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Abstract: We present the first substantive investigation into the photosensitivity response of
planar-doped silica to pulsed 213 nm light. We look at the response over a broad range of
fluences and average powers to identify suitable regimes for simultaneous waveguide and Bragg
grating writing. Unlike previously reported work, we do not observe any clear evidence of a
similar non-linear photosensitivity response in B/Ge doped silica. We discuss laser-induced
damage, saturation of photosensitivity, and grating response. This paper presents writing regimes
for small spot direct UV writing where the photosensitivity and grating response are optimum,
thereby confirming the suitability of the fabrication approach for complex devices.
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1. Introduction

Silica based Bragg grating structures are widely used for planar optical devices such as add-drop
filter components [1], grating stabilized semiconductor lasers [2] and optical sensors [3]. Bragg
grating-based devices are typically fabricated by means such as: conventional lithography [4];
femtosecond writing [5]; or UV laser writing [6].

Bragg gratings in fibers are typically classified into eight different categories [7]; these are
defined by glass composition (doping and whether hydrogen loaded), laser exposure, and thermal
properties [7]. The underlying mechanisms of laser-induced refractive index changes are debated
[8], but it is commonly accepted that defects in the material cause the change in refractive
index upon UV exposure [7]. The color centre model describes the photo-induced change in
refractive index according to the Kramers-Kronig relation [9]. However, upon more prolonged
UV exposure, densification is believed to have a greater impact on the induced change in the
refractive index [10].

Use of phase masks is a common technique to define different types of gratings into an optical
fiber core upon UV exposure [11]. However, this technique relies upon a pre-existing waveguide.
In contrast, the small spot direct UV writing (SSDUW) method provides a unique ability to
simultaneously inscribe channel waveguides and Bragg gratings (see Fig. 1) in planar silica with
minimal losses [6]. Typically SSDUW uses a 244 nm continuous-wave (CW) laser to induce
changes in the refractive index of doped silica [6]. This planar writing approach is capable
of fabricating low-loss channel waveguides, couplers, Bragg gratings, and polarisers within a
germanium or boron-doped silica layer by translating the substrate through a focused UV beam
[12].

Recently, 213 nm pulsed laser sources have been explored as an alternative to 244 nm lasers
[12-14]. Compared to conventional 244 nm sources, pulsed 213 nm sources are compact in
design, and robust. The first use of 213 nm laser for UV writing in fiber was reported by Gagné
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Fig. 1. (a) An annotated photograph of the 213 nm SSDUW setup. (b) Schematic of the
UV writing setup; enabling inscription of waveguides and Bragg gratings simultaneously in
doped silica.

and Kashyap to define strong gratings in hydrogen-free B/Ge doped fiber [11]. In their work,
two-photon absorption was suggested to be a dominant mechanism for the photosensitivity of
B/Ge doped fiber.

In our previous work, we have defined waveguides and high-quality Bragg gratings simulta-
neously in doped planar silica (hydrogen-loaded) using SSDUW with a 213 nm laser [15-17].
Fabrication of gratings in planar silica is inherently different from fiber due to the geometry,
glass composition, and stresses between the layers and the silicon substrate. The typical structure
we use for planar optics consists of a flame hydrolysis deposited silica core layer, doped with
germanium and boron, on a silicon wafer with a 15 um thermal oxide acting as an underclad. A
thick overclad layer doped with phosphorus and boron is usually deposited on top of the core
layer (Figure S1 is available for the details of fabrication). The planar core layer does not have a
predefined waveguide, using high-energy pulsed sources to define waveguide and gratings can
lead to significant levels of ablation and subsurface damage to samples [16]. Therefore, it is
essential to establish the optimal regimes to use these laser sources without causing damage.
Prior SSDUW with constant writing power found a linear photosensitivity response to a fluence
followed by saturation [16], similar to that observed for conventional 244 nm CW writing. In this
work, we use a broad range of average beam powers and fluences to explore the characteristics of
SSDUW, investigating the saturation of the photosensitivity response and grating properties to
find the optimal writing regimes for 213 nm laser light in a planar silica platform. This study
is not only critical for UV writing of waveguides, but also for Bragg gratings in predefined
waveguides and local phase trimming [18].

2. Methodology

Prior to experiments, doped silica samples were placed in a high-pressure hydrogen cell at 120 bar
for five days to enhance photosensitivity. SSDUW was used to define both channel waveguides
and Bragg gratings by dual-beam interferometry with a pulsed 213 nm laser. A schematic of the
SSDUW setup is shown in Fig. 1. More details can be found in [6], however, it should be noted
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that here we are defining waveguides and gratings using the 213 nm light. A detailed fabrication
methodology is provided in the fabrication section of the supplementary document.

A fifth harmonic solid-state Nd:Y VO, laser operating at a wavelength of 213 nm (Xiton
Photonics, Impress 213) was used as the writing source. The laser beam was expanded prior to
splitting (using a beam splitter) to produce beams of an interferometer. The resulting interference
fringes were used to define the periodic refractive index modulation of the Bragg gratings. One
beam of the interferometer is passed through a bespoke DKDP electro-optic modulator (EOM,
Leysop Ltd), which provides phase control of the interference pattern. Both beams are focused to
the same position by using a pair of CaF, planoconvex lenses. The precision air-bearing stage
system is used to translate the sample underneath the beams. With the correct modulation of the
EOM, a channel waveguide containing a Bragg grating is formed. The omission of modulation
causes smearing of the induced refractive index change resulting in a channel waveguide without
a grating [6]. The crossing angle of the two beams was maintained at 22.6° (half angle 11.3°),
which corresponds to a fringe period of 535.6 nm and a Bragg wavelength within the silica of ~
1550 nm. The sample to be written is translated through the focal spot using precision air-bearing
stages (Aerotech ABL 9000). The EOM permits phase control of the gratings, allowing different
periods to be written using demodulation. This process is referred to as ’grating detuning’ [6,16].
For this experiment, the repetition rate of the laser was fixed at 12.5 kHz to generate a maximum
average power of 30 mW (at the surface of chip).

In order to evaluate the effect of average power and fluence on grating properties, a chip of
20x10 mm was selected and UV written with a series of integrated waveguides and gratings. Each
waveguide was 8.1 mm long and contained one 4 mm long uniform grating at a targeted Bragg
wavelength of 1540 nm, followed by a 1.5 mm long grating at a Bragg wavelength of 1560 nm. In
each waveguide, the 1540 nm grating served to estimate the coupling loss during characterization
and was fabricated with 95% EOM duty cycle to make the grating highly saturated. The typical
coupling loss to standard optical fiber is 0.6 dB. The details are available in the supplementary
document. The second grating was shorter (1.5 mm) and fabricated with lower duty cycle (50%)
in an effort to make strong but not highly saturated gratings as they provide a poor regime for
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Fig. 2. (a) Schematic of a single set of gratings and waveguides written at a defined average
power (P1), showing the different fluences used in each set. The fluence was controlled by
varying stage speed. (b) Photogragh of the UV written chip mounted on the characterisation
apparatus showing seven sets of waveguides written as different average powers. A white
light source highlights the diffraction of the Bragg gratings. The waveguides written with
higher average power (7.3 and 11.6 mW) show signs of laser-induced damage, observed as
white lines.
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interrogating the properties of the grating. For a fixed writing power, a set of seven waveguides
was fabricated at fluences ranging from 0.4 to 2.2 kJ cm ™2 in a pseudo-random order. The fluence
was controlled by the translation speed of the air-bearing stage system. The chip contained
seven similar sets of waveguides fabricated at writing powers ranging from 0.6 to 11.6 mW
corresponding to peak laser intensities of 0.02 to 0.58 GW cm™2, as shown in Fig. 2(a). The
writing power of the beam was controlled using ND filters. Increasing the average power while
maintaining constant fluence results in an increase of the translation speed of the stage system;
the sample is exposed to higher pulse energies but a smaller number of pulses. Additionally, the
chip contained eight other test waveguides to monitor the alignment and effects of hydrogen
out-gassing. We observed no obvious variation in the properties of the device due to out-gassing
or alignment. The grating characterisation was performed in TE and TM using a polarized
output of Er-doped fiber amplifier ASE source [17]. A 3 dB fused fiber coupler was used to
collect the reflected light, and the grating spectra were measured on an optical spectrum analyzer.
Figure 2(b) shows a photograph of the UV fabricated chip; the white light illumination shows the
colorful diffraction of the Bragg gratings. The waveguides written with a higher average power
of 7.3 and 11.6 mW showed signs of laser-induced damage. The origin of this damage formation
is briefly discussed in the supplementary document (see Figure S2).

3. Results and analysis

The dependence of grating characteristics (bandwidth, reflection, etc) on laser writing power
and fluence are non-trivial, so we explore them independently. Firstly, we investigate the effect
of varying fluence at constant power, later we discuss the effect of varying writing power at a
constant fluence.

Figure 3 displays the reflection spectra of the gratings from one of the alignment waveguides
written at a fluence of 1 kJ cm™2 and 3.6 mW average writing power. See Figure S3 to visualize
data on a linear scale. The reflectivity of these gratings was normalized by reference to the 3.3%
reflection of the ASE source from the pigtail facet. We used the Rouard’s method [19] to model
and fit the experimental spectra. This process returns the central wavelength of the peak and the
gratings modulation depth An,.. The effective refractive index of the mode (n.g ) is calculated
from the central Bragg wavelength using the Bragg condition of the inscribed grating period.

Figure 4 shows a plot of variation in neg and An, for each 1.5 mm long grating as a function
of writing fluence at different average powers. At all writing powers, the n.g response shows
a similar trend (as seen in [16]) where a positive increase in the effective refractive index is
observed. The n.g response associated with the red shift in central wavelength and can be
explained typically on the basis of photo-chemical changes in color centers due to laser exposure.
However, it is interesting to observe the different trends in grating modulation An,. as a function
of writing powers and fluence. At low powers of 0.6 and 1.8 mW, we observe an increase in
An,, followed by saturation with increasing fluence from 0.4 to 2.2 kJ cm™2. On increasing
the writing power from 2.6 to 7.3 mW, the An, increases to a peak value of 5.1x10™* around
a fluence of 1 kJ cm~2, and begins to reduce with a further increase in fluence. In this power
range, the response of An,. can be well understood by looking at the response of the n.g. At the
lower fluences, the grating modulation increases with fluence, as does neg, as expected. However,
at higher fluences, where the photosensitivity begins to saturate, the gratings reflectivity and
An, reduces. This has previously been observed by others working with high fluence exposures
[20], and is a consequence of both photosensitivity saturation and non-perfect visibility of the
inscription system. At the highest power of 11.6 mW, we observe an entirely different response in
grating strength. However, as we observe damage in these waveguides, it is difficult to trust the
reflectivity measurements due to the perceived increase in loss. Figure S4 presents the same data
as in Fig. 4, but as a function of power at the different fluences. We do not observe any negative
change in refractive index as a function of laser fluence. Contrary to our observations, Pissadakis
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Fig. 3. Experimentally measured spectra of 4 mm and 1.5 mm long uniform gratings,
fabricated at 3.6 mW writing power and the fluence of 1 kJ cm~2 are plotted on a dB scale.
In this plot, experimental data is shown in red, and the theoretical reflection spectra of an
ideal uniform Bragg reflector are plotted in blue. See the supplementary document for
modelling details.

[21] have reported the transition of gratings from type I to type In in B/Ge doped hydrogen-free
fibers in a similar fluence range of 1 to 3 kJ cm™2; although in their work a picosecond laser
was used. Furthermore, it is difficult to compare our grating properties to FBG due to different
compositions of doped silica, hydrogen-loaded samples, and fabrication methods.

Figure 4 provided a comparison between the change in the neg and An,.. To demonstrate
the dependence of neg on writing power and fluence, we plot neg as a function of fluence (on a
linear-log scale) in Fig. 5. A similar plot of nes as a function of laser pulses per micron is shown
in Figure S5 of the supplementary document and provides an alternative route to visualize the
data in Fig. 5. At all writing powers we observe that n.g increases logarithmically and follows
a linear trend line on linear-log scale. At lower writing powers ranging from 0.6 to 4.6 mW,
the gradient of linear trend lines agrees within error. However, the differing offset (increased
neg) within a fluence range of 0.4 to 2.2 kJ cm™2 shows that the photosensitivity of the B/Ge
doped silica does not only depend upon fluence, as previously discussed, but also on the average
power (i.e. intensity of exposure). Increasing the writing power to 7.3 and 11.6 mW leads to
a lower gradient compared to what we observe with lower average powers, as shown in Fig. 5.
This shows that the photosensitivity response is dependent on the average writing power (in the
instance when cumulative exposure is equal), specifically higher average powers leads to greater
photosensitivity, but also results in saturation (roll-off) occurring at lower fluences. We would
expect to have the same value of n.g at zero fluence suggesting a nonlinear trend between fluence
zero and 0.4 kJ cm™2. However, it is challenging to evaluate the photosensitivity response of a
planar sample at very low fluences due to the absence of a pre-defined channel waveguide.

We also observed variation in the birefringence (n[ — nI¥) depending upon writing power
and fluences shown in Fig. 6. The inherent birefringence appears to be 1x10™* due to stress
and geometry of our planar silica-on-silicon structure. At the lowest writing power of 0.6 mW,
increasing writing fluence does not lead to significant variation. With an increasing writing
power, birefringence follows a negative correlation with the fluence as was seen previously with
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Fig. 4. Plot of n.s and Any as a function of fluence at writing beam powers ranging from
0.6 to 11.6 mW.

244 nm laser processing [22]. UV writing increases the refractive index of the core layer, which
can reduce the birefringence due to modal power confinement. Additionally, local stresses near
the waveguide can also dominate stress-induced polarization effects. Figures 5 and 6 clearly
demonstrate that the writing power in 213 nm laser inscription is a crucial parameter to decide
the response of photosensitivity. Devices made with the lowest writing power of 0.6 mW show
the lowest ng for all fluences; correspondingly these waveguides written at 0.6 mW are the most
birefringent.



Research Article Vol. 13, No. 2/1 Feb 2023/ Optical Materials Express 501

OPHCAINEENaISIEXPRES S

Power (mW)
T 11.6
1.4495 - it 73
PR gl |
1.449 - i,:::::f;,,,,—"' e 4.6
,—:::::—_,:""’ *,——“‘)r +
& . I L St -9 W36
:01.4485 —’::::::ff::t,—"——_‘_—i —"'é—’———+
Laagd=zo o ++ 1§26
- . 1.8
1.4475 ’__,——"'— 18
o
1447 | L 1 1 . 1 I | | I L 06
0.4 0.6 0.8 1 12 14 16 1.8 2 22
Fluence (kJ cm'z)
Fig. 5. Plot of neg as a function of fluence in a linear-log scale.
Power (mW)
11.6
[_]’_]/\'-H 1 h
=5 7.3
0.8 q
Eq% 4.6
1’; 0.6 136
3)
5
g0 0.4 1526
£
£ 02" B
a]
‘ ‘ ‘ 0.6

0 1 1 1 1 1 1
04 06 08 1 12 14 16 18 2 2.2

Fluence (kJ cm_z)

Fig. 6. Birefringence measurement as a function of increasing fluence at writing powers
ranging from 0.6 to 11.6 mW.

UV writing experiments using a CW 244 nm laser is conventionally expected to exhibit a
photosensitivity response proportional to fluence, and independent of the writing power. However,
the variation in photosensitivity and birefringence with increasing writing power (using a pulsed
213 nm laser) may be associated to the pulsed nature of laser and thermal effects. Additionally,
it is also possible that higher pulse energies no longer follow the same photosensitivity model
as the lower and more than one physical process, such as heating and damage is involved in
determining the net change in refractive index [20]. The different photosensitivity behaviours in
this experiment could potentially be described by a mixing of the photo-induced chemical changes
and densification-related process. The photo-induced chemical mechanism gives a positive
refractive index change, saturating when all species have been reacted, whereas densification
can lead to more complex refractive index behaviour. It is possible that at higher powers the
Kramers-Kronig effect is being dominated by a densification or damage-related process.
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4. Conclusion

For the first time, we have extensively investigated the regimes (power and fluence relationship)
of SSDUW using 213 nm light. This paper discusses the non-typical effects of writing power and
fluence on the induced effective change in the refractive index and gratings strength. Compared
to [11,23], we have used higher peak intensities (up to 0.58 GW cm™2) to define waveguides and
Bragg gratings in doped silica. Contrary to [11], we have not seen any significant evidence of
similar non-linear photosensitivity response in B/Ge silica. However, we do observe a subtle
non-linearity where gratings and waveguide properties depend on writing power. However, it
is challenging to draw comparisons due to the different compositions of glass, the geometry
of planar sample and effect of doping and hydrogen loading. We observe that writing powers
of 2.5 to 4.6 mW are ideal for SSDUW, where we suppose the change in the refractive index
upon laser exposure is dominated by photochemical changes. In this writing regime, grating
strength is maximum at a fluence of 1 kJ cm™2 and the photosensitivity response appears to
be optimum, an essential feature to fabricate complex devices. The maximum value of An,e
observed in this study is 5.1x 10~*. However, the grating strength is intentionally reduced for
these experiments and we can achieve An,. up to 1.25x 1073 which is higher compared to 244
nm writing experiments [6]. Above powers of 4.6 mW, the data suggests additional refractive
index change caused by damage-induced stress and leads to photosensitivity saturation at lower
fluences and reduced grating strength. Light microscopy also showed that the use of high writing
power leads to localized damage of the silica-silicon interface. This work enables direct UV
writing with 213 nm laser light, as a route to local phase trimming of dielectric materials.
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