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Abstract: The fabrication of complex integrated photonic devices via direct laser writing is
a powerful and rapidly developing technology. However, the approach is still facing several
challenges. One of them is the reliable quantitative characterization of refractive index (RI)
changes induced upon laser exposure. To this end, we develop a tomographic reconstruction
algorithm following a modern optimization approach, relying on accelerated proximal gradient
descent, based on intensity images only. Very recently, such algorithms have become the state
of the art in the community of bioimaging, but have never been applied to direct laser written
structures such as waveguides. We adapt the algorithm to our concern of characterizing these
translation-invariant structures and extend it in order to jointly estimate the aberrations introduced
by the imaging system. We show that a correct estimation of these aberrations is necessary to
make use of data recorded at larger angles and that it can increase the fidelity of the reconstructed
RI profiles. Moreover, we present a method allowing to cross-validate the RI reconstructions by
comparing en-face widefield images of thin waveguide sections with matching simulations based
on the retrieved RI profile.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

The direct manufacture of photonic structures inside transparent dielectrics using ultra short
pulsed lasers is rapidly developing. Focusing light of sufficient energy alters materials at the
nanoscale via the formation of a free electron plasma, causing permanent local modifications of
the atomic structure. The quality of these modifications can vary strongly. Depending on laser
parameters and material properties, the net effect can be a decreased or increased refractive index
(RD) [1], the formation of birefringent nanogratings [2] or voids [3,4], an increased solubility
in chemical agents which can be used to etch microchannels [5,6], or even a change of electric
conductivity [7-9]. This wide range of possible modifications has enabled the fabrication of an
entirely novel family of fully integrated photonic devices, ranging from passive tools such as
directional couplers and wavelength demultiplexers, to active waveguide amplifiers and lasers [1].

Embedded waveguides often represent the “building blocks” of these photonic devices and the
quality of their fabrication is thus of particular importance. At the same time the high complexity
of the laser-matter interaction in conjunction with small, undesired variations in the optical setup
or laser beam profile make it difficult to reliably predict the manufactured RI profile solely from
laser parameters such as pulse energy and repetition rate. This makes it often necessary to inspect
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the waveguides after fabrication. Several techniques have been applied to this end. The Refracted
Near-field [10-12], and micro-reflectivity [13] methods have been shown to be precise, but
demand direct access to the waveguide’s polished end facet and therefore require some preceding
treatment steps of the substrate. Furthermore, these techniques only provide information about a
single cross section and don’t permit an overall assessment along the entire guiding structure.

Ideally, quality monitoring would be happening in situ, that is directly in the fabrication setup,
in order to facilitate a fine tuning of the manufacturing parameters until the desired profile is
obtained. In the most commonly used writing geometry, where the substrate is laterally translated
underneath the objective lens, this would imply that only information from viewing angles that are
mostly about orthogonal to the waveguide axis can be collected. In this geometry, it is relatively
straightforward to infer the accumulated phase change across a waveguide using quantitative
phase imaging techniques [14], but much harder to estimate the actual 2D RI profile, which
ultimately determines the guiding properties.

Diffraction tomography represents a potential solution to this problem. However, although it
has been applied to traditional glass-pulled waveguides [15,16], it remains unclear if and to which
extent these methods are able to reveal structural details of direct laser written guides, which
can be far less rotationally symmetric and exhibit small relative RI changes on the order of 1073.
Existing studies on this topic have either amplified the signal by diffraction off many identical
waveguides [17] or used basic tomographic implementations that did not aim at retrieving a
quantitative RI profile [18]. In the present work we investigate the feasibility of diffraction
tomography for the measurement of waveguide RI profiles manufactured by femtosecond (fs)
laser irradiation in glass.

For quality assessment, thin waveguide slices are cut off the glass substrate and “en face’
widefield imaged. Such widefield images are susceptible to even small RI profile changes, which
we prove by numerical simulations. The experimental slice images are compared to matching
simulations derived from the tomographic RI profiles. We find that the tomography results allow
for precise predictions of the observed slice images, thus indicating a precise recovery of the RI
profile.

Finally, we show that phase aberrations, which often exist in high aperture optical systems, can
significantly degrade the information contained in images taken under high tomographic angles.
We present an algorithmic approach to estimate aberrations jointly with the waveguide profile
and demonstrate its feasibility.

)

2. Methods
2.1.  Manufacturing of waveguides

All the waveguides employed in the study were fabricated inside Corning Eagle 2000 glass
substrates. The writing was performed using a femtosecond laser (Pharos SP - Light Conversion
Systems) operating at a wavelength of 514 nm, a pulse repetition rate of 1 MHz and a pulse
duration of 170 fs. A 0.5 NA/20x Zeiss EC Plan-NEOFLUAR microscope objective was used to
focus the fabrication laser at a depth of 150 um beneath the substrate surface. The sample was
then translated at a speed of 2 mm/s transverse to the laser write beam, as sketched in Fig. 1(a),
with the laser power varied in the range 30 mW to 80 mW. The fabrication system incorporated a
liquid crystal spatial light modulator (SLM) to control the phase of the laser at the pupil plane of
the fabrication objective lens, as described in [19].

2.2. Tomographic imaging

The tomography setup, sketched in Fig. 1(b), uses a 1.4 NA oil immersion lens (Olympus
UPlanSApo, 100x) and a 1.4 NA oil condenser (Olympus U-AAC). Light of a blue LED (Thorlabs
M455D3) is focused onto a 100 um sized pinhole and collimated with a 200 mm lens to obtain
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Fig. 1. Graphical illustrations of our experimental procedures (a) waveguide writing,
(b) tomographic imaging and (c) cross-validation by taking en-face images of waveguide
cross-sections.

high spatial coherence. The beam is reflected off a mirror in a mechanical tip/tilt mount with
home-built motorization. Using 4f relay optics, the pinhole is imaged into the back focal plane of
the condenser with a magnification of 3/4. The motorized mirror allows us to steer the pinhole
image to arbitrary positions within the condenser pupil and thus to establish any illumination NA
up to 1.35 (63 deg. in the sample substrate). The images are formed by a microscope tube lens
(Nikon, f = 200 mm, Edmund Optics #58-520) on the sensor of a CCD camera (Basler pulse
puA1600-60uc). A piezoelectric holder (Piezosystem Jena MIPOS 100) allows fine tuning the
objective position in a range of 100 pm.

A typical tomographic image set consist of 42 images of a waveguide, taken at illumination
angles ranging between + 45 deg. around the axis defined by the waveguide. A second image
set is taken at identical angles, but with the waveguide sample translated such that only the
background is recorded. The difference of these image sets represents a background-corrected
set, which is further processed by integrating each image along the waveguide axis over 100
pixels to improve dynamic range and signal to noise ratio. This is possible because the diffraction
patterns are inherently shift-invariant along this axis.

In order to measure the input illumination angles, we do an additional recording of the objective
pupil plane by switching a converging lens in the imaging system, between the tube lens and
the camera. The position of this lens is adjusted in order to get a sharp image of the condenser
diaphragm, which is optically conjugated to the pupil plane of the objective. A first image of
the entire pupil is recorded by illuminating the condenser with a flash lamp, defining a sharp
disc representing the Fourier domain with a maximum NA of 1.4. Then, we record the positions
of the centroids of the spot distributions obtained with each tilted illumination. The relative
positions of these centroids inside the pupil give a precise estimation of the illumination angles.

The focus point of the objective lens is set to about 10 um above the waveguide (with reference
to the geometry outlined in Fig. 1(b)), to a plane where light diffracted by the guide has developed
sufficient intensity contrast in its interference fringes. We note that the exact knowledge of the
focus position is not required for the reconstruction. Any mismatch between assumed and true
axial positions will merely cause a corresponding axial translation of the RI profile. This phase
imaging approach is for instance exploited in methods using transport-of-intensity equation (TIE)
[18,20] and avoids the requirement of direct phase measurements (e.g. interferometry), which
set higher demands on mechanical stability, light source or detection system. A drawback of
imaging under defocused conditions is that the diffraction patterns exhibit large lateral shifts at
high illumination angles, which requires to image a sufficiently large field of view.
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2.3. Reconstruction of refractive index profiles

A detailed description of our algorithm is provided in Supplement 1. Basically, it simulates the
recorded diffraction patterns by numerically propagating 1D plane waves at all tomographic
angles through the waveguide sample, which is initially assumed to have an RI contrast of zero.

The squared differences between recorded and simulated irradiance profiles and their gradients
with respect to the refractive indices of all pixels on the grid are calculated and used in a proximal
accelerated gradient descent.

The scheme we are using here was originally proposed several years ago [21] for diffraction
tomography and more recently for retrieving the 3D refractive index profiles of biological samples
from intensity images [22]. Compared to reconstructions based on the first Born and Rytov
approximations [23,24], it does not suffer as much from limitations regarding RI contrast and
gradients. Importantly, the scheme allows for regularization, which we find to be essential for
retrieving artifact free RI profiles. Further information about recent developments on diffraction
tomography can for instance be found in Refs. [25,26].

Compared to previous implementations, our method goes one step further in estimating
spherical phase aberrations in the objective pupil jointly with the cross section of the object.
Specifically, the even coefficients of a radial phase polynomial in the pupil are retrieved up to
the 16th order. Spherical aberrations are common in high aperture imaging systems and can for
instance arise from a refractive index mismatch between sample and immersion oil. We find that
aberrations can visibly distort the information contained in high-angle recordings, thus partly
negating the achievable reconstruction benefit if they are not considered in the reconstruction.

Conceptually, our approach is related to blind deconvolution. Similar implementations have
for instance been realized for phase diversity [27], optical coherence tomography [28] or Fourier
ptychography [29].

2.4. Cross-validation with en-face images of waveguide cross-sections

To validate the tomographic results, a transverse slice of the waveguide substrate is cut off
and polished to a thickness of about 130 to 150 pym. After polishing, the exact thickness is
inferred using a microscope. A widefield image of the slice is recorded under straight coherent
illumination (see Fig. 1(c)), with the objective manually focused onto its top surface. While such
a slice is still too thick to enable a direct measurement of the RI distribution (for instance using
interferometry), it is nevertheless possible to compare this experimental image with a simulated
one, derived from the tomographically estimated RI profile. To simulate such a view, a plane
wave is numerically propagated using a split-step Fourier Beam Propagation Method (BPM, see
Supplement 1 for details) through the retrieved RI profile over a distance matching the glass slice.

In order to compare the experimental and computed camera images lexp and Ism, we subtract
their background intensity levels and normalize the resulting differential intensities to 1 according
to the l,—norm (/Y I? = 1). Then, we correct for an eventual rotation between the two images by
finding the rotation angle which maximizes the cross-correlation Isjm * Iexp. As a result, the value

M = i * s, m

serves as a scalar reconstruction quality metric, taking values between 0 and 1 due to the
normalization.

3. Results

Figure 2 summarizes quantitative results from the tomographic imaging of a direct laser written
waveguide. A writing speed of 2 mm/s and a laser power of 35 mW were employed for its
manufacturing.
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Fig. 2. Experimental results from tomographic waveguide imaging (a) defocused
widefield view of the waveguide under straight coherent illumination (6 = 0); (b) intensity
tomogram used for the RI reconstruction; (c) reconstructed RI profile, showing regions of
positive and negative contrast; (d) retrieved radial aberration phase in the pupil plane during
the imaging; the RMS value over the entire 2D pupil is 3.5 rad.

Figure 2(a) shows a widefield view of the guiding structure under 10 um defocus, (b) the
intensity tomogram used for reconstruction. Each column of the tomogram is the sum of 100
columns in a widefield view taken at the illumination angle specified on the horizontal axis.
(c) depicts the tomographic reconstruction of the RI profile, based on the tomogram shown in
(b). The direction of laser writing is from the top. The RI variation ARI ranges from -0.004 to
+0.011, clearly revealing spatially varying positive but also negative RI contrast. The coordinate
z = 0 marks the sharply imaged focal plane for taking the raw images. Two main lobes of
increased RI are visible, with a connecting narrow zone of negative RI contrast in between.
Presumably, this split structure is caused by ion migration during the writing process [30]. The
plot in Fig. 2(d) represents the jointly estimated radial aberration phase in the objective pupil
during the tomographic imaging process. Defined over the full 2D pupil, it has an RMS value of
3.5 rad. This relatively high value is predominantly caused by the strong phase variation near the
pupil edge. As we show later, this aberration leads to significant artifacts in the RI profile if it is
neglected in the algorithmic reconstruction. Notably, for this particular case, we even find that a
reconstruction based exclusively on low angle data (<30 deg.) shows a higher fidelity than the
full angle data reconstruction without aberration estimation.

Experimental results from cross-validation of the reconstructed refractive index profile shown
in Fig. 2(c) are summarized in Fig. 3. The figure contains an experimental widefield image of a
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150 pm thick waveguide slice (a) together with its simulated counterpart (b). Both images are
displayed in a logarithmic scale to highlight small differences. The images show a high similarity
and also the reconstruction metric is correspondingly high with M = 0.95. Obviously, the narrow
lobe-connecting zone of negative RI contrast is not noticeable in these images, presumably
because the propagating light is mainly concentrated around the two lobes of increased RI, thus
somewhat masking the zone in between them. To show that the RI of this connecting region
has indeed been modified, we provide a different widefield view of the end facet (c), which has
been constructed by adding multiple recordings taken under different illumination angles (rotated
by + 10 deg. around the x-axis and +1 deg. around the z-axis with respect to the coordinate
system shown in the image). Whilst only yielding qualitative information, this view reveals an
RI modification of similar shape at the respective connecting zone (marked by an arrow), thus
supporting the quantitative data shown in Fig. 2(c).

() (b) (©)

experimental slice image simulated slice image

Z (um)

x (pm) x (jm) x (jm)
I 0 i . !
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
log (cts)

Fig. 3. Cross-validating the tomography results. (a) Experimental widefield image of a
150 um thick waveguide slice; (b) Matching simulated view, based on the tomographic RI
profile of Fig. 2(c). The image shows a high fidelity metric M = 0.95. Note that the images
(a,b) are in log-scale. (c) The sum of many experimental widefield images from a range
of illumination angles reveals a modified RI in the narrow zone between the main lobes
(marked by arrow).

We have performed simulations on the sensitivity of M to errors in the RI profile in order
to investigate the suitability of M as a fidelity metric. To this end, we deliberately altered the
ARI profile of Fig. 2(c) by multiplying it with scaling factors between 0.5 and 1.5 and computed
corresponding widefield slice images for comparison with the experimental image shown in
Fig. 3(a). The M values for these simulated images are visualized by the blue curve in Fig. 4.
The curve peaks at a scaling factor of 0.95, thus indicating that the profile of Fig. 2(c) could be
slightly overestimated by 5%, i.e., absolute changes ARI in the reconstructed profile of only up to
5-107*. The curve further indicates that a potential over- or underestimation of the ARI change
by about 20% would lead to a significant drop of M. The fact that we do not observe such a drop
validates our tomographic approach and supports the suitability of M as a metric to quantitatively
evaluate the tomographic reconstructions.

For further analysis, we have only incorporated images taken at small angles <30 deg. (NA
= 0.5) for the tomographic reconstruction. This renders the inverse problem less well-posed,
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Fig. 4. Investigation on the suitability of M as fidelity metric. The blue curve at the
top shows the influence of re-scaling the RI profile of Fig. 2(c) on M. The curve peaks
around a scaling factor of 0.95, thus validating our tomographic approach. Similar curves
are shown for tomographic reconstructions which have been intentionally degraded, either by
incorporating only small angle recordings (green dash-dotted curve) or ignoring aberrations
in the tomographic reconstruction (red dashed curve).

such that typical “hourglass” artifacts appear (see Fig. 5(a)). Another noticeable artifact is that
the ARI change of the upper lobe appears to be about 30% smaller compared to the high-angle
reconstruction of Fig. 2(c). If this reduced ARI value were real, it would cause this lobe to confine
less light and consequently appear significantly dimmer in the slice image, which is proven by
the simulation in Fig. 5(c). The M value of this simulated slice image and the experimental slice
image of Fig. 3(a) is only 0.88, which indicates that the ARI value of the upper lobe must indeed
be higher than predicted by the low-angle reconstruction. Re-scaling the ARI change as before
(green dash-dotted line in Fig. 4) can only marginally increase the M value.

The low-angle simulations are interesting, because they show the reconstruction quality that
can be expected if only dry optics (air objective and condenser) are used for the measurements.
Objective lenses used for waveguide writing are often of this type and it would be attractive to
characterize directly at the stage of fabrication, using the writing optics for tomography.

Finally, we investigate the importance of including phase aberrations in the tomographic
reconstruction. For this reason, we again derived an RI profile from the intensity images in
Fig. 2(b), but this time without jointly estimating aberrations. The result shown in Fig. 5(b)
shows even more pronounced streak artifacts than the low-angle reconstruction. The impact on
the simulated slice image (see Fig. 5(d)) is likewise more severe and reduces M to merely 0.85.
Again, re-scaling ARI is unable to significantly increase M (red dashed line in Fig. 4).

We note that the retrieved aberration magnitude is negligibly small for the low-angle recon-
struction, which in turn means that ignoring aberrations in this case has very little effect on the
final RI profile. If aberrations are not incorporated in the high-angle reconstruction, however, the
final result is of even lower quality than the low-angle reconstruction.

To further demonstrate the capabilities of our tomographic approach, we have applied it to a
set of additional waveguides. All these additional structures were similarly fabricated at 150 um
depth in Corning Eagle glass, yet were manufactured using different settings for the laser power
and write speed ("medium" = 35 mW and 2mm/s; "high" = 75 mW and 25 mm/s). Furthermore,
for each power/speed setting different values of aberration phase were applied in the pupil plane
of the laser fabrication objective lens. The laser writing system was initially optimised for
phase aberrations using a sensorless scheme based on the material modification threshold [31],
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Fig. 5. Intentionally degraded tomographic reconstructions and their simulated slice
images. The estimated phase profiles show typical “hourglass” artifacts due to incorporating
only limited angles (a) or ignoring aberrations (b) in the reconstruction algorithm. Computed
slice images based on these erroneous profiles (c, d) clearly differ from that of the best
possible profile as well as the experimental image shown in Fig. 3.

representing the "min" data in the middle column of Fig. 6. The SLM was then also used to
intentionally apply "negative" = -0.85 rad and "positive" = +0.85 rad of of primary spherical
Zernike aberration. We emphasize that these aberration settings refer to the laser writing process
and not to the tomographic characterization as discussed above.

Each of the six profiles in Fig. 6 corresponds to a unique combination of fabrication parameters,
which obviously have a strong impact on shape and magnitude of the induced RI modifications.
The tomography reveals fine spatial details at a resolution of a few hundred nm (e.g. a fine line of
RI increase connecting the two main lobes in (f)) and RI variations below 107>, The highest RI
change of +0.011 is obtained at "medium" laser power and lower speed with optimal spherical
aberration compensation ("min"). It is also noticeable that both, a higher power setting and
non-optimal aberration compensation, lead to an increased stretch of the RI modifications along
the writing direction. Furthermore, there is clear difference between the measured waveguide
cross-sections for positive and negative values of applied spherical aberration, in line with
recent studies suggesting that minimal spherical aberration is not necessarily best for waveguide
fabrication [32,33], and that this should be an additional parameter to tune during optimisation.

A comparison between the recorded and computed slice images for the waveguides shown
in Fig. 6 are provided in Fig. 7. As before, the simulated and experimental slice images are
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Fig. 6. RI profiles of waveguides manufactured at different fabrication settings. Each
of the shown profiles corresponds to a unique combination of laser power ("medium" ~ 35
mW, "high" = 75 mW) and spherical aberration compensation ("min" = aberration minimal,
"negative" = -0.85 rad, "positive" = +0.85 rad) during the writing process.

matching closely and the M values correspondingly high, showing general applicability of our
tomographic technique for a wide variety of waveguide structures.
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Fig. 7. Comparison of experimental and computed slice images of the waveguides in
Fig. 6. The experimental images are below the respective simulations. The M values are
shown as insets.
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4. Summary and discussion

We have introduced a new tomographic approach for quantitative RI profilometry of laser written
waveguides, which is able to retrieve spatial details on the order of a few hundred nanometers and
an RI resolution of better than 1073, It can characterise waveguide profiles in a non-destructive
manner at any point in a photonic circuit. We prove the validity of our technique by comparing
en-face widefield images of thin waveguide slices with corresponding computed views based
on the estimated RI profiles. Our technique is relatively simple to implement and requires only
intensity images obtained from an LED illumination. It is further capable of jointly estimating
pupil phase aberrations with the profiles. We have shown that it is important to take these
aberrations into account in order to exploit the information collected at high tomographic angles.

We have further investigated the loss in quality of the reconstructed waveguide profiles caused
by using only the low tomographic angles accessible by air optics and find that while the
overall profile characteristics are preserved, the RI tends to be systematically underestimated.
Nevertheless, it is likely that using more suitable regularization can improve on the accuracy in
such scenarios. Then, it would be an attractive perspective to perform the tomographic quality
assessment in situ, i.e., directly at the fabrication platform. For instance, the same objective
lens could be used for writing and imaging photonic structures, and a dichroic mirror behind
the objective could be used to separate writing and imaging paths. A practical challenge is the
design of a suitable sample stage, which must permit the inclusion of a condenser lens at close
proximity to the sample. Here, one could imagine to clamp the specimen from two sides, such
that there is only air between its bottom surface and the condenser, or to place the sample on a
sufficiently thin transparent holder.

In our current implementation, tomographic imaging and computational reconstruction speeds
are insufficient to facilitate a real time quality control of laser written waveguides. A single
tomographic reconstruction takes a few tens of seconds on the GPU. However, if trade-offs in
reconstruction quality are tolerable, it is possible to drastically reduce the number of required views
and also the time required for tomographic reconstructions. Should real-time characterization
become feasible, it opens further interesting possibilities, such as a closed-loop control of laser
parameters to ensure an optimal fabrication quality.

The investigations presented in this paper focus on the tomographic characterization of
single waveguides without other photonic structures in close proximity. Preliminary tests on
more complex structures such as small waveguide arrays using the same algorithm and similar
regularization parameters showed the appearance of reconstruction artifacts. Likewise, we found
the joint estimation of aberrations to be less reliable. A possible solution for the aberration
estimation would be to fabricate an additional, isolated waveguide into the glass chip for which
we can estimate the aberrations jointly, and then apply the retrieved aberration mask to the
reconstruction of the waveguide array.
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