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Abstract. UV radiation in the spectral region beyond ~320 is strongly absorbed
by lithium niobate single crystals. The strong apton and the consequent localized
heating of the crystal triggers physical processbgh can affect the state of the
material not only by changing the refractive indag,shown in the past, but also by
changing its ferroelectric disposition. UV laseradtiation of the polar surfaces in
particulars can induce or inhibit the inversiorferfoelectric domains. A summary of
these UV light induced effects and their utility ttre micro-structuring of this very
important optical ferroelectric crystal will be gented here.
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1. Introduction

Since it's synthesis lithium niobate (LN) has béethe forefront of photonics world. It is a
ferroelectric crystal which remains stable for aevrange of temperatures (Curie temperature
~1150° C) and possesses substantially large namlzyed electro-optic coefficients [1]. It is
therefore an important technological material whiglused in a wide range of applications
involving optical switching [2], nonlinear opticdlequency generation [3], surface acoustic
wave (SAW) filtering [4] and many others. For théason it is commercially available today
in large quantities and in excellent and most irtgoutty consistent quality.

LN has been the subject of extensive researcthéolast 30 years and there is a large amount
of research publications to prove it. Initially thelk of research was directed towards the
standardization of growth in order to achieve rdpuibly good quality crystals. Later, the
effort was directed towards the development of phiat devices such as optical modulators
and frequency converters. For this reason numemmethods for the fabrication of optical
waveguides were identified such as in-diffusiontitinium metal [5, 6], proton exchange
[7, 8], ion implantation [9hnd ultra-fast laser direct writir[d0] to name a few.

Regarding optical non-linear applications, sucliraguency conversion, in LN is possible to
use the birefringence of the crystal in order thiewe phase matching of the nonlinear
process. However, birefringence phase matching doegermit the usage of the highest
nonlinear coefficient (¢f). Ferroelectric domain engineering provided a mynéo this
problem by offering the possibility for quasi-phasatching [11] (QPM) in periodically
poled LN (PPLN) crystals. Ferroelectric domain eegring has been developed primarily
for nonlinear frequency conversion by quasi-phasgéching [3] however other applications
are beginning to emerge such as the performanceoimment of electro-optic [12] and
acousto-optic devices [13, 14]. Differential etahiof domain engineered crystals offers also
the capability for surface micro-structuring [15,16

The conventional method for ferroelectric domaiveirsion in LN is by applying an external
electric filed E-field) of sufficient amplitude texceed the coercive field. Spatially selective
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domain inversion is obtained by modulating the dmgé of the E-field either by directly
structuring the electrodes which are used for tpplieation of the electric field or by
introducing dielectric layers, i.e. photoresistivieen a uniform planar electrode and the
crystal surface. Recently however, it was showrt thas possible to modify locally the
effective coercive field by irradiating the crysteith a laser beam while applying an external
electric filed [17, 18]. This is due to a photo-ircéd space charge field which adds to the
externally applied E-field [19, 20]. Light assistpdling (LAP) leads to spatially selective
domain inversion in a direct writing fashion.

1.1. UV laser induced effects

The absorption edge in congruently melt, undopectiystals is located around 350 nm. At a
wavelength range between 305 nm -244 nm the lighakisorbed within a layer of few
microns, or even less. The strong absorption ofUkelight is resulting in a rapid local
heating of the crystal accompanied often by surtim®age, even meting at laser intensities
in the range of ~300-400 kW/éniThe local laser induced heating at temperatupeto uhe
melting point is due to the relatively poor heahdoctivity of LN crystals. As a result steep
temperature gradients are formed during the U lmssdiation.

The diffusion of heat after UV laser irradiatiordathe formation of temperature gradients has
been studied in [21] in an attempt to explain theavvation that optical waveguides could be
directly written in LN by UV laser irradiation a2 nm [22]. The literature value for the
absorption depth at 244 nm radiation is of ordéd r®1. The short absorption depth suggests
that the optical waveguide formation cannot be &xld by a direct optical photorefractive
effect as the volume where a refractive index chavgrurs in order to support a waveguide
mode should be much larger that the volume whexdight is absorbed. However, the model
which was presented in [21] suggests that the Heatkime, due to the UV laser irradiation,
is much larger as compared to the UV radiation gdtem depth. This prediction offers the
alternative route of a heat driven mechanism tloaticc be responsible for the observed
refractive index change.

Apart for the refractive index changes UV direcadliation of the polar surfaces of the crystal
induces a range of effects which are relevant ¢oféhroelectric domain state of the crystal
and which originate from the rapid heating cooliygle which is a consequence of the strong
absorption of light in the crystal. The impact d¥ Wadiation on the poling behaviour of LN
and more specifically the UV laser induced domaimeision and the UV laser-induced
inhibition of poling will be discussed in this pap&urthermore the utility of these UV laser
enabled processes in the fabrication of micron sufgmicron scale micro-structures in LN
will be demonstrated.

2. All optical paling

Differential etching between the opposite polaetof LN (-z, +z) in hydrofluoric (HF) acid
is a standard method for the visualization of ite@ferroelectric domain distributions in LN
where normally the —z face etches at a specifimferature dependent) rate while the +z
remains practically unaffected by the acid [23]sthareating a surface relief pattern that
corresponds to the ferroelectric domain distributi&arly experiments investigating the
interaction of UV laser radiation with the surfagkeLN crystals showed that the spatially
selective exposure of the -z polar face of the tatywith c.w. or pulsed UV laser could
change the chemical etching behaviour of this paldr face in HF [24, 25]. More
specifically UV irradiation was observed to complgtinhibit the etching of the -z crystal
face hinting that local domain inversion could haeen taken place.

The c.w. UV laser irradiation experiments were perfed in a scanning fashion where the
surface of the crystal sample was scanned in fsbthe focussed laser beam. In this way it
was possible to vary the exposure time, by adjgdtie scanning speed and the intensity by
adjusting the laser power and the laser beam fowyusharacteristics. In the pulsed laser case
the irradiation was often performed through an gltfmn or phase mask.



2.1. All optical poling with c.w. laser irradiation

All optical poling using c.w. laser radiation (24#) has been observed following scanned or
static exposure of the —z face of LN [26]. In thesperiments the UV laser beam from a
frequency doubled argon-ion laser was focussedsfmadiameter of ~ 148m on the surface

of the crystal while the laser powers used wasiwithe narrow range of 25-30 mW which is
below the damage threshold. At higher laser powesssurface becomes severely damaged
while at lower powers no effect is observed.

Following UV irradiation the crystal was etchedHit acid revealing a surface relief pattern
which corresponded to the laser irradiated pattéfigure 1 shows scanning electro
microscopy (SEM) images of the surface relief pattf the laser exposed —z face which is
revealed after HF etching. The set of ridges whiehshown in figure 1 correspond to the UV
laser exposed tracks. It is obvious that the qualitthe surface is not the same in all the
tracks. Notably the tracks which correspond to lopewer appear to be grainy in nature
consisting of submicron features while at highsetgpowers the corresponding etch-resistant
surface appears solid. This is an indication th&dvaer powers an assembly of inverted nano-
domains is formed within the laser irradiated afgehigher powers the nano-domains merge
to form a solid inverted domain layer however, acef cracks appears which can be clearly
seen in figure la, probably as a result of the esijoa of the heated volume with respect to
the surrounding crystal volume that remains at faemperature.

Figure 1. a-d SEM images of direct UV laser polettks corresponding to different
laser powers (with track “a” corresponding to tlghlest power) as revealed by etching
in HF acid. e) Set of isolated laser-poled doménsed by static UV laser exposure,
f) higher magnification detail.

In the SEM images of figurel it can be observed e writing laser power level has also an
impact on the density of the nano-domains. Thigedéhce in nano-domain density is more
evident in the track shown in image (d) which cepends to the lowest power. The
concentration of the nano-domains is lower herewaiig the acid to attack them from the
side thus reducing the width of the ridge. Statipasures also yielded isolated inverted
domains with a circular profile as shown in the Skivage of figure 2. Direct UV laser
domain inversion was also observed in Fe: anddped crystals.

The role of the laser intensity was seen to be nmoportant than the exposure time, which
could be adjusted by the scanning speed. This isdioation that the occurrence of direct
poling depends strongly on the peak temperaturetwisi achieved during laser irradiation
and not on the duration that the crystal staysnatlavated temperature. This observation
points towards a dynamic process which occurs dutfire heating — cooling cycle of the
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affected crystal volume. It has been proposed ttmateffect originates from a synergy of
electric fields, formed by displaced charge casrind the pyro-electric field, which adds up
to produce a net poling field during the coolinggg of the rapid heating-cooling cycle as a
result of the laser irradiation. However, the exattgsical processes which take place at such
high temperatures as well as the exact valueseogligctrical conductivity, thermal diffusivity
and optical absorption are not accurately knowns Téduces the capability of modelling in
detail the actual mechanism which is responsibi¢hig effect.

Figure 2. a) SEM image of a UV laser inverted strreewith curved edges, b) Optical
microscope image of a direct UV poled patter of kbigers “ORC” illustrating the
flexibility of the method.

The direct write nature of laser poling enhancesflgxibility and applicability of this domain
engineering method. Furthermore direct UV laseingobf LN does not seem to become
restricted by the crystal symmetry as it is ofte@ tase in conventional electric field poling.
This allows the inverted domain inscription of #éwdy shapes including curvatures. The
SEM image shown in figure 2a exhibits curvatureat thre impossible to achieve by
conventional electric field domain inversion pra®s while the optical microscopy image
shown in figure 2b shows the directly poled lett¥d&RC” demonstrating the capability for
free style domain inscription.

2.2. All optical poling with pulsed laser irradiation

A modification of the etch rate of the —z polardatave been also observed after irradiation
with a pulsed UV laser (248 nm) source with défer pulse durations (20 ns and 500 fs).
Again it was observed that for a narrow range giosxire conditions an etch-resistant region
could be produced on the surface [27]. Figure 3wshan SEM image of the irradiated area
after brief etching in HF. The exposure in thistjgafar experiment was performed through a
metallic hexagonal mesh with hexagonal openingsutiin which the UV light could
propagate freely and reach the surface. The netaktish was attached to the surface of the
sample. Due to contact imperfections however diffom of the laser radiation occurred at
the metal edges resulting in an inhomogeneous expa¥ the surface. The impact of the
inhomogeneous irradiation on the etch-resistantepats clearly observed in the SEM images
of figure 3. In all cases the energy fluence oflds=r was kept at values below the threshold
for ablation.

It is worth noticing that the etch-resistant are@dsch were obtained in the pulsed laser
experiments were always consisting of submicrotufea which never seemed to be able to
merge into a solid surface at least within the eanofthe experimental conditions that were
used. The etching behaviour of these features inidHEonsistent with direct ferroelectric
domain inversion. Again the strong absorption eémse UV light can raise the temperature
locally thus producing the appropriate temperagraglients and the transient electric fields
which are capable of poling a surface layer of ¢thestal. There is however a distinct
difference when compared with the c.w. case nartiayinability for these etch resistant
features to merge and form a continuous, unifoich etsistant area.
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The number of pulses or the repetition rate wasabserved to improve dramatically the
quality of the direct poling and in some cases tamhil pulses were seen to have a
detrimental effect on the domain inversion.

Direct poling is believed to happen during the suplstage of the heating/cooling cycle
which is induced by the absorbed UV laser radiatidhen the full effect is achieved, after
the first pulse (or the first few pulses) then aopsequent pulse will be irradiating an already
domain inverted surface and might even result imigdaback-switching [28]. Additionally,
the pulsed lasers which were used in these expetino@uld only operate at repetition rates
up to 100 Hz. According to [21] the duration of fla#f heat/cooling cycle can be much faster
than the 10 ms, which is the minimum time interbatween subsequent pulses, hence no
cumulative heat effects were expected. This priediés in accordance with the experimental
observation.

Figure 3. a) a lattice of etch resistant featutdaioed by pulsed UV laser exposure, b)
higher magnification detail of a single hexagonvging the assembly of individual
submicron features.

Direct UV laser poling allows the fabrication ofvarted domain distributions in systems
where the application of an external electric filedifficult i.e. in thin films and of course
maintain the simplicity and flexibility of a direetriting method. In the c.w. case the depth of
the inverted domains could be sufficient to ovesldih optical waveguide modes. However,
even very shallow domains can act as etch stogpddpe the fabrication of surface micro-
/nano-structures in this very important ferroelieatrystal.

3. UV laser-induced inhibition of poling

In the previous section it was described how c.W.laser (244 nm) irradiation of the —z face
can achieve direct ferroelectric inversion UV iiedithn on the +z polar face of the crystal
cannot induce direct domain inversion apart formesy superficial layer with a depth of
~ 30-50 nm [26]. UV irradiation of the +z face howe has been observed itahibit the
ferroelectric domain inversion, upon subsequent electric field poling, within taege of the
UV laser heated volume as mentioned in the preveémgions. Consequently the spatially
selective irradiation of the +z polar face of thgstal produces a multi-domain region, after
uniform electric field poling, where the previoustyadiated areas of the surface maintains
their original polarity [29].

Inhibition of poling was observed after irradiatiotithin a wide spectral range spanning from
305 nm to 244 nm, always in the strong absorptamge, and was observed in both undoped
and MgO doped congruently melting LN crystals. Fégd show the HF etched surface of the
crystal that have undergone scanned (a) and ghatexposures, followed by uniform electric
field poling. The set of ridges which are showfigure 4a correspond to pole inhibited linear
domains which formed along UV irradiated tracks le/tine isolated round features shown in
Figure 4b correspond to isolated pole inhibited dim® as a result of static exposure. The
polarity of the different parts of the surface dandeduced by the etching behaviour. The
etch-resistant features (ridges and dots) correstma +z face (which is the original polarity
of the surface) while the surrounding area whiathe$ away in HF corresponds to —z face
(which was domain inverted after the electric fiptding step).
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Figure 4. SEM images of a) set of pole inhibitedssed ridges corresponding to UV
irradiated tracks, b) isolated pole-inhibited domsacorresponding to static exposures
of the surface. The surface has been briefly etahetf.

Detailed investigation of UV irradiated and polegistals showed that the depth of the pole
inhibited domains is of order ~ a fepwm [30] and depends upon the UV irradiation
conditions (intensity, duration). Their depth isnsistent with the range of the laser-heated
volume of the crystal. A depth profile of a poléilnited domain can be seen in the SEM
image which is shown in figure 5. The sample whg&bkhown in figure 5 carries linear pole-

inhibited domains, corresponding to scanned UVkgatn order to enhance the depth profile
information the sample was wedge-polished at areanfj~ 5° across the pole-inhibited

tracks before etched briefly in HF acid to revdsa ferroelectric domain topography. The
area where the slope change occurs is indicatédebgtash line which is overlaid to the SEM

image

Figure 5. SEM image of the depth profile of polbibited domains as revealed by
brief etching in HF. The cross section view wasasded by wedge polishing at an
angle of ~5°. The dash line indicates the positibere the slope changes.

Three pairs of tracks are shown in figure 5 witkshegair corresponding to different laser
intensity. The laser spot size and scanning speed in this experiment were the same
suggesting that the depth of the pole inhibited a@losincreases with increasing UV laser
power. The depths of the pole inhibited domainksaghich are shown in figure 5 range from
2.2um to 2.7um. This range of depths could overlap well withicgdt waveguide modes
which make this method for domain engineering blétdor waveguide nonlinear quasi-
phase-matched applications. Typical values of thMeléser power used for the irradiation
experiments that resulted in inhibition of polingne within the range of ~30-50 maid the
spot size of the focussed laser beam was of olgm: The ability for producing fine (sub
micron) pole-inhibited domains was also investigatey exposing the surface with an
interference intensity pattern instead of a plaioutsed beam. Brief etching of the surface,
after the electric field poling process, revealesugace relief grating corresponding to the
irradiating interference pattern indicating thenfiation of periodic domains with submicron
widths.



LN exhibits strong absorption in the range of lasavelengths (305 nm — 244 nm) that have
been used to demonstrate the effect of poling itibib For 244 nm the absorption depth was
estimated to be just ~30 nm [31, 32] which is mstiorter than the range of the pole
inhibited domains (~2-gm) excluding a direct photonic mechanism beingoasible for the
effect. However, the range of the poling inhibitk@mains is consistent with the temperature
spatial distributions resulting by the absorbed Wyht [21]. The produced temperature
gradients can power the diffusion of mobile specsegh as lithium, the diffusion of which
has already been proposed to explain the formatimptical waveguides as a result of UV
irradiation. It is possible therefore that the sdbution of lithium due to local laser heating
plays an important role in the physical mechanighifd poling inhibition. This hypothesis
is the subject of current research. Additionallg tbrospect of superimposing a refractive
index change with a surface micro-structure is vattyactive for the fabrication of ridge
waveguide photonic circuits.

Bulk ferroelectric domain inversion has been usedast for fabricating surface micro-
structures due to the dependence of the etch iratdK) on the sign of the polar surface.
Additional differential etching processes along theee identical (due to the three fold
symmetry) y-directions allow further micro-struéhg capability [33]. However, even
inverted ferroelectric domains of limited depth Isues the ones achieved by direct laser
poling and poling inhibition can provide the medns surface micro-structuring as they

domains; a) cross hatch pattern produced by crogsedapped scanned UV laser
linear tracks and b) sharp tipped structures prediny static irradiation.

Figure 7. SEM images of isolated pole inhibited dom etched in HF acid for a) 15 minutes,
b) 3.5 hrs, and c) 10 hrs. In b, and c, the samglg tilted by 30° and 45° respectively to
make the undercut in the etched pillar visible

High aspect ratio structures can be produced srttanner examples of which are shown in
figure 6. Figure 6a shows the surface topographhetross hatched structure (part of which
is shown in figure 4a) after etching in HF for 3&.hThe height of the ridges is identical to
the height of the bulk domain which is visible iretbottom left side of the SEM image. The
sharp pyramidal features which are shown in figeibecorrespond to long-etched isolated
circular domains.



The finite depth of the pole inhibited domains afg@mduces undercuts after prolonged
etching which is another fascinating property aésth finite depth domains. The result of
progressive etching of a single round pole inhilsimain is shown in the sequence of SEM
images which is shown in figure 7. The undercutt tlevelops in figure 7b and 7c is
associated is a result of sideways anisotropicirggchnd reflect the three fold symmetry
directions on the x-y plane of the crystal [34]isTis also the reason for the transformation of
the originally round shape of the domain into artgle as seen in the SEM image sequence of
figure 7. Further etching results in complete dliation of the capping etch-stop layer and the
pillars degenerate to sharp-tipped pyramids likedhes shown in figure 6b.

Conclusions

An outline of UV laser-induced and UV laser-assisterroelectric domain engineering
methods applied to congruently melting LN crystadse been presented here. Irradiation of
the polar surfaces with intense UV laser light vihie strongly absorbed by the material was
shown to directly induce or to inhibit local ferteetric domain inversion depending on the
polarity of the surface. It was concluded thasithe local heating of the crystal due to the
strong absorption of the UV laser radiation anddteesponding large temperature gradients
which are produced that are responsible for thermisl ferroelectric domain behaviour. The
actual physical processes behind the observedieffiee not known with certainty due to the
complexity of the physical problem. However, thder@f lithium diffusion under the
influence of the temperature gradients as weltasstent electric fields which are formed due
to changes in the spontaneous polarization duhieghkeating cooling cycle is currently the
subject of research regarding the physical orifithe experimental observations.

The ferroelectric domain distributions which areguwced by the UV direct writing processes
can overlap well with optical waveguide modes foonlinear optical applications.
Additionally, the potential of these methods forface micro-structuring has been explored
and it was shown that high aspect ratio surfaceravstructures can be fabricated by
differential etching utilizing shallow inverted dams as etch-stop layers. This is of particular
interest especially when combined with the inheadnility of UV radiation to produce optical
waveguides in LN for the fabrication of ridge wauele photonic circuits.
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