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ABSTRACT

We review our recent work on design and fabrication of microstructured waveguides (WG) in birefringent
nonlinear crystal, z-cut lithium niobate (LiNbOs), and describe simulation approaches to both design and
optimisation of such structures. We also review our experimental results achieved by using direct fs laser
inscription in such hosts using high repetition rate femtosecond oscillator system. Refractive index (RI) contrasts
as high as -0.0127 have been demonstrated for individual tracks. The experimental relations between RI contrast
and track dimensions were used for optimisation of depressed cladding waveguides in such hosts. We
demonstrate that the spectral range for such microstructured waveguides in LiNbO; can be extended up to the
long-wavelength end of the transparency of material.
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1. INTRODUCTION

The combination of excellent nonlinear (x®) optical, electro-optical, acousto-optical and other properties, as well
as its wide transparency range, make lithium niobate (LiNbO3) an attractive host material for applications in
integrated nonlinear optics [1]. The majority of nonlinear optics applications require manufacturing of optical
waveguides (WGs) to confine light propagation in reduced volumes, thus reaching high light intensities. As one
of the most efficient techniques for three-dimensional volume micro-structuring of transparent dielectrics, the
direct femtosecond (fs) laser inscription method [2, 3] has been widely applied to fabricate optical WGs in
numerous optical materials, including optical crystals [4-6], ceramics [7, 8], glasses [9-12] and polymers [13,14].
The possibility of inscribing arbitrarily shaped WGs in the bulk of various crystals has allowed for new
geometrical degrees of freedom in the design of integrated optical devices. Buried integrated laser sources,
nonlinear-frequency converters, amplifiers, single-photon detectors and other devices have already been
achieved based on this technology. While a transparent dielectric being irradiated by fs laser pulses, with the
energy above certain threshold becomes absorbing, this occurs only in the vicinity of the focal point. This fact
allows precision modification of the material refractive index (RI) by translating the sample continuously along a
certain 3D path. Such a procedure can lead to the creation of isolated air holes or voids, periodic RI modulation
or sometimes pearl chains and also continuous, smooth tracks that are suitable for low-loss light guiding [10].
The positive RI contrasts between exposed and unexposed areas that are typically induced by direct fs writing in
optical glasses can be up to an order of magnitude higher than those of optical fibres. Continuous, smooth tracks
can also be inscribed in various crystal materials, featuring reduced RI in the central area of the track [15] and
slightly increased RI in the surrounding region. Single tracks in crystals may exhibit weak guiding, but it occurs
only in the surrounding areas of the residual stress left within the material by the laser beam passage. On the
other hand, by writing multiple tracks with a reduced RI around the unmodified volume of material it is possible
to produce a ‘depressed-index cladding’ [4, 5] with the central (unmodified) volume serving as the core of WG,
whereby the mechanical stress has only minor influence on the WG modes. The simplest type of depressed-index
cladding consists of only two parallel tracks positioned close to each other. But such a WG structure does not
allow for control over the WG properties. On the other hand, due to geometric flexibility, the depressed cladding
may consist of a fairly large number of arbitrarily arranged tracks confining the flexibly large and shaped core
guiding area [16, 17]. Depressed-cladding WGs have been demonstrated to achieve light propagation with good
mode confinement at different wavelengths, and low propagation losses.
The problem remaining is how to design and fabricate these, sometimes, complex buried WG structures.

2. NUMERICAL SIMULATION

In this work we modelled depressed-cladding WG structures with hexagonal symmetry, because this is a fairly
commonly used WG shape, which has already been well studied in the case of isotropic materials such as MOFs.
First question is how to ensure accurate simulation of depressed index cladding WGs as they often exhibit leaky-
mode features [18], especially when the thickness of the cladding structure and the RI contrast between the low-
index tracks of the cladding structure and the core guiding region are small. Perfectly matched layer (PML)
absorber was used to minimize the effect of boundary reflections, and thus effect of mode leakage. We used
COMSOL simulation software to find out the complex effective indices of both o- and e- modes of the structure
(electric field directed along x and z axis). Perfectly matched layer (PML) absorber was used to truncate the
computational domain and minimize the effect of boundary reflections. We chose a circular PML surrounding
(20 um thick, with gradually increasing imaginary part of RI up to -0.05). Example of the Gaussian-like mode at



3 um, structure (selected using the criterium of *'minimum effective mode area’), is given in fig. 1, d, and figure
(d) is to compare the actual thickness of PML and the structure diameter. The PML performance has been tested
on known photonic fibres designs (isotropic case) and revealed quantitative agreement over the whole range.
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Figure 1. Ellipsoid of refractive indices (a); geometry for simulations (b); model of fs inscribed track (c),
example of calculations of a Gaussian-like mode at; PML layer dimensions compared to a structure size (e).

In our initial study [19] we found that: 1) the most important parameter for managing WG structure performance
is the RI contrast, other geometry parameters (period, track diameters, particular patterns play auxiliary role);
2) strong leaking of extraordinary wave (E||z) to o-wave occurs, especially at shorter wavelengths (see figs. 2 b,
d); 3) with the RI contrast values experimentally achieved so far, it seems impossible to provide satisfactory loss
level (1 dB/cm) even at telecom band; 4) adding additional layers with quite moderate RI contrasts of -0.01
enables to extend the operation range even beyond the telecom wavelengths range. Very complex optimisation
problem has to be solved in order to benefit from the geometry. Finally, precise information about the

experimentally achievable RI contrast and tracks dimensions is required.
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Figure 2. Results of numerical simulations of two-ring structures with variable RI contrast (a) and its loss
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and loss figures for the case of hexagonal structures with variable number of rings - plots (c) and (d)
respectively. Note that each individual track in structures c), d) has refractive index contrast of -0.01. Figures
adopted from [19].

3. FABRICATION OF MICROSTRUCTURED WAVEGUIDES BY DIRECT FS INSCRIPTION

In our experiment, we used fs chirped-pulse oscillator and transverse inscription geometry. Details on laser
system and experimental setup and procedures can be found in [16]. In contrast to previous studies we used
transform-limited pulses of 50 fs pulse duration (FWHM) with linear polarisation perpendicular to the direction
of the scan. To measure RI contrast we used quantitative phase microscopy approach and in-house software for
Abe inversion, assuming circular symmetry of the tracks cross sections (c.f. fig. 3, b). We report, for first time to
our knowledge, smooth WGs with record high RI contrast, up to — 0.0127 in z-cut LiNBO3. Relations between
track dimensions (R) and possible RI contrasts (8n) at various inscription speeds were found experimentally. The
example results are given in fig.3 c, d. Despite R and dn are not completely independent, given the range of
possible sample translation velocities, from 5 to 60 mm/sec, both can be effectively decoupled to realise
necessary WG designs.
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Figure 3. Experimental setup (a), used for fabrication of microstructured waveguides in z-cut LiNbO3, and
microphotograph of the waveguide and its cross-section after edge polishing (b); dependences of track
dimension and induced RI contrast (c) revealed threshold-like, linear dependence which was used in numerical
optimisation of the 7-ring cladding structures in next section. They were obtained with oil-immersed micro-
objective lens (NA=1.25) at the depths from 250 to 400.m, at sample translation speed of 12 mm/sec.




4. OPTIMISATION RESULTS

To minimise the confinement losses in the WG structure at the long wavelengths, or, in other words, to extend
the spectral range of operation, where the loss figures for the fundamental and other modes are acceptably low,
we used simple idea which came from the observation that the confinement losses become monotonic functions
at sufficiently long wavelengths (c.f. fig. 2 b, d). The loss at a sufficiently long wavelength can be used as a
target function for optimisation. Thus, one can vary different WG structural parameters at this wavelength of
interest, and only when the best loss figures are obtained, perform full wavelength scan. This makes the
optimisation procedure much less time consuming and, thus, practically feasible. The growth rate of the track
radius, R (which is coupled to the refractive index contrast, dn) can be parameterised by a single parameter, p as:
D, = Dpint (0= 1/Nejag=1)? *(DmaxDumin), 1 [ [1,Nclad]. The examples of 7-ring structures with p=0 (uniform
structure), 0.2, 1, 5 are presented in fig. 4,a. Figure 4, b illustrates the dependence of the confinement loss at the
wavelength A = 1.55 pm on the track diameter for a seven-ring, uniform (p = 0) structure with different values of
on. It is seen that for dn=—0.01 and dn=—0.02 there is a “plateau” of low losses over the diameter range 2.2pum to
2.5um and 1.4pm to approximately 2.2um, respectively. Note that such plateau does not exist at lower RI
contrasts in uniform structure, typical e.g. for low-repetition rate fs inscription. Such results gave us a hint on
choosing the range of variations of the track diameters. Various aspects of track structural parameters were
considered in a similar way. One of the parameters is the level of induced losses in fs-written tracks, whose
appearance may be associated with either induced colour centres (e.g. absorption in material in or around tracks)
or scattering losses. In order to understand influence of this effect one can modify the induced refractive index
dependence (Fig.1,c). The results of simulations revealed that the induced losses became essential, when their
value (in dB/cm) are comparable with the total WG losses, which was expected. Finally, for the optimum
structure we made a wide wavelength range scan (fig 4. d) which revealed that optimised 7-ring structure, even
with moderate RI contrasts, can effectively guide radiation at the wavelengths as long as 3.5um. It is also clear
that the HRR fs laser technology can be easily extended to periodically poled crystals, thereby enabling a wide
spectrum of applications in classical and quantum nonlinear integrated optics.
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Figure 4. Example of 7-ring depressed cladding structures defined through a single parameter, p — growth rate

(@);

Finally, we would like to note that the requirements on the number of tracks’ rings make HRR fs laser
inscription the preferred microfabrication technique. For example, for a propagation length of 10cm in a WG
with seven rings (around 200 tracks) the total length of the inscribed lines would amount to approximately 20m.
Clearly, if one uses a kHz fs system (with a typical sample translation speed of 10 to 100um/s, or of 500pum/s -
by use of astigmatic beam inscription [20]), the fabrication time required on a single structure can exceed 60
hours, whereas a HRR system can do the job in less than an hour.

5. CONCLUSIONS

Optimized designs of WG structures with seven cladding layers were numerically shown to achieve acceptably
low (below 1dB/cm) confinement losses (i.e., losses due to the finite transverse extent of the confining structure)
for both O and E polarizations over a wide spectral range, extending into the mid-infrared region up to the end of
the transparency range of the host material. We have reported on the inscription regimes that are required to
fabricate low-loss, microstructured, buried WGs in z-cut LiNbO3 crystals by HRR fs laser system. Record-high
RI contrasts of -0.0127 have been obtained for individual modification tracks. These results offer promising
means for the development of microstructured WGs in nonlinear crystals which are suitable for integrated optics
applications in both the near- (telecommunications) and midinfrared spectral regions.
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