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ABSTRACT

By engineering the yeometry ol a nonlinear optical crystal, the cffective cfficiency of all nonlinear optical oscillations
can be increased dramatically. Specifically, sphere and disk shaped crystal resonators have been used to demonstrate
nonlinear optical oscillations at sub-miliwatt input power when cw light propagates in a Whispering Gallery Mode
{(WGM) of such a resonant cavity. In terms of both device production and experimentation in quantum optics. some
nonlinear optical effects with naturally high efficiency can occult the desired nonlinear scattering process.  The
cfficiency of second order nonlinear optical effects 1 ferroelectric crystals can be increased by engineering a poling
structure to the crystal resonator.  In this paper. [ will discuss a new method for generating poling structures in
ferroelectric erystul resonators called ealligraphic poling. The details of the poling apparatus. experimental results, and
speculation on future applications will be discussed.
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l. INTRODUCTION

Constructing periodically poled LINBOA (PPLN) structures is of great importance in nonlinear optics and quantum
optics.  Optical parametric oscitlators [1-3], Bragg reflectors [4], second harmonic generators | 5.6]. photonic handgap
devices | 7], and the generation of squeezed light [8] have all been demonstrated with PPEN,

The process of poling LiNbO; causes a localized reversal in the direction of the permanent electric polarization of the
crystal. Technigues involving wet etching and photohthographic preformed masks [9-11] have been used for poling
purposes.  These methods, while readily applicable to multiplicative reproducing of simple domain patterns, such as
lincar gratings. are not convenient for the real time generation and visualization of patterns of arbitrary shapes, as
required in some fundamental applications [ 13]. because the technique requires the fabrication of the photolithographic
mask each time as the demain map changes.

A technique to pole thin LINDO: crystals while monitoring the growth of domain walls i1 sine has been developed and is
discussed in this paper. with specific application to WGM resonators. although the technique is general and can be
applied to 180-degree ferroelectrics of any geometry,  This technique 1s called calligraphic poling. for rather than
charging a preformed mask, a nucron sized needle that drags charge across the surface of the crystal causes domain
reversal in real time. The shape of the resulting reversed domain is then given by the trajectory ol the tip of the needle,
with any breaks mtroduced by switching the voltage off as desired.

There are some advantages of calligraphic poling when compared o traditional approaches. This method is tlexible and
allows generating an arbitrary complex domain pattern on a crystal without the fabrication of an expensive mask. The
poling process can be observed optically and manipulated in real time. This method doecs not require extreme
cnvironment conditions and domain reversal in samples of thickness less than 200 microns occurs fast enough to make
calligraphic poling practical.  The entirc process takes place on a tabletop, at room temperature and at atmospheric
pressure. Further, all poling patterns are reversible, that 1s, the poling structure on a particular crystal can be erased and
a new one inscribed without significant alteration ot the poling apparatus. This aspect is very important for independent



rescarch labs. since it allows some freedom to test poling structures before using a preformed mask to mass produce
them.

We demonstrate complex domain structures with two types of poling patterns: smooth curves and hexagons.  The
smooth curves are fabricated when a micron thick needle electrode moves across the top surtace crvstalline wafer, while
the hexagons are generated when the tp of the electrode 1s stattonary tor some amount of ume. Narrow domains less
than 2 pm across are fabricated either as straight, smooth lines or as curves across the single-domain crystal. Selection
of electrode material. rachus. and mclination are impertant factors. and ave all discussed later.

Changes to the pohng process due to alipnment of the needle electrode with the crystal x and ¥ axes have not been
observed. Domains in the shape of hexagons (as determined by the crystal structure of LINDO,) are readily obtained.
Previous demonstrations of hexagon poling have involved creating a preformed mask with hexagons, then carcfully
aligning the stencil’s hexagon vertices to the x- and y- diections of the crystal before applying voltage.  With
calligraphic polling. hexagon formation 1s automatic. [lexagon poling is interesting because it allows for the creation of
two dimensional photonic and microwave bandgap devices.

With more development, observing the growth parameters of hexagonally shaped domain structures could be used to
nondestructively study crystal purity. For example, we have observed symmetric hexagon generation in stoichiometric
material and asyninetric hexagon gencration in congruent material,

We verified our technique for congruent crystals that are less than 200 pm thick and stoichiometric crystals less than
250 pm thick. We found that inhomogeneities in crystal composition play a decidedly large role in the poling process.
Both the domain growth rate and the minimum poling voltage depend on location on the crystal surface where the tip
clectrode is applied. To general. reat-time control of bias voeltage and tune of interaction {described in detail below) can
be used to ensure precision generation ol a desired poling pattern,

2. CALLIGRAPHIC POLING

2.1 The apparatus

The calligraphic poling machine consists of a sharp edged tungsten electrode (needle) that brushes across the surface of
the crystal. The crystal 15 in turn mounted on a tlat polished electrode. Between the crystal and the flat electrode (the
substrate) is a micron thin laver of conducting liquid 1o ensure uniform conductance for all points on the crystal.
Depending  on configuration, either the substrate or the needle s attached to some  computer  controlled
translation/rotation stages to change the position of one with respect to the other. By applying a bias voltage between
the needle and the substrate. domam structures are drawn directly onto the crystal in a user or computer defined pattern.
A cartoon of the calhigraphic poling machine is shown in Fig. 1. A picture of the device calligraphic poling machine we
use 18 shown in Fig. 2

The needle electrodes we use are the same component as the probes used in atomic force microscopy. We found that
needle electrodes made of a solid shank of tungsten are better suited for calligraphic poling than bent electrodes with
‘cat-whisker™ tungsten tips, cut copper wire. or the edge of a razor. When the radius of the tip of the needle is smaller
than half a micron, the lifespan of the tip is shorter than the tume 1t takes to complete a typical poling pattern. Smmlarly.
needles made of copper with gradually become dull and possibly bend after only a few poling cyeles. Since the pen 15
in physical contact with the upper surface of the crystal. excessive pressure applied may cause either the erystal or the
pen to break. Using a razor will usually cause a crack to tform in the crvstal. while the whisker-like tip wiil certainly



bend and break under even modest strain. Using the crimped end of a piece of copper wire is an attractive choice for
engineering narrow domain structures. However, the lack of rigidity in copper wires allows for hysterisis in motion and
uncontrollable slipping when this sort of pen is moved.

Insulating Liguid

Ferroelectric

Tl [ LT

Fig. 1: Diagram of the calligraphic poling machine. The needle is free to move across the surface of the crystal.
When voltage is applied. domain reversal takes place locally under the position of the tip of the needle. The
arrows represent the direction of the polarization for local regions on the crystal.

Fig. 2: Picture of our calligraphic poling machine. The substrate used here is 1.26 cm diameter piece of brass

that has been hand polished.



Choosing the appropriate solid tungsten probe is critical. It was found that pen electrodes of 1 pum radius work best,
Larger radius pen electrodes automatically exclude straightforward engineering of small domains.  Smaller radins pen
clectrodes nitially allow for smaller domain structures, Tlowever, after some time, the stress of dragging the pen across
the surface of the crystal will cause the pen electrode to bend. Charge build up will cause domain flipping to occur
along the position of the bend in the electrode nstead of at the tp of the electrode, or both.

The lower surtace of the crystal 1s placed mto contact with a polished tlat clectrode (the substrate), A thin layer of
conducting liquid. for example salt water. 15 placed between the substrate and the erystal to ensure uniform electrical
contact between the two nearly-tlat surtaces. Turthermore. a thin layer of salt water serves as a strong binding agent
between the crystal and the substrate. The salt water keeps the crystal from moving around while the poling process
takes place.

Two different materials were successtully used as the substrate. The thin plate of a metallic mirror was initially chosen
because of 1ts excellent surface quality. However, stress. straimn, and the occasional spark can cause cracks to form on
the thin metal surtace which may insulate different parts ot the substrate surface. Because of this recurring issue, a solid
piece of brass with one polished surface was used as the substrate instead of the metallic mirror. Scratches and cracks
along the surface do not result m electrical solation because of the thickness of the substrate and the salt water coating,
However. surface defects deeper than several dozen microns can collect dust particles and other contaminanis which
cause sparking at lower voltages than that which is required for domain reversal

2.2 Poling dyvnamics

The size and shape of the domains produced by calligraphic poling are controlled by the magnitude of the voltage bias
between the needle and the substrate, the duration of the applied voltage. the quality of the crystal, and the thickness of
the crystal. Typically, high voltage bias, from 2—3 kV., applicd over time periods less than 2 s 1o a motionless pen
vield hexagons: while mtermediate voltages (800 V—1.8kV) applicd over longer time periods 1o a moving pen yield
straight Imes and curves. Crystal thickness also affects the poling dynamic. We observed that the resultant domains in
a thick crystal are smaller than those of a thin crystal when applied o the same voltage for the same amount of time.
Fig. 3 and Fig. 4. which arc adapted from [ 14], present some typical results achieved with the poling process.

Stoichtometric crystals, that is, crystals that have a ratio of Li to Nb that 15 near unsty, show domain reversal at much
lower vaoltages - tvpically at or around 400 V for a crystal of the same thickness described above. Poling stoichiometric
crystals results almost exclusively in hexagonal shaped demain patterns.

Note that the values for required voltages reported i this article for both congruent and stoichiometric material do not
correspond with the same values discussed elsewhere, In all ether experiments. the polarization of a large region of a
single domain crystal was being reversed. while with calligraphic poling only a small portion of the ¢rystal is exposed to
the bias field. thus some amount of screening 1s expected. We should point out that while the data presented in Figures
3 and 4 are typical of calligraphic poling. and the description of poling dynamic given m this section 15 mostly
representative of actual behavior. each individual crystal sample apparently has slightly difterent poling dynamics.
These properties must be quantified before poling begins. For instance, a few “test domains® could be applied to the
crystal and thew size and shape can be venified by the visuahizaton techmique desernibed below,
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Fig. 3: poling dynamics of a 200 wm thick specimen of congruent LiNDOL 3 kV of bius was applied through a 1

pm tungsten pen and the surface arca of the resultant domain strueture was recorded. This experiment was

repeated nine times at various locations on the crystal to obtain the error bars.

The poling dynamics for congruent and stoichiometric LiNbO; tlrough calligraphic poling are different. Fig.
dynamics data for poling congruent LiNbO,. Fig. 4 shows the same type of data for stoichiometric LiNbO;. LEach data
point is an average of 3 pomts taken with the same parameters on different regions of the same crystal to average out

any differences in structural content of the crystal.  The behavior shown in these data sets, while not conclusive,

indicates some threshold behavior for the poling dynamic in both types of crystal.
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Fig 4: poling dynamics in 200 pm thick stoichiometric LINbO:. (a) Increasing bias voltage applied to different
regions of the crystal for 5 s results in domain structures of increasing size. (b) Increasing the time a given bias
voltage is applied will result in domains of increasing size.

An advantage of calligraphic poling is the ability to erase a poled structure on a crystal. We found some curios
phenomena in the process. For example, Fig. 5 shows how the domain size may depend on the poling history of the
crystal. A domain was created at some voltage applied for some time. The size of the domain was measured using the
non-destructive visualization technique discussed in this article. The domain was then erased by inverting the sign of
the applied field. After erasure, the same voltage was applied over the same amount of time to the same spot of the
crystal. The size of the new domain was measured, and then it was erased again. This process was repeated for several
iterations. The oscillations observed in the measured domain size in congruent samples could be attributed to a work-
hardening analogue in ferroelectric domain reversal, or some dependence of bias voltage on stress in the crystal, or
perhaps even a sort of electrostatic annealing analogue, though we do not have an explanation for the observed
phenomenon.
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Fig. 5: Ferroclectric work-hardening in congruent LiNDO,. Domains are flipped, erased, and re-poled in
successive iterations. The measured surface arcas of the domains grow dramatically through several iterations.



2.3 Domain visualization

Visualization of the domains can be an intrinsic part of the calligraphic poling process. Light incident from above the
crystal (+z-direction) reflects off of its bottom surface. As the voltage between the top and bottom surfaces in
increased, the gradient in the refractive index of the narrow region between +z and —z poled regions (the domain wall)
increases. This results in distinct dark lines that outline regions of domain inversion, which are visible with the aid of
an optical microscope. Note that unlike the conventional techniques that rely on polarization changes of light,
polarizer/analyzer elements are not required for the visualization of the domains. Fig. 6 shows the visualization of a
radial-spoke shaped domain structure applied via calligraphic poling techniques.

=

Fig. 6: (a) a radial poling pattern 10 pm thick, several hundred microns long that follows the circumference of a
disk shaped crystal. The silhouette of the needle electrode points towards the edge of the disk. These images
appear orange because of the brass substrate used as the bottom electrode.

Since domains are visualized as they are generated with the high voltage bias applied between the needle and the
smooth substrate, calligraphic poling allows in situ monitoring of the domain growth process. Domain visualization
occurs at far lower voltages than those required for domain reversal. however. The minimum voltage required to
observe preexisting domain patterns, approximately 200 V. is only a fraction of the voltage required to cause domain
reversal to occur, thus the visualization technique is non-destructive. This value is a function of the surface quality of
the crystal and substrate. To verify that domain flipping has taken place through the depth of the crystal, the crystal is
flipped over and the same pattern is verified on the opposite side of the crystal. Fig. 7 shows the visualization of
hexagon-shaped domain structures achieved through calligraphic poling.

Once the domain pattern is formed, it can be visualized under magnification while the crystal sample is heated. [n the
case of radially poled disks (as shown in Fig. 5), viewing the disk in the radial direction and focusing slightly off-center
shows domains without temperature or voltage bias, This is because of the birefringence of the material.



Fig.7: (a) A hexagonally shaped domain pattern in stoichiometric LINDO, 24 pm edge to edge visualized ex situ.
The large black arrow is the silhouette of the needle used for writing and visualizing the domain.

2.4 Poling near edges and other discontinuities

Poling near discontinuities and edges is possible with calligraphic poling so long as the appropriate precautions are
taken. Edge poling requires the crystal and needle to be immersed in an insulating oil because placing the pen, e.g.,
within 100 pm of the edge of the crystal causes at best no domain reversal, and at worse sparking that can result in the
destruction of the crystal and the pen. If an insulating oil of sufficiently large dielectric constant is used, poling up to
the very edge of a polished crystal can be achieved [14].

The steps for poling close to the crystal edges are the following. First. the crystal surface must be free of any scratches,
cracks. or holes. This is visually verified by use of a microscope, and physically achieved by polishing or by any other
means.

Second. the substrate in electrical contact with the lower surface of the crystal is polished to be cleared of all scratches.
Any sharp points or discontinuities in its surface will cause an inordinate amount of charge to build up and result in a
dramatic spark that can move or damage the crystal specimen. Using a metallic mirror as the substrate or polishing the
substrate with a diamond paper are simple ways to ensure a smooth substrate.

Once these steps are complete, a thin layer of saltwater is placed between the lower crystal surface and the smooth
electrode. Over time, the weight of the crystal will squeeze out all but a thin film of the saltwater. This thin film will
hold the crystal in place and keep out any other substance between the crystal and the lower substrate. Then, a
hyrdrophobic insulating dielectric oil is added to cover the crystal and smooth clectrode, as in Fig. 8 After enough time
is given for all the excess salt water to leave the gap between the crystal and the substrate, the insulating oil surrounds
the upper and edge surfaces of the crystal. The needle, which drags along the top surface of the crystal, causes charge to
build up at its tip when a voltage is applied between the pen and the substrate. Since the crystal specimen is immersed
in an insulating bath, the charge will continue to build up until an amount of charge sufficient for domain reversal is
generated. Once this condition has been met, the permanent polarization of the region of the crystal immediately
underneath the pen is reversed, causing a pulse of current to flow in the circuit.



Fig. 7: Modification to the calligraphic poling machine to allow for edge-poling on a polished crystal. A
hydrophobic, transparent, and insulating oil prevents sparks from charge build up on the edge of the crystal.

Any oil or other material 1s cleared off from the calligraphic poling apparatus before the crystal is removed. Dousing
the specimen in alcohol, then distifled water, and then acetone clears off most of the contaminants introduced in the
calligraphic poling process. To remove the crystal, a single drop of salt water is placed near the edge. This drop will
combine with the thin film of water underneath the crystal and cause a bead to form underneath the crystal, gently
separating it from the substrate.

3. EXPERIMENTAL RESULTS

A poling structure reminiscent of concentric rings was used to tune the optical spectra of a LINbO; WGM resonator.
All modes 1n such a resonator have radialy dependant wave functions. Higher order modes have radial maxima closer
to the disk edge, while lower order modes have maxima closer to the disk center. In a resonator with a ring shaped
poling pattern. modes of different radial orders will mostly occupy regions of the cavity with different polarization, as
illustrated in Fig. 8. Fig. 9 shows an experimental realization of such a poling pattern, and is adapted from [15].



Fig. 8 (top) a ring shaped poling pattern on a disk shaped resonator (bottom) a cross sectional view of the cavity with an indication
of the radial dependence of two eigenmodes of the cavity.

Fig. 9: Left: a disk with a ring shaped poling pattern some 10 microns from the disk edge. Right: detail of the poling pattern, which
is a ring 2 microns edge-to-edge.

Applying a voltage bias across the resonator causes the refractive index of each region to change in different directions
(that is. to increase or decrease) through the Pockells effect, which means the frequency of modes will change based on
their radial wavenumber. Through careful engineering, the frequency of a single family of ‘radical’ modes can be
shifted with respect to the rest of the modes in the resonator. We achieved, what is to our knowledge a first
demonstration of this effect, with a tunability of 20 MHz/V ;.. Experimental results of the frequency tunability are
shown in Fig. 10.

This type of device forms the critical element of a tunable optical filter, and could also be used as a component in an
optical cavity with tunable FSR or perhaps a single sideband optical modulator.
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Fig. 10 Tuming the frequency of one mode in the resonator spectra while keeping the frequency of other modes static.

Increasing the efficiency of optical SHG and optical parametric osciilations (OPOY) in general is a common goal among
practitioners of noniiear optics. The high Q-factor of WGM resonators implics that large field intensitics are
achievable with small input powers. For any scattering process to occur. energy and momentum must be conserved.
For a process like sccond harmonic generation or sum/difference frequency generation, encrgy is conserved, but
dispersion in the materia! means momentum (phase} is not conserved. To compensate for this, a periodic modulation in
the sign on the second order nonlincar optical coefficient is needed to quasi-phase match pump, signal and wdler waves.
Physically, a linear grating formed by adjacent up and down poled domains approximates the required periodic
modulation.  For WGM resonators, the traditional hnear grating is “hent” around the circumference of the disk
resonator, forming a set of daisy-petal like radial domains, as shown previously in Fig. 6.

The step size depends on the index mismatch between pump. signal, and idler waves. Because of the large optical fields
that exist in WGM cavities. the refractive indices may change as a function of input intensity as well. Temperature
fluctuations also cause shifts in refractive index. Furthermore. ¢hanges to the poling period from geometric dispersion
mst be considered for small radius disks. Without using extensive control apparatus, a linearly chitped poling structure
can account for some of the fluctuations in refractive index mismatch.

SIIG has been observed in WGM resonators with a radial poling structure chirped hnearly from 14 microns up to 40
microns step size. A large chirp in the polmg structure allows for broadband frequency conversion at low efficiency. as
shown 1n Fig. 11. Reducing the chirp reduces the range of SHG while increasing the overall efficiency.
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Fig. U1: Pump (upper spectra) at 1530 nm is converted to SH (lower spectra) at 775 nm.

4. DISCUSSION

Calligraphic poling is a low cost, and casy to implement technique for domain engincering LiNbO; and possibly other
ferroelectrics.  The general operational parameters of calligraphic poling are described and several examples of
experimental results are presented. Calligraphic poling will be used as a tool to create high efficiency nonlincar optical
devices, as welt as a tool to explore ferroelectric poling dynamics. Finally, in addition to LiNbOs, other z-cut
ferroelectric materials. e.¢. LiTaO, can be domain engineered using calligraphic poling, x-Cut crystals can also be
poled using a variation of calligraphic poling. Visualization of the domaim growth could be useful for understanding ol
the internal processes in the ferroclectric materials.

Further experiments inctude generation of nonclassical states of light from periodically poled WGM resonators, and
mereasing efficiency of nonlinear optical processes in periodically poled WGM resonators. Outside of the context of
nonlinear optics, domain engineering and visualization in lerroelectric materials could lead to new insights regarding
the 1ssue of domain wall propagation and charge fractionalization [16].
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