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Abstract: We report on stable optical waveguides fabricated by soft-proton
exchange in periodically-poled congruent lithium tantalate in the a-phase.
The channel waveguides are characterized in the telecom wavelength range
in terms of both linear properties and frequency doubling. The
measurements yield a nonlinear coefficient of about 9.5pm/V,
demonstrating that the nonlinear optical properties of lithium tantalate are
left nearly unaltered by the process.
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1. Introduction

Optical frequency conversion via parametric mixing in second-order nonlinear crystals is a
key technology for wavelength generation and signal processing at high bit-rates. Besides the
various applications via quadratic cascading [1-5], parametric effects have been proposed and
implemented towards channel dropping/shifting, dispersion compensation and the suppression
of nonlinear interactions experienced by optical pulses [6-11].

Nowadays, mature Quasi-Phase-Matching (QPM) techniques [12] in conjunction with
low-loss waveguides have increased by orders of magnitude the efficiency of quadratic
interactions, allowing y®?-based integrated devices to compete even with record high
nonlinearities achieved e. g. through fiber microstructuring and glass engineering [13]. High
quality QPM gratings are often implemented in waveguides realized in ferroelectric crystals
such as Lithium Niobate (LN) and Lithium Tantalate (LT), as dielectric confinement can
enhance nonlinear effects as compared to free propagation in bulk [14]. Nowadays, QPM
periodically poled lithium niobate (PPLN) can be prepared with propagation lengths up to
several inches, thereby optimizing parametric conversion and wave mixing effects with
precise tuning of the phase matching condition usually achieved by controlling the operating
temperature [15]. A concern about wavelength conversion in PPLN waveguides is the
photorefractive effect (PRE), since LN crystals are vulnerable to high-power light irradiation
[16]. To suppress or drastically reduce the PRE, high-efficiency devices based on LN for
signal processing in the C band need be operated at relatively high temperature, generally
above 100°C, thus making difficult their practical utilization in actual links.

At variance with PPLN, optical waveguides in PP Lithium Tantalate (PPLT) offer superior
resistance to the PRE [17] and provide reasonable conversion efficiency, as demonstrated with
stoichiometric LT substrates [18]. Among the available processes for waveguide fabrication in
LT, the most successful are those based on proton exchange (PE), whose compatibility with
LT poling was demonstrated in Ref [19-21]. Since low proton concentration affects only
slightly the crystal stoichiometry, stable a-phase channel waveguides in congruent PPLT
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(cPPLT) can be realized by PE [22]. Noteworthy, a-phase waveguides preserve LT nonlinear
properties and show a better long-term stability when compared to samples prepared with
other fabrication techniques, or different proton-exchange conditions [22]. To date, however,
guided-wave devices operating at telecom wavelengths were never demonstrated in electric
field PP congruent LT. In this paper we report the first fabrication and characterization of
integrated frequency doublers in cPPLT, operating in the C-band (1525-1565nm) of fiber
communication systems.

2. Waveguide fabrication and linear characterization

The samples were prepared following two main technological steps: (i) realization of QPM
gratings by electric-field assisted periodic poling of LT z-cut substrates, (ii) fabrication of
channel waveguides by soft proton exchange. A commercial (Yamaju Ceramics) congruent
LT wafer (z-cut, 500um thick) was diced into rectangular samples (16 mm X 30 mm) prior to
spin-coating with a 2 um thick photoresist (Shipley S1813) film on the —z facet. Standard
lithography was employed to realize a 2.25 cm long grating with period A = 20.8um along x.
An overnight soft-baking (90°C) and a 3h long 130°C baking were necessary to ensure both a
good adhesion of the photoresist to the substrate and an adequate electric insulation. Higher
temperature would eventually result in photoresist melting and/or carbonization. The
temperature was gradually raised in order to avoid the pyroelectric effect, the formation of
poling dots and the insurgence of mechanical stress in the crystal. The sample was placed
between gel electrolyte layers to provide low-resistance electric contact. In order to exceed the
LT coercive field and obtain a controlled periodic inversion of the ferroelectric domains, we
used a voltage amplified waveform generator to apply 1.3 kV pulses over a 10 kV bias for
appropriate time intervals. With this approach, the inverted domains enucleated from the —z
facet in the region under the electrodes and extended towards the + z facet.

LT channel waveguides were fabricated on the —z facet of the crystal using a
lithographically patterned 70nm-thick SiO, mask [23]. We prepared a set of 2.4cm-long
channel waveguides of widths ranging from 8 to 13um using the “sealed ampoule” PE
technique [24]. A melted mixture of Benzoic Acid and 3.6% Lithium Benzoate preserved the
nonlinear optical properties and domain orientation of the crystal, realizing “soft PE”
waveguides in the o-phase. Proton exchange for 144 hours at ~300°C yielded single mode
waveguides at telecom wavelengths. The TM, corresponding effective index was measured at
1.55um in the planar waveguide on the + z face of the same sample using dark m-line
spectroscopy and the prism coupling technique. The overall effective index increase with
respect to the extraordinary refractive index of the substrate for the fundamental transverse-
magnetic (TM) mode was estimated around 2 x 107, Finally, the chip end-facets were
polished to optical grade to allow efficient in and out coupling to radiation modes.

The characterization was carried out at room-temperature with a wavelength tunable
external-cavity laser (ECL) linearly polarized and butt-coupled to the waveguides in order to
excite TM modes; we used micro-positioners and standard single-mode fibers with an
effective area Ay = 80um?® and propagation losses a = 0.2 dB km™ at 1550nm. The output
light was collected via either a microscope objective or fiber end-fire coupling, depending on
the measured quantity. The overall (fiber to fiber) insertion losses in the waveguide amounted
to 7dB. From our measurements the coupling loss at each waveguide facet resulted equal to
1.2dB, and hence we estimated the propagation losses in about 2 dB cm™

To evaluate the waveguide modal area in the range 1525-1565nm, we analyzed the
magnified image of the output mode, created by using microscope objective, with a calibrated
Vidicon camera. Figure 1(a) displays a typical image of the optical TMy, mode in a channel of
nominal width 13um, with Fig. 1(b) and Fig. 1(c) showing horizontal and vertical transverse
profiles, respectively.
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Fig. 1. (a) Near infrared mode measured at the output of the 13um-wide channel waveguide at
1550nm; (b) and (c) graph horizontal and vertical profiles, respectively. Here the LT-air
surface corresponds to the zero of the coordinate z in (a) and (c).

The TMy, effective area was ~455 um? at 1/e? (=110 pm? at 1/2) with respect to the peak
intensity distribution. As visible in Fig. 2 and expected, the fundamental TM mode was better
confined in wider waveguides because, due to the low index increase, in narrow waveguides a
significant part of the optical power propagated into the substrate.
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Fig. 2. TMg modal area (at 1/2 peak) measured at 1550nm versus nominal waveguide width.

3. Nonlinear characterization

The nonlinear properties of the samples were evaluated in terms of Second Harmonic
Generation (SH-G). Owing to the higher equivalent frequency (or thickness) of the waveguide
at SH, several TM modes of SH were supported by each channel. By tuning the fundamental
frequency (FF) wavelength of the ECL we were able to achieve phase-matching on three
distinct resonances: phase matching at ~1567nm corresponded to the interaction between the
FF TMg pump and the TMgy mode of the SH; phase matching at ~1555nm and ~1552nm
stemmed from the interactions between the FF TMy, and SH TM,, and TMy modes,
respectively. As expected, no SHG resonance was observed corresponding to phase matching
with the SH TM;, mode [25].

In line with numerical simulation of the corresponding modal profiles for FF and SH TM
modes, the highest conversion efficiency was obtained by phase-matching the FF TMgo pump
and the SH TM,; mode. Owing to the different degrees of confinement and vertical (i.e. along
z) offsets of FF and SH modes (see Fig. 3), the TMy; mode at SH yielded the largest overlap
integral with the fundamental frequency pump TMg, [26,27], resulting in ~0.0408um ™.
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Fig. 3. SH Modal profiles measured at the respective resonances and taken at the output of a
13pum-wide channel: (a) fundamental mode TMyy; (b) TMgmode.

From the measurement of SHG conversion efficiency versus FF wavelength, presented in
Fig. 4(a), we evaluated the effective length of the nonlinear interaction to be ~2.25 cm [12],
such a value being very close to the actual extension of the QPM grating. This result can be
ascribed to the weak confinement of the pump mode, with light experiencing an effective
refractive index very close to that of the substrate. Nevertheless, it gives also an indication of
the good uniformity of the periodically poled grating and of the waveguide profile. The latter
parameter can be very critical as a constant waveguide cross section is crucial to maintain
phase-matching over the whole propagation length [25]. From the averaged experimental data
shown in Fig. 4(b) and collected in the case of the most efficient QPM interaction, i.e. the SH
TMo: with the FF TMgo, we evaluated a waveguide SHG efficiency of 0.07%W ‘cm™.
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Fig. 4. (a) Measured normalized SHG conversion efficiency versus FF wavelength. The three
peaks correspond to the FF interaction with the TMg, (solid line), TMy, (dashed line) and TMo;
(dotted line) SH modes. (b) SH power versus FF excitation with a TMg, mode: data (symbols)

and parabolic fit (solid line).

Noteworthy, our measurements indicate that the PM condition for the SH TMg; mode is
not critical, i.e. the PM wavelength is weakly dependent on the waveguide size. This eases the
requirements on uniformity and helps obtaining efficient nonlinear conversion in the regions
with the quasi-phase-matching grating was fabricated (Fig. 5).
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Fig. 5. PM wavelength shift versus waveguide width.

4, Conclusions

In conclusion, we reported on the first realization of a-phase low-loss channel waveguides in
electric field periodically poled LT for signal transmission and quasi phase matched second
harmonic generation from telecom wavelengths. The soft proton exchanged waveguides
confine light better in wider channels and provide quasi phase matching of the TMg, mode at
the fundamental frequency with higher-order second-harmonic TM modes.
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