct writing with a continuous wave ultraviolet (UV) laser
has been performed. It is proposed that the UV illumination in-
duces heating of the surface and subsequent thermal diffusion of
lithium which alters the refractive index in accordance with the
lithium concentration dependence of the Sellmeier equations.

PACS 61.80.Ba; 66.30.Dn; 77.84.Dy

1 Introduction

LiNbOj3 is a widely used optical material due to its
high transparency in both the infrared and visible regions [1]
and its large non-linear coefficients [2]. The fabrication of op-
tical waveguide structures in LiNbOs3 is normally achieved
with multiple lithographic and in-diffusion steps [3, 4]. How-
ever, it has previously been shown that channel waveguides
can be fabricated in LiNbOj3 through a simple one step ultra-
violet (UV) direct write process [5]. These waveguides can be
fabricated with little or no damage to the crystal as evidenced
by Raman spectroscopy of the irradiated region. At the time
of publication of [5], the waveguide formation mechanism for
this direct-write process was not clear, but was suspected to be
lithium sideways diffusion, and so modelling techniques were
necessary to elucidate the likely causes.

Refractive index structures can be formed via the modi-
fication of lithium concentration [6, 7]. LiNbOj3 is highly ab-
sorbing at the writing wavelength of 244 nm which is below
the absorption edge at 300 nm [8, 9] and so the basic assump-
tion for this work was that the optical energy is converted into
heat and it is this that subsequently drives the waveguide for-
mation through lithium thermal-diffusion. In a first step the
heat flow induced in LiNbO3 by a scanning Gaussian UV laser
beam has been modelled. An analytical approach is presented
in Sect. 2 using a Kirchhoff transform to include the tempera-
ture dependence of the thermal diffusivity and assuming that
the density and specific heat are constant. For a physical pa-
rameter range of interest a simplified heat equation is then
solved in the reference frame of the moving beam. The depen-
dence of temperature distributions and temperature gradients

50 Fax: +44 (0) 23 8059 3142, E-mail: acm@orc.soton.ac.uk

are investigated as a function of the incident power and beam
spot size. The heat equation is then solved directly in Sect. 2.3
using finite difference techniques which allow further inclu-
sion of temperature dependent parameters and a discussion of
the complementarity of the two methods is given.

A model for diffusive motion in non-uniform tempera-
ture fields is derived in Sect. 3 and applied to lithium ions in
LiNbOj3. The solution of the model is obtained using finite dif-
ference techniques and the temperature distributions obtained
in section Sect. 2. The resultant lithium concentration pro-
files are then converted into refractive index profiles through
the Li concentration dependent Sellmeier equations [6] and
these are compared to the waveguides observed in [5]. The
lithium diffusion model is then used to investigate the life-
time of the lithium concentration profiles at room temperature
through normal concentration gradient driven (as opposed to
thermally driven) diffusion and these are compared to the life-
times of the waveguides observed in [5].

2 Heat flow modelling

In this section heat flow induced by a scanning laser
beam at a highly absorbing wavelength is modelled first ana-
lytically, and then numerically using finite difference approx-
imations of the heat equation. In both instances the modelling
is performed in the reference frame of the moving beam. The
analytical model assumes that the thermal conductivity and
thermal diffusivity are the only temperature dependent physi-
cal parameters and then uses a Kirchhoff transform to include
these in a form of the heat equation that is analytically solv-
able under certain conditions. The value of the heat capacity
used in the analytical model is taken as the average of a fit to
experimental data of the Einstein formula for heat capacity,
in the temperature range of room temperature to the melting
point of LiNbO3. The numerical model uses the full empiri-
cal fit of the heat capacity to investigate the assumption of zero
temperature dependence and a preferred form of the thermal
diffusivity that was not suitable for the analytical model.

2.1 Non-linear analytical modelling
with the Kirchoff transform

At 244 nm the optical absorption co-efficient has
been measured at around 3 x 107 m~! [8] which gives a cor-
responding absorption depth of around 30 nm. If it is assumed
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that the depth of the guiding region is of the order pm as in
conventional optical waveguides, it becomes obvious that the
index change mechanism cannot therefore be directly opti-
cally driven but must instead be driven by thermal effects.

Figure 1 shows the coordinate system used in the model.
The coordinates x, y, and z corresponds to the reference frame
of the crystal while X, Y and Z corresponds to the reference
frame of the moving beam and are given by (x — vr)/w, y/w
and z/w, respectively, where v is the velocity of the moving
beam and w is the 1/e spot size of the laser E-field. For sim-
plicity X, Y and Z are normalised to units of w.

The starting point of the investigation is the heat equation

QCU%—V-KVT=S(I‘,I,‘), e
where o is the density of the material, C, is the specific heat
at constant volume, 7 is the temperature in Kelvin, K is the
thermal conductivity tensor and S(r, f) is the heat source func-
tion. If the specific heat and density are assumed constant with
respect to temperature the relation

K
- oGy

D ()

can be used, where D is the thermal diffusivity tensor. The
heat equation can then be expressed in the isotropic case,
where D is a function of temperature only, as

oT
— —V.D(T)VT =
ot oG,y

S(r,1). 3)

The heat source is the scanning UV Gaussian laser beam
which is absorbed near the surface and converted into heat
through phonon relaxation within the crystal. The Gaussian
intensity profile of the scanning laser and hence the heat
source is described by

2P(1 - R)a 2((x =)’ +)%)
SCx,y,z,0)= ) exp | — >
TWw w
xexp[—ealz|], 4)
x, X
»nY
z, Z
FIGURE 1 Coordinate system used in the models. The coordinates x, y,

and z correspond to the reference frame of the crystal and have their origin
at the center of the beam on the crystal surface at r = 0. X, Y and Z corres-
pond to the reference frame of the moving beam and are normalised in units
of the beam spot radius (w). The normalised co-ordinates have their origin at
the center of the beam on the crystal surface

where P is the incident optical power, R is the intensity reflec-
tivity at the writing wavelength and « is the optical absorption
coefficient. The factor two arises since we reflect the system
about the z = 0 plane to obtain the boundary condition of zero
heat flux.

Since the thermal diffusivity is temperature dependent,
(3) is non-linear. The temperature dependence of the thermal
diffusivity can, however, be encompassed in a new tempera-
ture variable by using a Kirchhoff transform [10]. Using the
assumption of constant oC,, we can express the Kirchhoff
transform as

T
1 4 ’
e(T) Z@(To)+D(T0)T/D(T)dT , &)
0

where ® is a new temperature variable and D(7p) is the ther-
mal diffusivity at the substrate temperature 7. The value of
O(Ty) is arbitrary and so can be defined to be zero. Equation
(3) is then expressed in terms of the temperature variable ® in
the reference frame of the moving beam as

w00, w’S(X,Y,Z) 6)
D(T(®)) 8X ~ D(Tp)oC,
If the factor
W (7)
D(T)

has a magnitude much less than unity the first term of (3) has
anegligible effect. This can be written as a condition on v;

v<<M. 8)
w

The thermal diffusivity of LiINbO3 between room temperature
and the melting point is typically of the order 1076 m?> s~ [11]
and the range of spot sizes used in [5] is between 1.75 pm and
6.6 wm. If atypical spot size of 5 um is taken it can be seen that
the first term will be negligible if

v<02ms!. )
The maximum scanning velocity used in [S] was 12 mm s~1
which is clearly much less than this limit of around
200 mm s~ ! and so in re-creating the conditions of [5] the first
term of (6) can be neglected. The heat equation can then be
written as

w?S(X,Y, Z)
D(Tp)eC,

VO =— (10)

This is a form of Poisson’s equation which has the familiar
solution [13]

w? / NG 3
4nD(Tp)oC, J |r—r| ’

After some algebra and the substitution of (4) (re-expressed in
the reference frame of the moving beam) this can be written as

Or) = (11)
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a single integral

[o¢]
P(1 - Ry« 1

OX,Y,Z, 1) = X, Y,Mh(Z, 1)dA.
( )= meCp(ty | TH8r8 h(Z, 1)
0
12)
The function g(X, Y, 1) is given by
2(X24Y?%
X, Y, 0= - 13
a( ) eXP[ T 8x ] (13)

and the function 4(Z, A) is given by

_72
h(Z, )\.) = exXp <K>

(| (o= 3) 2o (o= 2) ]
ve(aws 2o 2) ),

(14)

The final integral must be calculated numerically.

Having obtained a solution for the temperature in terms of
©®, we now find it is necessary to use the Kirchhoff transform
again to convert to the real temperature 7 and so a function
D(T') must be generated empirically from experimental data.
It is required upon integration of the function D(7”) in (5) that
O(T) must be a linear one-to-one function of 7 for T > Tj.
The most suitable form for D(T') is given by

1
D(T) o — .

T 15)

Figure 2 shows the best fit curve to the data from [11]
where the constant of proportionality is found to be 4.173 x
10~* m? s~ K. Substitution of (15) into (5) gives

x 10

° Experiment

=——D=d/T

D/m?s™!

0.8
0.6 ®
0.4

800 1000 1200
T/K

FIGURE 2 Thermal diffusivity of LiNbO3 as function of temperature. The

experimental data (;])Oints obtained from [11]. The solid curve shows the fit of

the function D = 7 which was used as an empirical formula for D

200 400 600 1400

TABLE 1 Parameter set used in [5]

Parameter Range
Power P 10-100 mW
Spot Radius w 1.75-6.6 pm
Velocity 0.83-12.00 mms~!
2.2 Results and discussion

The investigation presented here is restricted to the
waveguide fabrication parameters of [5], which are given in
Table 1. Equations (12) to (14) show that, in the small v regime
of v « 0.2ms ™!, the velocity has a negligible effect upon spa-
tial temperature distributions in the moving frame.

The specific heat is taken to be the average value of a fit to
the data of [2] of the Einstein model [12] between 290 K and
1513 K.

] . S . .
T(®) = Ty exp <—> . (16) Using (12) and (16) the temperature distributions in arbi-
T trary directions in the reference frame of the moving beam
can be calculated. Figure 3a shows the temperature distribu-
1200 \"‘,'E =—w1=1.75um 1200k =—w1=1.75um
S D= ==w2=4.0pum v = ==w2=4.0pum
LS Dl w3=6.6um v saees W3 = 6.6 um
L TR s
* 1000 Vo - * 1000}’ :
g E‘\ ) 2 %
= e, =
© 800 Y s S 800 FIGURE 3 (a) Temperature rise as
8_ : “ A 8_ a function of distance from the centre
€ . ‘., £ of the beam along the crystal sur-
& 600 A ‘oo & 600 face for writing parameters of w =
oe ot . 1.75 um, P =16.8 mW (solid line),
. Vel b T, w=40pm, P =38mW (dashed
400 h * ~—-. ) 400 line), w= 6.6 um, P =62.5 mw (dot-
: . : = . ted line). (b) Temperature rise as
1 > a function of depth under the centre of
wi Y"2 w3 w W w3 the beam for the same writing param-
a Distance / um b Depth / um eters as in (a)
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tion along X axis for three different sets of spot size and laser
power. Figure 3b shows the temperature distribution along the
Z axis for the same parameters. The combinations of spot
size and laser power were chosen to produce the same peak
temperature. Figure 3 shows that in all cases the temperature
changes are highly localised to the beam spot with the distri-
butions dropping to around one third of the peak temperature
rise in the direction parallel to the surface, and around one
fifth in the direction normal to the surface, by a distance of
one beam radius. The difference in character of the distribu-
tions in the two directions can be seen clearly in Fig. 4 which
shows the temperature distributions along the X and Z axes.
The temperature gradient in the Z direction is much greater
than those parallel to the surface (X or Y) due to the fast decay
of the z component of the heat source in (4). The localisa-
tion of the temperature changes to length scales of order w
shows that the crystal is experiencing extremely steep spatial
temperature gradients, with temperatures varying by nearly
1000 K in a distance of around 10 pm.

Figure 5 shows the variation of the temperature distribu-
tion along the Z axis with incident laser power for a fixed spot
size. It is seen that while the spatial extent of the temperature
changes does not vary greatly with incident power; the peak

1400

= Crystal Depth (Zxw)
= = = Crystal Surface (Yxw)

12004 *

Y
o
o
(=]

Temperature / K
(2] o)
o o
o o

~
o
[=]

200
0 2 4 6 8 10

Distance / um

FIGURE 4 Temperature rise with depth (solid line) and along the surface
(dashed line) in the moving frame of the beam for w = 3.25 pm, P = 30 mW

1400 u
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== p=15mW
12000, smae p = 30MW
1
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f 1000} &
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3 kY
© 800
g "
A
qE> 600k Yoy
= . .
‘\ .~'~
Sa ..'~.
400&'- S bl L T
200 .
0 2 4 6 8 10
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FIGURE 5 Temperature rise as a function of depth. w =3.25um, P =
7.5mW, 15 mW, 30 mW

temperature increases significantly hence the corresponding
temperature gradients increase also. The temperature gradient
in the Z direction at the point (X, ¥, Z) = (0, 0, 0) varies non-
linearly with power as shown in Fig. 6. This can be understood
with reference to Fig. 2 which shows the thermal diffusivity
of LiNbO3 as a function of temperature. As the power, and
hence temperature, increases the thermal diffusivity decreases
leading to a confinement of heat in the hotter regions of the
crystal.

The flow of lithium ions in the crystal will be due to
the spatial temperature distribution induced by the scanning
laser beam. The shape of the temperature distribution has
been shown to be independent of the scan speed, whether the
beam is static in the reference frame of the crystal or mov-
ing at a velocity. However, the extent to which a diffusive
flow can change the lithium concentration at a point in the
crystal depends on the dwell time of the beam at that point
and hence the temporal temperature distribution. The tempo-
ral temperature distributions at the point (x, y, z) = (0, 0, 0)
at the extremes of scan speed in Table 1 are shown in Fig. 7.
Even though the velocity is unimportant in the heat flow
problem it will clearly be important for the lithium diffusion
problem.

600

100

5 10 15 20 25 30
Power / mW

FIGURE 6 Temperature gradient in the Z direction at the point (X, Y, Z) =
(0, 0, 0) as a function of laser power. w = 3.25 pm

1200f ) s [--
1100 r )T v=12mms”
1000
900
800 '
700 ' '
600 J %
500 ’ .

Temperature / K

400 L ~a
e T
-10 -5 0 5 10
Time / ms

FIGURE 7 Temporal temperature distributions of the point (x,y,z) =
(0, 0, 0) at the extremes of scan speed in Table 1, w = 3.25 pm, P =30 mW,
v=083mms~!, 12mms~!
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2.3 Numerical modelling with finite differences

An analytical solution to the heat equation can give
directly the temperature at any arbitrary point, but suffers
from the assumptions required to make a set of equations an-
alytically solvable. In the case of the model of Sect. 2.1, it was
required to assume that both the density and specific heat were
constant with respect to temperature, that the thermal diffu-
sivity function was of a form that integrated to give a linear
one to one function between the temperature variables 7' and
©® and that the scan speed was negligibly small. Using finite
difference techniques to solve the heat equation does not im-
pose any such limitations onto these parameters, and as such
the full temperature dependent problem can be solved and the
temperature dependence of each parameter can take any form
required [15]. However, finite difference techniques cannot
give directly a value at any arbitrary point but require that we
solve for an entire lattice with the restriction that the condi-
tions at the boundaries are known in advance. This limits the
resolution of the obtainable distributions since the demands
placed upon the computer time and memory, for three dimen-
sional problems, scale with the cube of the linear density of
points in the lattice. The analytical model does not have this
restriction and so the two methods can be considered comple-
mentary and can be used together to give a clearer understand-
ing of the laser heating process, where the finite difference
model can give a full non-linear solution at a restricted reso-
lution and the analytical model can give temperatures directly
at arbitrary points.

The finite difference model retains the assumption of neg-
ligible v and uses initially the thermal diffusivity function of
(15) and constant oC, as were used in the analytical model.
The temperature distribution along the Z axis obtained using
both the finite difference and analytical models is shown in
Fig. 8. The limitation of the finite difference model to include
only effects whose spatial extent is greater than the model
step size contributes to disagreement of the surface tempera-
ture since the optical absorption that takes place on a scale of
around 0.01 w appears as a delta function.

The finite difference method can accommodate any form
of temperature dependence in the material parameters and so

1400

= = = Finite Difference
== Analytical
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Temperature / K
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0 1 2 3 4

z
FIGURE 8 Comparison of temperature rise at X = Y = 0 as a function of Z

position (Z = z/w) obtained using analytical and numerical finite difference
methods. P =30mW, w =3.25 um
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FIGURE 9 Comparison of temperature rise at X = ¥ = 0 as a function of Z
position (Z = z/w) obtained using analytical and numerical finite difference
methods. Finite difference model includes preferred function for thermal dif-
fusivity and temperature dependent heat capacity. P =30 mW, w = 3.25 pm

the effect of the constant oC, assumption and the choice of
empirical fit for D(T') can be investigated.

A function that gives a better fit to the experimental ther-
mal diffusivity data of [11] but cannot be used in the analytical
model is a decreasing exponential of the form

D=Dy+ae™ T, a7

where Dy =5.397 x 107" m?s™!, a =4.639 x 1079 m2s!
and b =5.748 x 103 K~!. Figure 9 shows the temperature
distributions obtained using the analytical model with the ori-
ginal form for D and the finite difference model with the above
temperature dependence for D and the temperature depen-
dence of C, given by a fit of data in [2] of the Einstein model
for heat capacity. o is known to vary little in comparison to
C, [2] and so the variation of oC, is assumed to be due to C,
only. It can be seen that although the increased heat capacity at
high temperatures has lowered the distribution the difference
is small and so the approximation in the analytical model of
constant oC, and (15) as an empirical fit for D are satisfactory.

3 Lithium ion movement

The governing equations of the thermal diffusion
of lithium ions in LiNbO3 are derived under the assumptions
that there is no electrostatic interaction between diffusing
species and the vacancy density is constant. The equations
are solved using finite difference methods and the temperature
distributions obtained in Sect. 2 to give the lithium concen-
tration distribution in the y, z plane of the crystal after the
passage of the beam. The resultant lithium concentration dis-
tribution is converted to a refractive index distribution through
the use of the Sellmeier equations for LiNbO3. The light guid-
ance properties of the refractive index distributions are then
modelled using a commercial waveguide modelling package
for comparison with [5]. The lifetime of the lithium concen-
tration distributions at room temperature are investigated and
compared with the lifetimes of the experimental waveguides.

The refractive index of LiNbO3 is dependent upon the con-
centration of lithium present [6] and waveguides have been
produced through the out-diffusion at high temperatures of
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FIGURE 10 Schematic for diffusive flow between sites 1 and 2. Jp is the net
flow from site 1 to 2 and Jj; is the flow from site i to site j. The two sites are
separated by the discrete jump distance a

lithium from the surface of LiNbO; [7]. However this requires
durations of hours at temperatures near the melting point and
so is inadequate for situations when heating is only observed
for milliseconds. In [7] the temperature was uniform through-
out the volume of the LiNbOj3 crystal and so no temperature
gradients were present but the heating process in [5] has been
seen in Sect. 2 to produce very steep temperature gradients
and it is proposed that the waveguides observed in [5] were
due to the thermal diffusion within the crystal of lithium away
from the irradiated regions, driven by the steep temperature
gradients.

3.1 Model derivation

It is assumed that the ionic diffusivity is isotropic
in uniform temperature fields and that concentration changes
are small such that vacancies are always present for diffusing
species to occupy.

Two sites separated by a distance a as shown in Fig. 10 are
considered. There are n; particles at site 1 and n, particles at
site 2. The quantity r is defined to be a rate function that cor-
responds the average number of times a particle jumps in any
direction in unit time and is dependent upon temperature. In
one dimension, the flux of particles from site 1 to site 2, and
site 2 to site 1 are given by Jj» and J» respectively where

1
le=6"1"1 (18)
and

1
Joy = —rny. (19)

6
The net flux between sites 1 and 2 is then

1
JD=J12_J21=_6("2”2_"1”1) . (20)
In terms of concentrations
2 _

Jpy=—= (r2ca —ric1) ’ @1

6 a
where ¢ and ¢ are the concentration of particles at site 1 and
2 respectively. Taking the limitas a — 0
a? d(rc)
6 ox

Jp= (22)

where c is the concentration which will be dependent upon
position. The rate of change of concentration is then derived

by using (22) to balance the fluxes through the faces of a dif-
ferential volume in cartesian space. The resulting diffusion
equation in the reference frame of the crystal is then

dc a?
—=—V(ro). 23
ryiirs (ro) (23)
The temperature dependent expression for r is
0
= - 24
r =roexp < ko T (24)

where Q is the activation energy or the energy required for
the ion to leave its present position and r is the attempt rate.
Q and ry were found tobe 0.75 eV and 5.024 x 10° s~! respec-
tively as determined by nuclear magnetic resonance measure-
ments [14].

3.2 Numerical simulation

Finite difference techniques have been used to
solve (23) with the boundary condition that no concentration
change occurs at the edge of the temperature distributions. In
the crystal rest frame the temperature distribution and, hence,
r are time dependent since the beam is moving. This presents
atime dependent three dimensional problem.

The boundary conditions at |x|, |y| and z > 0 are that the
concentration should smoothly go to the background value.
The boundary at z = 0 however is a sharp boundary and the
behaviour here is very different to that in the bulk.

The boundary condition at z = 0 is that there is no flux of
lithium through the surface. There is, of course, no flux into
the crystal from the air, and it is assumed that there is no out-
diffusion.

The time scale for the diffusive motion is determined by
the dwell time of the beam which is given approximately by

At=—.
v

(25)

This gives a corresponding characteristic diffusive distance of

A—Jﬁlt
= 6 .

If a is taken to be the lithium-lithium distance of 0.38 nm [14]
and r taken to be (1000 K), w = 3.25 pmand v = 0.83 mms !
Az =28 nm. At this length scale the variation of rc is small
everywhere except in the z direction at z = 0 therefore, from
(22) the net flow of lithium will essentially only be away from
the surface in the z direction across the length Az. The one
dimensional diffusion equation is then

(26)

dc a® 82(rc)

— == 27
o 6 972 @D
This is approximated by finite differences as

1 —
G =d __ Snp = i 28)

S8t 8z
where

a* (ro)f,, — (ro)?

21 = D a— 29)
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where the superscript n and subscript i refer to temporal and
spatial steps respectively. It follows naturally from the deriva-
tion of the diffusive flux to take single forward difference
approximations in the z direction. The second derivative of
(27) is taken explicitly as two first order derivatives to include
the crystal surface boundary condition in terms of a particle
flux.

33 Results and discussion

Using the model described in the previous section,
we calculated the lithium concentration distribution in the y, z
plane after the passage of the writing beam. Figure 11 shows
the lithium concentration distribution along the z axis for writ-
ing parameters w = 3.25 um, v = 0.83 mm sl P=30mW
(solid line). The background lithium concentration in LiNbO3
has been normalised to unity for clarity of numbers. The
lithium dependent refractive index calculated using the Sell-
meier equations for LINbO3 [6] is also shown (dashed line in
the same plot). It can be seen that there is indeed a region of
decreased lithium concentration near the surface of the crystal
and also that there is an increase in the lithium concentration at
a depth of around 0.03 w. The model predicts that the lithium
ions do indeed move due to the temperature gradient however
the concentration change distribution has a far smaller spatial
extent than the corresponding temperature distribution.
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FIGURE 11 Resultant lithium concentration distribution and index distribu-
tion along z in the enter of the written channel. P =30 mW, w = 3.25 um,
v=0.83mms~!
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FIGURE 12 Resultant lithium concentration distribution and index distri-

bution along y on the surface of the crystal. P =30mW, w = 3.25 um,
v=0.83mms~!

Figure 12 shows the lithium concentration distribution
in the line along the surface of the crystal. It can be seen
again that the dimensions of the concentration distribution are
smaller than those of the temperature distribution. In the y
direction, however, the difference between the width of the
temperature distribution and lithium concentration distribu-
tion is less that that in the z direction due gradients in r.

It is possible to include in the finite difference approxima-
tion the effects of diffusion in a direction other than z. This
has been done for diffusion in the y direction and the correc-
tion to the one dimensional case for the same beam parameters
as above is shown in Fig. 13. The form of the distribution
is, as one would expect, showing movement of lithium from
the hot central region to the cooler edges of the beam path.
However, it can be seen that the magnitude of the concentra-
tion change caused only by diffusion along y is roughly 100
smaller than that caused by diffusion along the z dimension,
representing a maximum correction of only around 1% thus
validating the assumption that the diffusive flow is essentially
one-dimensional.

The finite difference model can also be used to predict the
long-term behaviour of the lithium concentration distributions
by simulating their subsequent concentration gradient driven
diffusion at room temperature following the writing process.
The decay of the concentration distribution is shown in Fig. 14
where it can be seen that these distributions are not permanent
and will decay on a time scale of months. This is also seen
experimentally with the physical guides which gives added
strength to the proposition that lithium diffusion is responsible
for the index changes seen in [5].

Both Figs. 11 and 12 show the correct refractive index
structure for optical guiding: a high-index core region sur-
rounded by a lower index cladding region. Whether these
refractive index distributions could support waveguide modes
depends on both the magnitude of the refractive index dif-
ference between the two regions and the physical size of the
high refractive index core region. The refractive index dis-
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FIGURE 13 Correction to the concentration distribution of Fig. 12 due

to the inclusion of flow in the y direction. P =30mW, w = 3.25 um,
v=0.83mms"!
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tributions predicted by the model were inserted into Selene
Pro [16], a commercial beam propagation package, but were
found however insufficient to support waveguide modes cor-
responding to those seen in [5]. For comparison it was found
that a slab guide with a step index configuration of the min-
imum and maximum indexes of those seen from the model
would require a depth of at least twice that produced by the
model to support waveguide modes.

There are, however, many significant physical processes
that could be occurring but are not included in the present
model. If charge neutrality is not conserved locally a space
charge field would be created in the lithium deficient region
that could act upon the refractive index through the electro-
optic effect. Another possible effect is photo-bleaching dur-
ing the writing process that would dynamically increase the
absorption depth across the beam spot. This would have
the effect of pushing the active diffusion region further into
the crystal hence increasing the depth of the index change
structure.

From this point of view a factor of two in the difference
in depth between a guiding and non-guiding structure is not
strong enough to rule out thermally driven lithium movement
as being the principle cause for the waveguides seen in [5]
particularly as the structure lifetime is similar to that of the
experimental waveguides.

4 Conclusions

Modelling of the formation of the UV direct-write
waveguides in LiNbOj3 observed in [5] through thermal dif-
fusion of lithium has been carried out. Heat flow modelling

has been performed using both analytical and numerical tech-
niques for heating LiNbO3 with a scanning UV laser beam.
The temperature dependence of the thermal diffusivity has
been included in the analytical model and the numerical finite
difference model has shown that the assumption of constant
specific heat represents only a small correction. A model for
thermal-diffusion in steep temperature gradients has been de-
rived and applied to lithium ions in LiINbO3 using the tempera-
ture distributions obtained in the heat flow model. It was seen
that significant diffusive flow occurred in only a thin layer
at the crystal surface directly into the crystal. The resultant
lithium concentration profile was converted into a refractive
index profile using the Sellmeier equations for LINbO3 but at
this stage were seen not to support waveguide modes. The de-
cay of the lithium concentration profile through normal Fick-
ian diffusion was investigated and was seen to agree well with
the lifetimes of the experimental guides.

Our results lead us to believe that the thermal diffusion of
lithium ions is a primary cause for the waveguides observed
in [5]. However the models do not yet include explicitly the
charge coupling effects during lithium diffusion or the effect
of a possible non-uniform charge distribution on the crystal
after illumination. Work is currently in progress to address
these omissions, and it is hoped that these will help produce
amodel which is in consistent agreement with experiment and
that could then be used to gain a better understanding of the
mechanism with an aim toward determining a process with
which to fix the physical waveguides and tune their properties.
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Ultraviolet laser-induced submicron spatially resolved superhydrophilicity
on single crystal lithium niobate surfaces
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Lithium niobate crystal surfaces become superhydrophilic after ultraviolet laser irradiation. The
crystal surface hydrophilicity, which was assessed by the contact angle of a sessile drop of
de-ionized water, was found to undergo a transition from mildly hydrophobic (contact angle 6
~350°) to a superhydrophilic state (#;<<5°). Patterning of the hydrophilicity at the micron and
submicron ranges has been achieved by spatially modulating the illuminating laser beam. © 2007
American Institute of Physics. [DOI: 10.1063/1.2734539]

I. INTRODUCTION

Lithium niobate (LN) is a material that has found many
uses in the optoelectronics industry due to its large electro-
optic, acousto-optic, and nonlinear coefficients. In the devel-
opment of devices which exploit these properties the wetta-
bility of the surface is often of great importance either during
fabrication'” or as an integral property of the final device.?
Currently the wetting properties of LN surfaces are altered
through the functionalization of the surface with solutions
such as NH,OH+H,0,+H,0 (Ref. 1) or by depositing
monolayers such as octadecyltrichlorosilane.3 Structuring of
these coatings is currently achieved through the multiple pro-
cessing steps of photolithography that may disrupt or further
complicate the construction of other device components.

In this paper we show that it is possible to achieve a
change of the inherent wetting properties of the crystal sur-
face simply by exposing to ultraviolet (UV) irradiation at
photon energies exceeding the band gap of the material. It is
also shown that the change in wetting behavior can be spa-
tially resolved down to the submicron scale.

Il. SESSILE DROP INVESTGATION
A. Experimental details

Experiments characterizing the hydrophilicity change
using sessile water drops have been carried out using a range
of different lasers [with wavelengths (\) of 244, 248, and
266 nm] which were either pulsed, with pulse durations
ranging from 130 fs to 20 ns, or continuous wave. Ultrafast
laser exposures were carried out at A=266 nm using the third
harmonic of a Coherent Mira oscillator—Legend amplifier
system. The laser beam (pulse duration of 130 fs, repetition
rate of 1 kHz) was expanded to give an energy fluence of
0.045 mJ cm™ per pulse. Nanosecond laser exposures were
carried out at A=266 nm (Nd:YVO, laser, 20 ns pulse du-
ration, 20 Hz repetition rate) and A=248 nm (KrF laser,
pulse duration of 20 ns, repetition rate of 10 Hz). The \
=266 nm beam was expanded to give an energy fluence of
2 mJ cm™2 per pulse and the A=248 nm beam was truncated

¥ Author to whom correspondence should be addressed; electronic mail:
acm@orc.soton.ac.uk

0021-8979/2007/101(10)/104916/5/$23.00

101, 104916-1

by a 6 X 6 mm?, square aperture to give an energy fluence at
the sample of 40 mJ cm™2 per pulse. The exposures using the
femtosecond and nanosecond lasers were carried out at am-
bient laboratory conditions.

The continuous wave exposures were carried out at A
=244 nm using a frequency doubled argon ion laser, and the
slightly elliptical beam provided by the laser was expanded
to give a spot with a major axis of 12 mm and minor axis of
10 mm. Exposures were carried out over a range of incident
powers from 10 to 60 mW in an environmental chamber
which provides a controlled environment of pressure, tem-
perature, and atmosphere. Large glass windows enabled op-
tical monitoring of the surface for the contact angle measure-
ments. The UV illumination of the samples was performed
through a fused silica window and the exposure time was
controlled by a computer controlled shutter. After UV expo-
sure a 0.5 ul drop of de-ionized (DI) water was immediately
placed on the surface and the drop profile was imaged and
captured using a charge coupled device (CCD) camera. The
contact angle was measured using an image analysis
software.*

B. Results and discussion

Figure 1 shows the effect of UV irradiation upon the
contact angle of a sessile drop and defines the contact angle
0 as the angle between the substrate surface and the tangent
to the drop profile at the line where the solid, liquid, and
vapor phases meet. The upper picture [Fig. 1(a)] shows a
drop of DI water on an unilluminated surface and the lower

|

i
l

FIG. 1. Effect of the contact angle (6;) of a DI water sessile drop on LN
after exposure to UV light. (A) shows the contact angle of a drop on an
unilluminated surface. (B) shows a drop that has wetted the LN surface after
exposure to UV light.

© 2007 American Institute of Physics
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FIG. 2. Change in water contact angle with increasing 244 nm exposure
time for powers incident at the chamber of 10, 20, and 60 mW. Inset shows
an expanded view of the initial minute. Lines are added to guide the eye.

picture [Fig. 1(b)] shows a drop of the same volume on a
preilluminated surface. After sufficient illumination, the con-
tact angle of the drop decreases to a superhydrophilic state
(#z<<5°) and the surface approaches complete wetting (65
=0°).

All lasers used were seen to produce a change in the
hydrophilicity. The A=244 nm laser was chosen for the bulk
of the investigation because of the superior quality of its
beam profile. Exposures were carried out on both the posi-
tive and negative z faces but no significant difference in their
behavior was found.

Figure 2 shows the variation of the water contact angle
on the positive z face as a function of exposure time with
N=244 nm exposure, for powers (measured before the fused
silica window of the chamber) of 10 mW (open circle),
20 mW (filled circle), and 60 mW (triangle). The exposures
were carried out at a temperature 7=27 °C and relative hu-
midity of 55%. It can be seen from the figure that the contact
angle change is not a linear function of the total exposure,
i.e., the integrated number of photons arriving at the surface,
since doubling the incident power does not simply halve the
time required to reach a given contact angle. Rather it is seen
that the change is a function of both the total exposure and
the incident intensity with higher intensities giving a greater
change for equivalent exposure.

The contact angle of olive oil was also measured before
and after UV exposure; however, the surface was not seen to
become oleophillic since no change in the contact angle was
seen even after an exposure of 30 mW for 10 min. Prior to
application the drop was strongly pulled toward the sample
due to the photoinduced surface charging; however, upon
contacting the surface no significant change in contact angle
was seen.

The atmosphere was observed to have a pronounced ef-
fect upon the hydrophilicity change. It was found that when
illuminating with the chamber having been evacuated to a
pressure of less than 2 mbars, no significant change to the
contact angle was seen even for long exposures (15 min) at

J. Appl. Phys. 101, 104916 (2007)
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FIG. 3. Change in the parameter a(RH), which describes the strength of the
contact angle change, with relative humidity for exposures on the positive z
face. Errors are calculated from an error in 6 of +2.8° (P=45 mW).

45 mW. It was seen particularly that the presence of water
during the exposure was important. The relative humidity at
constant temperature was lowered within the chamber by
purging with dry nitrogen or increased by bubbling air
through de-ionized water and measured with a thermohy-
grometer. The ambient relative humidity in the lab was 38%.
The samples were then illuminated under the desired humid-
ity and then returned to atmospheric conditions for the con-
tact angle measurement. As the humidity was increased the
change in contact angle was greater for the same exposure.
To keep the contact angle large enough to be measureable the
exposure time was decresed as the humidity increased. This
means that the change in the contact angle needs to be nor-
malized in some way for analysis. Young’s equation relates
the surface energies at the solid-liquid and solid-vapor inter-
faces to the contact angle of the three phase system as

Yio €08(0E) = Yo — Ysis W

where v is the interfacial energy and the subscripts lv, sv,
and s/ correspond to the liquid-vapor, solid-vapor, and solid-
liquid interfaces, respectively. Since v, is a property of the
liquid a change in the contact angle will come about only
from a change in (7y,,— 7). If it can be assumed that the rate
of change of this quantity with UV exposure time is constant
within our experimental conditions then so too will be
cos(fg) such that

d cos(6g) B
—u - a(RH), (2)

where a is dependent upon the relative humidity (RH) and

describes the strength of the contact angle change. This leads

to

cos(g) — cos[ O(t=0)]
; ,

a(RH) =

3)

where 0(r=0) is the contact angle of unexposed lithium
niobate and 7 is the exposure time. Figure 3 shows the varia-
tion of the parameter a(RH) with relative humidity for expo-
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FIG. 4. Recovery of the contact angle with time after exposure of 45 mW
for 60 s.

sures on the positive z face. The error was calculated from
the standard deviation (o) of repeated readings of the contact
angle on cleaned unexposed samples, yielding a value of o
=2.8°. It can be seen in the figure that there is a linear trend;
the change in surface energy being proportional to the num-
ber of water molecules present in the atmosphere. The con-
tinuation of the trend beyond the ambient humidity, when
nitrogen purging was no longer required, indicates that the
decrease in UV sensitivity with lowering humidity is indeed
due to a reduction in atmospheric water and not due to the
displacement of other species by the nitrogen. The value at
95% RH may be reduced due to condensation present upon
the sample surface.

In order to study the recovery of the contact angle after
exposure a number of samples were exposed at 45 mW for
60 s and then stored individually in polypropelene tubs in the
dark. Figure 4 shows that the recovery to the initial contact
angle takes around 20 days and that the recovery is not a
linear function of time but proceeds at a continuously de-
creasing rate. If the surface energy change is due to the ad-
sorption of water molecules on the crystal surface, as the
humidity dependence suggests, and the thermal desorption of
these molecules is a random process with constant probabil-
ity, then the decay of the surface energy as measured by the
cosine of the contact angle should be well modeled by an
exponential decay. The decay of the cosine of the contact
angle is shown in Fig. 5 with the best fit of the form y=y,
+a exp(—t/7). The curve fits reasonably well and gives a
value of y;=0.62 corresponding to a final contact angle of
51.6° which is well within the range of measured unexposed
contact angles. The other fit parameters are ¢=0.37 and 7
=2 days.

From the observed dependence on humidity of the con-
tact angle change after UV exposure it is proposed that the
enhanced hydrophilicity is due to dissociative adsorption of
atmospheric water onto photoinduced defects creating (hy-
drophilic) surface hydroxyl groups. The band gap of LN is
determined primarily by the properties of the NbOg octahe-
dra since the upper level of the valence band is formed by the
oxygen electron 2p states while the lower level of the con-

J. Appl. Phys. 101, 104916 (2007)
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FIG. 5. Decay of the cosine of the contact angle with time after exposure of
45 mW for 60 s. Errors are calculated from an error in 6 of £2.8°.

duction band is formed by the d orbitals of the niobium jon.®

The primary reaction with photons of energy approximately
that of the band gap will thus be to create an electron-hole
pair bound to a niobium and oxygen ion, respectively. The
dissociative adsorption will then proceed as follows:’

Nb>* + 0%~ + H,0 — Nb*OH + O"H. 4)

The reaction above is similar to that proposed for the UV
induced hydrophilicity of TiO, (Refs. 7 and 8) and ZnO
(Ref. 9) by Watanabe and co-workers. Indeed the band struc-
ture of LN is similar to the band structure of TiO, since the
main building blocks of each crystal are the BOg oxygen
octahedra with the band gap of TiO, being formed by O 2p
orbitals and Ti 3d orbitals and so one may expect the behav-
ior to be similar for hv>E, exposure. This simple hypoth-
esis is, however, shown to be false in Ref. 10, where it is
shown that SrTiO; has no UV induced hydrophilic conver-
sion despite being an ABOj; oxygen-octahedral dielectric
such as LN and having again the similar band structure to
both LN and TiO,. One difference between SrTiO5 and LN,
however, is the stacking of the BOg octahedra; SrTiO; is a
perovskite-type dielectric that contains corner-sharing oxy-
gen octahedra whereas the LN oxygen octahedra are face
sharing. The octahedra in TiO, are also face sharing and so
this may be another requirement for the hydrophilic conver-
sion process. In Ref. 11, the origin of the UV induced hydro-
philic conversion in TiO, proposed by Watanabe and co-
workers is disputed and attributed solely to the
photocatalytic decomposition of organic contaminants which
exposes the inherently hydrophilic TiO, surface. Although
LN also shows a high photocatalytic activity under UV
irradiation,'” our results concerning the humidity dependence
of the contact angle change and the fact that no change oc-
curs under vacuum do not support this hypothesis since we
see no reason why the photocatalytic decomposition would
not occur under these conditions also. In comparison to the
hydrophilic conversion in TiO, we find that the contact angle
change in LN proceeds at a greater rate at the intensities used
in this investigation. In Ref. 9, the contact angle change from

Downloaded 26 Mar 2008 to 152.78.202.249. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp




104916-4 Muir, Mailis, and Eason

the initial angle of 54° to an angle of 10° is seen to take
around 5 min for a UV intensity of 50 mWcm™ (A
=365 nm) whereas we see in Fig. 2 that for an exposure of
around 20 mW c¢cm™2 the change from 55° to 10° is made in
just 30 s. In Ref. 11, the change from the initial contact angle
(80°) to 15° is seen to take around 18 min for a UV exposure
of 13.6 mWcm™ (A=254 nm) with an initial slope of
4° min~!, whereas in Fig. 2 we see that for an intensity of
around 10 mW cm™ the change from 55° to 15° takes
around 10 min with an initial slope (#<<200 s) of around
13° min".

Having investigated the behavior of the UV induced hy-
drophilicity in LN spatial structuring of the surface hydro-
philicity, and thus wetting properties was also investigated
for possible application in microfluidic devices and sensors.

lll. HYDROPHILIC SPATIAL PATTERNING
A. Experimental details

Patterning on the micron scale was achieved by the use
of transmission electron microscopy (TEM) hexagonal grids
as absorption masks. The grids had hexagonal openings with
a diameter of 40 um (between parallel sides) at a periodicity
of 60 um. The grid was attached to the surface of the sample
which was subsequently illuminated under ambient condi-
tions with A=244 nm light.

Patterning at the submicron scale was achieved either
through exposure with an interference pattern of two over-
lapping beams from the A=266 nm Nd:YVO, laser or by
using a phase mask.

Exposures using phase masks were carried out with both
the Nd:YVO, (A=266nm) pulsed source and the A
=244 nm cw source. The phase mask exposures were per-
formed under the same conditions used in the sessile drop
experiments. The phase mask used for the A=244 nm expo-
sures had a period of 1136 nm and the masks used for the
A=266 nm exposures had a period of 1076 nm. The beams
used in both cases were divergent and as such the principle
modulation of the light intensity pattern at the substrate is
expected to be at the phase mask period and not at half of
this value as would be expected for a collimated beam.

Visualization of the patterning was achieved through the
preferential creation of dew on the exposed areas by cooling
the sample in a stream of humid air and visualizing the dew
pattern directly using a microscope. The existence of struc-
tures was also inferred from diffraction of a He-Ne laser
beam from the grating formed by the dew.

B. Results and discussion

Figure 6 shows an optical microscope image of the con-
densation formed on the +z face after an exposure through
the TEM grid (=244 nm, 45 mW for 2 min). The sample
was cooled by a thermoelectric heat pump to be close to the
dew point temperature. The hexagonal lattice which corre-
sponds to the TEM grid pattern can clearly be seen as water
vapor from the air preferentially condenses onto the exposed
areas. Areas of significant condensation appear darker in the
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FIG. 6. Condensation pattern formed after cooling in a humid atmosphere.
Sample exposed through a TEM grid.

figure while dry areas remain bright. For these exposure con-
ditions the condensation mechanism is seen to be dropwise
rather than filmwise.

Figure 7(a) shows an optical microscopy image of the
preferential condensation of water vapor onto a lithium nio-
bate surface exposed with interfering beams from the
Nd:YVO, laser. The areas where water is condensing appear
dark due to scattering while dry areas appear bright. In this
instance it can be seen that the condensation mechanism ap-
pears to be filmwise as no discernible drop shapes are present
in the condensing areas of the grating pattern. Whether the
condensation proceeds as discreet drops or films depends
upon the hydrophilicity change that has occurred upon the
surface with filmwise condensation occurring for a com-
pletely hydrophilic surface (6;=0). Since the interfering
beams have a Gaussian intensity profile, however, it is pos-
sible to view a wide range of illuminating conditions on the
same illuminated spot. For example, the microscope image
of Fig. 7(b) shows the condensation formed in an area cor-
responding to lower intensity where the surface does not wet
completely and so drops of condensation form. The contrast
of the image has been enhanced for clarity and the preferen-
tial formation of the drops along the lines of the illuminating
interference pattern can be seen clearly.

Diffraction of a He—Ne laser beam (A=633 nm) was also
seen from the submicron structured surfaces due to spatially
resolved condensation. The phase mask illuminations create
interference patterns with periods of 1136 and 1076 nm for
A=244 nm and A=266 nm illumination, respectively, giving
feature sizes of the hydrophilic patterning of 500 nm. The
probe laser beam was incident normally on the sample sur-
face and the diffracted light was measured in transmission.
The angles of the m=1 diffracted order in each case were
found to be 35.4° for the 1076 nm period mask and 33.9° for
the 1136 nm period mask which are within measurement er-
ror of the theoretical values of 36.03 ° and 33.9°, respec-
tively.
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FIG. 7. Condensation patterns formed after an interference pattern exposure:
(A) high fluence region with filmwise condensation and (B) low fluence
region with dropwise condensation.
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We envisage that spatial structuring of the wetting prop-
erties with this simple, one step method will enable the cre-
ation of microfluidic devices by creating fluid confinement
with surface energy barriers, rather than physical barriers
such as ridge structures or channels. Since no physical bar-
riers will be present to scatter either optical or acoustic
waves, device design can have the flexibility to take full
advantage of the many nonlinear optical and acoustic prop-
erties for which lithium niobate has become an indispensible
material and help create true biological and chemical analy-
sis lab-on-a-chip devices.

IV. CONCLUSION

In conclusion, the hydrophilicity of LN has been seen to
undergo a transition from mildly hydrophobic to superhydro-
philic under the influence of UV laser light. The hydrophi-
licity has been shown to be spatially resolvable down to
submicron length scale through structuring of the illuminat-
ing beam. We propose that the hydrophilic change occurs
through the dissociative adsorption of water molecules to
form hydrophilic surface hydroxyl groups and this hypoth-
esis has been strengthened by the observation that no change
to the hydrophilicity occurs in vacuum and that the hydro-
philic change is strongly dependent upon humidity.
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1. Introduction

Lithium niobate (LN) is a ubiquitous material within the optoelectronics industry due to its
large electro-optic, acousto-optic and non linear optical properties [1]. It is a ferroelectric crys-
tal with a spontaneous polarisation caused by the displacement of Li ™ and Nb>* cations along
the crystallographic c axis thus giving rise to 180° anti-parallel domains that can be switched
by the application of a suitable external electric field. It is the orientation of these domains
that determines the crystal response to many stimuli, for example the strain or refractive index
change resulting from an applied electric field, and so precision scale engineering of domains
has become a field of extensive research for application in a large number of areas ranging from
harmonic generation through quasi-phase-matched parametric processes [2], signal modulation
in telecomunications [3] to the creation of single-crystal microstructures by utilising differen-
tial etching [4]. The fabrication of well-defined domain patterns for this range of applications
requires a robust method for domain inversion which can achieve the desired spatial ferroelec-
tric domain distributions even on submicron scales and preferably in a flexible, repeatable and
easy to apply manner.

Conventional domain engineering is achieved through the application of an external electric
field greater than the coercive field of the crystal. The electric field strength is spatially mod-
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ulated by applying a structured layer of photo-resist or metal across one surface to produce
local screening. The electric field contrast provided by the photoresist layer is, however, rela-
tively poor which limits the width of domain structures to greater than a few microns. Also the
conventional method requires multiple fabrication steps and expensive cleanroom facilities.

Recent advances in domain engineering of LN have shown that laser light can be used to
influence the domain reversal process and two methods have been identified; light assisted
poling (LAP) [5, 6] and all optical poling (AOP) [7, 8, 9]. The LAP approach still uses an
external electric field to invert the domains but localised domain reversal is achieved since
the coercive field is lowered in the illuminated regions. The AOP approach creates domain
inversion without an external electric field by illuminating the crystal with high energy laser
pulses. These methods show much promise for domain engineering since the laser light patterns
can be structured down to diffraction limited spot sizes and no photolithography is required.

In this paper we present AOP using focused continuous wave (c.w.) ultra-violet (UV) laser
light and show that all-optical domain inversion is achievable under exposure conditions en-
tirely different to those used in pulsed AOP and without the need for high peak powers of a
pulsed source previously assumed essential. The domain structures created are analysed us-
ing piezoresponse force microscopy (PFM) and by chemical etching followed by both surface
profiling and scanning electron microscopy.

In the following section the experimental methods used to create the domain patterns and
those used to subsequently analyse them are described. In section 3 the experimental results are
presented and analysed and a model of the formation mechanism is proposed whereby a poling
field is produced by the drift of photo-excited charge carriers in the induced pyroelectric field.

2. Experimental method

A UV laser beam of wavelength 244 nm is provided by a frequency-doubled argon ion laser.
The beam is expanded, spatially filtered and collimated before being focused onto a LN sample
by a 40 mm focal length lens. The focused spot has a calculated radius of approximately 1.5 pm,
however, from the size of damage features seen in a photo-resist covered slide we believe the
actual spot radius to be approximately 2.5 um. The LN samples are mounted upon a three
axis computer-controlled stage system (Newport MM?2000). The exposure was also controlled
by a computer-controlled shutter such that the beam was present only when the stage velocity
was constant to ensure uniform exposure along the written lines. The stages were translated to
write lines along both the x and y axes at speeds between 50 to 300 um s ~!. Exposures of the
above conditions were made at incident powers between 20 and 30 mW, which corresponds
to an intensity range of 100 - 150 kW cm ~2. At powers below ~ 20 mW no significant effect
is seen and at powers higher than ~ 30 mW, although the effect is seen, it is accompanied by
excessive surface damage associated with melting of the surface.The samples used were all
500 pm thick, z-cut, optical quality single-crystal wafers. Exposures were carried out on both
the positive and negative z faces of iron-doped (0.1 mol % and 0.01 mol %) and un-doped
crystals and in duplicate such that identical samples could be analysed by PFM and by etching.
Exposures were carried out on the —z face only of titanium in-diffused crystals.

For PEM analysis an atomic force microscope with a conducting tip was used to measure the
piezoresponse of the exposed surface by applying an electric field to the surface with the tip
and measuring the induced strain by the tip deflection. An overview of the principles of PFM
can be found in [10, 11].

Chemical etching in hydrofluoric (HF) acid is a well-established method of domain visual-
isation in LN due to the fact that the negative z face etches readily whilst the positive z face
does not etch at all [12]. Thus if domains are inverted during UV laser irradiation they will
present as either a raised ridge in the case of negative z face exposures or as an etched trench in
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positive z face exposures. A number of un-doped samples were etched at room temperature in
HF acid of 48% aqueous solution for consecutive intervals of 5 minutes, between which they
were imaged with an optical microscope and profiled using a KLA-Tencor stylus profilometer.
After a cumulative etching time of 1 hr these samples were imaged with a scanning electron
microscope (SEM). Other un-doped samples, and both the titanium in-diffused and iron doped
samples, were etched for around 15 minutes only before being imaged with an SEM.

Further exposures were performed on a periodically poled LN (PPLN) sample which was
analysed by PFM as the PPLN structure gave a benchmark against which to compare any UV
laser induced PFM signal.

3. Results and discussion

Figure 1 shows SEM images after etching of exposed areas on the —z face of un-doped congru-
ent LN with scan speeds of 50 and 200 um s ! It is clear to see that the behaviour is strongly
dependent upon exposure conditions with an abrupt qualitative change occurring at the highest
power, splitting the behaviour into two regimes. These two regimes will be referred to as the
high power regime and the low power regime, with the understanding that the terms are relative
to the somewhat narrow power window of the main investigation. As was mentioned earlier,
the effect is seen to occur at higher powers above 30 mW, but is accompanied by undesirable
melting and thermal damage, and is not seen at powers considerably below 20 mW. The width
of the power window is believed to be due to the strong temperature dependence of the effect
and the steep rate of change of temperature with power for these beam parameters as was seen
in [13]. In the high power regime the surface is seen to be smooth and resists etching in the
crystallographic z direction. The surface contains cracks, due to thermal damage, and is deco-
rated with thin lines that extend along the x axes of the crystal. The features in this regime will
be discussed in detail later.

In the low power regime it is seen that etching is also resisted in the exposed regions, resulting
in a raised ridge structure. The upper surface of the ridges is seen to consist of densely packed
discrete features that have dimensions of around 50-100 nm, an example of this is shown in
high magnification in Fig. 2. These features are visible as they resist etching in the vertical
direction whilst the —z face they are embedded within does not. Thus the surrounding material
etches and the topography of the upper surface of the ridge is revealed.

The change in height with cumulative etching time of the ridges, with respect to the unex-
posed background —z face, is shown in Fig. 3. The slope of the curve gives the differential etch
rate between exposed and unexposed regions. In the high power (solid) curve it can be seen that
the gradient is constant and has a value which agrees with the etch rate of virgin LN [12]. As
the power decreases it is seen that the etch resistance lasts for a time dependent upon the power
and scan speed, but this time decreases with with decreasing power or increasing velocity, until
features etch at the same rate as unexposed regions. This may be understood by the mechanism
with which the nano-topography of the upper surface of the ridges is revealed: As the surround-
ing material is etched the sides of these nano-features are revealed to the etchant and they begin
to side-etch. The ease at which etchant can enter between the features and attack the sides will,
of course, depend upon the packing density. When the side etched distance reaches the radius
of the features they will begin to reduce in height and the differential etch rate between the —z
crystal face and the exposed region will reduce. At the point at which the the entire depth of
these nano-features is revealed side-etching will remove them completely and the differential
etch rate will go to zero as the underlying material is revealed. At this point the height of the
ridge is preserved.

The widths of the upper surface of the ridges after 15 mins etching is plotted in Fig. 4 as a
function of scan speed for powers of 29, 27, 26 and 25 mW. It can be seen that the width is
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Fig. 1. Variation with power of the UV laser-induced layer on the —z face. Lines scanned
along the crystallographic y direction. SEM images of structures revealed by HF etching
for 15 minutes. (a-d) Scan speed 50 um s~'. (e-h) Scan speed 200 um s~

strongly dependent upon incident power and only weakly dependent upon the scan speed with
the width increasing with increasing power and decreasing with increasing scan speed. Whilst,
for a particular scan speed, it is seen that width of the upper layer decreases with decreasing
power, the overall width of the ridge left after etching is essentially constant (not shown in Fig.
4). This indicates that this entire width was initially covered in a capping layer of the discrete
features described above, but that either the density and/or depth of the features decreased with
distance from the center of the beam path such that the outer features were removed by the time
the measurements were taken. For higher power exposures the depth and density of features at
the outer edges of the beam will be greater and hence more will remain and the width of the
upper surface will be greater. Figure 4 then shows that the density and depth of the capping
layer vary with power.

In the low power regime, then, an upper layer of discrete features is seen to form that resist
etching in the +z direction but do etch in the perpendicular direction. The depth and density of
the features is seen to depend upon the position within the exposed region and upon the incident
power, with only a weak dependence upon the scan speed.

In the high power regime exposures on the —z face [Fig. 1(a)] are seen to result in an etch
resistant layer of quite different topography as compared to low power exposures. The surface
of the layer is seen to be very flat, smooth, and rigid as compared to the low power regime
where it consisted of discrete features. The edges of the layer are also seen to be sharp and
well-defined. Some cracks are present due to thermal damage and these generally span the
surface without particular alignment to crystal axes. New features are also revealed by etching
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Fig. 2. SEM image of the discrete features seen on the upper surface of the —z face in the
low power regime.
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Fig. 3. Change in feature height above —z face with etch time for different power exposures
at a scan speed of 100 um s~ !. Flat gradient shows no etch resistance. Error bars obtained
as standard deviations of repeated measurements. Insert shows how the height is defined.

that align to the x axes of the crystal and these will be further examined later. Figure 5 shows
an SEM image of a high-power exposure after 1 hr etching where the affected layer can be
seen to extend to a depth of around 1 pm, whilst the total height of the ridge is just over 2 um.
To investigate better the topography of the features the sample was tilted with respect to the
electron beam, about the long axis of the line. The layer is seen to resist etching in the depth
direction completely up to etching times of 1 hr as can be seen in Fig. 3, however Fig. 5 shows
that the upper layer does etch in the vertical direction from underneath as can be seen from the
voids where etchant has been permitted to enter through the thermal cracks. Furthermore it can
be seen from the symmetric shape of the voids that the etch rate of the layer from underneath,
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Fig. 4. Variation in the width of the upper surface of the etched ridges with power and scan
speed. Error bars obtained as standard deviations of repeated measurements.

toward the surface, is very similar to that of the unaffected crystal beneath.

It was stated in section 2 that the etch characteristics of the +z and —z faces are different [12]
and so this fact can be used to determine the ferroelectric polarity. LN also shows anisotropy
in the etch characteristics of the y faces [14] and so this also can be used to determine the
ferroelectric polarity. Although both y faces etch in HF the —y face etches at a greater rate
allowing determination of the direction of the y axes. The etch behaviour of the layer in the y
direction of the crystal when the beam is scanned along the perpendicular x axis can be seen
in Fig. 6, which shows a high-power exposure after 1 hr etching. The image is taken with no
sample tilt. It can clearly be seen that at the top of the figure the layer terminates abruptly whilst
at the bottom of the figure the layer terminates with a slope. This indicates that, at the same time
as the surrounding crystal has etched downwards in the crystallographic z direction, the layer
has etched inwards but only on the lower edge. This asymmetry is not seen when the beam is
scanned along the crystallographic y direction as can be seen in Fig. 1(a).

The distinction between a high and low power regime was seen to be made at the same
incident powers on the +z face of the crystal. In the low power regime +z face exposures
are seen to produce trenches after etching as can be seen in Fig. 7(b). The depths of these
trenches, as measured by stylus profiling, was seen to be proportional to the scan speed with
depth increasing as the scan speed decreases. The measured depths of the trenches reached some
tens of nanometers however the true depth may be greater due to limitations of the profilometer
tip to probe such narrow structures. The behaviour of the +z face in the high power regime is
different. At high powers etching is not seen to occur over the entire exposed area. This can
be seen in Fig. 7(a) that shows an exposure after 1 hr etching. Large cracks [seen horizontally
in Fig. 7(a)] caused by thermal effects can be seen (also visible before etching) however new
features have been revealed that are aligned with the x crystallographic direction (vertically in
the figure).

No difference was seen in the etch behaviour of iron doped samples as compared to un-doped
samples since the same corresponding surface topography was present in both the high and low
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Affected Layer

Underlying Crystal

Fig. 5. SEM image of typical features on the —z face after high power UV exposure revealed
after 1 hr etching. The x axis of the crystal runs horizontally in the figure. Sample tilted at
30° to the electron beam. The areas indicated by annotations form the upstanding ridge
structure and are both in relief of the crystal surface.

y

Fig. 6. SEM image of a high-power exposure after 1 hr etching viewed from directly above.
The polarity of the affected layer is seen through the differential y etching indicating that
the affected layer is of the opposite polarity to the surrounding crystal. Insert shows axes
of the underlying crystal.

power regimes. This suggests that defects with energy levels within the band-gap play little role
and that the effect is dominated by band-band transitions.

Figure 8 shows an SEM image of a —z face exposure, in the high power regime, on a titanium
in-diffused sample after etching in HF acid. It can be seen that the etch behaviour is again
similar to that of the exposures on un-doped LN, with a raised ridge being formed. The cracks
due to thermal damage can again be seen, however, the features that align to the x axes, that
were seen earlier on iron-doped and un-doped LN, are seen with a much lower density. The
quality of the edges is reduced due to remnant titanium on the surface.
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(a) High power (b) Low power

Fig. 7. Typical behaviour of +z exposures in the high and low power regimes. Beams
scanned along the crystallographic x direction.

Fig. 8. Typical behaviour of —z exposures in the high power regime on titanium in-diffused
LN. Beam scanned along the crystallographic y direction.

The etch results of the —z face exposures indicate that the layer formed on the —z face may
be crystalline LN with an inverted ferroelectric domain polarity for the following reasons. A
domain inverted layer on the —z face would present a +z face to the etchant and so would resist
etching in the inward surface normal direction. If the etchant was permitted within or below
this inverted layer it would see in the outward surface normal direction a —z face and would
so etch accordingly, which is what we see. The etchant which is present at the head-to-head
domain boundary between a positive surface domain and an underlying negative bulk domain
would be presented with two negative z faces and so would etch in the directions both away
from and toward the surface, at the same time as etching sideways, and so a void would be
formed. The void would be diamond-shaped in cross-section with opposite vertices on the line
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parallel to the surface indicating the depth of the surface domain. This is seen in Fig. 5 and
gives the approximate depth of the surface domains as ~ 1um. Also, once a domain inverted
layer is revealed by the etching of the surrounding crystal, thus forming a ridge structure, it
would present either y or x faces to the etchant depending upon the scanning direction and
hence geometry of the newly formed ridge. In the case that x faces are presented there would
be no asymmetry of the etching since the x axis of LN does not etch differentially. This is the
behaviour seen in Fig. 1(a). In the case that the y faces of the crystal are presented to the etchant
however an asymmetry is expected since the y axis etches differentially, with the crystal etching
at a far greater rate in the —y direction than in the +y direction [14]. The direction of the y axis
is of course coupled to the direction of the z axis such that when the z axis is inverted the y axis
inverts also [14]. This asymmetry of the etching in the y direction was seen in Fig. 6 which,
through the argument above, identifies the y axis of the ridge structure as pointing upward in
the figure. The direction of the y axis of the underlying and unexposed LN points downward
in the figure. The asymmetries of the etch behaviour thus show that the exposed region is still
crystalline and that the direction of the z and y axes is opposite to that of the virgin crystal.

In the case of illuminations on the +z face the etch results suggest that, at low powers, a
layer of crystal with a depth of a few tens of nanometers may reverse its polarization. When
this occurs a —z face is presented to the etchant which then etches readily, leaving a trench.
The etching would stop at the bottom of the domain inverted layer when again a +z face was
present. At high powers the entire area is not seen to etch which implies that domain inversion
has not taken place across the full beam width.

In the high power regime, on both the +z and —z face, long, narrow, features are formed
within the exposed area that etch in contrast to their surrounding material. These have widths
of around 50-100 nm and are aligned strictly along the crystal x axes. Such aligned features
should not exist in an amorphous material and so further confirms the crystalline nature of the
surface. Due to the symmetry of the crystal structure, LN has three pairs of orthogonal x and y
axes. The particular x axis that the features dominantly align to depends on the scan direction
of the beam. When the beam scans along the y; axis, features are seen to appear along the x»
and x3 axes but are not seen along x|, as shown in figures 9(a),9(c) for both the positive and
negative z faces. When the beam is translated along the x; direction, the features are seen to
align to the x; axis only as seen in figures 9(b),9(d). We believe that these features are formed
by the nucleation of a nanodomain followed by one dimensional growth along the x axis. It
is interesting to note that these features span the cracks formed by thermal damage indicating
that they were formed before the crystal cracked since any effect within the crystal would not
traverse a void. The choice of x axis along which this domain structure will grow will depend
upon the stress fields present, due to the electro-mechanical coupling, and upon the screening
charge distributions [15]. On the +z face this may represent the only poled region in the exposed
area. On the —z face the lines appear as on the the +z face strengthening the hypothesis that the
polarity of the —z exposed regions has inverted and that the line features are caused by a fast
one dimensional domain growth on the 4z face. Self organised domain growth along crystal
axes has been seen in previous AOP studies where the growth was along the y axes and had
much larger feature size and a larger distance of closest approach of around 1.5 um [8, 16].
Structures similar to those seen in this paper have been seen during spontaneous backswitching
during electric field poling where the alignment has been along either the x or y axes with a
feature size of tens of nm [15].

Piezoresponse force microscopy utilises the converse piezoelectric effect to determine the
polarity of ferroelectric domains [10]. An electric field is applied to the sample through a con-
ducting atomic force microscopy tip which limits the depth resolution of the technique since
the field within the crystal extends to approximately three times the radius of curvature of the
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(b) Iron doped +z exposure, scanned along x.

(c) Un-doped —z exposure, scanned along y. (d) Iron doped —z exposure, scanned along x.

Fig. 9. SEM images showing alignment to the x axes of features exposed by etching on the
positive and negative z faces after UV exposure in the high power regime.

tip. In our case this corresponds to a depth of around 100 nm. Any domain features with depth
greater than this will be seen as bulk domains and give the full piezoresponse amplitude contrast
of plus or minus one for positive or negative domains respectively. Domain features with depth
less than 100 nm, however, will give the integrated piezoresponse of the sampling volume. This
makes identification of shallow domains difficult since both shallow inverted domains and re-
gions of non-piezoelectric material can give the same net PFM response. Figure 10 shows the
topography (a) and PFM amplitude (b) of a scanned exposure over a PPLN sample. The PPLN
domains run horizontally over the image whilst the UV scanned lines run vertically. The full

(C) 2008 OSA 18 February 2008/ VVol. 16, No. 4/ OPTICS EXPRESS 2346




(a) Topography (b) PFM Image

Fig. 10. Topography and PFM amplitude of a scanned UV exposure over PPLN. PPLN
domains run horizontally in the images and UV written lines run vertically. In the PFM
image —z domains appear black and -+z domains appear white. UV scans are seen to invert
—z areas of PPLN.

PFM contrast is clearly visible due to the PPLN structure with black areas indicating a —z face
and white areas indicating a +z face. It can be seen that the UV exposed areas show the same
contrast as the +z areas of the PPLN. This indicates that in the areas of the PPLN that had a
—z face, the polarity of the crystal has inverted to a depth greater than the sampling depth of
PFM. Where the beam has passed over +z areas of the PPLN no change in the PFM contrast
is seen implying that no domain reversal has occurred. This agrees well with the results seen
with chemical etching in which a positive domain was seen to be formed on the —z face, and so
resisted etching, whilst no large negative domains were seen to form on the +z face since the
exposed area did not etch. The PFM results thus corroborate the evidence, given previously by
the etch behaviour of the exposed crystals, that inverted domains are formed, in the high power
regime, on the —z face but not on the +z face. The minimum depth of the domain formed is
given by PFM as ~ 100 nm and a greater estimate of the depth, which may be taken as an
upper limit, has been given earlier as ~ 1 um. Although methods exist to measure the depth of
domains, such as side-polishing and etching [15], we do not believe that these are suitable in
this instance due to the presumed shallow depth of the structures and the damage of the edge
which is caused by mechanical polishing.

PFM has also been used to examine the stability of the domains formed by measuring the
piezoresponse of an exposure in the high power regime before and after heating at the crystal
200 °C for four hours. No significant change in the response was seen.

From the results presented above we believe that inverted ferroelectric domains are being
formed during UV illumination. The precise mechanism for domain inversion has yet to be
discovered however we can justify the UV laser induced ferroelectric domain inversion by con-
sidering an electric field formed by the separation of photo excited charges under the following
reasoning.

LN is ferroelectric and so possesses a spontaneous electric polarization P which has asso-
ciated with it an electric depolarisation field Egep. At room temperature the unexposed crystal
is in equilibrium and Egep, is screened by free charges and defects within the crystal [17] which
create a compensation field, Eg.r, with equal magnitude to Eqe, and aligned parallel to Ps. This
is shown schematically in Fig. 11(a). When the UV beam enters the crystal the energy is ab-
sorbed within the upper 50 nm (1/e? intensity absorption depth ~ 30 nm) [18] and is mostly
converted into heat, creating temperature distributions with spatial extents of the order of the
beam width [13]. When the crystal is heated, P and, consequently, Eqep are decreased as the
Li and Nb cations move toward the para-electric positions. E ¢ is very slow to react [17] to
changes in Ps and so a net field is left as Es; now overcompensates Eqep, as shown in Fig.
11(b). At the same time, since the photon energy of the UV beam (5.1 eV) is greater than
the LN band gap (= 4 eV), photo-excitation occurs creating electron-hole pairs. Most will re-
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combine and release their energy as heat. However, a fraction will survive and be free to travel
within the crystal under the influence of both electric fields and concentration gradients. These
photo-excited charges will see the net electric field, E ¢, and will drift under its influence with
holes moving toward the +z face and electrons moving toward the —z face, as shown in Fig.
11(c). It is worth noting here that charges excited between intrinsic energy bands in LN are not
accelerated in the same way as those from defect levels and do not contribute to the bulk pho-
tovoltaic currents [19] as do impurity defects with energies within the band gap. The separated
photo-excited charges will thus create a photo-induced space-charge field, E s ph, anti-parallel
to Eg. If drift were the only driving force a maximum steady state photo-induced field would
be created that was equal to the vector sum of the Eg¢p and Egc; however charges also move by
diffusion under the influence of concentration, and possibly thermal [13], gradients which may
increase the magnitude of the photo-induced field. The field may also be increased by thermal
[20] or photo-induced emission [21] of electrons from the surface. As the beam moves on, the
crystal cools and Pg and, consequently, Egep again increase. Egep and Egr now cancel leaving
the net field in the crystal equal to Ege_ph. If Egc—pp is greater than the coercive field of LN it
is energetically favorable for the spontaneous polarisation to align with the photo-induced field
and the polarisation will be reversed. With reference to Fig. 11(e) domain inversion should oc-
cur only for Egc_pn >Escr such that alignment of Ps with Es._,n would lower the total energy
of the system. This threshold field for inversion is the coercive field of the crystal, E. [17]. In
the model above where Eg; remains constant, with magnitude equal to the room temperature
depolarisation field, the estimate of the coercive field is the magnitude of E g and is given by

Be=— (1)

where € is the permittivity along the z axis. The estimate of the coercive field above evaluates
to 28,235 kV cm ™! using € = 30gy and Py = 0.75 C m~2. This is clearly greater than the
experimentally determined coercive field of 210 kV ecm ~! [17]. However, this overestimate of
the coercive field by orders of magnitude is also found in more rigorous derivations [22] and
the lowering of the coercive field in ferroelectrics from the theoretical value for perfect crystals
has been attributed to charged defects [23] or to mobility of pre-existing domain walls [22].
Regardless of the origin of the reduction in coercive fields it is clear that E¢.,, need not be
greater than Eg; for domain reversal to be achieved and if Es._pn > Ec the P will invert [Fig.
11(®].

This model agrees well with the previously seen dependence of the domain width on speed
and power as was shown in Fig. 4. It was seen that the width of the domain inverted region
had only a weak dependence upon scan speed but a very strong dependence upon power, which
indicates that the effect is not simply a function of exposure. Although the model requires
photo-excited charges, the number density of which will be a function of exposure, the driving
force for charge movement originates from the temperature distribution created by the heating
laser. The temperature distribution has been shown to be independent of scan speed for speeds
below around 20 cm s~ ! [13] and hence independent of exposure. The strong temperature
dependence and the requirement seen to be reasonably near the melting point can be understood
with the model above by considering the steep change of P¢ with temperature near the Curie
point since Pg o< (T, — T) 1/ 2, as shown in reference [17], where T is the curie temperature.

Anisotropy between the behaviour on the two faces is expected under the following reason-
ing. The optical absorption depth is around 30 nm at the writing wavelength and so photo-
excited charges can only be created within this depth. Thus the source of free charges able to
create Eg.pp 18 essentially two dimensional and located at the surface in a plane parallel to the
surface. As can be seen in Fig. 11(c) the field E ¢ in which the photo-excited charges move
is directed parallel to Py regardless of which face is heated. Thus when heating the +z face
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Fig. 11. Schematic of the proposed mechanism for domain inversion. Solid arrows represent
electric field vectors. Other vectors represented by broken arrows for clarity.

photo-excited holes will be trapped at the surface whilst photo-excited electrons will drift into
the bulk of the crystal and, conversely, when the —z face is heated photo-excited holes will
drift into the bulk whilst photo-excited electrons will be trapped at the surface. If the mobilities
of both electrons and holes were equal then the two situations would be similar and the same
Esc—ph would result. However, electron and hole mobilities are in general different with elec-
trons being more mobile than holes with typical semiconductor mobility ratios of 3 (Si) to 23
(GaAs). Thus even from relatively simple consideration an anisotropy between the behaviour
on the two z faces is expected.

In the experimental work and modeling described above, a laser wavelength of 244 nm has
either been used or assumed for the incident light. As previously mentioned this wavelength has
an optical absorption depth of 30 nm [18], which has two pertinent consequences with regard
to the model described above. The first of these is that the length scale of the temperature dis-
tributions created by the beam are given by the beam radius, since the absorption depth is much
less than the beam radius. The second is that the region in which photo-excited charges can be
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created is, of course, limited to the absorption depth. Since the ratio of the absorption depth to
the beam radius is = 80 the source of charges that can create the field E . pp is essentially two
dimensional and located at the surface. The limited depth of the charge source limits the dis-
tance over which charge separation can occur and hence the depth over which E s p, extends.
This then, ultimately, result in a limit to the depth of the domain formed. If a laser wavelength
at which the optical absorption depth within the crystal is greater than the 30 nm optical ab-
sorption depth at A = 244 nm, and that still has a photon energy greater than the band-gap, then
the charge source will become extended in the depth direction and deeper domains may be able
to be formed. The optical absorption coefficient increases rapidly with decreasing wavelength
near A = 244 nm, so increasing the wavelength will increase the depth of the charge source.
The temperature distributions within the crystal, and hence charge driving forces, would remain
unchanged until the absorption depth was of equal magnitude to the beam radius.

The full dynamical behaviour of this nonlinear system is complex and subtle and a full nu-
merical investigation of the charge dynamics under UV illumination is currently underway and
will be presented in a future communication.

In short we believe that domain formation is due to a space-charge field created by the com-
bined effects of photo-excitation of charge and drift within an electric field, caused by the
decrease of spontaneous polarisation at elevated temperatures, and that the different behaviour
of the two faces is due to the difference in mobilities of electrons and holes.

4. Conclusion

In conclusion, we have demonstrated domain inversion in congruent lithium niobate, iron-
doped congruent lithium niobate and titanium in-diffused lithium niobate by a scanning con-
tinuous wave ultra-violet laser operating at a wavelength of 244 nm. The domain structures
obtained have been analysed using piezoresponse force microscopy and by chemical etching in
hydrofluoric acid, followed by surface profiling and scanning electron microscopy. The positive
domains formed on the —z face are also seen to contain self aligned nano-domains of negative
polarity which are aligned along the x axes of the crystal. On the 4z face domain inversion can
be seen at low powers, over the width of the exposed area, by etching. At higher powers domain
inversion is not seen over the entire width of the exposure however aligned nano-domains are
seen within the exposed area. The domains formed on the —z face at high powers have also
been observed by piezoresponse force microscopy. A model is proposed to explain the mech-
anism of domain inversion whereby the domain inversion is obtained through the action of a
space-charge field of photo-excited charges and the differences of behaviour on the positive and
negative faces can be explained by different electron and hole mobilities. We believe that by
varying the illuminating laser wavelength to tune the optical absorption depth to a greater value
the depth of the domains will be increased. Additionally to the numerous technological uses
of directly-written domain structures the demonstration of etched ridge structures on titanium
in-diffused planar waveguides also makes possible the fabrication of strip loaded waveguides
with no photolithography [24].
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Continuous wave ultraviolet laser irradiation at A=244 nm on the +z face of undoped and MgO
doped congruent lithium niobate single crystals has been observed to inhibit ferroelectric domain
inversion. The inhibition occurs directly beneath the illuminated regions, in a depth greater than
100 nm during subsequent electric field poling of the crystal. Domain inhibition was confirmed by
both differential domain etching and piezoresponse force microscopy. This effect allows the
formation of arbitrarily shaped domains in lithium niobate and forms the basis of a high spatial
resolution microstructuring approach when followed by chemical etching. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2884185]

Domain engineering'** of lithium niobate (LN) is a sub-
ject of extensive research and a simple, cheap, and robust
method of fabrication of well-defined periodic domain-
inverted structures on submicron scales is highly desirable.
Spatial domain engineering is used for many optical pro-
cesses in bulk crystals and waveguides and can also allow
for the creation of both freestanding3 and surface relief
structures® through the differential etching characteristics of
the polar z faces of the crystal. If achievable on the submi-
cron scale, surface structuring through differential etching
will allow the implementation of a range of interesting ap-
plications such as tunable photonic crystals, ridge waveguide
lasers, and multifunctional micromachines.

Previous work has shown that ultraviolet (UV) and vis-
ible laser light can either directly invert® or assist the domain
inversion process in LN. In this paper, however, a differ-
ent effect is presented whereby illumination of the +z face
with UV light at A =244 nm (with photon energy greater than
the LN band gap) inhibits domain inversion in illuminated
areas during subsequent electric field poling (EFP). Of major
importance, the inhibited domains are not restricted in their
shape or alignment with the crystal x or y axes, hence, arbi-
trarily shaped domains can be formed. Some initial results of
this effect and its applicability in the creation of micro/nano
structures in LN are presented.

A beam from a frequency-doubled Ar-ion laser was fo-
cused to a spot size of ~2.5 um on the +z or —z face of
either an undoped congruent or 5 mol % MgO-doped LN
crystal. Positioning and exposure control of the crystal was
achieved by a computer-controlled, three-axis stage system
coupled with a mechanical shutter.

For dynamic exposures, sets of parallel lines were drawn
on the z faces of the crystals along the crystallographic x or
y directions by moving the stages at speeds ranging from
0.05 to 0.3 mm s~!. For static exposures, arrays of illumi-
nated spots with identical exposure times, ranging from a
few milliseconds to a few tens of seconds, were formed. The
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separation between the edges of adjacent illuminated spots in
the arrays varied from O to 6 um which permitted us to
verify if any proximity effect existed such as that observed in
pulsed laser direct poling5 where the closest approach ob-
served there was of order ~2 um, irrespective of illuminated
pattern resolution. For both types of exposures, the power
was varied between 20—-28 mW.

A two-beam interference scheme that allowed the forma-
tion of periodic structures over larger areas of the crystal via
single exposures was also investigated. The incident interfer-
ence fringe pattern had a period of 700 nm and extended
over an area of around 2000 um?. As with previous experi-
ments, several different exposure times, ranging from tens of
milliseconds to tens of seconds, and a range of incident pow-
ers were tried.

Each set of illumination conditions was duplicated for
both +z and —z face illuminations, to allow a direct compari-
son of the resultant effects on each of these polar faces. The
samples were then poled using the EFP setup described in
Ref. 6. The voltage was ramped at 2 kV/min to a value of
~10.1 kV, corresponding to an electric field of 20.2 kV/mm
across the 0.5 mm thick sample. This value of the applied
electric field ensures that domain inversion occurs slowly,
which is desirable since the kinetics of the domain wall mo-
tion is seen to influence greatly the shape and quality of the
resultant structures.

Etching of the poled crystal in aqueous HF acid solution
then allows visualization of the formed domain structures
through the different etch rates of the two z faces.'” Piezore-
sponse force microscopy” (PFM) was also used to verify the
domain nature of these structures. Lastly, the samples were
imaged with a scanning electron microscope (SEM).

Figures 1 and 2 show SEM images of the structures pro-
duced by illumination of the single focussed UV beam on the
+z face followed by EFP and etching. The images show
smooth, continuous unetched sections which correspond to
the UV illuminated area of the surface. The etched back-
ground is the newly domain inverted area which presents a
—z face to the acid and hence etches. Further observation of
the SEM images shows that the edges of the structures are

© 2008 American Institute of Physics

Downloaded 26 Mar 2008 to 152.78.202.249. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp




072905-2

Sones et al.

FIG. 1. (a) SEM image of a poling inhibited dot array. Scale bar 20 um. (b)
SEM image of two closely spaced poling inhibited dots.

slightly jagged, possibly due to the Gaussian intensity profile
of the illuminating beam.

Interestingly, exposures on the —z face, done for the pur-
pose of comparison, were not seen to inhibit domain inver-
sion. On the contrary, domain inversion was seen to initiate
in the illuminated regions and was then followed by domain
propagation through the crystal in a random and disorderly
fashion. Hence, all the results discussed in this letter corre-
spond to +z face illuminations that result in domain
inhibition.

Arrays of dots, such as the ones shown in Fig. 1(a),
which are produced by static exposures, can have arbitrary
dot separations and no interaction between dots was ob-
served even when the separation between them was less than
one micron, Fig 1(b). When illuminated areas overlapped,
the regions of inhibited domain inversion merged. This can
be seen on the left hand side of Fig. 1(a), where stage back-
lash distorted the array by reducing the dot spacing. Addi-
tional UV exposure of a specific area was not observed to
produce any further effect. This can be seen in Fig. 2(a)
where a cross-hatched pattern is shown as a result of sequen-
tial line scans along the x and y crystallographic axes. A
higher magnification SEM image that shows the quality of
the overlapped exposure is shown in Fig. 2(b). The sample
was tilted by 45° during the SEM scan which allows the
observation of the quality of the sidewall of the poling inhib-
ited domain. The SEM images shown in Fig. 2 were obtained
after prolonged etching (39 h). As a result, high aspect ratio
structures were produced underlining the potential of this
method for surface microstructuring.

The potential of this technique to form precisely posi-
tioned structures without proximity restrictions demonstrates
the practicality of this technique in the implementation of
devices such as couplers, y junctions, ring microresonators,
and photonic crystals. The width of the area over which in-
hibition occurs is seen to be dependent upon both the inci-
dent power and the dwell time/scanning velocity of the beam
with larger domains formed with longer dwell or lower scan
speeds. This functionality reiterates the capability of this
technique.

The quality of the poling inhibited regions was observed
to be dependant upon the domain wall kinetics during the

FIG. 2. (a) SEM image of poling inhibited hatched lines after 39 h of HF
etching. Sample tilt 45°. (b) High magnification SEM image of a crossing
point in (a).
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FIG. 3. PFM image of poling inhibited dot array. White=+z face,
black=-z face as indicated. White area to left of image is an unpoled bulk
domain.

EFP step. It was seen that when the wall movement was
smooth and reasonably slow, the inhibition process produced
continuous domains. In congruent crystals when the wall
movement can be fast, expanding in a “jerky” manner,"'? the
poling inhibited regions appeared fragmented or did not exist
at all in areas corresponding to fast domain wall motion. In
the M%O doped crystals where EFP is known to be
slower™'* and smoother, the inhibited domains appeared to
be smooth and continuous everywhere.

In order to investigate the stability of the inhibited do-
mains the crystal was thermally annealed for 1 h at 215 °C
after the EFP step of the process. SEM investigation of the
HF etched annealed crystal showed that the poling inhibited
domains survived the brief annealing process without any
significant change apart perhaps from the fact that after an-
nealing there seems to be a slight improvement on the qual-
ity of the edges.

The domain orientation of the inhibited domains was
further investigated by PFM which confirmed the observa-
tions deduced from chemical etching. Figure 3 shows a PFM
image of an area of the crystal that carries a set of static spot
illuminations and has also been partially poled (only a frac-
tion of the area was domain inverted). Full contrast is asso-
ciated with opposite ferroelectric domains where a +z face
appears white (left section of the image) while a —z face
appears black (right larger section of the image). The dots
which appear white in a black background of the PFM image
correspond to the UV exposed areas which have maintained
their original domain orientation (+z) while the surrounding
area has been inverted (—z) and appears black. The depth
sensitivity of the PFM is ~100 nm (Ref. 15) which gives the
lower limit to the depth of the inhibited domains. Prelimi-
nary investigations of the etched y face indicated that the
depth of the domain inhibited area was in the range of
0.5-1 um, however a systematic investigation will be pre-
sented in a future communication.

Interferometric exposures were at much lower laser in-
tensity than single beam exposures due to the larger spot
size. Exposure of the —z face, followed by brief etching in
HEF, resulted in no topographical contrast. Exposure of the +z
face followed by bulk EFP and etching produced a periodic
relief structure which is shown in the SEM image of Fig. 4.

FIG. 4. SEM image of +z face after interferometric exposure, EFP and brief
etching.
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The SEM image shown in Fig. 4 is qualitatively different to
the ones produced at higher intensity. We believe that the
surface relief pattern shown in Fig. 4 as revealed by chemical
etching is a single domain structure which has originated
from a periodic poling inhibited structure. Due to the low
intensities used in this experiment the initial poling inhibited
areas are expected to be very narrow and shallow hence eas-
ily removed by the acid via side etching. However, by using
higher UV laser intensities it should be possible to obtain
deeper periodic domain structures at the highly desired sub-
micron scale.

We believe that the inhibition of the domain reversal is
due to redistributed charges under the crystal surface which
increases the coercive field locally. UV illumination leads to
photoexcitation of charges and heating of the crystal.16 A
pyroelectric field is formed which drives electrons into the
bulk of the crystal and holes toward the surface, producing a
short range dipolar electric field distribution, which increases
the coercive field locally. When a domain nucleates on the —z
face and propagates toward +z face, inversion will not occur
in this region where the coercive field is increased and do-
main propagation will be impeded, leaving a +z surface do-
main island on a —z background. This mechanism has some
similarities to that described by Dierolf and Sandmann’ for
confocal light-assisted poling. However, in our case the driv-
ing field for the electrons is created by local heating of the
crystal and not an external voltage and is opposite in direc-
tion to that of Dierolf and Sandmann,’ leading to domain
inhibition rather than domain inversion. Also, the mechanism
we describe is latent and does not require application of the
external field during illumination as in their case.

As a method of surface structuring UV poling inhibition
followed by etching is simple, inexpensive, and flexible to
implement. The shape/size and the quality of the fabricated
structures is determined by the incident exposure conditions,
in combination with the subsequent EFP parameters and the
annealing steps, respectively. Additionally, as the crystallo-
graphic symmetry is not observed to impose limitations on
the orientations of the created structures, any desired shapes
can be achieved. Also the single domain nature of these
structures provides the necessary requirement for implemen-
tation of efficient nonlinear, piezoelectric, and other domain-
orientation-sensitive devices.

Appl. Phys. Lett. 92, 072905 (2008)

In conclusion, exposure of the +z surface of congruent
LN single crystals via UV laser radiation at A=244 nm is
shown to inhibit domain inversion locally during subsequent
EFP and, hence, results in the creation of UV illumination
controlled two-dimensional surface structures. Domain inhi-
bition was further verified by PFM and differential wet etch-
ing. UV light-induced poling inhibition is attributed to the
redistribution of photoexcited charges in the electric field
created when the laser heats the crystal, thus, producing a
space-charge field which repels the propagating bulk do-
mains during the subsequent EFP step. Finally, this effect, in
conjunction with wet etching, was demonstrated to provide
an easy alternative method for fabricating useful domain and
surface relief structures.

The authors are grateful to the Engineering and Physical
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Introduction

Precision-scale engineering of domains in ferroelectric
lithium niobate crystals is a subject of extensive research
recently due to the numerous applications that this
material has in optical telecommunications, nonlinear
optics and optical sensing. The fabrication of well-defined
periodic domain structures for this range of applications
requires a robust method for ferroelectric domain inversion
which can achieve the desired spatial ferroelectric domain
distributions even on submicron scales. Furthermore, this
method must be flexible, repeatable, and easy to apply.

So far the most popular method for ferroelectric domain
reversal, referred to as E-field poling, involves the
application of an external electric field across the two
opposite z faces of the crystal at room temperature.
Spatially selective ferroelectric domain reversal is achieved
by covering one z face with photolithographically
patterned photoresist or metal which provides the
necessary spatially selective electric field contrast.
However, the electric field contrast provided by the
patterned photoresist is rather poor and consequently
widths of ferroelectric domain produced by this method
are limited to greater than a few microns.

We have directed considerable effort to the end goal of
establishing a simple and reliable domain inversion technique
that can circumvent the limitations of simple E-field poling.
We have been experimenting with two different light-induced
ferroelectric domain engineering approaches which we refer
to as all-optical poling! (AOP) and light-assisted electric
field poling® (LAP). The main feature in both methods is
that the E-field contrast provided by the presence of
patterned electrodes is now no longer necessary. The AOP
approach attempts to achieve the required control over the
formation of micron and submicron scale periodic domains
via the use of a patterned optical field instead of the
patterned electric field in the conventional technique of E-
field poling. The LAP approach is a modified E-field poling
technique wherein domain inversion is achieved under the
combined influence of a patterned optical field and an un-
patterned E-field. In this method the simultaneous presence
of light results in a reduction of the field required to achieve
domain inversion in the crystal, and hence eases the
requirement of an otherwise extremely high electric field
(~22 kV mm™') for conventional domain inversion.

Several groups have also studied the interaction between
illuminating laser light and ferroelectric crystals, using c.w.
light at different wavelengths (305 & 334 nm?, 514 nm®)
for domain inversion in undoped lithium niobate. Domain
patterning in MgO-doped lithium niobate crystals using
ultraviolet light from a Hg-lamp has also been reported. "
Our earlier LAP experiments have demonstrated light-
controlled micron scale domain patterning in congruent
and MgO-doped single crystal material through an
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interaction with c.w. and pulsed laser light. We have
reported an order-of-magnitude reduction in the electric
field required for domain nucleation in lithium niobate
crystals induced by illumination from a focused c.w. laser
beam at wavelengths of 514, 488 and 457 nm.” We have
also observed reduction in the nucleation field via use of
ultra-short laser pulses (~120-150 fs) of near-ultraviolet
(305 nm) to near-infrared (800 nm) wavelengths.

Our AOP experiments conducted at the LSF in RAL and
also at the ORC with the NSL-4/5 lasers using a ns UV
(298-329 nm) light have also resulted in submicron AOP
surface domains.” We have been exploring other
wavelengths which are highly absorbed by the crystal with
an end goal of pushing the AOP domain further in the
crystal, and possibly achieving better control on the
growth and the formation of the AOP domains. This has
been possible with the CWL1 continous wave (c.w)
frequency-doubled argon-ion laser from CLF-RAL laser
loan pool that provides a wavelength range of 229-264 nm.

Our recent studies using this c.w source have interestingly
revealed that AOP is achievable even without the high
peak intensities, previously assumed essential, of a pulsed
source. Some of the initial results from these experiments
are described here later.

Experiments and results

The experimental set-up involved a 5 cm focal length lens
that focused a spatially-filtered and collimated beam from
the frequency doubled Ar-ion laser on the z face of the z-
cut undoped congruent lithium niobate crystals. The beam
was focused to a measured spot diameter of ~5 um. The
selected incident laser wavelength was 244 nm, at which
the lithium niobate crystals are known to be highly
absorbing. The incident power was varied from 20-28 mW,
yielding an intensity range of 125-175 kW cm2.

The crystals used in the study were 0.5 mm thick, optically
polished z-cut, undoped congruent lithium niobate wafers
supplied by Crystal Technology, USA.

The crystals were mounted on motorised translational
stages which not only allowed for the precise positioning of
the illuminated z face at the point of focus, but also
allowed for the motion of the illuminated z faces along the
two directions lateral to the incident beam. Crystal faces
were illuminated either by translating the stage at a
uniform speed relative to the static incident beam, or just
leaving it stationary, thereby inscribing structures in the
shape of straight lines or circular dots.

Lines were drawn on the z faces of the crystals along the
crystallographic x or y directions by moving the stages at
speeds ranging from 0.05-0.3 mm s!. A range of different
speeds was tried to observe its effect on the widths and the
depths of the directly written domain structures.
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Figure 1. Unetched UV exposed + z face, showing line
scanned at incident power 30 mW and scan speed 50 pm s'1.
Two distinct features can clearly be seen; a central darkened
region and a wider surface damaged region.

For static exposures, (when the stages were not moving),
the total time for which a particular position on the crystal
face is illuminated was controlled using a shutter
positioned along the path of the beam. The set of different
exposure times ranging from a few milliseconds to one
second were investigated to study the effect of the
illumination time on the formation of the domain features.
For a particular exposure time, an array of illuminated
spots was formed by successively illuminating several
equidistant positions on the crystal face. The separation
between the edges of adjacent illuminated spots in the
arrays varied from a few microns to zero microns. This
permitted us to verify whether the proximity effect
observed in pulsed AOP, (which forbids the merging of
isolated domains with those in their near proximity, and
hence prevents the formation of continuously joined
domains), would also be an obstacle in the c.w AOP case.

Each of the explored illumination conditions was
duplicated for a set of complementary z faces, thus
allowing for a direct comparison of the AOP effect on
each of those faces.

Initial examination of the illuminated faces was performed
with an optical microscope between cross polarisers.
Routinely employed domain visualisation techniques of
wet chemical etching (in HF acid), and Piezorespsonse
Force microscopy (PFM) were used for establishing the
domain nature of directly written structures. Further
measurements and characterisation of the domain inverted
structures was done with a surface profiler and scanning
electron microscope (SEM).

Initial examination of the UV scanned lines using a
microscope revealed that in the case of both faces, lines
written at higher powers (above 24 mW) and slower speeds
result in damaged surfaces. The lines were seen to be
composed of two distinct regions; a central region where the
crystal is seen to undergo some darkening, and an outer
lighter region with cracks resulting from thermal
deformations and melting along its lengths. In all these lines
the widths of the darkened regions (ranging from 1.4-

2.5 um) were significantly less than the 1/€2 beam diameter
of 5 um. A high magnification optical microscope image of
Fig. 1 shows the extent of damage on the illuminated
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Figure 2. Plot showing variations of the widths of the total
affected regions and (asterix) and central darkened
(triangle) regions of the UV exposed lines.

surfaces, and also clearly shows the two distinct affected
regions. Surfaces of lines scanned at lower powers however
appeared smooth and free of any of the randomly
orientated cracks and voids associated with lines written at
higher powers. The surface topography of these lines studied
using a surface profiler confirm the absence of surface
damage. A preliminary study of the variation in the widths
of the scanned lines revealed a dependence on the
writing/scanning conditions, namely the incident
power/intensity and the scan speeds, with the larger widths
corresponding to lines scanned at higher powers and or
slower speeds. The measured widths of the total affected
regions agree with those predicted by our previous thermal
model®. Fig. 2 shows the width variation of affected regions
with power for a set of lines scanned at identical speeds.

After the initial assessment the samples were studied using
a PFM to determine if domain inversion had occurred in
the illuminated regions. Fig. 3a, b show piezoresponse
images of lines scanned on either of the z faces, with the
dark lines in the image corresponding to the UV written
lines. Interestingly, the contrast in the acquired PFM
images for the scanned lines, improved with the incident
power, which points to a difference in depth of the affected
region. After a first set of PFM measurements, samples
were annealed at 200°C for 4 hours to eliminate the traces
of residual charge, if any, from the illumination. The
second set of measurements after the annealing step did
not produce any change in the observed contrast of the
piezoresponse images, which then verifies the piezoelectric
nature of the domain inverted lines.

Moreover as shown in Fig. 3c a fortuitous accident with
the tuning of the writing stages has also shown that the
creation of the domains is not hindered by the imposed
symmetry of the crystal (as in case of conventional poling
techniques where domains will preferentially grow along
the x or y axes of the crystal) but that domains can be
created with arbitrary shape.

The samples were finally etched in pure HF acid to
ascertain their domain nature via the established z face
differential etch mechanism, which is know to selectively
etch on the - z faces of lithium niobate. The samples were
first briefly etched for a period of Smins to determine the




(b)

profile of the etched domain inverted scanned lines. Etched
structures with complementary shapes were observed for the
two z faces, namely domain inverted lines on the + z face
revealed etched trenches, whereas a similarly inverted lines
on the — z face were etched out to reveal surface relief
ridges. The samples were further etched (in steps of 5 min
for about an hour), and subsequently imaged and profiled in
order to determine the depths of the inverted domains. The
shallow depths of the domain inverted regions were obvious
from the scanning electron microscope (SEM) images seen
in Fig. 4. Fig. 4a shows an SEM micrograph of an etched
domain inverted trench formed on a + z face. Fig. 4b shows
a SEM micrograph of an etched domain inverted ridge
(revealed on an etched - z face). The gradients of the upper
and lower edges of the ridge structure in Fig 4b, provides
further evidence of its domain inverted nature. The upper
edge of the ridge does not display any side etching whilst
the lower surface displays a shallow gradient indicating side
etching. Inversion of the z axis also results in the inversion
of the y axis, and the differential etching mechanism of the
y faces then results in these differing gradients. This has also
been observed on domain structures written on - y faces
through the differential etching behaviour of the z faces. Fig
5 shows an SEM micrograph of etched domain inverted
ridges (revealed on an etched - z face) imaged from their
sides at an angle of 49°. The thin film like layer with a
thickness of ~ lum, suspended above the pyramid like
structures observed on etched - z faces, corresponds to the
UV induced domain inverted layer.

Conclusions

In summary we have demonstrated AOP via use of a c.w.
light at 244 nm from a frequency doubled Ar-ion laser
(CWL-1) on loan from the CLF-RAL. Domain inversion

Figure 4. a. SEM image of an etched - z domain on a + z
face. Incident power was 20 mW, and scan speed was 50 pm s\,
b. SEM image of an etched + z domain on a - z face. Incident
power was 26 mW and scan speed was 50 pm s’

Lasers for Science Facility Programme M Physics

Figure 5. SEM image of an etched + z domain on a - z
face. Incident power was 26 mW, and scan speed was
50 pm s°1. Stage tilted by 49° to view sides of etched ridges.

was achieved for illumination on both the z-faces. The
domain inverted regions, had widths comparatively smaller
than those of the scanning laser beam, implying the
possibility of sub-micron domain formation. The shapes of
the inverted regions strictly adhered to those of the
incident beam, which meant that it is possible to fabricate
domains with arbitrary shape. The depths of the inverted
domains are not quite those desired for guided wave
interaction, however, we are confident that simple, post
illumination processing can increase the domain depth
whilst retaining the advantages of a direct-write system. In
conclusion c.w AOP presents a single step versatile
approach to domain inversion in lithium niobate.
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ABSTRACT

Ferroelectric materials such as lithium niobate (LN) or lithium tantalate (LT) are
examples of an extremely versatile class of optical crystals. In bulk single crystal, single domain
format, these crystalline hosts find numerous applications in nonlinear optics, optical storage,
photorefraction, surface acoustic wave devices, optical waveguides, piezoelectric and pyroelectric
devices and electro-optic modulation. Single domain crystals can be subsequently engineered via
spatially selective poling to yield domain structures whose size can lie in the region of a few tens
of um to sub-um, for applications and device fabrication that are impossible to implement in
single domain geometry.

This paper discusses our progress to date in micro- and nanostructuring of such materials,
for applications in nonlinear optics, switching and deflection, and 3-dimensional sculpting for
possible MEMS use. The techniques and benefits are discussed of using both light-assisted and
direct optical poling for achieving controllable domains that can be irregular or periodic, bulk or
surface, at sizes that approach the 100 nm scale. For surface inversion, domain features can be
produced that lack the otherwise characteristic crystal symmetry imposed hexagonal shapes
observed in conventional electric field poling.

INTRODUCTION

Ferroelectric materials play an extremely important role across many scientific and
technological disciplines due to their wide range of intrinsic properties such as piezoelectricity,
pyroelectic, electro-optic and photorefractive behaviour and are currently finding widespread use
in periodically poled geometries for efficient quasi-phase-matched interactions'. Two widely
used and commercially available materials are lithium niobate (LN) and lithium tantalate (LT)
which are usually purchased in the form of single domain, pre-poled wafers of typically up to 3
inch diameter and thickness of order 1 mm or below.

For both LN and LT that have been congruently grown, the coercive, or poling, field at
room temperature is ~21 kV mm™ for forward polingz, a value which is high, but manageable for
producing periodically poled structures at periods of order 4-5 pm or larger in bulk crystals of
thicknesses ~1 mm. Another variant of these crystals, termed stoichiometric, have poling fields of
order one hundredth®, of this value and there is currently great interest in the routine commercial
availability of high quality stoichiometric crystal materials. As well as their much reduced
coercive fields, stoichiometric crystals have far fewer intrinsic defects such as lithium vacancies,
and nonlinear optical experiments have shown that they possess much greater resistance to
optical damage by almost four orders of magnitude as compared to their congruent counterparts4.

These crystals can be poled using electric fields to produce domain patterns that can be
bulk (throughout the entire crystal thickness) or surface (some few um depth) in nature, and such
spatially selective domain patterning adds greatly to their functionality and areas of application.




While periodically poled lithium niobate (PPLN) in particular has found application in nonlinear
optical harmonic and parametric generation, achieving high quality samples with periods of less
than the ~4 pm value is experimentally challenging. It is therefore of considerable importance to
investigate methods for realising um scale periodicity, and below, for applications in tunable
Bragg structures, filters and gratings, backward wave parametric generation, and other areas such
as optical memory that involve domain patterning at the experimental limit which is of order
~10 nm.

This paper discusses recent progress in both physical structuring, using the technique of
laser direct writing, and also domain engineering, to produce spatially selective domain patterns
at feature sizes of ~100 nm and above, in both congruent and MgO doped stoichiometric
materials. A generic end goal of our work to date may be summarised by the following schematic
shown in figure 1 which concerns the idea of a functional lab-on-a-chip, using an active material
such as LN rather than glass, polymers or silicon. Once the toolbox of techniques for structuring
in 3D is complete, then arbitrary designs are possible for the manipulation of objects such as
biological cells, micro-beads, or single molecules around the surface of such a chip. The added
value of using a functional material such as LN compared to glass lies in the ability to integrate
electrodes into the structure, thereby accessing the material’s intrinsic piezoelectric, pyroelectric
and electro-optic effects.

Material in/out
Laser 1n/out Microstructured

Linear/nonlinear
grating

Material

. ‘ Material 1
- Material in/out

W1,2,3: Optical waveguides

TLaser mn/out
Figure 1. Schematic of physical structuring processes required for fabrication of a lab-on-a-chip.

PHYSICAL STRUCTURING PROCESSES

A range of physical structuring processes exists for generating surface profiles such as
gratings, holes, vias and optical waveguides. Of prime importance however is that the processed
crystal has a high quality finish, and that the number of processing steps is minimized. While
laser ablation for rapid processing of LN may satisfy the second criterion, problems of direct laser
machining such as debris, cracking and redeposition in single crystal materials are difficult to
overcome. Secondly, conventional photolithographic processing which requires cleanroom access
involves numerous sequential steps such as cleaning, photoresist spinning, patterning, baking,
development, with subsequent diffusion, etching or other methods of spatially selective material
removal or overgrowth. While these processes are to a large extent routine, and may be




automated, there is clearly an opportunity here for faster single-step processing technology using
for example laser direct writing and two such techniques are briefly discussed here.

Surface UV irradiation plus wet etching.

For writing of gratings, two-beam interferometry or the use of phase masks are the
preferred routes. If UV light is used, and the energy density is kept below the ablation threshold,
then although little physical damage may be evident, the exposed regions may have undergone
latent damage and these areas can be subsequently removed in a smooth and precise manner with
an etchant such as hydrofluoric acid (HF). This technique has been successfully used to form
surface gratings with a period of 360 nm onto both the + z face of LN, and x-cut titanium
indiffused LN channel waveguide structures’. The method has the advantage of rapid processing,
as a single 20 ns duration pulse from an excimer laser is all that may be required, and subsequent
etching reveals a faithful replica of the initial irradiation pattern. Precise depth control of the
grating profile is somewhat harder to achieve however leading to a consequent reduction in the
performance (linewidth and grating strength) of such devices in comparison to, for example, fiber
Bragg gratings.

Direct writing of channel waveguides

A second technique that we have been exploring involves a process by which a scanned
focused c.w. UV laser operating at a wavelength of 244 nm can be used to rapidly heat the
surface of a LN crystal, inducing localized Li ion diffusion which can lead to the formation of
optical waveguiding structures®. Since the first report of this technique, we have subsequently
modeled the process using both analytical and finite difference techniques to determine the
maximum temperature rise, spatial and temporal temperature gradients and consequent Li ion
diffusion achieved in both lateral and depth directions’. The inset of figure 2 shows the results of
an analytical model we have developed, which indicates that a transient temperature rise of
almost 1000 °C is possible via scanned UV laser heating. Noteworthy is the fact that the
extremely small absorption depth of ~30 nm at this wavelength produces a distinct difference in
temperature profiles for surface (x or y) compared with depth (z) directions. The difference in
temperature gradients greatly affects the Li ion diffusion process, and diffusion does not occur to
any great extent in the depth direction, as shown in figure 2. Even though the index change
associated with Li diffusion away from the heated regions is high enough to produce guided wave
structures, as have been produced experimentally, the modeling performed so far indicates that
the diffusion depths achievable are insufficient to support even single mode guidance. This
discrepancy, which may have its origins in either the fundamental model assumptions or details
associated with some unknown physical parameters, is currently under further investigation.

DOMAIN BASED STRUCTURING

An alternative technique that we have been pursuing for several years concerns the use of
micro and nanostructuring based on domain engineering. For some applications, the domain
patterning produced is subsequently converted into a corresponding topographical structure as in
case for PPLN, the presence of the domain structure alone is all that is required. We show below
a simple example of the application of a single domain boundary in deflection and switching,
using the principle of voltage controllable total internal reflection (TIR) at an interface between
opposite polarity domains.
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Figure 2. Modelled lithium concentration and associated refractive index distribution along the
depth (z) direction for identical beam parameters as in the inset of this figure. Note that the
induced Li concentration does not extend very far into the crystal depth, and peaks at a distance
of order 0.03 of the incident laser spot size. The depth axis has been normalized relative to the
beam width. Inset: Modelled temperature distributions on the surface (x or y directions) and in
depth (z) for UV beam writing parameters of spot size w =3.25 um, incident laser power
P =30 mW and writing speed v = 0.83 mm s™.

TIR deflection and switching.

Shown in figure 3 is a schematic of a miniature TIR device that we have fabricated in
congruent LN, with dimensions of 5 x 13 x 0.3mm in X, y, z directions®. One half of the wafer
has been re-poled to produce a boundary between anti-parallel domains. On application of a
voltage across this boundary region, the local refractive index is increased on one side of the
boundary, and decreased on the other. A laser beam incident on the boundary from the elevated
index side will experience deflection via Snell’s law proportional to the applied voltage, and

subsequently TIR when the induced index change exceeds the value required for the particular
value of incident angle.
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Figure 3. Schematic of TIR deflection and switching device with poled anti-parallel domains.

In practice, for s polarized light incident at an angle of ~88°, a voltage of ~1kV is required
for TIR to occur, utilizing the r33 electro-optic coefficient. Deflection will also occur for p
polarized light, which can access the r;3 coefficient, but this requires an applied voltage roughly




three times higher. If the exit facet of the device is cut at an appropriate angle, Snell’s law can
magnify the final deflection achievable to produce a ~10° swing of the exiting beam, and this can
be further extended to 20° by reversing the polarity of the applied field across the interface. For
an extended device length of 50 mm, modeling shows that the device is capable of achieving 300
resolvable spots. Further extensions of this technique allow both RGB colour separation and also
2-dimensional scanning operation.

Cantilevers

Micro-structuring in LN has been achieved via a process of spatially selective poling,
crystal bonding and subsequent etching in HF. Such techniques permit full 3-dimensional
structuring’ in single crystal material which is a fundamental requirement if device
implementation requires subsequent use of electro-optic or piezoelectric coefficients. Shown in
figure 4 is an example of such sculpting used to produce a cantilever of transverse and height
dimensions ~50 um, and length of 5 mm. The gap between the cantilever and the substrate is
afew um, and during focused ion beam writing of electrodes on the side of the structure, without
the use of a compensating electron flood beam to neutralize any surface charging, the cantilever
experienced deflection to a height of ~15 um, showing that such single crystal geometries are
capable of flexure and bending, and hence suitable for MEMS based applications.
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Figure 4. SEM image of a free-standing Jcéntiléver in LN (dimensions of ~50 umx~50 um
x5 mm).
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Surface poling (overpoling).

As well as poling in bulk materials, where domain inversion is required throughout the
full crystal thickness of ~500 um to 1 mm, for waveguide geometries inversion is strictly only
required throughout the waveguide depth of a few um. As noted earlier, fabrication of small
period gratings (A ~few pm) is far from routine, particularly when trying to achieve uniformity
throughout a ~1 mm LN sample. Surface poling'’, alternatively termed overpoling, has been used
recently to fabricate periodic structures with a domain size of ~0.5 pm, and period of 1 pm.
Using a grating period of 2.5 um, first order quasi-phase-matched harmonic generation from A=
825 nm to A=412.5 nm has been achieved in a Ti:indiffused LN channel waveguide'', producing
an overall output power of 6 mW, and an efficiency of ~10%.

Overpoling refers to a technique in which conventional photolithographic periodic
patterning in photoresist is followed by the application of an electric field such that the charge
delivered during poling exceeds the nominal charge Q calculated via:




Q=2 AP, EF 1)
where A is the area to be poled, P; is the spontaneous polarization for LN (0.72uC mm™) and EF
is an empirical poling factor.

For an EF of ~1, normal bulk poling is achieved, while for an EF of >10 for example, the
entire crystal poles, with domain wall spreading occurring throughout the crystal volume. For
intermediate values (EF~4-6), while the bulk crystal experiences poling throughout its volume,
regions directly below the photoresist do not, due most likely to trapped charge directly beneath
the insulating photoresist layer. These regions of unpoled material can extend to depths of some
few pm to perhaps 10 um, dependent on both the periodicity chosen and the value of EF used.
Figure 5 shows an example of such surface domains, taken via scanning force microscopy (SEM)
on a polished and etched y face. For this example a periodicity of 6.5um was used, and it can be
seen that although some domains extend to beyond 10 um depth, the degree of depth uniformity
is poor. For waveguide applications however, as noted earlier, all that matters is that the
minimum depth exceeds the waveguide dimension.
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Figure 5. SEM image of an etched y-face showing typical surface domain profile (for A =
6.5 um).

Even shorter period (A = 1.0 um) surface domains have been realized, with a minimum
domain feature size of ~0.5 um, as shown in figure 6. A problem which is evident in this
technique however, and can be clearly seen in figure 5, is that the mark/space ratio of domain
inverted material differs from the ideal 50/50 value.

Figure 6. Surface poled periodc domain structure with domain widths of ~0.5 um.

While we have tried to address this problem, success to date in achieving the 50/50 ratio is
limited, and remains a problem for routine high quality surface domain structuring. For SHG




experiments therefore, the trade-off that exists concerns the mark-space ratio efficiency reduction
versus the efficiency increase achieved by operating in first order.

Nanotips.

The final example in this section on domain-based structuring relates to the fabrication of
arrays of domain inverted tips on the surface of a LN wafer'>. Applications for this technique lie
in the area of SHG, atomic force microscopy and piezoelectric nano-devices. Figure 7 shows an
SEM of a typical array, formed via photolithographic patterning, poling and etching in HF at a
temperature of 60 °C. Tips with the characteristic 3-fold symmetry form due to the
differentialnature of y-face etching. As etching proceeds in the —z direction, the simultaneous y-
face etching will result in the formation of pyramids, shown from a top view in figure 7. Also
seen in the inset is a highly magnified view of a single tip, from which it is apparent that the tip
apex is essentially of nm scale.

Figure 7. SEM picture of nnotip array formed on the —z face of LN. Tip dimensions are ~30 um
at their base, and ~100 um high. Inset shows that the tip apex is of ~nm dimensions.

AT
A o *
107 | ./ L

—— unstructured z-cut
—@— unstructured x-cut ﬁl

o
1x10°f —he— single microstructured ti

A

%o cooversion efficiency

1x10° fr L
l0£ A L 'l I'.
0.1 1 10 100
Power output of the fundamental wave (mW)
Figure 8. SHG conversion efficiency within nanostructured LN tips compared to unstructured x-
and z-cut crystal samples.

Experiments have been performed using ~130 fs laser pulses at 800 nm to generate SHG
at 400 nm from these tips, to investigate the efficiencies achievable from interactions within LN
in a non-phase matched geometry under the extremely high power densities present in the vicinity




of the tip. Figure 8 shows our first results, from which it can be seen that the harmonic conversion
efficiency is dramatically enhanced, compared to that achievable with either unstructured x- or z -
cut LN samples. This enhanced efficiency may be due to a combination of factors such as
increase of the light intensity within the tip, access to nonlinear coefficients unavailable in the
unstructured material, surface enhanced or surface phase-matched interaction, or even
modification of the basic ferroelectric structure itself within these extreme crystal geometries.
Whatever the predominant cause, highly efficient SHG has been achieved in an otherwise non-
phase matched geometry. These investigations are ongoing, and material characterization is
underway to determine whether the crystal structure within such tips has been modified with
respect to that of bulk material.

LIGHT-INDUCED ETCH FRUSTRATION, LIGHT-ASSISTED POLING AND ALL-
OPTICAL POLING.

We now address the area of laser light interaction with LN for investigation of the effects
of light-induced frustrated etching (LIFE), light-assisted poling (LAP), and all-optical poling
(AOP), using c.w. ion lasers operating in the UV and visible (244 nm, 488 nm, 514 nm, 532 nm),
ns UV pulsed lasers (excimer, frequency quadrupled YAG and doubled dye) and finally 100 fs
pulsed Ti:sapphire (from 305 nm to 800 nm). The work here spans several years, and we have
investigated a range of ferroelectric hosts including congruent LN and LT (CLN, CLT), Fe:doped
congruent LN (Fe:CLN), MgO:doped congruent LN (MgO:CLN) and MgO:doped stoichiometric
(MgO:SLN). Table (I) summarises the experiments to date, and the abbreviations used.

Table I. Classification of light-assisted interactions in ferroelectric host materials.

Laser | Wavelengths | CLT | CLN | Fe:CLN | MgO:CLN | MgO:SLN
c.w. Uv LAP | LIFE’ | LIFE
visible LAP | LAP | LIFE? LAP LAP?
pulsed UV ns LIFE® | LIFE AOP
AOP'
UV, visible fs LAP¢ LAP®

(The abbreviations in bold and superscripts refer to subsequent sub-headed sections in the text)

Light induced frustrated etching (LIFE®)

This has been investigated under two dissimilar experimental regimes. The first
experiments were conducted with Fe:doped CLN only", with Fe dopant concentrations varying
between 0.01 wt% and 0.2 wt%. The experimental arrangement involved the exposure of the —z
face for periods ranging from 30 s up to one hour to an incident c.w. laser beam at wavelengths
of 488 nm or 532 nm in the presence of an HF acid environment.

Initially, these experiments were performed in the expectation that this photoelectrochemical
etching procedure would produce a dramatically enhanced etch rate, as had been seen previously
for a range of semiconductor materials. In fact, the reverse effect was observed, namely the
presence of the light totally inhibited any etching at the highest focused light intensity used
(~1 kW em™), and partially frustrated the etching at intensities between 1 kW em”and ~1 W em’
2, Within this partially frustrated regime'?, a spatially complex and visually dramatic patterning




resulted, forming line features that followed the intrinsic crystallographic axes, with linewidths of
order ~0.5 pm. An example of these surface features is shown in figure 9.
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Figure 9. LIFE patterning in Fe:doped CLN using c.w. 532 nm laser light.

Although these results are artistically appealing, it has proved impossible to produce any
useful degree of surface ordering. The intrinsic scale-lengths of the LIFE process appear to be
almost ideal however, falling as they do in the sub-um region. It has further proved difficult to
uniquely classify the nature of these raised non-etched line features. While the temptation to refer
to them as domains is considerable, there is as yet no clear evidence that this is the case, unlike
our results for all-optically poled CLN which are discussed in a later section.

Light induced frustrated etching (LIFEb).

The second set of experiments that fall within the LIFE category have been performed
using c.w. focussed UV light at 244 nm from a frequency doubled Ar-ion (FRED)laser. The set-
up is essentially identical to that used for direct writing of channel waveguides in the —z face of
undoped LN as described earlier. Laser powers of between 20 mW and 50 mW at a focused spot
size of 1.7 um were used, at a reasonably fast scanning speed of 50 mm s to ensure that no
significant surface damage or melting occurred. The results shown in figure 10 reveal that the
laser-exposed regions proved to be highly etch resistant'”. One dimensional ridge features of
height 1.7 um as well as 2-dimensional square lattice patterns were written with good uniformity
and reproducibility. Micro-Raman studies of the etch resistant structures revealed no departure
from identical unexposed material, indicating that the UV laser writing process had neither
damaged nor melted the crystal surface. As with the results for LIFE* above, it is tempting to
conclude that these features are laser-written inverted domains, but there is no direct evidence for
this however. An equally plausible explanation might involve surface charge modification.
Following laser writing, if the sample was annealed at a temperature of ~200 °C for one hour,
then subsequent HF exposure did not reveal any etch-resistant features. Techniques such as
scanning force microscopy (SFM), discussed in a subsequent section, cannot be easily used here
once the sample has been etched. All such scanning probe techniques are also sensitive to sample
topography, and both of these LIFE*" techniques result in highly textured topographical surfaces.
The technique is simple, direct and fast however, and can result in feature sizes of a few um.




Figure 11. SEM of —z face after scanned laser exposure and 1 hour of HF etching. The separation
between each track was 9 pm.

Light induced frustrated etching (LIFE®)

The final example of this surface structuring process can be seen in figure 11 below. A
range of experiments was performed, using between one and ten laser pulses, followed by HF
etching. A TEM grid that had multiple hexagonal openings of ~50 um width, was loosely
attached to the —z face of CLN samples'®. Following exposure, the samples were etched in HF,
and then examined by SEM. The level of detail and self-ordering in the surface topography is
extremely interesting, suggesting that a similar process may be operating to that seen in LIFE?,
but in a time frame of ns rather than in minutes or hours. The surface features (as seen in the inset
of figure 11b) are remarkably uniform, at a similar size of ~0.5 um to previous LIFE® results. In
the present case, it is also extraordinary that the etch frustration process appears to be inordinately
sensitive to the local irradiance.

The etch pattern in figure 11b shows the result of exposure from a near-field (Fresnel)
diffraction pattern produced by lack of perfect contact between the mask and the LN crystal
surface. Although the variation of light intensity towards the edges of the irradiated area can only
be slight (few % to perhaps few 10’s of %), this variation is clearly sufficient to produce an
equivalent modulation of the frustration effect. Indeed, towards the centre of the irradiated area,
where the intensity modulation can only be minimal, it is still apparent that the frustration
modulation and ordering persists. It would be very surprising if the frustration phenomena could
be that sensitive to local intensity, or perhaps intensity gradient, but this is what appears to
happen.

Even though the precise explanation is not yet apparent, it is clear that such a technique
may be eminently suitable for precision surface topography manipulation.

Light-assisted poling (LAPY)

There have been several reports to date of the role of incident light in modifying coercive
fields for both forward and backward poling, and there appear to be at least two somewhat
contradictory processes occurring. The first of these LAP processes concerns the modification of
the recovery of the coercive field in CLT following a forward poling step'’. Directly after a
forward poling (some few seconds), the field required for reverse poling is considerably lower
than the field needed to reverse pole perhaps one hour after the initial forward poling step. The
internal field that plays an important role in such congruent crystals takes time to adjust itself to
the new direction of spontaneous polarization. The recovery process is far from simple, and at
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least three distinct rate constants have been identified in the recovery mechanism, with time
constants ranging from ~1s to more than one year. After one hour for example, the field required

i

Figure 11. SEM images of etch frustrated hexagonal patterns induced on the —z face of LN via

exposure through a TEM grid using a KrF excimer laser operating at 248 nm, 20 ns pulse
duration.

for reverse poling in CLT remains some 35% lower than for the initial forward poling process.

During this coercive field recovery process, light in the visible spectral region,
specifically at the Ar ion wavelengths of 488 nm and 514 nm, which is incident on the crystal,
can enhance this rate of recovery. If the incident light is patterned, or structured, then by
judiciously choosing the value of field applied during illumination, selected unilluminated areas
can undergo reverse poling, whereas illuminated areas, where the coercive field has recovered
faster, will not. Achieving the balance between poling and not poling in unilluminated and
illuminated areas respectively is clearly difficult, particularly considering that all such local
coercive fields are themselves time-dependent. Periodic patterning has been achieved however
via this technique with a periodicity of ~6 um, but over a very limited spatial extent, using 351nm
UV illumination from an Ar ion laser.

The second of these processes appears to be the direct opposite of the first: during re-
poling, incident light in the near-UV'® or visible region'” can dramatically reduce the local
coercive field, by as much as 34% and 90% respectively in either MgO:CLN or MgO:SLN.
Figure 12 shows a plot of the ratio of coercive field with and without illumination as a function of
the irradiance for three crystal samples: CLN, MgO:CLN and MgO:SLN. For the latter two
crystal types, the reduction is dramatic, and saturates at a value of only 10% of the field required
for an unilluminated sample. One difference to note in these experiments however is that the field
recorded here is not the conventionally defined coercive field, but the ‘nucleation field’, defined
as the field at which the first evidence of poling occurs. The laser wavelength of 514 nm was
chosen for these experiments as this line contained the highest power, but all other available Ar
laser wavelengths in the visible of near UV produced substantially similar results. These
experiments were greatly assisted through the use of a purposely designed transparent sample
cell, shown in figure 13, which allowed the application of an electric field while simultaneously
illuminating the LN sample with two different laser wavelengths: one for control of the coercive
field and a second for viewing domain nucleation and growth.
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Figure 12. Nucleation field versus incident c.w. Ar ion laser irradiance at a wavelength of
514 nm.

~HV +

LiNbO;'r Crystal
Figure 13. Transparent sample cell for simultaneous application of optical and electric fields.

Light-assisted poling (LAP®).

At the other extreme of laser exposure conditions, recent results have been obtained using
a Ti:sapphire 100 fs laser source to investigate the process of LAP under very high peak power
density. Figure 14 shows the result after etching in HF, in which a ~100 pm diameter domain has
been formed in MgO:CLN at the remarkably low electric field of 100 V mm™, a value of less
than 2% of the normal unilluminated nucleation field. These domains are not as easily visualized
as those for the LAP® process, and are only revealed via HF etching after the LAP process. The
laser average laser power was ~100 uW, for ~100 fs duration pulses at a repetition rate of 1 kHz.
Light of wavelength 334 nm was used for figure 14, although a range of other wavelengths
between 305 nm and 800 nm also process efficient LAP processing.

For the lowest wavelength of 305 nm, the incident power could be reduced to the
extremely low value of 100 nW, a factor or 1000 less than used for figure 14. These experiments
are ongoing, and hold considerable promise for further precise LAP experiments.
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A final result in this fs LAP section is shown in figure 15, which was recorded in CLN. The
letters were written by manually moving the position of the incident beam, hence the precision is
less than can ultimately be achieved.

on the —

7 face

Figure 14. LAP domain formation

The domains are bulk, not surface as for other techniques, and an interesting and useful point
concerns the lack of evidence of any crystal- imposed hexagonal symmetry. Deleterious post-
formation domain spreading did not occur, indicating a very promising route for further study in
formation and build-up of arbitrary 2-d domain patterns.
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Figure 15. Domain patterning via fs LAP in CLN at a bias field of 16 kV mm’. Average power
was 120 mW at a pulse repetition rate of 250 kHz.

All optical poling (AOP").

The final technique in this section relates to domain formation using direct laser
addressing only, without the requirement for any simultaneous externally applied electric field™.
If this approach can be perfected, and controllable domain features produced, this would
represent a significant step in precision domain engineering.

Three laser sources have been used for this technique. The first was a Q-switched 10ns
duration frequency quadrupled diode-pumped Nd:YAG operating at A = 266 nm, with good beam
quality and up to 5 mJ output energy per pulse. The second was a KrF excimer laser, with poor
beam quality, operating at A = 248 nm and up to 300 mJ per pulse. Finally, a frequency-doubled
Q-switched Nd:YAG laser pumping a dye laser, which was subsequently also frequency doubled,
producing mJ level output at ~7 ns duration, but tuneable over the wavelength region of ~292 nm
to 329 nm. This last source was valuable for its tunability, as the output wavelength straddles the
absorption edge of undoped CLN which lies around >310 nm. In all cases, selected parts of the
incident beams were chosen to maximise available uniformity.
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Figure 16a shows a representative example of a laser-exposed sample subsequently HF
etched, in which the typical three-fold symmetry is immediately apparent. Exposures were made
in undoped and MgO-doped congruent lithium niobate using fluences ranging from 100 mJ/cm®
up to 10 Jem?, applying 1 to 1000 pulses. In all instances where any ablation or laser-induced
surface topography was observed, similar UV-induced surface domains were formed. Figure 16b
shows a magnified view of the central area, from which it is apparent that this patterning
technique produces features that are far from random. We have used SFM techniques to
investigate these patterns, and conclude from studies of laser-exposed, but unetched samples, that
they are surface domains. Using focussed ion beam milling to probe the sub-surface region, the
domain depths extend to almost 2 um. These UV-induced surface domains are uniform, regular,
of linewidths as small as 100 nm, and curiously grow along the —y directions only, never in the
+y direction.

(a) (b)
Figure 16. MgO-doped congruent lithium niobate exposed to 2 pulses of a KrF excimer laser at
A =248 nm. (a) Large area self-organized UV-induced surface domains which extend across the
entire laser-exposed region. (b) ~200 nm domain lines deflect away from other lines during
growth, reliably reproducing similar features at each turn.

Detailed examination of figure 16b shows that the triangular domain regions situated
between the three horizontal domain lines are incredibly self-similar. During growth, they have
exactly the same closest-approach to the previously formed straight domains. Their shape on
turning away from these lines is effectively identical. Their gradient and degree of curvature are
identical. There is clearly ordered behaviour here, and from their growth habit, it is most likely
that growth is electrostatically controlled. Fourier transformation shows some degree of preferred
spatial feature size, and further work is in progress here on analysis of this behaviour.

The final part of this section concerns ordered periodic line features, and we have used
phase masks to structure the incident laser light to try to achieve this. In figure 17 below, a phase
mask with a period of ~750 nm was used to examine ordered domain growth along the y axis. It
is clear that domain formation has only occurred at every fifth or sixth intensity maximum
produced from the phase mask, another indication of perhaps an underlying electrostatic control
mechanism. As earlier, these studies are being continued, to both elucidate the mechanism, and
improve the fidelity, uniformity and spatial resolution.
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CONCLUSION
Our progress to date in physical and domain engineering in doped lithium niobate has

been presented. Applications where appropriate have been given and some recent experiments on

laser-assisted and direct laser-written structures have been d
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Figure 17. +z face exposure from frequency doubled dye laser at a fluence of ~250 mJ cm™ at A=

297.5 nm. The contrast in figure (b) has been stretched to show underlying intensity maxima
resulting from the phase mask producing a period A = 726 nm.

100nm in width have been achieved and progress made towards ordered, periodic arrays. While
there is still more work required, laser-assisted techniques are seen to hold considerable promise
for both domain patterning and also materials surface processing.
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F.1.7 Design and Performance of a ZnSe Tetra-Prism for Homoge-
neous Substrate Heating using a CO, Laser for Pulsed Laser

Deposition Experiments

T.C. May-smith, A. C. Muir, M. S. B. Darby, and R. W. Eason. Design and Performance
of a ZnSe Tetra-Prism for Homogeneous Substrate Heating using a COo Laser for Pulsed

Laser Deposition Experiments. Applied Optics, 47, (pages not yet designated) (2008).

During my time working on this thesis I was approached by the Pulsed Laser Deposition
group for help in the modelling of the effectiveness of a novel substrate heating system
for pulsed laser deposition experiments. The system comprised of a COs2 laser and a
prism that could split and translate the four quadrants of the laser beam such that they
could be incident on the substrate as a square homogeneous beam which was named the
tetra-prism. My role in the work was to model the heat source provided by the beam and
the subsequent heating of the substrate, taking into account the losses at the substrate
faces through radiative emission. The effect of interference and diffraction within the
source function was investigated to various degrees which created three different source
functions for investigation, one with no interference or diffraction effects, one with Fresnel
diffraction from the sharp interfaces of the prism and one with both Fresnel diffraction
and interference. Other heat sources of an un-transformed Gaussian beam, a raster-
scanned focused beam and a fully homogenised beam were also compared. It was found
that interference effects were insignificant but that diffraction effects were not and that
the tetra-prism actually produced the ideal beam shape since it could compensate for
the increased losses at the substrate corners where the surface area to volume ratio is

highest.

This paper has been accepted for publication in Applied Optics, however at the time of
writing the page proofs are still being produced by the publishers.
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We report on the design and performance of a ZnSe tetra-prism for homogeneous substrate heating using
a continuous wave CO, laser beam in pulsed laser deposition experiments. We discuss here three po-
tential designs for homogenizing prisms and use ray-tracing modeling to compare their operation to
an alternative square-tapered beam-pipe design. A square-pyramidal tetra-prism design was found
to be optimal and was subjected to modeling and experimental testing to determine the influence of in-
terference and diffraction effects on the homogeneity of the resultant intensity profile produced at the
substrate surface. A heat diffusion model has been used to compare the temperature distributions pro-
duced when using various different source intensity profiles. The modeling work has revealed the im-
portance of substrate thickness as a thermal diffuser in producing a resultant homogeneous substrate
temperature distribution. © 2008 Optical Society of America

OCIS codes:

1. Introduction

Substrate heating is critical to the pulsed laser de-
position (PLD) process if high quality epitaxial
crystal growth is to be achieved without the need
for postannealing. For films to be of a consistent qual-
ity both across the substrate and throughout the
film depth, a suitable technique must be adopted
which is capable of heating substrates homoge-
neously. Poor spatial homogeneity can result in vari-
able quality growth in selective areas, which can
increase stresses in the film and can also lead to
areas of film with a higher propagation loss (in the
case of optical films) and/or areas of film where
the laser-ion valence state is not as desired (in the
case of doped films). Temporal instability can also
lead to the occurrence of distinct layers within a thick
film (> tens of micrometers) where the crystal struc-
ture or even phase may vary from layer to layer.
Such unintended layered growth can cause problems

0003-6935/08/120001-01$15.00/0
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of increased fragility when the film is subsequently
polished in preparation for waveguiding experi-
ments, and waveguide mode distortion may occur
if the problem is significant enough that the refrac-
tive index varies appreciably from layer to layer. The
use of long deposition runs (>2 h with our apparatus)
places a requirement on the efficiency of substrate
heating systems; leakage of radiation resulting in
heating of the chamber walls must be minimal to
avoid outgassing from any previously deposited
material and/or thermal expansion of the chamber,
which can lead to degradation and eventual cracking
of vacuum windows.

The requirements placed on any substrate heating
system make a remote radiative technique the ob-
vious choice. CO4 lasers make excellent heat sources
because the infrared wavelengths (e.g., 10.6 ym) are
absorbed well by most materials and the heat is
highly directional, allowing it to be steered only to
where it is needed with high efficiency. CO, laser
heating holds a significant advantage over resistive
wire and lamp-based techniques when heating rela-
tively small substrates (e.g., 10 mm x 10 mm). The
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power required to reach ~1373°K (1100 °C, needed
to grow Al;Oj3 in the alpha-alumina sapphire phase)
with such small sized substrates is only ~25 W and is
easily obtainable with commercially available CO,q
lasers. Achieving the same temperature using resis-
tive wire or lamp-based techniques is practically
impossible without significant chamber heating, fila-
ment burnout, or oxidation occurring.

However, two problems need to be overcome before
a COq laser can be used as part of a reliable and flex-
ible substrate heating system. First, the substrate
must be held so that heatsinking is minimized or else
the resultant temperature variation may lead to
cracking because of differential thermal expansion.
Second, the CO, laser beam must be transformed
to produce an ideally flat-top square intensity profile
so that homogeneous heating occurs. These two pro-
blems have been circumvented in the past by using
metallic blocks [1,2] as substrate holders and heating
the blocks with the CO, laser. The blocks act as
heat diffusers and allow substrates to be heated
homogeneously, but this method then loses some of
the advantages of the indirect heating approach.
In particular, the substrate temperature obtainable
will be limited because of the large surface area of
the block, and the laser powers required to reach
typical deposition temperatures may become so high
as to result in significant chamber heating.

Our solution to the substrate holder problem is to
machine a cradle out of alumina ceramic tubing. For
vertically held substrates, the design shown in Fig. 1
has been optimized so that substrates can be heated
without any significant adverse heatsinking occur-
ring. The cradle also allows a large amount of the
substrate surface to be utilized and only two small
notches (each approximately 1mm x 1 mm) where
film does not grow occur on each side of the substrate.

The problem of beam homogenization is certainly
not a new one, and there have been several previ-
ous reported attempts at a solution using various
approaches. If the problem is simplified to the re-
quirement of a circular flat-top intensity beam, a
combination of aspheric lenses [3] or cylindrical
lenses [4] may be used to produce a suitably homo-
genized beam. The addition of a square aperture
can allow a square beam to be produced using this
approach, but this would then lead to a significant
amount of radiation being wasted. Homogenous
heating of sapphire substrates using a reflective
square-tapered beam-pipe for PLD experiments
has been reported [5], and this technique is modeled
and discussed later on as a standard to be repro-
duced. A considerable problem with this technique
however is that substrates must be held very close
to the beam-pipe aperture (few millimeters separa-
tion). This means that it is generally inevitable that
the beam-pipe must be placed inside the deposition
chamber, where it gradually gets coated by stray
deposit, and continuous repolishing of the internal
faces is necessary for efficient operation to be main-
tained. A slightly more advanced approach is to use a
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Fig. 1. Diagram of a vertical substrate holder design based on
machined alumina ceramic tubes.

square beam-pipe in a kaleidoscope arrangement [6].
Such a setup can make a very effective beam homo-
genizer, but in general cannot be placed close to the
substrate inside a deposition chamber where gradual
coating of the optical surfaces will be unavoidable.

Our solution to the problem of beam homogeniza-
tion has previously been to use a two-axis mirror
scanner to raster scan the CO, laser beam over the
back face of the substrate [7], leaving the front sub-
strate face available for deposition and effectively
using the substrate itself as a thermal diffuser. The
delay for each scanning point can be adjusted so that
the beam spends slightly more time around the edges
to counteract the higher rate of radiative emission
caused by the increased surface area to volume ratio.
As an example of how effective the combination of
substrate cradle and raster-scanning mirrors has
been, depositions have been performed at ~1073 °K
(800°C) for a continuous period of up to 6h with
no apparent chamber heating throughout the de-
position runs. While we have used this technique
successfully, the capital cost of such a system is rela-
tively high and it is perhaps unnecessarily com-
plicated, especially when compared to the simpler
alternative technique of beam transformation pre-
sented here.

Where a homogeneous intensity profile is required
without any significant intensity modulation (that
can result from interference, for example), a diffrac-
tive optical element consisting of a binary surface
relief phase grating structure can be used [8]. Such
a structure can be made to map sections of the input
beam continuously to make a homogeneous output
beam unaffected by interference. Since, however, it
is known that a certain degree of heating beam inten-
sity modulation can be tolerated from our experience
with raster-scanned mirror setups, such a compli-
cated optical structure should not be necessary for




the production of a square beam for substrate heat-
ing purposes. The concept of beam folding has re-
cently been discussed in detail as a simple passive
optical route to achieving a homogeneous flat-top
intensity profile [9]. A suitable combination of bi-
prisms can be used to section an input beam and
translate the sections so that they sum at an output
plane to give the desired intensity profile [10]. Where
a square profile is required, as opposed to a rectan-
gular profile, the optical arrangement can be simpli-
fied by using a prism with four facets [11]. It is well
known that the beam folding approach suffers from
the effects of interference and Fresnel diffraction,
but, as we will go on to discuss later, this is not ne-
cessarily a problem for the application intended here.

The solution presented here uses a beam folding
prism to convert the Gaussian intensity profile of a
standard CO, laser beam into a square approxi-
mately flat-top intensity profile optimal for heating
square substrates. A material transparent at a wave-
length of 10.6 um, such as ZnSe, can be used, and the
prism can additionally be antireflection coated for
the COy laser wavelength for improved efficiency.
The prism can be designed to produce the square in-
tensity distribution at any specified distance from
the substrate (limited only by intensity modulation
caused by interference), and this may be outside
the chamber to avoid undesirable coating during de-
positions. As with the raster-scanning laser heater
used previously, the prism directs heat onto the back
face of the substrate. This is important because of in-
terference effects that could otherwise lead to an in-
homogeneous deposition face temperature if it were
not for the role of substrate thickness as a thermal
diffuser. When substrate rotation is desired, the
prism can even be mounted as a vacuum window,
allowing a suitable rotary vacuum feed-through
system to simultaneously rotate substrate and
prism. This latter mode of operation is highly de-
sirable and would be challenging to achieve via alter-
native methods.

Three potential prism facet designs have been con-
sidered and ray-tracing modeling has been used to
assess the basic incoherent operation of each design
compared to a more conventional square-tapered
beam-pipe. A heat diffusion model has been con-
structed to compare the substrate temperature
homogeneity achieved with different beam homoge-
nizing devices. An untransformed Gaussian laser
beam is modeled to illustrate the need for beam
homogenization. The source functions produced by
a square-tapered beam-pipe and raster scanning
are modeled to set the benchmark of tempera-
ture homogeneity that must be reproduced with a
prism. The most favorable prism design, a square-
pyramidal tetra-prism, is then modeled with and
without coherence effects, and the results from ex-
perimental testing of a prototype device are pre-
sented. Finally, the importance of the substrate
thickness acting as a thermal diffuser is illustrated
by a comparison of source intensity modulation to

substrate temperature inhomogeneity for a range
of different substrate thicknesses.

2. Device Design

A. Ray-Tracing Modeling

The beam propagation modeling software package
ZEMAX has been used to model the averaged intensity
beam profiles shown in the following sections. A large
number of rays (1 000000 was sufficient to produce
relatively clear intensity profiles) were propagated
through the prisms with start and end positions re-
corded for each ray. The rays, all initially travelling
parallel to the optical axis, were randomly generated
with different intensities to simulate the Gaussian
beam of the CO, laser. It is important to note that
this initial ray-tracing modeling work does not
account for the effects of diffraction or interference
because the initial interest is in the problem of pro-
ducing an averaged intensity flat-top square profile.
The effects of diffraction and interference will be dis-
cussed in Section 3.

B. Square-Tapered Beam-Pipe Comparison

A square-tapered beam-pipe has been used with good
success in the past [5] and the averaged intensity
profile from such a device represents an effective
benchmark that needs to be equalled or bettered
using a prism. Although beam-pipe designs repre-
sent a good solution as a beam homogenizer, they
have a short working distance that restricts their
use to inside the chamber only. Any optical device
that can only be used inside the chamber has the
obvious practical limitation that it will be gradually
coated over time from the deposition process and
its performance will degrade as a consequence. Cru-
cially, the proposed prism designs can have longer
working distances (many tens of centimeters) that al-
low them to be used outside the chamber and this is
why one of these designs is targeted as the proposed
end device (it should be noted here, however, that in-
tensity modulation due to interference may become a
significant issue at much greater distances since it is
dependent on the incident angle of the intersecting
beam sections).

A beam-pipe was made out of four trapezoidal
brass sections and the internal sides were optically
polished. A cross section of the beam-pipe device is
shown in Fig. 2(a) with some rays drawn to indicate
its basic operation. A map of how the device reflects
different parts of the beam onto the substrate is
shown in Fig. 2(b). Since the beam-pipe aperture is
necessarily much larger than the laser beam size,
the beam was expanded before entering the beam-
pipe. We have operated the device with it butted
as close to the substrate holder assembly as possible
at a distance of about 1 mm from the substrate sur-
face. The modeled averaged intensity profile pro-
duced at this distance is shown in Fig. 3(a). It can
be seen that the beam-pipe is quite effective in pro-
ducing a homogeneous square intensity profile.
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Fig. 2. (a) Cross section of a square-tapered beam-pipe with some

rays drawn to indicate its basic operation. (b) Map showing how
the beam-pipe device reflects different parts of the beam onto
the substrate.
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Fig. 3. Modeled averaged intensity beam profiles at (a) 1 mm and
(b) 40 mm from the end of the square-tapered beam-pipe.

However, the output from the beam-pipe is highly
divergent and hence the device has a very limited
working distance. The modeled averaged intensity
profile shown in Fig. 3(b) clearly illustrates how
the beam profile diverges rapidly as the distance
from the substrate is increased to 40 mm. The actual
intensity profile on the substrate will also depend on
interference effects, but since the prism intensity
profiles will also be affected by interference, it is
not of concern at this initial stage of comparison.

C. Prism Designs Under Consideration

A selection of custom ZnSe prisms with differently
cut facets are now discussed as an alternative
method of beam homogenization. There are two
things to consider when designing such a prism.
First, the basic choice and arrangement of facets will
determine how the beam will be translated from
a Gaussian profile into a flat-top square profile.
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Second, the facet angles will determine the working
distance of the prism (defined as the distance from
the prism at which the optimum averaged intensity
profile is achieved). Choices for facet arrangements
will be discussed first and facet angle considera-
tions will be discussed afterward for the prism de-

sign chosen as the end device in Subsection 2.D.

The angles for different facets on each prism design
should be optimized to make the working distance
the same for each design. However, for this initial
comparison the facets can all be made with the same
angle and different distances can be examined to
find the optimum value for each design. Intensity
profiles that are achieved at 50%, 100%, and 150%
of this optimum working distance can then be com-
pared. This makes a fair comparison of how the dif-
ferent designs transform the beam, but without the
need for more complex facet designing.

The first prism under consideration is the sim-
plest, with only four facets used for beam transfor-
mation. This tetra-prism shape is shown in Fig. 4(a)
and a map of how the device sections and translates
the beam is shown in Fig. 4(b). The addition of a
square facet at the apex of the tetra-prism produces
the second design for consideration and is referred to
as a ‘square-top tetra-prism’ and shown in Fig. 5(a).
A map of how this second device translates the beam
is shown in Fig. 5(b). The square-top tetra-prism is
limited in that it produces wings outside of the main
homogeneous square. The addition of four further
facets allows this problem to be overcome and this
third design, referred to as a ‘square-top octa-prism,
is shown in Fig. 6(a). A map of how this final device
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Fig. 4. (a) Line drawing of the tetra-prism. (b) Map showing how
the tetra-prism translates different parts of the beam.
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Fig. 5. (a) Line drawing of the square-top tetra-prism. (b) Map
showing how the square-top tetra-prism translates different parts
of the beam.

under consideration translates the beam is shown
in Fig. 6(b).

D. Comparison Using Ray-Tracing Modeling

Averaged intensity profiles for each prism design
under consideration have been modeled at 50%,
100%, and 150% of the working distance in each case
and these profiles are shown in Fig. 7(a)-7(c) for the
tetra-prism, square-top tetra-prism, and square-top
octa-prism, respectively. The modeled averaged in-
tensity profiles in Fig. 7 show that the tetra-prism
and the square-top octa-prism are both effective at
generating a homogeneous square profile. The only
difference is the way that the square profile is con-
structed; the tetra-prism makes a square from quad-
rants of the beam, whereas the square-top octa-prism
makes a square from some straight-through radia-
tion combined with translated sides and corners.

A comparison of the prism efficiencies can be made
by measuring how much of the power incident on
each prism subsequently reaches the desired central
square area (10mm x 10 mm for our substrates) at
the working distance. Modeling revealed these effi-
ciencies to be 95%, 91%, and 99% for the tetra-prism,
the square-top tetra-prism, and the square-top octa-
prism, respectively. Although the square-top octa-
prism would appear to be the best design because
it transfers incident power with a significantly
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Fig. 6. (a) Line drawing of the square-top octa-prism. (b) Map
showing how the square-top octa-prism translates different parts
of the beam.

higher efficiency into the desired homogeneous heat-
ing square, the tetra-prism design is preferable
because it offers a significant advantage over the
other two designs. The facets for both the square-
top designs would have to be specified for a fixed
working distance, beam waist, and substrate size,
and the usefulness of the prisms outside of these de-
sign parameters would be limited. The tetra-prism
design is, however, more practical because the dis-
tance from the prism to the substrate can be changed
to heat different sized substrates if the beam waist is
adjusted accordingly to reoptimize the profile pro-
duced. Because of this advantage and the relative
simplicity of the design and manufacture, the tetra-
prism design has been selected as the optimum.

E. Determination of Facet Angles for Square-Pyramidal
Tetra-Prism

The desired working distance and size of substrate
determine the facet angle required. For simplicity
only a nondivergent input laser beam is considered
here. Once the working distance and substrate size
have been decided, the required angle of the tetra-
prism facets can be calculated using Eq. (1), where
ny is the refractive index of the tetra-prism mate-
rial (=2.4 if ZnSe is used) at the laser wavelength
(=10.6 um for the CO4 laser in our experimental set-
up), ny is the refractive index of the surroundings
(=1.0 if air), 0 is the angle of the tetra-prism facets,
h is the substrate width, and D is the working dis-
tance. The small angle approximation of sin(x) =«
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Fig. 7. Averaged modeled intensity profiles for each prism design under consideration at 50%, 100%, and 150% of the working distance in
each case: (a) tetra-prism, (b) square-top tetra-prism, and (c) square-top octa-prism.

has been used to derive Eq. (1). The various para-
meters can be seen in Fig. 8.

sin™! <nn—129) -0 =tan™! <%> (1)

The actual performance of the tetra-prism (.e.,
the flatness of the averaged intensity profile) must
finally be optimized by changing the initial beam
waist and can also be tuned by allowing the beam
to diverge slightly if desired. The averaged intensity
profiles shown in Fig. 9 are for three different initial
beam waists (radius at 1/e? intensity), 3.0mm,
9.0 mm, and 27.0 mm for (a), (b), and (c), respectively,
to illustrate the effect of changing beam size. A
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beam waist that is too small results in an unusable
heat source intensity profile that would lead to an
inhomogeneous substrate temperature distribution,
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Fig. 9. Averaged modeled intensity profiles for three different initial beam waists to illustrate the effect of changing beam size:

(a) 3.0mm, (b) 9.0mm, and (¢) 27.0 mm.

whereas, a beam waist that is too large leads to a sig-
nificant increase in wasted radiation, though the
central square may still be usable in this case. Once
the design has been fixed, the initial beam waist
and the distance from the tetra-prism to the sub-
strate can be changed to adjust the profile to heat
different sized substrates.

A tetra-prism was fabricated using ZnSe to allow
us to further evaluate the design and experimental
performance. We used 10mm x 10 mm sized sub-
strates and the chamber dimensions required a
working distance of about 30 cm. The required tetra-
prism facet angle was calculated to be approximately
1.0° using Eq. (1). The tetra-prism fabrication was
subject to normal manufacturing tolerances and
the four facet angles were polished to an angle of
1.0 £ 0.1°. This tetra-prism setup has been modeled
in Section 3 and has been used for testing in Section 4
on experimental tests.

3. Three-Dimensional Heat Diffusion Modeling with
Various Source Functions

A. Three-Dimensionsal Substrate Heat Diffusion Model

B The commercial finite element modeling software
package COMSOL MULTIPHYSICS has been used to con-
struct a three-dimensional (3D) computer model de-
scribing the heat flow in a Y3Al50;5 (YAG) substrate
(10mm x 10 mm x 0.5mm) that results from CO,
laser heating with various different source intensity
distributions. The model has been used to evaluate
and compare the ability of different heat source in-
tensity functions to produce homogeneous tempera-
ture distributions on the substrate deposition face
when heating the opposite back face of the substrate.

The heat flow within the substrate is governed by
the heat diffusion equation, which, in the steady
state with constant thermal conductivity, is given by

_kV2T = Q7 (2)
where £ is the thermal conductivity (k=3.5 Wm~1K!
at 1073 °K [12]), T is the temperature in Kelvin, and
Q@ is the heat source function. For simplicity, and

since the substrates are heated in vacuum, it can
be assumed that heat loss at the substrate surfaces

is due only to radiative emission. This gives the non-
linear boundary equations for the model of

n- (kVT) = e0(Thy, = T%), (3)

where n is a unit vector directed with the inward nor-
mal to the surface, ¢ is the emissivity = 0.45, ¢ is the
Stefan-Boltzmann constant, and 7', is the ambient
temperature around the substrate=293 °K. Emissiv-
ity is not well documented for YAG at high tempera-
tures so the value above was estimated from a
separate calibration of temperature involving the
melting of thin, high purity metal foils on a YAG
substrate. The effect of a small error in this would
be to alter the power values calculated for reaching
specific substrate temperatures and would not signif-
icantly affect the qualitative assessment of tempera-
ture distributions. The fact that the right hand side
of Eq. (3) is negative for T' > T',,;, indicates that the
heat flux direction will be out of the surface.

Zero heat flux boundary conditions were intro-
duced on the internal boundaries so that the four-
fold rotational symmetry of the substrate could be
utilized to make a reduced geometry, allowing the
computational modeling to be performed on one sub-
strate quadrant and then copied to make the full size
source profiles and temperature distributions. The
final requirement for the modeling is the heat source
function which will depend upon the beam homoge-
nization technique under consideration and will be
introduced in the respective following sections.

For the modeling of different source functions that
follows, the power of the incident beam was varied
such that 7' = 1073 + 0.5 °K at the center of the sub-
strate deposition face and the beam waist was varied
along with any source specific parameters such that
the standard deviation of the substrate temperature
distribution was minimized. The minimum stan-
dard deviation, range, and mean of the temperature
distribution across the deposition face were then
taken to quantify the substrate temperature homo-
geneity. These conventions were used to enable direct
comparisons between the source functions and the
respective resultant substrate temperature distribu-
tions. The same temperature range has been used for
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all of the shaded temperature contour plots to allow
the various distributions to be compared directly.
The only exception to this rule is the case of the tem-
perature distribution produced by the untrans-
formed Gaussian source, which had a significantly
greater range than the other distributions.

B. Untransformed Gaussian

Initially, to clearly illustrate the need for any beam
homogenization device, the temperature distribu-
tions produced by an untransformed Gaussian beam
have been calculated for a range of beam waists. In
this case the heat source function is given by

2P 2 4 y2
Q-2 |21 o0, @
Tw w

where P is the power of the incident laser beam, w is
the beam waist, x and y are Cartesian axes, and it
has been assumed that the optical absorption can
be modeled as a delta function, since the absorption
depth is much less than the substrate thicknesses
under consideration here (an absorption coefficient
of 200cm™! at a wavelength of 10.6 um [13] gives a
1/e absorption depth of 50um). The investigation
has been limited to beam waists up to half the width
of the substrate (5.0 mm) because beam waists larger
than this are not practical, since they would result in
significant wastage of radiation and heating of the
chamber and other chamber parts. As an example,
the amount of beam wastage with a waist of 5.0 mm
is 4.4%, giving this untransformed Gaussian model
a comparable heat transfer efficiency to the tetra-
prism discussed in Section 2.

The minimum standard deviation of 43 °K was
found to occur for a beam waist of 5.0mm and
a power of 5.6 W with a corresponding mean tem-
perature of 978°K and a temperature range of
173°K. A profile of the untransformed Gaussian
source function is shown in Fig. 10(a) and the de-
position face temperature distribution is shown in
Fig. 10(b). It can be seen in Fig. 10(b) that most of
the substrate surface is at a temperature more than
50 °K below that of the substrate center. Such an in-
homogeneous temperature distribution would result
in severely reduced quality crystal growth in the
cooler areas and would not be acceptable for use in
PLD experiments. This clearly indicates the require-

ment for a beam homogenization technique if a CO,
laser is to be successfully used as a heat source.

C. Square-Tapered Beam-Pipe

The beam profile obtained from the square-tapered
beam-pipe discussed in Section 2 can be used in
the heating model as an initial benchmark of beam
homogenizer performance. The beam-pipe is highly
effective at creating a homogeneous intensity profile
at its working distance and so can be modeled by a
source function with a constant energy density pro-
file, as shown in Fig. 11(a). Figure 11(b) shows the
resultant deposition face temperature distribution
using such a flat source function with a power of
7.2W. The standard deviation of the temperature
distribution was found to be 7.1°K with a mean
temperature of 1063 °K and a range of 34 °K. This
is a significant improvement on the untransformed
Gaussian beam case, which had a standard deviation
approximately six times greater and a temperature
range about five times greater. However, it is clear
that improvement may be made here by altering
the heat intensity at the substrate edges, and, since
this cannot be done with the beam-pipe, this illus-
trates the limitation of this device.

D. Raster-Scanned Gaussian

The second initial benchmark to compare the opera-
tion of the tetra-prism against is a raster-scanned
Gaussian beam. Such a system has been experi-
mentally optimized previously to use a grid of 6 x
6 scanning points spaced evenly across the substrate
surface. Rather than model the high speed move-
ment of one beam across the substrate, we can in-
stead approximate the process by dividing the
laser power into the grid points and making them
constant in time. This approximation is valid when
the scan speed is fast (<100ms to scan one com-
plete cycle, which is faster than the thermal diffu-
sion time in YAG) and the grid point dwell time
is significantly longer than the transit time of
the beam between grid points. In this case, the
source function can be built without coherence ef-
fects because in reality there is only one laser beam
and one spot at any one time. The source can be
described by

op &
Q= 367w? Z

ij=

—
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Fig. 10. (a) Untransformed Gaussian beam source function with
w =50mm and P =5.6W. (b) Resultant modeled temperature
distribution of the substrate deposition face, standard deviation =
43°K, mean = 978 °K, and range = 173 °K.

where d is the separation between neighboring scan-
ning points along the x and y axes and i and j are
indices to be summed over.

The range of beam waists used for this analysis
was 1.0mm < w < 3.5mm and the scanning point
separation was varied from 1.0mm < d < d .y,
where d .« Was chosen such that the outermost scan-
ning point was a distance w from the substrate
edge to minimize wastage of radiation outside of
the central heated square. The minimum standard
deviation of 14 °K was found for d = 1.6 mm and w =
1.0mm with a power of 6.9 W. The mean temperature
for these parameters was 1052°K and the range
was 63 °K. The heat source profile used is shown
in Fig. 12(a) and the resultant substrate deposition
face temperature distribution is shown in Fig. 12(b).
The raster scanner has not performed as well as the
beam-pipe in our modeling. This is attributed to the
reduced heat intensity at and near the substrate

10.0

)
8.0 'S
=
~~ b
£ £
E 6.0 i
= s
S =
g 40 z
~ ]
)
2.0 2
2
0.0
0.0 2.0 4.0 6.0 8.0 10.0
X position (mm)
(@
10.0 1090
1080 &
8.0 Py
1070 3
= 1
g 6.0 1060 &
5 8
}% 1050 3
17} <
g 4.0 1040 5
~ @
Q
20 1030 g
1020 3
0.0 1010
0.0 2.0 4.0 6.0 8.0 10.0
X position (mm)
(b)
Fig. 11. (a) Flat intensity heat source function with P = 7.2W.

(b) Resultant modeled temperature distribution of the substrate
deposition face, standarddeviation = 7.1°K, mean = 1063 °K,
and range = 34 °K.

edges due to the constraints we placed on the mod-
eling to minimize heat wastage. For the raster scan-
ner to compare to the beam-pipe, the scanning points
at the edges would have to be set closer to and per-
haps even overlap the edges to enable the intensity
there to be increased. Another method of tuning the
temperature distribution with the raster scanner,
and one that has been successfully employed pre-
viously, would be to increase the dwell time for scan-
ning points around the outside of the heated square.
This would allow the average intensity at the edges
to be increased without leading to a decrease in
power efficiency.

E. Recombined Incoherent Gaussian

The heat source function obtained from the addition
of four incoherent beam quadrants is now considered
as an initial assessment of the heating profile pro-
duced by the tetra-prism. The incoherent opera-
tion of the tetra-prism has been simulated directly

20 April 2008 / Vol. 47, No. 12 / APPLIED OPTICS 9




10.0
8.0 E
- 2
£ g
E 6.0 85
= E
S =
g 4.0 %
A £
©
2.0 2
3
0.0
00 20 40 60 80 100
x position (mm)
(@)
10.0 1090
1080 &£
8.0 g
1070 £
E k|
=] Q
£ 1050 &
172}
g 40 1040 S
-~ ©®
Q
1030 &
2.0 g
1020 3
17}
0.0 1010

0.0 2.0 4.0 6.0 8.0 10.0
x position (mm)

(b)
Fig. 12. (a) Raster-scanned beam source function with w =
1.0mm, d=16mm, and P=69W. (b) Resultant modeled
temperature distribution of the substrate deposition face;
standard deviation = 14 °K, mean = 1052 °K, and range = 63 °K.

in Section 2 using ray-tracing methods, but for the
purposes of the temperature modeling it is simpler
to generate the heat source function from the super-
position of four appropriately truncated Gaussians.
To investigate the effect of changing working dis-
tance D for a fixed tetra-prism angle (0 = 1.0°), a
quadrant separation parameter a is introduced.
The source function is then given by

The parameter range 3.0mm < ¢ < 5.0mm and
1.0mm < w < 10.0 mm was modeled over to achieve
a combination that results in the most homogeneous
temperature distribution. A minimum standard de-
viation of 2.7 °K was found to occur for a = 5.0 mm
and w = 7.7mm using a power of 7.7W. The mean
temperature obtained with these parameters was
1076 °K and the temperature range was 16 °K. A pro-
file of the source function generated by the above
parameters is shown in Fig. 13(a) and the deposition
face temperature distribution is shown in Fig. 13(b).
It is interesting to note from Fig. 13(a) that in con-
trast to the source functions produced by the pre-
vious homogenizer devices, the parameters above
do not produce the flattest average intensity source
function possible, which would occur for slightly dif-
ferent parameters (¢ =5.0mm and w = 9.6 mm).
However, this slightly inhomogeneous heating pro-
file does result in the most homogeneous tempera-
ture distribution. This is because above average
heat supplied at and near the substrate edges com-
pensates for the higher rate of radiative emission
from these areas because of the larger surface area
to volume ratio. This highlights the fact that the goal
of a square heating beam homogenizer is not actually
to produce a perfectly flat intensity square beam, but
rather an overall flat intensity beam with an in-
creased level of heat at the corners and around the
edges. This is key to the success of the tetra-prism
design, which enables the level of increased intensity
at the substrate edges to be controlled without the
consequence of reduced efficiency. The temperature
distribution shown in Fig. 13(b) clearly illustrates
the improvement in homogeneity over the untrans-
formed Gaussian case and the two alternative
homogenizer device benchmarks. Such a homoge-
neous temperature distribution is ideal for PLD ex-
periments and the remaining challenge is for the
tetra-prism to reproduce a similar degree of homoge-
neity despite the diffraction and interference effects
that apply in the real-world case.

F. Recombined Gaussian with Fresnel Diffraction

Fresnel diffraction will produce a larger periodic
modulation of intensity than interference for the tet-
ra-prism setup under consideration and will there-
fore be the dominant factor in determining the
substrate temperature inhomogeneity, allowing the

exp{-Ala+ar 400} G>-ay>-a)

Q=

Tw?
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Fig. 13. (a) Recombined incoherent Gaussian beam source func-
tion with w = 7.7mm, d = 5.0mm, and P = 11.0 W. (b) Resultant
modeled temperature distribution of the substrate deposition face,
standard deviation = 2.7 °K, mean = 1076 °K, and range = 16 °K.

source intensity modulation due to interference to be
neglected here for simplicity.

Since the diffraction by a straight edge cannot
be solved analytically, numerical Fourier transform
methods were employed using the numerical com-
puting software package MATLAB. The resulting
source matrix was then imported into COMSOL MULTI-
PHYSICS for subsequent heat diffusion modeling. To
calculate the source function, a single quadrant of
a Gaussian E-field was considered and then propa-
gated in free space using Fourier optics methods.
The independence of the diffraction of each quadrant
from the others then allowed the result for the initial
single quadrant to be rotated to give the pattern pro-
duced by the other three quadrants. The four resul-
tant E-field distributions could then be summed to
build the complete source function.

The Fresnel diffraction was seen to have three
noticeable effects on the heat source compared to

the incoherent function analyzed in the previous
section. An intensity modulation in both the x and
y directions was introduced with a period variable
at the millimeter scale length and the effective edge
of the source was softened and moved toward the cen-
ter of the substrate.

The recombined beam quadrant parameters were
varied as in Subsection 3.E to find the parameters
that produce the most homogeneous substrate tem-
perature distribution. The minimum standard devia-
tion of 2.2°K in this case was found to occur with
a =5.6mm and w = 9.5mm with a power of 9.5W.
The mean temperature was found to be 1076 °K
and the temperature range was 14 °K. Figure 14(a)
shows the source function for these parameters.
The diffraction has produced an intensity modula-
tion of varying period between about 0.5 mm and
1.5mm along the x and y axes. Figure 14(b) shows
the resultant substrate deposition face tempera-
ture distribution. Compared to the incoherent
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Fig. 14. (a) Recombined Gaussian with Fresnel diffraction with

w=95mm, d=56mm, and P =9.5W. (b) Resultant modeled
temperature distribution of the substrate deposition face,
standard deviation = 2.2 °K, mean = 1076 °K, and range = 14 °K.

20 April 2008 / Vol. 47, No. 12 / APPLIED OPTICS 11




Table 1. Summary of Modeling Results for the Different Homogenization Techniques Under Consideration
Beam homogenization Power Surface temperature properties (°K)
technique (W) Standard deviation Mean Range

Untransformed Gaussian 5.6 43 978 173
Square-tapered beam-pipe 7.2 7.1 1063 34
Raster-scanned 6 x 6 grid 6.9 14 1052 63
Recombined incoherent Gaussian 7.7 2.7 1076 16
Recombined Gaussian with Fresnel diffraction 9.5 2.2 1076 14

recombined Gaussian case, the beam waist and
quadrant separation have increased to compensate
for the shift of the effective edge that results because
of Fresnel diffraction. Despite the additional modu-
lation, however, a temperature distribution with
comparable homogeneity to the incoherent case is
still achieved. It is clear therefore that the tetra-
prism design and experimental parameters can be
optimized simply by using incoherent modeling in
the case that has been studied here, but it would
be useful to know how much the heating beam in-
tensity can be modulated due to diffraction or in-
terference before the temperature distribution is
significantly affected. A simple two-dimensional (2D)
model has been used in Section 5 to investigate this
and give an indication of the role of substrate thick-
ness as a thermal diffuser in the achievement of
homogeneous temperature distributions.

The modeling results from all of the different
homogenization techniques are summarized in
Table 1.

4. Experimental Tests

A. Experimental Observations of Diffraction and
Interference Effects

A temperature sensitive liquid crystal film was used
as a viewing screen on a large metal heatsink with
the CO, laser operating at low powers to achieve
an experimental indication of the real-world period
of intensity modulation. A picture of the film is
shown in Fig. 15. Different periods can be clearly
seen that can be attributed separately to the effects
of diffraction and interference. A constant period of
approximately 400 um can be observed along the x
and y axes, which is attributed to interference. A lar-
ger period that varies between ~1.0 and 2.0 mm can
also be observed, which is attributed to diffraction.
This agrees approximately with the source function
that included diffraction generated using a square
aperture in the previous section. The image also
has some distortion that is due to manufacturing
imperfections in the device.

B. Thermocouple Measurements of Substrate Surface
Temperature

Thermocouple measurements were made of the sub-
strate surface temperature to confirm the validity of
the heat diffusion modeling. An accurate measure-
ment is technically difficult to achieve because the
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5 mm

Fig. 15. Picture of the intensity profile generated by a square-
pyramidal tetra-prism using temperature sensitive liquid crystal
film. Note that some saturation has occurred in the center of the
most intense spots shown.

thermocouple acts as a heatsink and reduces the sub-
strate temperature where the measurement is made.
However, a very thin thermocouple can be used to
minimize this problem. A 0.25mm diameter type-
K thermocouple was used with its insulating outer
layer stripped off and a very small amount of ther-
mally conductive indium paste was used on the tip
to make a good contact with the substrate.

The temperature was measured to be ~1073 °K
with an absorbed heating power of about 10W.
The heat diffusion model predicted that the sub-
strate surface temperature would be ~1073 °K for
an absorbed power of 9.5W using the recombined
Gaussian source function with diffraction included.
The comparison of absorbed power here allows us
to use the power value from the modeling produced
by a square aperture source function. We can there-
fore conclude that the model is working with suffi-
cient accuracy to be valid as an indicator of the
substrate temperature achievable by using different
heat source functions and powers.




5. Substrate Thickness as a Thermal Diffuser

A. Two-Dimensional Substrate Cross Section Heat
Diffusion Model

In order to generate simple rules for describing
the influence of source intensity modulation on the
homogeneity of substrate temperature, we can sim-
plify by using a 2D thermal model. A cosine-squared
modulation can serve as an approximation of the ac-
tual source intensity modulation for this simple mod-
eling. Eqgs. (2) and (3) still describe the heat flow
within the 2D domain and the heat source is given by

Aky

Q= ksl + cos(ksh) sin(ksh)

cos®(kpy)s(z), (7)

where A is a parameter similar to the beam power
and can be varied to adjust the temperature, y is
the direction parallel to the heating face, z is the
direction perpendicular to the heating face, and
ks = /A, where A is the heat intensity modulation
periodicity that results from using the cosine-
squared function. The nonlinear heat equations were
solved using COMSOL MULTIPHYSICS.

B. Modeling Results

Simulations were carried out over a range of sub-
strate thicknesses and heat intensity modulation
periodicities. For simplicity, the heat intensity peri-
odicities were chosen such that the modulation
was symmetric about the substrate center. The para-
meter A was varied to give a temperature of 1073 +
0.5 °K at the center of the substrate deposition face.
To isolate the effect of changing the heat intensity
modulation from temperature inhomogeneity that
results from the substrate edges, the parameter A
shown as Eq. (8) has been used, where T4 is the
temperature for the modulated heat intensity case
and Ty, is the temperature for the unmodulated
heat intensity case.

A= [Tmod (y) — T (y)]maxvalues
- [Tmod (y) - Tﬂat (y)]minvalues (8)

Figure 16 shows A plotted for a range of heat in-
tensity modulation periodicities from 0.2 mm up to
5.0mm and for substrate thicknesses of 0.1, 0.25,
0.5, and 1.0mm. The temperature inhomogeneity
due to source modulation increases rapidly with in-
creasing heat intensity modulation periodicity and
decreasing substrate thicknesses. This highlights
the role of substrate thickness as a thermal diffuser
for the heat source function. Thicker substrates allow
more homogeneous temperature distributions to be
produced because more thermal diffusion can take
place between the heated face and the opposite de-
position face. Figure 16 can be used as a guideline
for how inhomogeneous a heat source can be before
it has a significant impact on the temperature homo-
geneity of substrates with different thicknesses.
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Fig. 16. Variation of the temperature inhomogeneity due to
source modulation for substrate thicknesses of 0.1, 0.25, 0.5,
and 1.0 mm.

6. Conclusions

A new remote substrate heating setup utilizing a
ZnSe tetra-prism in combination with a CO, laser
has been described for pulsed laser deposition
(PLD) experiments. Three initial prism designs
and their operation were considered and compared
to a more conventional square-tapered beam-pipe
and the best design was chosen for further discus-
sion and subsequent experimental testing. Three-
dimensional heat modeling was performed using
various source functions representing a simple
Gaussian beam, a square-tapered beam-pipe, a ras-
ter-scanning mirror setup, and the most favorable
prism design, the tetra-prism, with and without
diffraction. Experimental tests were performed on
a 1.0° tetra-prism made out of ZnSe to indicate the
actual intensity pattern that results from com-
bined diffraction and interference effects. Finally,
the role of substrate thickness as a thermal diffuser
was highlighted by modeling the temperature inho-
mogeneity that results from source functions with
different intensity modulation periods using sub-
strates with a range of different thicknesses.

The modeled substrate temperature distributions
that result from different source functions in turn
indicated the necessity for such a beam homogeniza-
tion device and then the limited impact of coherence
effects for the tetra-prism setup dimensions under
consideration. It was shown that out of the possible
beam homogenization techniques available (beam-
pipe, prisms, and raster scanning) the tetra-prism
was not only the simplest and most convenient
method but also the most effective since the beam
shape was easily tailored to compensate for in-
creased heat loss via radiative emission at the sub-
strate edges and corners. When taking diffraction
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into account, the modeling predicted an ideal homo-
geneous deposition face temperature distribution for
use in PLD experiments, with a standard deviation of
just 2.2°K and a mean temperature of 1076 °K.

Experimental testing verified the accuracy of the
modeling work and showed that it may be used in
the future to predict substrate temperature that
results from a certain heat intensity source profile
and absorbed power. The influence of source modula-
tion on temperature homogeneity was found to be
negligible for substrates greater than a few hundred
micrometers thick at modulation periods less than a
few millimeters. In conclusion, a ZnSe tetra-prism
has been presented as a highly effective low-cost
beam shaping tool for substrate heating in PLD
experiments.
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F.2.1 Modelling of UV Direct-Write Waveguides in Single Crystal
Lithium Niobate
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Modelling of UV Direct-Write Waveguides In Single Crystal Lithium Niobate

A. C. Muir, I. T. Wellington, G. J. Daniell, R. W. Eason, S. Mailis
Optoelectronics Research Center and School of Physics & Astronomy, University of Southampton, SO17 1BJ,
United Kingdom.
C. P. Please
School of Mathematics, University of Southampton, SO17 1BJ, United Kingdom.

It has been shown that waveguide structures can be directly written into single crystal LiNbO; through the
influence of a focussed c.w. laser source at a wavelength of 244nm scanned across the surface [1]. A possible cause for
this effect is the thermally induced diffusion of Li ions away from the regions heated by the laser beam leading to a
local decrease in the refractive index which is dependant upon the Li concentration [2]. Figure 1 shows a schematic of
this process.

The diffusion of heat within the crystal has been modelled initially by analytical methods which include a
Kirchhoff integral transform to include the effect of a temperature dependant thermal diffusivity. Using this analytical
model we have investigated the characteristics of the temperature distribution in the vicinity of the scanning beam with
variation of exposure parameters such as beam spot size. incident optical power and scanning speed. It has been found
that the temperature distribution in the reference frame of the moving beam is independent of the scan speed for all
practical speeds.

A finite difference model has also been constructed for a static beam and the results compare very closely with
the analytical model. The finite difference model has allowed the inclusion of a temperature-dependant heat capacity as
well as a temperature-dependant thermal diffusivity. It has been found however, that the temperature-dependant heat
capacity has only a small additional effect and so this justifies the use of the analytical model where only the thermal
diffusivity is temperature-dependant.

The equations describing diffusion of Li ions in a dynamic, spatially non-uniform, temperature distribution
have been derived and used to extend the finite difference temperature model into a model of Li diffusion induced by
the scanning beam. For an incident power of 80mW, scan speed of 8 x 10™*ms" and spot size of 3.25um a peak Li
concentration change was calculated to be about 1% in the preliminary results. Calculations of the refractive index
changes based on these predicted Li concentration changes will be presented and compared with measured values
achieved via direct waveguide writing.
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Figure 1: Schematic of guide writing and modelling process.
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The interaction between highly absorbed UV laser radiation and the z-faces of lithium niobate single crystals
has been reported to induce modification of the surface reactivity with chemical etching agents such as hydrofluoric
acid (HF) [1,2]. This effect has been attributed to the photo-excitation of charges which are subsequently trapped in
defect sites producing a spatial charge distribution that corresponds to the illuminating pattern.

In this contribution we show that the UV laser-induced surface charge distributions interact sufficiently with
the polar molecules of various solvents to increase their attachment to the surface hence changing the wetting behaviour
of the surface without changing the surface topography (surface roughness). The wetting modified area corresponds
strictly on the illuminated surface areas. We have observed such wetting modifications even in submicron regions (0.7
wm) after illumination through an appropriate phase mask. Figure 1 shows the spreading of a de-ionized water droplet
on a) non-exposed and b) pulsed laser exposed areas. The contact angle of the droplet with respect to the surface before
UV illumination was of order 110°. After UV illumination the contact angle became 180° as shown in figure 1Ib.
Finally, the UV laser induced wetting modification of the surface recovers completely after a few days at room
temperature or faster by thermal annealing at ~200° C for 2 hrs.

Pulsed and c.w. laser radiation from a KrF excimer laser (248 nm) and frequency-doubled argon-ion laser (244
nm) respectively were used to illuminate the +/- z surfaces of commercially available lithium niobate single crystal
wafers. Selective attachment of (various amphiphilic molecules, organic dyes, quantum dots, metallic/polymer nano-
paticles) on pre-illuminated surfaces will be presented. Lithium niobate is a nonlinear ferroelectric material possessing
very useful physical properties. Additionally it is an excellent host for active and passive optical waveguides. The
ability for precise spatial arrangement of organic/inorganic molecules and nano-particles has the potential to offer
valuable solutions to device fabrication.

Figure 1 a) de-ionized water droplet on the +z face of a lithium niobate single crystal wafer, the contact angle is ~110°
b) after UV exposure the same volume of water spread readily on the illuminated surface
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Ferroelectric domains have been generated on the +z and the —z faces of congruent undoped lithium niobate
(LiNbO;) single crystals by direct UV writing using a continuous wave (c.w.) frequency doubled argon ion laser
(A =244 nm). The width of the domains was observed to depend on the intensity of the laser beam. Interestingly, also
the contrast of the domains seen by piezoresponse force microscopy (PFM) [1] was observed to increase with higher
laser intensity. The contrast difference could be attributed to a difference of the depth of these surface domains as the
depth sensitivity of the PFM is ~ 1 um for LiNbO;.

After the first set of PFM scans the samples underwent thermal annealing at 200 °C for 4 hours, thereby
eliminating any residual charge distributions from the writing process. The second set of PFM scans (after thermal
annealing) did not show any changes in the images a fact that ensures that the observed contrast is of piezoelectric
origin. Surface topography scans obtained simultaneously with the piezoresponce images showed no surface damage for
most of the writing conditions. Figure 1 (a,b) shows two piezoresponce images obtained from the —z face of a UV
exposed sample. The dark tracks correspond to the illumination tracks while the corrugation of the line is due to
mechanical vibrations during the direct writing process. Subsequent etching in hydrofluoric acid showed differential
etching following the UV illumination track, as expected from an inverted ferroelectric domain. A scanning electron
microscopy imaged of the etched sample is shown in Fig 1(c)

ofF - ] [®

10 pm

Fig. 1 Piezoresponse force microscopy images (a, b) of a UV laser-induced domain structure in congruently
melting LiNbO;. Writing parameters: laser power of 30 mW on a 5 pm spot diameter, scanning
velocity 0.2 mm/s. (¢) Scanning electron microscopy image of the etched UV illuminated —z face.

The crucial question remains: what is the formation process? UV laser irradiation of A =244 nm in known to
strongly heat the crystal locally since the crystal has an extremely small absorption depth of <<lmicron at this
wavelength [2]. The temperature being above T, ferroelectric order is abolished and the crystal becomes electrically
conductive in this volume. Thus UV light can travel deeper into the crystal volume. This light is absorbed in crystalline
LiNbO; and generates free electrons. Due to the bulk photovoltaic effect a space charge field arises which has an
opposite direction with respect to the polarization field. Now — if after illumination the temperature decreases below T,
the orientation of the polarization axis is defined via this space charge field. This results in the observed surface
domains. Note that this process for the domain formation works for both, the +z and the —z face in the same manner.

We will further discuss this phenomenon during the presentation.
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Ferroelectric domain inversion has been achieved on the +z
and the —z faces of congruent undoped lithium niobate (LiNbO3)
single crystals by direct UV writing using a continuous wave
(c.w.) frequency doubled argon ion laser (A =244 nm). The
width and the depth of the domains were observed to depend on
the intensity and the spot size of the laser beam as well as the
writing speed. The inverted domain structures were investigated
by scanning electron microscopy (SEM), after HF acid
differential etching, and piezoresponse force microscopy
(PFM) [1]. UV laser inverted domains directly written on a multi
domain crystal (PPLN) show that the PFM contrast of the UV
written domains is lower as compared to the bulk domains
(Fig. 1b). This indicates that the UV written domains are
shallower than 1 pm because any domain depth exceeding
~ 1 um in LiNbO; would appear as bulk in PFM imaging. This is
consistent with the extremely small absorption depth of << 1 um
at L =244 nm [2].

Although shallow these UV laser written domains can be
also remarkably narrow and also they can be fabricated onto any
surface independent of the crystal orientation. Driving these
surface domains deeper in the crystal by optical or electric field
post processing. is currently under investigation.

(a)I . l|

Fig. 1: (a) Scanning electron microscopy image of the HF etched UV
laser inverted domain lines. (b) Piezoresponse force microscopy image

of UV-induced domain structures written on a previously periodically
poled LiNbO; substrate (A = 8 um). The relative contrast indicates that
the depth of the UV-written domains is << 1 pm..

[1] T. Jungk, A. Hoffmann, and E. Soergel, Appl. Phys. Lett. 89,
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The combination of light with external electriclle has been successfully used for the domain eagirg of
ferroelectric lithium niobate crystals [1,2]. It fidbeen shown thaimultaneous illumination and application of an
external electric field can achieve, e.g. in theecaf MgO-doped lithium crystals, coercive fieldluetion up to 98%
using fs-pulsed light [2].

In the case of undoped congruent lithium niobateydver, it has been observed and it is reported tatphoto-
induced coercive field reduction also occursin a latent manner whereby the application of the electric field edaed
with respect to the illumination of the crystal.riermore, the local coercive field reduction beesrfixed after the
first poling cycle. Hence, the initially illuminadeand domain inverted regions will re-invert at éswoltages for
subsequent poling cycles. The most significant icagion of the latency is the decoupling of theefalumination and
E-field application steps which significantly sirifigls the experimental setup and allows for highotheation light
patterning, e.g. using a phase mask.

The second harmonic of the ultra-fast laser syd€oherent: Mira oscillator, RegA amplifier, reptit rate of
250 kHz, pulse duration ~130 fs) at= 400 nm was focused onto the -z face of the arytst a spot size of
approximately 45um. The average power of the illuminating laser besas 10 mW, 20 mW and 40 mW which
correspond to a peak intensity of 4.5 GW/c GWi/cnf and 18 GW/crhrespectively. Congruent lithium niobate
samples of 500um thickness were initially “conditioned” by a seqoe of five “dark” poling cycles before
illumination to ensure consistency of the forwandl aeverse values of the intrinsic coercive fiéfdthis investigation
a transparent cell was used for the illuminatiod @aoling of the crystals which allowed situ observation of the
domain formation (via stress-induced birefringeaoé electro-optic refractive index contrast at itheerted domain
boundaries).

The latent laser-assisted inverted ferroelectrimaias, shown in Figure la, have all been polechatsame
voltage. They correspond however to different tidetays between the illumination time and the vatagplication
time, with the far right being the most recentslbbvious from this figure that the domain spregds a function of the
illumination-voltage time delay. Figure 1b plotethesults of a more comprehensive investigatiothefresulting
domain area (measured after brief etching of thstalr in HF acid) as a function of the time delagfdoe the
application of voltage. Each spot was illuminated30s, with a 30 s delay between subsequent iflatiins. 30 s after
the last exposure, the voltage was ramped at afate30 V/s, maintained at the maximum voltage ¥ kV for 300 s
and finally ramped down to O kV at a rate of ~138.V

A full study of the latent coercive field modifidgaih and domain expansion dynamics will be presented
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Figurel: (a) Ferroelectric domains of different areas corresiing to different time delays between
illumination and voltage application, the far rigiging the most recentb)(Ferroelectric domain area vs.
voltage application time delay for three differéhiminating powers with an applied voltage of 4 kV
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Abtract: Continuous wave UV laser (A=244 nm) irradiation of the +z face of lithium niobate
single crystals inhibits ferroelectric domain inversion in the volume of the crystal which lies
immediately below the UV exposed surface.

1. Introduction.

Ferroelectric domain engineering in lithium niobate (LN) is a subject of extensive research mainly for the
fabrication of quasi-phase-matched (QPM) nonlinear optical devices, for the performance improvement of linear
devices and for microstructuring.

Laser illumination of LN crystals has been observed to assist the electric field ferroelectric domain inversion
process by reducing locally the value of the coercive field (E.). Reduction of E. up to two orders of magnitude has
been observed in Light Assisted Poling (LAP) experiments [1,2]. The laser radiation which has been used in LAP is
normally not significantly absorbed by the crystal (A=350 nm - 800 nm) and the inverted ferroelectric domains
typically extend throughout the thickness of the crystal.

Here we present UV laser induced inhibition of ferroelectric domain inversion where spatially selective pre-
exposure of the +z face of LN crystal inhibits domain inversion in the UV exposed area during electric field poling
at a later stage. In these experiments the two steps of i) UV illumination and ii) E-field application are separated; the
application of the external electric field can take place long (days) after the UV illumination.

2. Experimental procedure

The experimental arrangement for the UV exposure consisted of a set of computer controlled x-y-z translation stages
on which 500 pm thick crystal samples (source; crystal technology Inc USA) are mounted and scanned in front of
the focussed UV laser beam. The laser source was a frequency doubled Ar: ion laser at A=244 nm which was
focussed down to a spot size of ~2.5 um. A computer controlled mechanical shutter was also used to control the
exposure time. In the experiments presented here two types of exposures were performed always on the +z face of
the samples: i) arrays of linear tracks where the crystal is translated linearly at a constant speed and the length of
these tracks varied between 0.5mm to Smm and ii) arrays of exposures where the crystal was static during the
exposure, the duration of which was controlled by the mechanical shutter.

: 4 Date :17 Aug 2007
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Figurel. a) SEM image of the HF-etched +z face of a UV exposed and poled congruent LN sample. The array of dots
correspond to the UV exposed areas. b) Piezoresponse map of the +z face of a UV dot-exposed and partially poled LN
sample. The black and white areas correspond to —z and +z faces respectively. The PFM scan size is 58um x 58um




After UV illumination the crystal sample was domain inverted by applying a uniform external electric field
exceeding the E. which for congruent LN crystals is E. = 22 kV/mm. The inverted domain topography of the UV
exposed face was investigated by scanning electro microscopy (SEM) after brief etching (~15 minutes) in pure HF
acid. Figure la shows an array of upstanding dots which corresponds to static exposures and seems to have
maintained their original domain orientation. The area surrounding these features is domain inverted and now
corresponds to a —z face. This is shown clearly in figure 1a where the dot array appears to be surrounded by the
newly poled hexagonally shaped domain.

Piezoresponse force microscopy (PFM) was used to verify the ferroelectric domain polarity of the features
which were observed in the SEM images. The PFM scan which is presented in figure 1b shows the domain mapping
of a spot illuminated surface that has been partially domain inverted. In the PFM image the white area corresponds
to a +z face and the black area corresponds to a —z face as indicated in the figure. The right part of the image has
been domain inverted and appears black. The white dots observed within the black background corresponds to UV
illuminated spots which have resisted poling and show the same contrast as the left part of the image which has also
not been domain inverted. The vertical contrast divide corresponds to the domain wall between the newly poled
domain on the right hand side and the original domain on the left. The dot-exposed array extends on both sides of
the domain wall. Interestingly the area in the centre of the exposed dots appears grey indicating the presence of an
amorphous layer as a result of surface melting in the more intense central area of the Gaussian intensity profile of
the laser spot.

3. Discussion

The results presented here show that the effective coercive field increases in the UV exposed areas which is opposite
to what has been observed in all LAP experiments. The difference in this case is that short wavelength UV radiation
which is highly absorbed by the crystal is used. UV radiation at A=244 nm is absorbed in the first few 10s of
nanometers [3] in LN and it is capable of producing photo-excited charge and heat. Our hypothesis is that the photo-
excited charges diffuse through the affected volume and get trapped in crystal defects thus creating suitable
electrostatic termination points for the propagating bulk domain which has nucleated on the original —z face (during
the poling process) and propagates towards the original +z face. As a result of this process the surface and the
volume of the crystal below the UV exposed areas maintain the original domain polarity.

The depth of this non-inverted part is unknown. However, observation of the PFM scan in figure 2 shows that
the non-inverted domains on the right hand side have the same contrast as the bulk non-inverted domain on the left
hand side of the image. The depth sensitivity of the PFM is of order ~100 nm which is roughly 3 times the radius of
curvature of the AFM tip which is used [4]. Any domain deeper than ~100 nm would appear as bulk hence this
corresponds to a minimum depth for the domain inverted features which we observe.

4. Conclusions

The exposure of the +z surface of congruent lithium niobate single crystals to UV laser radiation (A=244 nm) is
shown here to inhibit domain inversion locally during the process of E-field poling. The effect was investigated by
SEM of HF etched samples which showed differentially etched features corresponding to the UV irradiated areas.
The domain inhibition was further verified by piezoresponse microscopy. PFM also provides a minimum depth of
these non-inverted domains of ~100 nm as deduced from the depth sensitivity of the instrument. UV induced poling
inhibition is attributed to the redistribution of diffused photo-induced charges and subsequent trapping in crystal
defect sites which provide electrostatic termination points for propagating bulk domains during the E-field poling
process.

Depending on the depth of these domain structures they can be used in nonlinear waveguide devices (waveguide
PPLNs) however, this effect when combined with chemical etching provides a very versatile tool for the fabrication
of surface micro/nano-structuring of excellent optical quality in lithium niobate.
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