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3.1 Introduction

Lithium niobate (LN) is a ferroelectric material which has attracted a consider-
able interest in different fields, such as the optical and the laser and communica-
tions industry, due to its excellent nonlinear optical, electro-optic, piezoelectric and
acousto-optical coefficients [1]. LN is widely used in the laser area, where fabrica-
tion of periodically poled materials has achieved high efficiencies in quasi-phased
matched nonlinear interactions [2], but also in the field of microwave communi-
cations for surface acoustic wave delay lines [3]. Recently, the possibility to mi-
crostructure LN crystals has been attracted great interest for the useful applications
foreseen in the fields of optics and optoelectronics. However, those applications re-
quire anisotropic etching techniques and different methods have been reported for
machining and microstructuring in LN, as described in Sect. 3.2. Section 3.3 de-
scribes the electric field overpoling technique as a useful tool for sub-micron struc-
turing by subsequent differential wet etching, while Sect. 3.4 describes the holo-
graphic lithography (HL) process used for submicron periodic poling. Sections 3.5
and 3.6 present the wide variety of surface structures obtained by overpoling and
etching. Conclusions and discussion are summarized in Sect. 3.7.

3.2 Overview of the Etching Techniques Applied to Lithium
Niobate

The desirability of etching LN to form surface structures is widely recognized and
different techniques have been tried on this material in the past, such as mechan-
ical grinding [4], ion milling [5], sputter etching [6], plasma etching [7]. None of
these methods provided entirely satisfactory results. In fact, mechanical grinding
can produce only rather large structures with a limited range of geometries, while
ion milling and sputter etching can result in substrate faceting and redeposition of
sputtered material on the substrate. Furthermore, these etching techniques do not
differentiate strongly between substrate and mask so that poor etching selectivity is
provided. Among those the plasma etching, which is basically a dry-chemical etch
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process, was the only technique able to give high selectivity but its first applica-
tions to LN substrates produced vary slow etch rates [7]. The wet etching is widely
used in the field of material processing but is rarely applied to LN because of the
well known material’s strong etch resistance which results in low etch rates and
sometimes non-uniform etching. On the other hand the wet etching of LN has been
typically used to reveal domain polarity and defect topology [8—10] by immersion
in a HF/HNO3 acid mixture. In fact, this mixture exhibits the property to etch the
negative Z face of the crystal while the positive is left essentially untouched. Nev-
ertheless great effort has been spent during the last decade in order to improve the
reliability of the wet etching in case of LN material. The introduction of structural
defects accelerates the etching rate so that the combination of a defectiveness agent,
such as ion bombardment or laser ablation, with subsequent wet etching has been
demonstrated to be a useful method for etching of LN.

In this section a brief overview is given of the most important techniques, pre-
sented in literature during the last years, in order to get reliable microstructuring
of LN crystal substrates. These include reactive ion etching (RIE) [11, 12], laser
ablation below and over the band-gap of the material [13, 14], wet etching of pro-
ton exchanged material [15-17], wet etching of periodically poled crystals [18],
electron beam bombardment [19], laser frustrated wet etching [20], ion implanta-
tion [21], focused ion beam bombardment [22], and more recently plasma etching of
proton-exchanged samples [23], improved wet etching [24]. Another technique was
proposed by the authors in [25] where periodic structures at sub-micron scale were
fabricated by wet etching samples after specific ferroelectric domain manipulation.

The RIE presented in [11, 12] was a method combining some advantages of both
plasma and sputter etching. The etching agent was represented by a low-pressure
plasma of chemically active gases formed in a parallel plate radiofrequency sput-
tering station. The combination of a long mean free path and an electric field at
the sample yielded anisotropic etching, thus minimizing the undercut and leading to
high resolution. Ideally the reaction creates volatile products so that, unlike the case
for sputter etching, the redeposition was strongly reduced. The laser ablation tech-
nique was presented in literature under different operating conditions. The method
in [13] involved spatially localized melting of LN by high power density laser pulses
with photon energies in excess of the band-gap of LN. Powdered or small crystals
of KF were applied directly to the surface prior to irradiate the substrates with laser
pulses. While molten, LN undergoes reaction with KF to form complex niobium
oxyfluoride anions by fusion of salts. The resulting solid was highly water soluble
so that the insolubility of LN permitted subsequent removal of only the irradiated
area by rinsing in water. The technique presented in [14] made use of a laser irra-
diation process below the band-gap of LN by using a cw Argon laser emitting at
351 nm with a maximum power of 2.5 W. The process was basically a reduction
process utilizing photon energies of about 3.5 eV, thus enabling selective removal of
the laser-processed substrate by subsequent wet etching of the Y-cut LN substrates.
The possibility to fabricate groove-like structures for precise fibre positioning was
demonstrated and Fig. 3.1 shows the corresponding SEM images.
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Fig. 3.1. LN sample after laser processing. (a) Before any cleaning; (b) after cleaning with
ethanol; (¢), (d) and after hot HF etch (from [14])

The wet etching process proposed in [15] consisted in selective etching of pro-
ton exchanged regions by using a mixture of HF and HNOs. Since the first ex-
periments in [26], proton exchange (PE) and annealed proton exchange (APE), by
using benzoic acid as the proton source, are still widely used techniques to fabricate
waveguides of relatively good quality in LN [27] and the results in [15] show the
possibility to use this technique for selective surface etching of LN samples by a
relatively simple process, consisting basically in the immersion of the LN sample in
an acid, often a benzoic acid melt, at around 200°C for minutes up to hours.

LN has two stable domain orientations and microstructuring through domain
manipulation followed by differential etching was developed in [18]. The process
consisted in domain patterning by electric field poling followed by etching in a mix-
ture of HF and HNOs. A variety of structures at micron and sub-micron scale was
produced by this technique and the surface quality of the structures was relatively
smooth and straight as shown in Fig. 3.2.

The same group proposed later a laser frustrated etching process as an advanced
technique for the fabrication of self-ordered sub-micron structures in iron-doped
LN substrates [20], and Fig. 3.3 shows a SEM image of the fabricated structures as
example.

One- and two-dimensional structures at sub-micron scale were fabricated by
electron beam bombardment associated to chemical etching as presented in [19].
The electron beam was used to reverse the ferroelectric domains locally and subse-
quent etching revealed the surface structure. Figure 3.4 shows the SEM image of a
two-dimensional structure obtained by this technique.

In [21] the possibility to fabricate high-quality ridge waveguides in Z-cut LN
by oxygen ion implantation associated to wet etching was proposed. The technique
allowed to obtain ridge structures up to 3.5 um deep and thus suitable for ridged
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Fig. 3.2. SEM image of the structures obtained by domain manipulation and subsequent etch-
ing (from [18])

Fig. 3.3. SEM image of self-ordered structures, as example (from [20])

modulator applications. Figure 3.5 shows the cross sectional profile of the ridge
waveguide fabricated by this technique.

Recently, the focused ion-beam bombardment was proposed as an alternative
technique for surface etching of LN substrates [22]. Photonic band gap structures
with a spatial resolution of 70 nm were obtained. The method provided high res-
olution and the ability to drill holes directly from the sample surface. The only
constraint was that the sample surface had to be metallized and grounded to avoid
charge accumulation. Figure 3.6 shows the focused-ion-beam image of the cross-
section of the fabricated cavities. The array exhibited well defined circular holes
with etching depth of approximately 2 pm.
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Fig. 3.4. SEM image of a two-dimensional structure obtained by electron beam bombardment
and subsequent etching (from [19])

Buffer Oxide Layer

Fig. 3.6. Focused-ion-beam image of the fabricated structures (from [22])

The plasma etching of LN substrates was proposed very recently [23]. The nov-
elty of the technique was based on the use of fluorine gases on proton-exchanged
substrates in order to prevent redeposition of LiF and thus enabling the fabrication
of deeper structures. Figure 3.7 shows the SEM image of the end face of the ridge
structure obtained by this technique.
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Fig. 3.7. (a) SEM image of the photonic crystal waveguide with a periodic structure at 500 nm
distance between holes; (b) SEM image of the end face of the ridge structure (from [23])

10pm |

Fig. 3.8. (a) optical microscope image of the end face of a Y propagating ridge waveguide;
(b) corresponding SEM image; (c) optical microscope image of the end face of a X propa-
gating ridge structure; (d) corresponding SEM image (from [24])

The wet etching process is in continuous evolution and very recently new en-
couraging results were presented in case of LN substrates [24]. Ridge waveguides
were fabricated by a mixture of HF and HNO3 acids by using chromium stripes as
masks. The results showed that smooth etched surfaces were obtained by adding
some ethanol into the etching solution. The structures were also tested as low-loss
mono-mode waveguides with height up to 8 um and width from 4.5 to 7.0 um. Fig-
ure 3.8 shows the optical microscope images and the corresponding SEM images of
a couple of structures obtained by this technique.

Another surface structuring technique to be mentioned was proposed recently
by the authors [25]. The method is based on the periodic domain reversal by electric
field overpoling and subsequent wet etching in HF solution. The overpoling process



3 Sub-Micron Structuring of LiNbO3 Crystals 59

[ \,
z |liquid electrolyte
I s ulator (resist)
[o-ring

¥ I
* J

Fig. 3.9. Schematic view of the sample cross section after lithographic patterning

allowed the fabrication of sub-micron periodic structures while the conventional wet
etching was used to replicate the domain pattern onto the Z cut LN crystal sample
as a surface structure. The technique is relatively simple and the selective domain
inversion at sub-micron scale is obtained by using fine pitch resist patterns realized
by HL, as described in the following sections.

3.3 Electric Field Poling and Overpoling

Starting from a single-domain crystal, periodic domain structures can be achieved
by applying external electric fields at room temperature [2, 28]. The challenge of
fabricating high quality quasi-phase-matching structures by electric field poling
(EFP) lies in achieving few micrometers wide domains in crystals of several mil-
limetres in thickness. This put high demands on the poling process. Most of the last
papers on periodically poled LN (PPLN), obtained by EFP, report interaction lengths
of few centimeters in commercial samples of 0.5 mm thickness. Thicker samples
cannot be used because of the dielectric breakdown appearing before domain inver-
sion. Recently it has been reported the decrease of the ferroelectric coercive field by
one order of magnitude between congruent and stoichiometric crystals. This makes
possible the electric field fabrication of periodic structures at room temperature in
few millimetres thick samples [29].

The periodic EFP (PEFP) consists of using lithographic techniques to produce
a photoresist grating of the desired period to be used as a mask for applying the
external electric field with a liquid electrolyte [28]. A positive voltage pulse slightly
exceeding the coercive field of the material (around 21 kV/mm in LN and 2kV/mm
in KTP) is applied to the patterned crystal face by using a liquid electrolyte. The lig-
uid electrode configuration has two electrolyte containing chambers which squeeze
the sample between two O-ring gaskets, as shown schematically in Fig. 3.9.

Figure 3.10 illustrates the schematic view of the typical external electrical cir-
cuit. A conventional Signal Generator (SG) drives an High Voltage Amplifier (HVA-
2000x) with a series current limiting resistor R in order to get a 12 kV positive volt-
age. A diode rectifier D is connected to the output of the HVA to prevent flowing of
backswitch current in the circuit.

In case of LN the reversed domains typically grow beyond the width of the elec-
trodes as result of the remaining fringing fields along the edges of the lithographic
grating strips [28]. For example, in PPLN processed for infrared applications (pe-
riods >10 pum), the inverted domain width will typically be ~3-4 pum wider than
that of the electrode. To obtain the desired domain size, insulating strips wider than
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Fig. 3.10. Schematic view of the external circuit for EFP. SG signal generator; HVA high
voltage amplifier; D diode rectifier; R series resistor; Vpol poling voltage; HVP high voltage
probe; Rm monitoring resistor; OSC oscilloscope; Ipo) poling current

the electrodes must be fabricated. The strategy for optimal domain patterning is to
stop the voltage pulse before poling progresses under the photoresist layer. This is
usually accomplished by delivering the apriori known amount of charge Q = 2PA
required for polarization reversal in the electrode regions [2]. An in-situ stopping
criterion consisting in watching for a drop in the poling current /o and a corre-
sponding rise in the poling voltage Vo1, both effects indicating that the sample has
completely poled under the electrodes and that the domains are now laterally spread-
ing under the insulating layer, is used [2, 28]. In fact, the conductivity of LN at
room temperature is low enough that the poling current can be monitored readily by
measuring the voltage drop across the Ry, resistor (usually 10 k€2) while a conven-
tional High Voltage Probe (HVP) is used to measure the poling voltage V,,o across
the sample. Both current and voltage waveforms are visualized on the oscilloscope
OSC during the poling process. As mentioned previously, reversed ferroelectric do-
main patterns are usually inspected unambiguously by a well established technique
based on selective wet etching [8]. Alternative approaches include the non-invasive
domain visualization by crossed polarizers [30] and more recently the observation
of domain structures by the EO effect [31].

The EFP is applied here by following a non-conventional procedure consisting
in the application of additional electric field pulses slightly above the coercive field
of the material till a drop to zero of the poling current is detected, thus ignoring both
the total amount of charge delivered to the sample and the usual crucial stopping
criterion. Figure 3.11(a), (b) show the typical waveforms of the poling voltage and
of the poling current acquired in case of the first and the last electric field pulse,
respectively. The technique is called “electric field overpoling” (EFO) and allows to
fabricate periodic surface domain patterns at sub-micron scale, otherwise difficult
to achieve by the conventional EFP described above.

The selective poling is achieved by using insulating resist gratings, as in case of
conventional EFP, but obtained by the HL process, which allows to get finer pitch
structures compared to mask lithography as described in the following section.
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Fig. 3.11. Typical voltage and current waveforms acquired during electric field overpoling in
correspondence of (a) the first and (b) the last electric field external pulse. The thicker curve
corresponds to the current waveform while the thinner refers to the poling voltage

3.4 Holographic Lithography

HL is carried out by combining two coherent wavefields to form a sinusoidal in-
tensity light pattern in space. The interferogram is generated within the volume of
space defined by the overlapping beams. Since HL does not need any photolitho-
graphic mask, the field size depends only on that of the two beams, whereas in con-
ventional mask lithography the imaging system generally limits the workable field
size. A simple 1D grating can be obtained by exposing a layer of photoresist to the
interference pattern. Furthermore, more complex 2D patterns, including square or
hexagonal arrays of dots or holes, can be obtained by overlaying multiple exposures
or combining more than two beams. HL has some unique advantages over conven-
tional optical lithography. In particular, the spatial resolution of HL can easily ex-
ceed the resolution limits of today’s optical steppers when comparable wavelengths
are used. For example, structures as small as 100 nm are readily patterned by HL
using a source at 351 nm [32, 33] with the additional advantage of a faster process,
if compared to Electron Beam Lithography, especially when large exposed areas are
required. Compared to mask optical lithography, HL is not diffraction limited and
the depth of focus is effectively infinite on the scale of planar devices. This makes
HL well suited for applications where substrate flatness and topography are criti-
cal issues. One more attractive feature of HL is its implementation with relatively
simple optical components so that effects due to lens aberrations are dramatically
reduced compared to the case of conventional lithography.

Three different set-ups have been used here to generate the interference pat-
tern: Michelson (M); two-beams (TB); Loyd’s mirror (LM). Figure 3.12 shows the
schematic views of these interferometric configurations. The period of the fringe
pattern depends on the overlapping angle 26 between the two interfering beams ac-
cording to the formula p = A/2sin 6. The source used for these interferometers is a
coherent He—Cd cw laser delivering a power of about 65 mW at 441.6 nm. Different
fringe periods and exposed areas are provided by these interferometers, depending
on the overlapping geometry of the two interfering wavefields. The M set-up pro-
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Fig. 3.12. Interferometric set-ups used for HL process: (a) Michelson type used for periods
down to about 15 um; (b) two-beams type used for periods down to the diffraction limit
(about 220 nm) over relatively large areas (about 2cm diameter); (¢) Lloyd’s mirror type
used for periods down to about 220 nm over relatively small areas (about 5 mm large)

vides an interferogram covering a circular region of about 25 mm in diameter with a
fringe period ranging from the zero fringe condition down to about 15 um. Shorter
periods are not possible due to the intrinsic limitations of the configuration which
does not allow to enlarge the recombination angle of the two beams.

The TB set-up used in this work is suitable for shorter periods ranging from
about 2 um down to about 220 nm (1 /2 diffraction limit). Larger periods would be
possible at narrower angles and thus at longer distances from the dividing beam-



3 Sub-Micron Structuring of LiNbO3 Crystals 63

(b)

Fig. 3.13. (a) Optical microscope image of the aligned dot domains revealed by wet etching;
(b) SEM image of the dot structures

splitter. The LM set-up allows to produce relatively short fringe periods like in case
of the TB interferometer. In this case the coherence of the fringe gratings depends
dramatically on the quality of the mirror. Dust particles on the mirror and any sharp
edges give rise to scattered radiation which contributes to a coherent noise. The LM
configuration is hence relatively simple and cheap, but does not produce the highest
quality gratings and grids.

3.5 Periodic Sub-Micron Structuring

The EFO was applied to LN samples resist patterned with different geometries by
HL as described in the following sections.

3.5.1 Overpoling Applied to One-Dimensional Michelson Resist Gratings

The EFO was applied to LN crystal samples patterned with a one-dimensional resist
grating at 30 pm period obtained by the M set-up. The process was about 3 s long
and the resulting ferroelectric domain pattern, revealed by a wet etching process of
60 minutes in HF:HNO3 = 1:2 acid mixture, is shown in Fig. 3.13.

Aligned dot-like structures with sub-micron size are visible, corresponding to
un-reversed regions under the photoresist strips. This effect is due to an incom-
plete merging of the adjacent reversed domains under the photoresist. The isolated
dots aligned along the photoresist fringes correspond to the regions excluded by the
merging of the hexagonal-type counter propagating domain walls, originating from
two adjacent electrodes during poling and joining under the resist strips. The prop-
agating domain walls are probably not straight because the sidewalls of the resist
strips are affected by relatively high corrugation and low steepness. In fact, inter-
ference fringes with pitch values over the micron scale present quite large speckles
such that the propagating domain walls find ways along which the velocity of motion
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varies. Consequently, the merging is not successful everywhere. The optical micro-
scope image taken in a peripheral region of the pattern and presented in Fig. 3.14
clearly supports this interpretation. It illustrates the domain merging occurring in
different regions of the pattern such that the merging process is frozen in the various
stages of its evolution.

The mechanism of merging of adjacent domains leads to the formation of the
aligned dot-like domains under the resist strips. Microscope inspection of the etched
sample reveals that opposite crystal faces exhibit different structure morphologies,
as shown by the magnified optical microscope images in Fig. 3.15. A line-shape
structure on Z— face corresponds to a dot-shape on the Z+. One of the interesting
features of these dot-like domains is the sub-micron size, as shown by the SEM
image in Fig. 3.13(b). In fact, despite the advantages achieved nowadays by the
conventional EFP, such as repeatability, scalability and applicability over a wide
range of materials, fabrication of periodically poled materials with arbitrarily small
values of period, particularly at sub-micron scales, remains an elusive goal.

Fig. 3.14. Optical microscope image of the dot-like domains in a peripheral region of the
pattern

Fig. 3.15. (a) Magnified optical microscope image of the dot-like domains on Z+ and
(b) the corresponding line-like structure on Z—
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The EFO technique presented here can be considered as an effective and rela-
tively simple solution for achieving high density and sub-micron ferroelectric re-
versed domain structures.

3.5.2 Overpoling Applied to Two-Dimensional Michelson Resist Gratings

The EFO technique was applied to LN crystal samples patterned with a two-dimen-
sional resist grating obtained by two 90° crossed exposures by the M set-up. The
resulting grating on Z+ face consists in a square array of photoresist dots with a
period of about 23 um along both the X and Y crystal axis direction, as shown by the
optical microscope image in Fig. 3.16(a). The poling process was about 3.5 s long.
Figure 3.16(b) shows the optical microscope image of the resulting square array of
dot-like domains revealed by 30 minutes wet etching at room temperature. The two-
dimensional geometry of the resist grating has clearly improved the period regularity
of the dot-like domains along the Y crystal axis direction. In fact, these dot-like
domains are equally spaced by about 20 um along both the X and Y direction, in
agreement with the pitch size of the resist grating.

As explained in the previous Section, the dot-like structures correspond to the
regions left un-reversed after the domain spreading under the resist dots. The SEM
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Fig. 3.16. (a) Optical microscope image of the square array of resist dots; (b) optical micro-
scope image of the corresponding dot-like domains after wet etching; (c), (d) two different
SEM magnified views of the dot-like domains. The period is around 23 pum along both X
and Y crystal axis direction
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Fig. 3.17. Schematic cross section view of the un-reversed domains (white regions) formed
under the resist dots after EFO of two-dimensional HL patterned LN samples

image in Fig. 3.16(c) shows that each dot-like domain is surrounded by smaller
dot structures similar in nature to those obtained in case of one-dimensional resist
pattern (see Fig. 3.13(a)) and forming a circle-like structure. The etching process
reveals that the surrounding dots have the same polarization direction as the central
ones. This means that the domain spreading under the resist dots evolves leaving
such smaller dot-like regions un-reversed. In other words, the central dots corre-
spond to the regions not reached at all by the domain spreading, whereas the sur-
rounding ones result from non-homogeneous advancing of the domain wall towards
the central part of the resist dots. The diameter of the circle-like structures is every-
where shorter than that of the printed resist dots by about 2 pm. This means that they
originate under the resist dots but not in correspondence of their edges. A quantita-
tive characterization of these surrounding dots is carried out by comparing the mean
value of the ratio p/d estimated for the resist array (Fig. 3.16(a)) and for the etched
domain structure (Fig. 3.16(b)), p being the pitch of the periodic structure and d the
diameter of the resist dots and of the circle-like structures, respectively. The mea-
surements give 1.6 in case of the resist array and 1.9 in the other. This confirms the
geometrical non correspondence between the surrounding dots and the resist edges.
Moreover, the Z— face of the sample in Fig. 3.16(b) is perfectly flat, meaning that
any structure is revealed by the etching process and thus a surface reversed domain
structure has been obtained. Therefore the EFO clearly evolves from the Z— to
the Z+ face leaving shallow dot-like un-reversed domains under the resist dots, as
shown by the schematic cross section view in Fig. 3.17.

3.5.3 Overpoling Applied to Two-Beams Resist Gratings at Sub-Micron Scale

The application of the EFO process to samples resist patterned by the TB interfer-
ometer allowed the fabrication of periodic surface structures at sub-micron scale
with different geometries [25, 34]. Four samples with different kinds of topogra-
phy and periods were investigated. The samples A and B have 2D periodic structure
consisting of a square array of pillar-like structures (PLS) and hole-like structures
(HLS), respectively, with 2 um period; the sample C has a 2D periodic structure
consisting of a square array of HLS with 530 nm period; the sample D has a 1D pe-
riodic structure with 600 nm period. All of these samples are first domain reversed
by EFO and then etched in HF solution at room temperature for 5 minutes. The PLS
or the HLS are obtained by applying the EFO to samples resist patterned with a
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Fig. 3.18. (a) Optical microscope image of sample A and (b) corresponding surface repre-
sentation of the region in the square frame. The inser shows the optical microscope image of
the corresponding photoresist grid-like geometry

grid-like geometry (GLG) or a dot-like geometry (DLG), respectively. In fact, the
EFO allows to reverse the ferroelectric polarization everywhere in the bulk crystal
apart from shallow un-reversed regions under the photoresist layer which faithfully
reproduce the resist pattern geometry. Figure 3.18(a) shows the optical microscope
image of the Z— face of sample A, after etching, and that of the corresponding GLG
resist pattern as example (see the inset).

The PLS, surrounded by canyon-like structures, obtained in sample A is clearly
visible in the surface representation image in Fig. 3.18(b), corresponding to the
region highlighted by the square frame in Fig. 3.18(a). The AFM topography image
taken on the Z— face of the sample B is presented in Fig. 3.19(a). The HLS obtained
in sample B is clearly visible in the surface view shown in Fig. 3.19(b).

The etch depth profile is around 220 nm as shown by the AFM profile measure-
ment in Fig. 3.19(c). Figure 3.20(a) shows the AFM topography image taken on Z—
face of sample C which has been overpoled by using the DLG resist pattern shown
in the inset as example. A magnified view of the structure is presented in Fig. 3.20(b)
while the surface view is shown in Fig. 3.20(c). The etch depth is around 1 um as
shown by the AFM profile measurement in Fig. 3.20(d). Figure 3.21(a), (b) show
the AFM topography image and the corresponding profile measurement taken on
the Z— face of sample D. The etch depth is around 200 nm.

Table 3.1 summarizes the main measurement results.

3.5.4 Complex Surface Structures by Moiré HL.

Moiré effect [35] was used in the HL process by the TB set-up to fabricate peri-
odic resist gratings with complex geometries to be transferred into 500 pm thick
LN substrates as surface structures by EFO and subsequent wet etching. In partic-
ular, three kinds of structures are produced corresponding to three different beating
geometries.

Sample M1 is resist coated on Z— face and HL patterned with 2 um period 2D
square grating by 90° crossed exposures. Afterwards, Z+ face is coated and HL
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Fig. 3.19. (a) AFM topography image of sample B; (b) corresponding 3D representation;
(c) depth profile along the line indicated in (a)

patterned by the same 2D pattern. Figure 3.22(a) shows the typical square array
resist grating obtained on the Z+ face, after patterning Z— face. The fringe period
is slightly changed before exposing Z+ face, resulting in a typical moiré fringe
pattern obtained on the Z— face (see Fig. 3.22(c)). In fact, since the Z— face is
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Fig. 3.20. (a) AFM topography image of sample C; (b) magnified topography view; (c¢) cor-
responding 3D image; (d) depth profile along the line indicated in (b). The inset shows the
optical microscope image of the corresponding dot-like geometry resist pattern
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Fig. 3.21. (a) AFM topography image of sample D; (b) corresponding depth profile along a
line perpendicular to the domain direction

patterned first, that effect is due to the residual resist photosensitivity on the Z—
face, during the exposure of Z+-.

The interference fringes, transmitted by the resist on Z+ face and by the crystal
itself, overlap with the resist pattern previously printed on the Z— face, causing
the well known moiré effect [35]. If necessary, this effect can be easily avoided by
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Table 3.1. List of the main measurements obtained for each sample. In case of PLS the etch
depth refers to the surrounding canyon-like structures

Structure Period Feature size Etch depth Area

type (nm) (nm) (nm) (mm x mm)
Sample A PLS 2000 1500 1000 4 x4
Sample B HLS 2000 900 220 2x2)
Sample C HLS 530 200 530 2x2)
Sample D lines 600 300 200 1x1

(c) (d)

Fig. 3.22. Optical microscope image of (a) the resist grating printed on the Z+ face of sam-
ple M1; (b) the corresponding surface structure on Z+ after poling and etching; (c) the resist
grating printed on the Z— face; (d) the corresponding surface structure on Z—

post-baking the sample after developing the Z— face and before spin-coating the
Z+ face.

The moiré effect produces on Z— face a double period resist grating with pe-
riods 2 pum and 200 pum (see Fig. 3.22(c)). The sample is then subject to EFO and
Fig. 3.22(b)—(d) show the reversed domain pattern revealed by HF etching on
Z+ and Z— face, respectively. Referring to the wide field image in Fig. 3.22(d)
a magnified optical microscope image is acquired in a dark region (see Fig. 3.23(a),
and a SEM image is taken in one of the bright regions (see Fig. 3.23(b)). The SEM
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Fig. 3.23. (a) Magnified optical microscope image of sample M1 in correspondence of the
regions appearing dark in wide field optical microscope image; (b) SEM image of the bright
regions

Fig. 3.24. Optical microscope image of (a) the resist grating printed on the Z— of sample M2;
(b) the corresponding surface structure

image clearly shows that periodic hole-like structures around 200 nm sized have
been obtained.

Sample M2 is resist coated on Z— face and subject to four HL exposures: two
90° crossed exposures at 2.4 um period and two 90° crossed exposures at 2.5 um
period. A unique development process is performed after the four exposures. A 2D
double period (2.4 pm and 2.5 pm) resist grating is obtained on Z— face as result
of the moiré beating between the two fringe gratings, as shown by the optical mi-
croscope image in Fig. 3.24(a). Subsequent EFO and HF etching allows to transfer
such resist geometry into the LN substrate as surface structure shown by the optical
microscope image in Fig. 3.24(b).

Sample M3 is resist coated on Z— face and subject to three HL exposures: two
crossed exposures at 2.4 um period and one at 2.4 pm period. A unique development
process is performed here too, after the four exposures. A 2D grating at 2.4 pm with
1D channels at 2.5 pm period is obtained as shown by the optical microscope image
in Fig. 3.25(a). The surface structure obtained on Z— face by EFO and subsequent
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Fig. 3.25. Optical microscope image of (a) the resist grating printed on the Z— face of sample
M3 and (b) the corresponding surface structure

Table 3.2. Main features of resist gratings and corresponding surface domain structures for
the three kinds of samples fabricated here

Sample M1 Sample M2 Sample M3
Moiré (Z+) 2D at 2 um (Z—) dual 2D (Z—) 2D at 2.4 um
process (Z-) 2D at ~2 um (2.4 um; 2.5 wm) (Z—) 1D at 2.5 um
Resist (Z+) 2D at 2 um (Z—) dual 2D (Z—)2D at 2.4 um +
grating (Z—-) dual 2D (2.4 um; 2.5 um) 1D at 2.5 um

(2 pm; 200 pwm) (channels period 80 pm)
Domain (Z+)2Dpillarat2um  (Z—) dual 2D holes (Z—) 2D holes at 2.4 pm +
structure (Z—) dual 2D holes (2.4 um; 2.5 wm) 1D PPLN at 2.5 um

(2 pm; 200 pm) (channels period 80 pm)

HF etching is shown by the optical microscope image in Fig. 3.25(b). The 1D chan-
nels are periodic with 80 pm period.

The moiré beating geometries and the corresponding structures fabricated here
are listed in Table 3.2. It is important to note that, in every case, the domain pattern
obtained by the EFO process on Z— face faithfully reproduces the resist geometry.

3.6 Double-Face Sub-Micron Surface Structures

This section presents a technique for achieving double-face one-dimensional and
two-dimensional sub-micron periodic surface structures over areas of about
(5 x 5) mm? [36]. The period of the structures is 2 um. The Z— face was resist
patterned and subject to post-bake to remove the residual photosensitivity and after
that the Z+ face was resist patterned. The EFO was performed as in case of the
previously described samples. Different domain pattern geometries were fabricated
on Z+ and Z— crystal faces to show the reliability of the technique. Sample M1
in the previous section is an example of double-face patterned sample where the
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bake process at 200°C of Z— face has not been performed, thus allowing the moiré
effect on Z— face by using the residual resist photosensitivity. In this section three
different kinds of double-face patterned samples are shown: D1, D2 and D3.

Sample D1 was patterned with one-dimensional resist grating on both faces.
Figure 3.26(a), (b) show the optical microscope images of the Z— and Z+ face of
the sample D1, respectively, after EFO and etching. It is worth noting that several
samples have been processed like sample D1 and the 1D surface structure generated
on Z— face always faithfully reproduces the resist grating in each sample. In con-
trast, the surface structure fabricated on Z+ face, even though patterned with the
same quality resist grating as Z—, exhibits a corrupted geometry (see Fig. 3.26(b)).
This demonstrates that the patterning of Z— face provides better quality domain
gratings.

Sample D2 was patterned with a two-dimensional array of resist dots on both
faces. Figure 3.27(a), (b) show the optical microscope images of the Z— and
Z+ faces of sample D2, respectively, after EFO and etching. The EFO and etching
applied to the array of resist dots clearly gives an array of pillars on Z+ face and
an array of holes on Z— face. Figure 3.26(c) shows the optical microscope image
of the polished and etched Y face of sample D1. This picture clearly shows that the
EFO applied to double-face resist patterned samples generates surface un-reversed
domains on both faces.

Sample D3 was fabricated with completely different domain pattern geometries
on the two faces. The Z— face was patterned with a two-dimensional array of re-
sist dots and Z+ face was patterned with a one-dimensional resist grating. Fig-
ure 3.28(a), (b) show the optical microscope images of the Z— and Z+ face of
sample D3, respectively, after EFO and etching.

The inspection of the polished and etched Y face of these three samples reveals
that the EFO generates un-reversed regions under the resist coated areas on both
faces, with average depths around 10 um, largely compatible with waveguide fab-
rication. Figure 3.29 shows the optical diffraction pattern of the etched sample D3,
taken with a He—Ne laser aligned nearly perpendicularly to the Z+ face.

The resultant diffraction pattern represents the reciprocal lattice of the periodi-
cally poled pattern and gives information about the quality of the realized grating. In
fact, by scanning the laser beam over the whole structure area of about (5 x 5) mm?,
the diffraction orders are clear and exhibit constant diffraction angles, thus demon-
strating the uniformity of the structures over the whole engineered region. More-
over, the measurement of the diffraction angles is in good agreement with the space
periodicity, measured by standard optical microscope.

3.7 Possible Applications for Novel Photonic Crystal Devices
This section is aimed at proposing the LN structures described in this chapter for

possible applications in the field of photonic devices. In fact, such structures ex-
hibit specific features which allow to foresee the possibility to fabricate innovative
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Fig. 3.26. Optical microscope image of (a) the etched Z— face of sample D1; (b) the corre-
sponding etched Z+ face; (c¢) the corresponding polished and etched Y face

photonic devices exploiting the specific properties of the LN material (EO, PZ, non-
linearity, etc.). Further investigations are currently under consideration in order to
demonstrate the actual feasibility of such photonic devices.

The one-dimensional sub-micron period surface reversed domain gratings
(see Fig. 3.21) could be used for different purposes in etched as well as un-etched
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(a)
Fig. 3.27. Optical microscope image of (a) the etched Z— face of sample D2 and

(b) the corresponding etched Z+ face. The inset shows a magnified surface view of the
sample D2

(a) | o (b)

Fig. 3.28. Optical microscope image of (a) the etched Z— face of sample D3 and
(b) the corresponding etched Z+ face

Fig. 3.29. Optical diffraction pattern of the sample D3



76 S. Grilli and P. Ferraro

version. In the last case the domain grating could be implemented in waveguide con-
figuration for the fabrication of novel nonlinear devices providing short-wavelength
conversions by QPM interaction. Moreover periods down to 300 nm would allow
backward nonlinear wavelength interactions. The sub-micron period of these grat-
ings allows to foresee also their implementation in the fabrication of different innov-
ative Bragg reflectors, depending on the etched or un-etched nature of the structure,
operating in the infrared wavelength region with subsequent interesting applications
in the field of telecommunications. In case of un-etched gratings a tunable Bragg
reflector device would be possible by exploiting the refractive index step induced
electro-optically by appropriate electrodes. In case of etched gratings a different
tunable Bragg reflector would be possible by using the refractive index step be-
tween air and LN where the tunability could be induced by the EO effect as before
or for example by thermal expansion with further applications in the field of sensors.

The two-dimensional short period surface domain gratings after etching could
be implemented in planar waveguides for the fabrication of innovative tunable pho-
tonic band-gap devices exploiting the refractive index contrast between air and LN
and the unique properties of LN (nonlinearity; electro-optics; piezoelectricity; py-
roelectricity; etc.).

The moiré method allows to introduce artificial defects in a host photonic band-
gap structure, thus providing the possibility to manipulate photons by localizing the
electromagnetic states and “trap the light” [37]. For example, photons can propagate
through a linear defect within a two-dimensional pattern. This phenomenon may be
used in ultra-small optical devices for optical communications.

An interesting advantage of the double-face patterning relies on the possibil-
ity to shrink into the same chip size a number of devices twice as many and with
completely different geometries on the two faces according to the requirements.
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