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Abstract: To assess the quality of waveguides that can be made by ultrafast laser direct writing,
consistent waveguide characterisation methodologies need to be constructed. We aim to develop a
suite of complementary optical techniques for such a task, including measurements of structure,
morphology and refractive index profile as appropriate. We employ confocal and harmonic
generation microscopes in addition to phase tomography.
1. Introduction
There is significant interest in Direct Laser Writing (DLW) of photonic waveguides in bulk glasses using ultrafast
pulsed lasers [1]. Void structures or local refractive index increase can be generated under tight spatial focusing.
Optical waveguides are then formed by translating the substrate relative to the beam. By coupling multiple
waveguides together, complex photonic circuits can be fabricated. The applications of this technology are both
broad and highly promising [2].
One of the challenges facing the DLW technology is the development of a method for complete characterisation
of the micromachined structures. The relatively weak refractive index contrast introduced in waveguide fabrication
is difficult to measure both in magnitude and morphology, although it is an important parameter for predicting
propagation and coupling losses, and mode profiles. Parallel processing techniques have been proposed and
demonstrated to increase the fabrication speed for large devices [3-7]. However, this renders the characterisation
techniques highly important as uniformity of the multiple focal spots cannot be guaranteed by such parallel
processing. For holographic parallel methods, this non-uniformity is in part due to the inherent off-axis chromatic
aberration. Therefore a well developed characterisation method would provide in situ calibration of structures
produced by parallel laser processing. A great advantage of the DLW technique when compared with traditional
fabrication methods is that it creates three-dimensional structures. It is therefore essential that the characterisation
methods provide three-dimensional resolution. In order to characterise structures at different depths within the
substrate, we should also compensate depth dependent spherical aberration.
We have developed a suite of methods to analyse the structural properties of fabricated photonic devices. We
have obtained information about the refractive index modulation, cross-section profile and three-dimensional
structure, which provides a better understanding of the fabrication process. These techniques can be developed for
online monitoring of micromachining.
2. Confocal and third harmonic generation microscope measurements
Scanning reflection confocal microscopy is the first method we have implemented. The measured signal arises from
reflections at boundaries in refractive index and scatter from void structures and defects. A confocal detection
pinhole is used to obscure out-of-focus light, thus revealing the three dimensional structure of fabricated features[8].
This three dimensional resolution is similar to that of our recently demonstrated third harmonic generation (THG)
microscope, but achieved by a simpler optical system [9]. A deformable mirror is incorporated to correct aberrations
encountered in imaging [10,11]. Figure 1 (a) shows a confocal microscope characterisation of the defects fabricated
in fused silica, while Figure 1 (b) and (c) show waveguide cross-sections from a THG microscope.
3. Measurement of refractive index
With the confocal and THG microscopes we can characterise the 3D nature of fabricated structures. It would also be
useful, particularly for waveguide analysis, to develop a simple optical technique for measurement of the refractive
index contrast for the structures. Here we implement the transfer of intensity approach [12,13], where we can
calculate the phase change from measurements of transmitted light intensity at different defocus planes. This can be
implemented in 2D live during the fabrication process, and we explore whether off-line tomographic measurements
can give further information on the 3D refractive index profile.
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Figure 1 a) Reflection confocal image of void structures in fused silica. (b) and (c) third harmonic generation (THG) images of waveguides
with respective circular and square cross-sections. (d) and (e) brightfield transmission images of a waveguide at two defocus planes which may be
used to calculate the associated phase retardation along the line indicated (f).
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