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Abstract: In this paper we present the first example of waveguides fabricated by UV writing
in non-hydrogen loaded Ge-doped planar silica with 213 nm light. Single mode waveguides
were fabricated and the numerical apertures and mode field diameters were measured for a
range of writing fluences. A peak index change of 5.3 x 1073 was inferred for the waveguide
written with 70 kJ cm™2. The refractive index change is sufficient to match the index structure of
standard optical fiber. Uniformity of the written structures was measured and a propagation loss
of 0.39 + 0.03 dB cm™! was determined through cutback measurements.
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1. Introduction

Integrated optical waveguides and circuits have a wide range of applications, including; sensing
[1-4], and quantum technologies [5—7] to name but a few. These optical devices can be fabricated
on a myriad of material platforms, each of which have their own advantages and drawbacks [8].
For instance, III-V semiconductors and silicon-based devices benefit from an established route for
manufacture as well as high refractive indexes, allowing for compact optical circuits. However,
additional losses are incurred during fibre coupling due to mode mismatch. Propagation losses
can also be significant compared to other materials [8,9]. Silica-based optics offer low loss in
the C-band as well as mode matching for optical fibre coupling. Etched silica devices are used
for fibre compatible AWGs, sensors, and also quantum experiments [10]. However, propagation
losses in etched waveguides are also strongly influenced by sidewall roughness and slope caused
during the etching process [11, 12].

Photonic structures can be created in planar doped silica without the need for etching by
inducing a local refractive index change through exposure to a focused UV laser beam, as shown
in figure 1(a). This technique has been used for phase tuning of optical devices [13] and to
produce planar integrated circuits [14—17]. Losses are typically <0.2 dB/cm [18] and waveguide
modes are matched to optical fibres for optimum coupling efficiency. UV fabrication of integrated
silica photonics relies on the photosensitivity provided by doping with Germanium, Phosphorous
and Boron. However, it is usually necessary for in-diffusion of hydrogen or deuterium prior to
UV writing to produce a refractive index change sufficient to form waveguides [19]. This is
typically achieved by leaving the sample in a pressurised hydrogen environment for several days
to allow diffusion in to the material [20].

Hydrogen loading not only requires further processing but, after removal from the pressurised
environment, the hydrogen present within the silica out diffuses, causing photosensitivity variation
over time. Hydrogen can also be depleted through writing adjacent features in close proximity,
something necessary when writing devices such as beam splitters [21,22]. These effects can
cause variation of the final written structures and these issues scale with device complexity,
something undesirable in applications such as quantum technology and sensing, which require
device consistency and compact, integrated solutions [6, 23].



(a) (b)

213 nm Computer
laser light control and
processing
40mm
=— Focusing
Silica-on-Silicon lens Sample on .
i alignment Apiacriye IMaging
planar c\r‘wlp stage Obﬂgr(]:gve lens
Y axis ); f
ND filters
\ V'grOOVe |_I—| Camera
X txis assembly M0t<°_"_i_5_e_‘_j__5)tage

Fig. 1. (a) A set of precision air-bearing stages translate a planar silica-on-silicon chip
through the focus of a 213 nm laser beam to write waveguides into the Ge-doped silica core
layer. (b) Schematic of the characterisation system. Broadband light from an erbium-doped
fiber ASE source is coupled into the waveguides via a fiber V-groove assembly and the
waveguide facets are imaged directly onto an InGaAs camera interfaced with computer
software.

It is possible to slow the rate of outgassing by cooling the substrate during writing [21], though
this requires a cooled stage and nitrogen flow to prevent condensation forming, yet this does not
prevent outgassing entirely. Another approach is to lock the hydrogen within the silica through
UV exposure or thermal processing, allowing the sample to maintain photosensitivity throughout
the writing process [24]. However, this is an additional process which can prove inconsistent
between batches, and can introduce additional losses through increased OH absorption within the
material [25]. Other methods, adopted for quantum applications, include writing many smaller
modular devices that can be configured together later on [26].

Femtosecond laser writing is capable of producing photonic devices in planar and bulk silica
without the need for hydrogen loading, with waveguide propagation losses as low as 0.35 dB
cm™! in the telecommunications C-band [27], 0.2 dB cm™! for 633 nm [28], and refractive index
changes of around 1073 [29]. A refractive index change of 3 x 1072 in hydrogen-free Ge-doped
planar silica layers using a 193 nm UV laser has been reported, however propagation losses were
close to 2.8 dB cm™! [30].

The work in this paper was inspired by the achievement of strong fiber Bragg gratings (FBGs)
in Ge-doped optical fiber without prior hydrogen loading by using a nanosecond pulsed UV laser
operating at 213 nm [31]. These gratings were produced through the phase mask technique and
were shown to generate a higher photosensitivity than 248 nm light. To date, a maximum grating
index modulation of 1.1 x 1073 and overall index change of 1.2 x 1073 has been achieved in B/Ge
doped optical fibre without hydrogen loading. Index changes of this magnitude are required for
planar silica, in which single-mode waveguides must be defined along with the gratings.

Here we present the first waveguides fabricated in Ge-doped planar silica through the direct UV
writing (DUW) technique without hydrogen loading using a213 nm UV laser. We characterise the
numerical aperture and mode field diameter of each waveguide, as well as waveguide uniformity
and loss. Writing without hydrogen loading and using the powers available with 213 nm light
would allow paralleled writing of entire wafers, providing improved device performance and
reduced costs in scaling up the DUW process.



2. Experimental method and results

In this section the characterisation of waveguides written with 213 nm UV light is discussed.
The numerical aperture (NA) and mode field diameter (MFD) of each waveguide written with
different fluences are compared and the resulting index change induced by the UV light is inferred.
The uniformity of the written waveguides is measured and the propagation losses are determined
through cutback measurements.

2.1.  Experimental background

Similar doped silica-on-silicon samples to those reported in [32] were used in this study. These
were fabricated through flame hydrolysis depostition (FHD). A 1 mm thick silicon wafer with a
15.0 um thermal oxide was used as a substrate and optical underclad. A 5.7 pm silica layer doped
with Germanium and Boron was deposited onto these chips by FHD to act as the core. The torch
deposited a mixture of SiCly (135 sccm), GeCly (42 sccm), and BClz (61 I/min). This was then
capped with a 7.3 um thick layer doped with SiCly (133 sccm), PCl; (30 sccm), and BCl3 (69
1/min) to act as an overclad. Individual planar chips were diced from this wafer using a Loadpoint,
MicroAce, Series 3 dicing machine. The source used for UV writing was a Xiton Photonics
single frequency SLM-213 fifth-harmonic solid state laser operating at a wavelength of 213 nm
and a 28 kHz repetition rate. The output beam was focused by a 40 mm focal length CaF; lens to
a 1/ gaussian spot diameter of 3.75 um which was confirmed through knife edge measurements.
Writing was performed at an average power of 5 mW, which equated to a peak pulse fluence
of 11.4 J cm™? incident on the silica. This is close to the damage threshold of the glass, with
low ablation rates previously shown at 20 J cm~2 with a 193 nm source [33]. However, this
depends strongly on surface quality of the silica under illumination, where increased roughness
and surface contamination results in a reduced UV laser damage threshold [34]. The planar chip
was mounted on a set of Aerotech precision air bearing stages and translated through the focus of
the beam to write waveguides into the photosensitive core layer (Fig. 1(a)).

2.2. Fluence characterisation of waveguides

For each waveguide the writing fluence was altered by manipulation of the stage translation speed,
therefore varying the induced refractive index change. In one experiment a total of fifteen straight
waveguides were UV written along a planar doped silica-on-silicon chip of 15 mm length. Writing
fluences ranged from 5 to 75 kJ cm™2, which are an order of magnitude larger than for hydrogen
loaded 213 nm written waveguides [32]. This resulted in stage translation speeds from 1.9 to 0.12
mm min~', giving a total time of approximately 14 hours to write all fifteen waveguides. Writing
was done with at least 470 pulses per micron, ensuring continuous waveguides. The written
chip was then mounted in the NA measurement setup, shown in Fig.1(b), for characterisation
of the NA and MFD of each waveguide. Broadband light from an erbium-doped fiber ASE
source was coupled into the waveguides via a fiber V-groove assembly. The waveguides were
characterised through imaging the waveguide facets directly onto an InGaAs camera interfaced
with computer software. The camera and imaging lens were translated away from the waveguide
facet and the software measured the divergence of the beam. The data was fitted using a second
moment technique based on the standard detailed in ISO11146:2000 [35], which allowed the
extraction of the NA, MFD and M? parameters of both axes. The orientation is indicated in
Fig.1(a), where the X axis is defined as being perpendicular to the waveguide direction in the
plane of the photosensitive core layer, and the Y axis is perpendicular to the planar core layer.
These parameters were measured four times and the mean and standard deviation calculated and
plotted in Fig.2. The chip was initially characterised soon after writing and then stored for 14
months at standard room temperature and pressure. The chip was then re-measured and found to
have no temporal degradation of the induced index change or waveguide performance. All the
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Fig. 2. The mode field diameter of the waveguides (blue circles, left) and the NA (orange
squares, right) measured in the X axis are plotted against writing fluence. Dashed lines are
provided to guide the eye. As the fluence increases the induced change in refractive index
also increases, allowing the waveguide to better confine the mode. With increasing index
contrast between the core and cladding layers the NA is shown to increase.

data presented here are from this secondary characterisation.

The results for the variation of MFD with writing fluence are plotted as blue circles in Fig.2
(left axis). The standard deviations of the MFDs and NAs are represented as error bars on the plot.
The MFD decreases with increasing fluence until achieving a minimum MFD of 11.46 + 0.04 um
at the fluence of 70 kJ cm™2. The refractive index change of the photosensitive silica is typically
proportional to the fluence used to UV write [36], therefore higher fluence leads to stronger
mode confinement in the waveguide. The average of the MFD’s in the Y axis for all fluences
was around 10.71 + 0.24 pm. This is because the MFD in this axis is dictated by the thickness
of the deposited photosensitive layer. To investigate coupling losses a PM 1550 fibre V-groove
assembly was measured in the NA setup to image its mode. An overlap integral was performed
between this data and the modes of all of the waveguides to determine coupling efficiencies. This
gave an estimate of losses due to coupling between the V-groove and the written waveguides.
This analysis showed the lowest coupling loss achieved was 0.773 + 0.001 dB demonstrated by
the waveguide written with 70 kJ cm™2. This coupling efficiency could be improved by mode
matching of the wavegides through control of the UV writing spot size and FHD layer thickness.

A continuous-wave frequency-doubled Argon-ion laser operating at 244 nm and an average
power of 50 mW was used for comparison. 10 waveguides were written with fluences from 10
to 100 kJ cm™ in a chip without hydrogen loading. In this case single mode waveguides were
not achieved. Weak guiding was only evident in the waveguide written with a fluence of 100 kJ
cm~2, and demonstrated a large MFD of ~36 um.

2.3. UV induced index change

The resulting NA measurements for the waveguides as a function of fluence are plotted as orange
squares in Fig.2 (right axis). The NA of a step-index waveguide can be used to estimate the
induced refractive index change of the UV written waveguides. The FHD glass layers were
individually measured on a Metricon prism coupler system to determine the refractive index of
the unwritten silica. This was determined to be 1.4474 + 5 x107> for the core layer, measured
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Fig. 3. (a) shows the FIMMWAVE model solution for the waveguide written with a fluence
of 70 kJ cm~2. This shows the intensity of the mode profile and gives an estimate for the
peak index change achieved to be 5.3 x1073. (b) shows a plot of the beam diameter data
taken for the 70 kJ cm ™2 waveguide. The insets show the actual images of the evolution of
the mode as it expands from the waveguide facet.

with a laser wavelength of 1553 nm. Some guiding in the unwritten core was observed, suggesting
a slightly raised refractive index in the core compared to the cladding layers. Layer indices are
measured on separate test wafers, and therefore do not represent final layers where diffusion and
thermal processes can change the index profile. This increase in index is most likely induced
during furnace consolidation of the subsequent overclad layer through dopant diffusion. The
unwritten core layer was initially modelled with a uniform refractive index to match the Y axis
NA of the guiding observed. The model suggests a native increase of 0.6 x10~> of the core layer
index compared to the cladding layers during consolidation.

To estimate the maximum index change achieved a waveguide was modelled using FIMMWAVE
software. The underclad, core, and overclad layer thicknesses of 15.0, 5.7, and 7.3 um respectively
were modelled. The maximum NA measured after UV writing indicates the waveguide with
the largest peak refractive index change. The maximum mean NA measured in the X axis was
0.079 + 0.001 for a fluence of 70 kJ cm™2. A gaussian index profile of 3.75 um 1/e? width was
used for the waveguide along the X direction to match that of the UV writing spot size, with
the Y axis index modelled as uniform. This is based on the assumption that the index change is
linear and not strongly saturating, resulting in a gaussian refractive index profile. Mode profiles
for a range of refractive indices were modelled. The modelled mode profile for the 70 kJ cm ™2
waveguide is shown in figure 3(a), with the measured diameters and actual image insets of the
expanding beam shown in 3(b) for comparison. The maximum UV induced index change is
measured as the peak value of the gaussian index profile, and was found to be 5.3 x1073. This
shows an index change high enough to yield an NA and mode-profile compatible with single
mode 1550nm fibres. To our knowledge, this is the highest reported positive index change in
germano-silicate glass without hydrogen loading.

2.4. Waveguide uniformity and loss

Due to the long writing times involved with fabricating waveguides in doped silica without
hydrogen loading, it is important to clarify the stability of the system for providing consistent
results. To investigate uniformity 9 waveguides were written in a 15 mm long chip with a fluence
of 50 kJ cm™2. Writing time was 78 minutes per waveguide, giving a total time of around 12
hours to write the complete chip. The NA and MFD of each of these waveguides was then
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Fig. 4. (a) The characterisation setup for the cutback measurements is shown. The long
waveguide chip is pigtailed and transmitted power is collimated and measured. The chip
is aligned against a glass coverslip with refractive index matched oil to ensure consistent
alignment position between cutbacks. (b) Transmitted power measured against chip length
for cutback measurements performed on the 6 cm long chip written with 60 kJ cm™2. The
standard error of the measurements are plotted as error bars. The loss of 0.39 + 0.03 dB
em™! is taken from the gradient and error in the gradient of the weighted fit.

measured and the standard deviation calculated. For the X axis the MFD was 12.2 + 0.8 um,
and the NA was 0.055 + 0.004. For the Y axis the MFD was 10.4 + 0.2 um, and the NA was
0.084 + 0.002. This shows a good uniformity in the written waveguides despite the long writing
time, in which laser power, temperature, and mechanical fluctuations could cause variations.

To measure the propagation loss of 213 nm hydrogen free waveguides, a chip measuring 6 cm in
length was written with a fluence of 60 kJ cm™2. This was pigtailed to a fiber V-groove assembly
with UV cured glue and aligned in the cutback measurement setup shown in Fig.4(a). The
chip was aligned against a glass coverslip with refractive index matched oil to ensure consistent
alignment position between cutbacks. Transmitted light was collimated and passed through an
iris to remove stray and scattered light. The light was directed onto a detector to determine
transmitted power, and the chip was removed, cleaned, and remeasured three times to eliminate
further alignment discrepancies. The chip was diced back sequentially in 1 cm increments using
the Loadpoint dicing machine with the pigtail remaining glued and aligned throughout. The
transmitted power was then measured as above after each dicing increment. The transmission
data is plotted in Fig.4(b) and provides a propagation loss of 0.39 + 0.03 dB cm~'. These results
are consistent, to within the error, with other work using a 9 cm chip that was hydrogen loaded
prior to UV writing with a 213 nm laser and gave a propagation loss of 0.42 + 0.07 dB cm™! [32].
The loss values are large compared to the 0.235 + 0.006 dB/cm achieved previously with 244 nm
written waveguides measured using a Bragg grating technique [37]. This difference in loss may
be due to the thinner cladding layer used in this work, and in future devices the layer thickness
could be increased to reduce loss. These losses could also indicate damage caused by the pulsed
nature of the laser during writing, due to our operating close to the damage threshold.

3. Conclusion

Photonic waveguides were written in Ge-doped planar silica without hydrogen loading using
a UV laser operating at 213 nm. The use of pulsed 213 nm UV light for small spot DUW
allowed waveguides to be written without the need for hydrogen loading of the sample to increase
photosensitivity. The NA of the waveguides was measured and gave a peak refractive index change



through modelling of 5.3 x1073 for a UV writing fluence of 70 kJ cm™2. Cutback measurements
were performed to find a propagation loss of 0.39 + 0.03 dB cm™ in a hydrogen-free chip.

Inscription without hydrogen loading and the stability of the 213 nm laser provides a route to
achieve greater uniformity for direct UV written integrated optics, generate precision diffractive
structures, and UV write over large areas without variation due to out-diffusion of hydrogen.
These features will be of notable use for quantum photonic applications and phase tuning of
planar lightwave circuits. Future work will be to investigate the writing of Bragg gratings in
planar silica with and without hydrogen using 213 nm light and investigation of waveguide losses
in combination with laser pulse energies. We will also investigate increasing laser power and
thus writing speed by using immersion or a thicker overclad layer to reduce the power density at
the surface.

(All data supporting this study are openly available from the University of Southampton
repository at https://doi.org/10.5258/SOTON/D1468)
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