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The production of a flexible photonic device in doped silica with a Young’s modulus that is significantly less than
that of traditional silica glass is described. Here the purpose of reducing the modulus is to make planar sensors
more applicable for integration into fibre reinforced polymer composite structures. The flexible planar substrate
(58 pm thick) consists of three doped silica layers, fabricated using sacrificial silicon wafer processing. It is
demonstrated that a Young’s modulus of around 40 GPa can be achieved in comparison to a value above 70 GPa
for typical silica glass. The optical response of a few mode waveguide that is direct UV written within the central
core layer of the flexible glass platform is described. The mechanical stiffness of the platform is determined using
nano-indentation tests and confirmed in mechanical tests that demonstrate clearly the flexible nature of the
platform. To assess usability for applications integrated into structures undergoing mechanical loading the fa-
tigue lifetime for one million bending cycles is investigated. No degradation to the optical response was observed
under the performed testing.

1. Introduction

Integrated optics are conventionally fabricated upon rigid substrates,
such as silicon. However, the emerging field of Flexible Photonics is
redefining this constraint, offering integrated optics that can uniquely
interface with nonplanar, curvilinear, and flexing structures under dy-
namic loading. The new family of flexible photonic components has
been developed on several complementary substrates, comprehensively
reviewed in several recent articles [1-5]. Primarily, developments have
considered the use of thin flexible polymer substrates [1,6,7], either
indirectly through material transfer, where a polymer typically acts as a
host [8], or directly utilising the polymer itself [9]. In the latter, optical
functionality has been defined through numerous methods including
injection moulding, ink-jet printing, screen printing, embossing, and
spin coating.

Significant progress in flexible planar glass substrate technology has
been made, where the materials are typically noted for their thermal and
chemical stability. Flexible soft glasses, including chalcogenides [3,4,6,
9,10] and commercialisation of alkali-free borosilicate (Willow Glass

from Corning) and aluminosilicate (AS 87 Eco from Schott) have
resulted from advances for flexible consumer electronics. For
silica-based glasses, developments have included the introduction of
waveguiding functionality including use of ultrafast laser direct writing
in Willow Glass [11] and rare-earth coatings on AS 87 Eco [12], limi-
tations of ultra-thin alkali-free borosilicate, boroaluminosilicate and
sodium aluminosilicate have also been recently reported [13].

One interesting application for flexible photonics is integration into
high value fibre-reinforced polymers, e.g., carbon-fibre-reinforced
polymer (CFRP) and glass-fibre-reinforced polymer (GFRP). This
builds upon decades of development embedding optical fibres into such
materials for in-process and structural health monitoring [14-16]. Here
flexible photonics offers new functionality to the composite material,
associated with planar lightwave circuits. Recent developments have
considered silicon planar photonics [17], polymer planar photonics
[18-20] and planar fused silica [21] within composites. This work
considers flexible multilayer doped planar silica, fabricated through
flame hydrolysis deposition (FHD). So far, this substrate has offered new
composite material functionality, including an embedded optical switch

Abbreviations: FBG, Fibre Bragg gratings; FHD, Flame Hydrolysis Deposition; GFRP, Glass Fibre Reinforced Polymer; CFRP, Carbon Fibre Reinforced Polymer;

FRP, Fibre Reinforced Polymer; SLED, Superluminescent Light Emiiting Diode.
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[22] and through thickness strain sensor [23]. FHD doped silica has
widely been used for rigid planar lightwave circuits but, as of yet, not a
platform for flexible photonics. Hence, to the authors’ knowledge the
present paper provides the first report, describing FHD silica as a planar
flexible substrate and quantification of its physical parameters.

The purpose of this paper is to quantify the Youngs modulus and
fatigue lifetime of flexible FHD planar doped silica, embedded in com-
posite materials and used for micromechanical devices [24-29]. As the
planar material has a layered composition, the Young’s modulus is
confirmed using mechanical tests, which also demonstrate the flexibility
of the platform. To assess the suitability of integrating a sensor into a
loaded structure the effect of mechanical fatigue loading on optical
performance is studied.

The next section of the paper describes the materials and fabrication
of the sensors, this is followed by a description of the experiments and
results in section 3 and a discussion of the results in section 4. Finally
some conclusions are presented that highlight the novelty of the work
and the important step forward to fabricating sensors that are more
mechanically compatible with the fibre reinforced polymer composite
materials."

2. Sensor materials and fabrication

The flexible substrate is produced by creating multiple doped layers
via FHD [30], which is subsequently removed from a supporting silicon
wafer through physical machining. FHD deposition is conducted in three
stages to form an underclad, core and overclad. Deposition was made
upon a 1 mm thick sacrificial silicon wafer (152 mm diameter, p-doped
[1 0 01). The wafer had a 6 pm thick wet oxide layer, which prevented
reaction between the silicon substrate and the deposited doped glass.
The underclad and overclad recipes were identical in composition,
balancing the stress differentials on either side of the flexible substrate,
limiting inherent curvature once released from the sacrificial silicon
substrate. The deposited thicknesses of the underclad, core and overclad
were 32 pm, 5 pm, 16 pm respectively. Note, the underclad was inten-
tionally made thicker than the overclad to accommodate for any error in
the physical machining of the sacrificial silicon substrate beneath.
Recipes for the underclad and overclad layers were identical, both
flowing SiCl4 at 137 scem, BCl3 at 70 sccm and PClj at 31 scem, through
a hydrogen-oxygen flame of flow rate 6.5 1/min (Hy) and 1.5 1/m (Oy).
The core was fabricated with flow rates of SiCly 123 sccm, GeCly 130
sccm, BClg at 16 sccm through a hydrogen-oxygen flame of 5.4 1/min
and 2.7 1/min. Each of the three FHD layers were consolidated at high
temperature after deposition. The peak temperature of the core layer
consolidation was 1,360 °C and 1,250 °C for the cladding layers. As a
result of high temperature processing there was dopant diffusion, which
increased the core layer thickness to ~9.2 pm. The nominal refractive
indices of the individual layers were 1.4452 for the clad layers and
1.4635 for the core at a wavelength of 1553 nm. Indices of refraction and
thickness of the three layers were calibrated using a Metricon (Model
2010) prism coupler. This approach required use of individual reference
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wafers, one for each layer deposited. Measurement of the reference
wafers using the Metricon system provided nominal values for the three
layers. This did not take into consideration diffusion between dopants in
the layers, which is evident by microscopy shown in Fig. 1. As a result of
diffusion, the planar waveguide is graded index. Upon deposition of the
three glass layers, small spot direct UV laser (SSDUW) writing was used
to define a waveguide into the central core layer [31], observable in
Fig. 1. The technique can simultaneously define waveguides and Bragg
gratings within a UV photosensitive planar glass substrate. Photosensi-
tivity of the central core layer is achieved with localised germanium and
boron doping and hydrogenation at a pressure of 120 bar for 10 days and
typically achieves propagation losses less than 0.2 dB/cm [32] and
insertion loss of 0.2 dB per facet [33]. Waveguides were written [31],
with UV laser fluence of 14 kJcm 2 (from a 244 nm wavelength, fre-
quency doubled argon ion laser) resulting in a waveguide with a
fundamental effective refractive index of 1.45694, calculated directly
using the Bragg condition. The resulting waveguide is graded index,
horizontally defined by the spotsize of the focused UV laser (1/e ~7 pm)
and vertically defined by dopant diffusion between deposited layer.

The final stage of fabrication was removal of the rigid silicon sub-
strate, through a physical machining process. This was initially explored
using the top-down approach of wet etching. However, it was observed
that large stress differentials of the order 150 MPa [34] caused me-
chanical failure of the silica when the thickness of the silicon
approached that of the silica glass. To overcome this, a raster scan dicing
approach was developed that removed all the silicon incrementally. The
physical machining (dicing) was achieved using a resin bonded diamond
impregnated blade (DISCO R07-SD1200 series), with a 250 pm kerf
blade with a spindle speed of 25,000 RPM and feedrate of 5 mm s *.
Firstly, the machining process was used to dice the chips to size. The
chosen chip dimension for the work described in the following sections
of the paper was 1 mm x 60 mm. After this step the silicon was removed
from the underside using a raster cut process, with a period of 90 pm.
The physical machining process resulted in a small undulation on one
side of the substrate, resulting from the form of the saw blade (radius of
blade tip ~125 pm). These features could be removed through
lapping/polishing.

3. Experimental arrangements and results

The following section describes approach taken and results for
measuring the Youngs Modulus, hardness and density of the flexible
photonic substrate and measurement approach for fatigue lifetime.

3.1. Mechanical properties

The density of the FHD formed glass was obtained by using a top pan
balance (Sartorius Genius) to measure the mass and a microscope to
determine the glass sample dimensions, which were confirmed with a
stylus profiler (Tencor P60+). The measured density of 1.84 + 0.09 g
cm 2 is 16% lower than reported values of 2.202 g cm > for fused silica.

(b)

| 58 pm

laser written
waveguide

clad core clad

Fig. 1. Flexible doped silica substrate (a) connected to an optical fibre, (b) a micrograph showing a cross section of the multilayers and laser written waveguide.
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The reduced density indicates strongly that the FHD formed glass will
not have similar mechanical properties to that of silica glass. For inte-
gration/embedding into laminated composite structure it would be
beneficial for the FHD formed glass to have a reduced Young’s modulus
as this would reduce any local stiffening of the structure. Therefore, it is
necessary to determine the Young’s modulus of FHD formed glass to
assess any local stiffening effects of the platform. Firstly, the Young’s
modulus was obtained using nano-indentation tests and compared with
typical materials. To confirm the results, a three-point bending test was
undertaken, which also serves to demonstrate the flexibility of the FHD
formed glass.

3.1.1. Nano-indentation measurements

Nanoindentation enables an experimental determination of Young’s
modulus independently of substrate thickness. With this technique, it
was also possible to quantify glass hardness.

Three samples were studied: (i) ‘FHD on Silicon’: multi-layered
doped silica deposited on a thick sacrificial silicon substrate using
FHD, i.e. prior-to-machining, (ii) ‘Diced FHD’: the FHD formed ‘flexible
glass’ material, i.e. after machining, and (iii) ‘Drawn Fused Silica’: as a
control, a drawn fused silica sample with an expected Youngs Modulus
to be equivalent to that of fused silica [35]. The equipment used for the
nano-indentation tests was a Nano Test Vantage instrument (Micro
Materials Ltd., Wrexham, UK). The experiments were conducted in load
control with a Berkovich diamond. An indentation load of 150 mN was
used, with a range of loads from 50 mN to 350 mN with 50 mN in-
crements for the FHD on silicon sample to establish hardness and
Young’s modulus as a function of depth. At least 8 indentions were used
for each sample, where adjacent indents were separated by 30 pm, apart
from the flexible glass, where the separation was increased to 100 pm
due to the higher loads of some of the indents for the depth profile
experiment. The samples and loading conditions are outlined in Table 1.

The hardness and reduced moduli were extracted using power law
fitting between 100% and 20% of the unloading curve using the Oliver
Pharr method [36]. A dwell time of 10 s was used at maximum load to
minimise the influence of creep and the system was corrected for ther-
mal drift and frame compliance. Both the loading and unloading times
were set to 15 s.

As described by the Biickle rule, the interaction volume is approxi-
mately 10 times the indentation depth [37]. For the samples that
experienced an indentation force of 150 mN, the depth was between 1
and 1.5 pm; therefore, the properties were measured over the first
10-15 pm of glass —i.e., approximately 20-37% of the total thickness of
the glass. In the load profile experiment, the interaction depth was about
21 pm at 350 mN load, which is approximately half of the glass thick-
ness. This was decided as the best compromise in force because the
indenter was interacting with the bulk of the glass (minimising any skin
effects), whilst not interacting with the silicon substrate, or glass near
the silicon. It must be noted that between the extremes in indentation
force (50 and 350 mN), the Young’s Modulus varied by around 10%,
which shows the measured stiffness is a relatively weak function of

Table 1
The samples and conditions for nanoindentation tests.
Sample Sample Description Indentation Indent
Name Loads (mN) Separation
(pm)
FHD on Multi-layered doped silica 50, 100, 150, 100
Silicon deposited on a thick silicon 200, 250, 300,
substrate using FHD. 350
Diced FHD  Identical to ‘FHD on Silicon’ 150 30
but with the silicon substrate
removed by machining.
Drawn Drawn fused silica with an 150 30
Fused expected Youngs Modulus to
Silica be equivalent to that of fused

silica.
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indentation force.

Fig. 2 (a) shows the hardness value against indentation force for the
FHD material on the silicon substrate. It is seen that as the indentation
force increases for the flexible substrate, the hardness increases. This is
likely due to higher residual compressive stress nearer the silicon sub-
strate [38,39]. The conversion to Young’s modulus, E, is described by
the following equation [40]:

(1-v)

E= 2 €9)

E E

where v is Poisson’s ratio and the subscript i refers to the indenter dia-
mond (E; = 1141 GPa, v; = 0.07) [40].

Fig. 2 (b) shows a plot the Young’s modulus derived from equation
(1) against indentation force, assuming a Poisson’s ratio of 0.17 [40]; as
expected the Young’s modulus increases as hardness increases. Fig. 2
(c)—(d) summarise the stiffness and hardness values captured for all
three materials. The drawn fused silica provides the greatest Young’s
modulus of 71.3 GPa practically identical to that of fused silica (i.e.,
71.2 GPa [41]). This confirms the validity of the nanoindentation pro-
cedure adopted here and indicates that the assumed value of Poisson’s
ratio is valid. The FHD glass when attached to the silicon wafer exhibited
a higher modulus of 46.9 GPa compared to 40.0 GPa for the FHD formed
glass with the silicon removed. This is likely due to compressive residual
stress in the glass layer due to the silicon substrate [38].

There may be some error in deriving the Young’s modulus from
equation (1) because of the approximation of the material Poisson’s
ratio, which could be different from the value quoted in Ref. [28] for the
FHD formed glass. A greater source of error may be the layered nature of
the FHD material; hence it was decided to conduct some mechanical
tests to estimate the Young’s modulus of the FHD formed glass with the
silica removed, which is independent of Poisson ratio.

3.1.2. Mechanical flexure

A strip of the FHD formed glass material of dimensions (60 mm by 2
mm by 47 pm) was cut for the mechanical flexure tests. An accurate
measurement of the thickness was required due to the cubic relationship
of the second moment of area and thickness. Therefore, three mea-
surement methods were used to calibrate, namely a micrometer, grati-
cule calibrated optical microscope and stylus profiler (KLA Tencor
P16+), to corroborate thickness value to within 5 pm. For the flexural
tests the optical fibre connection was not made to the chip nor and direct
laser written waveguide or Bragg gratings, to ensure the adjoining fibre
did not influence the measurements. A three-point bending rig was
mounted in an Instron Electropuls electrodynamic test machine (see
Fig. 3 (a)), The rig comprised a base section with two roller supports of 6
mm diameter positioned 30 mm apart and an upper section that was
fitted to the upper clamp in the test machine. As the loads to deform the
FHD material were predicted to be very small, a top pan balance that had
a sensitivity of 10 mg was positioned between the base of the rig and the
base of the machine, as shown in Fig. 3 (a). This enabled the load to be
applied in displacement control with the balance recording the load with
greater fidelity than could be achieved with the 1 kN load cell that was
fitted to the test machine. In this arrangement the flexural modulus Ey is
calculated using

PL?

Where d is the displacement of the central roller, P is the applied load, L
is the support span, I is the second moment of area and E is the Young’s
modulus.

The mechanical response is shown in Fig. 3 (b). It should be noted
that after 4 mm of displacement the glass beam exhibits a non-linear
force-displacement profile.

The Young’s modulus was calculated from equation (2) using the
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Fig. 2. Nano-indentation data, showing (a) Hardness and (b) Young’s Modulus as a function of indentation Force for the silica-on-silicon platform and the sum-
marised (c¢) Young’s Modulus and (d) hardness values for silica substrate bonded to sacrificial silicon, with silicon machined away (i.e., flexible) and control fused

silica sample drawn on an optical fibre drawing tower.
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Fig. 3. Stiffness measurement of flexible doped silica substrate subject to 3-point bending, (a) the experimental arrangement (b) measured load for varying

displacement over three repeated tests.

mean of linear gradient repeats shown in Fig. 3 (b). This provided a
result of 50 + 10 GPa, which was within the error of that derived
through nanoindentation measurement, 40.0 + 0.7 GPa. These values
are lower than previously reported values for pure bulk silica fabricated
through FHD (72.4 GPa) [42]. Fig. 4 is an Ashby plot, showing the
difference in density and Young’s modulus of flexible FHD compared to
flexible commercial glass (Corning Willow, AGC Spool, NEG G-Leaf and
Schott AF32) [5] and bulk fused silica and borosilicate. Flexible FHD has
notable differentiation with commercial glass families and interestingly
closer to the Young’s modulus of some unidirectional Fibre Reinforced
Polymers (FRPs) in the fibre direction [43], making this glass potentially
more suitable for embedded strain sensors due to the likelihood of an

even strain distribution in and around the sensor.

Evident form Fig. 4, the flexible FHD has a lower measured density
1.84 g cm > compared to previous reports for FHD glass of 2.156-2.206
g/cm? [42,44,45]. The relatively low density values could be an indi-
cation of incomplete consolidation, a feature also suggested in recent
work investigating microwave consolidation [46]. To explore this
further a scanning electron microscope (SEM) was used to image the
glass surfaces, shown in Fig. 5.

FHD soot consolidation is well understood [47,48], as a uniform
agglomeration of well-defined small particles, they pack together very
densely upon a temperature increase until there are no marked grains.
For substrate temperatures of 200 °C (conditions used in this work)
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initial particle sizes are ~100 nm [45]. From Fig. 5, the cleaved side
edge is most indicative of the internal glass matrix. It shows no obvious
voids at this scale and so it is assumed full consolidation has been made.
It is therefore unlikely that the density anomaly arises from partial
consolidation.

3.2. Fatigue lifetime measurement

For practical applications it is essential to validate fatigue lifetime.

Consolidated
top-surface

Cleaved
side-edge

Optical Materials 134 (2022) 113133

Fatigue lifetime measurements were achieved here by conducting a
1,000,000 cycle 3-point bend test using an Instron E10000 test machine
with the same set-up as described previously. The separation of the
bottom two supports was 30 mm and the deflection of the central top
pivot was 2 mm, at frequency of 1 Hz. For these tests a new flexible
substrate was fabricated. As the sample was unique the test methodol-
ogy was designed specifically for this study. Recourse to standards for
mechanical testing was not considered to be necessary, as a large
deformation was required to maximise any spectral response from
flexure. The lower roller separation was made as large as reasonably
possible, limited by the sample size.

Light was coupled into the flexible substrate using butt coupled
single mode polarisation maintaining optical fibre, secured with UV-
cured optical adhesive (Dymax OP4-20632). The stress rods in the op-
tical fibre were aligned parallel to the core layer by using a microscope
to end view the optical fibre, this permitted separate interrogation of
optical polarisation states. The fabricated gratings were 12 mm in length
and had uniform apodisation profile.

Prior to the fatigue test the thermo-optic response was calibrated, by
cooling the device in a dewar flask and logging its temperature using a K-
type thermocouple as it increased back to room temperature. The
measured response was 11.5 + 0.1 p.m./K for transverse electric (TE)
and 11.1 + 0.1 p.m./K for transverse magnetic (TM) fundamental modes
(made over a 40 °C temperature range). These measurements were
separately taken, and the polarisation state selected using an in-line
fibre polariser. The spectral birefringence at room temperature was

Fig. 5. Scanning Electron Micrographs showing the top face and cleaved edge.
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Fig. 6. The fatigue test set-up showing (a) schematic of the experimental set-up and (b) a photograph of the loaded flexible FHD under 3-point bending (c) spectral
signature of Bragg gratings, showing fundamental and higher order modes of BG1 and BG2 and broadband optical source (Fresnel reflection from single arm of the 3

dB splitter).
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measured to be 25 p.m.

Fig. 6 (a) and (b) illustrate the fatigue test set-up. Actuation was
paused every 200 cycles (3 min 20 s) and the spectra captured, an
example spectra is shown in Fig. 6 (¢). Three multiplexed Bragg gratings
were recorded, two on the flexible substrate (BG1 and BG2 of grating
period 505.94 nm and 539.81 nm respectively) and one in GF4A optical
fibre (FBG of grating period 529.38 nm). Drift in polarisation state was
minimised during test by clamping all non-polarisation maintaining
optical fibre to laboratory benches. In addition to the spectra the labo-
ratory temperature was logged with a K-type thermocouple.

Fig. 7 shows the power reflected by the Bragg gratings, A, relative to
the average reflected power, over one million load cycles. It should be
noted that data collection was not continuous. During the 1,000,000
cycles (totalling over 11.5 days), the system unexpectedly stopped
160,000 cycles into testing (~2 days). Here a discrete decrease in re-
flected power can be seen for BG2 (Fig. 7 (b)) and the FBG (Fig. 7 (c)),
whereas there is an increase in reflected power for BG1 (Fig. 7 (a)). It
should be noted that the SLED source contains multiple SLEDs, to pro-
vide its broadband coverage. The Bragg gratings do not reflect light from
the same SLED, namely BG1 reflects light from a different SLED within
the source, shown in Fig. 6 (c). Drift in the individual sources is
considered to be the reason for the increase in amplitude after cycle
160,000 for BG1 and a decrease in amplitude for the FBG and BG2 (both
of which share the same SLED).

All amplitude variations can be attributed to long-term source drift,
as the FBG is used as an amplitude reference. The FBG does not undergo
any actuation, but exhibits a small variation of amplitude, explained by
long-term source drift in the optical interrogation system.

The drift in reflected power is minimal for all Bragg gratings. BG1
and BG2 decrease 0.07 dB and 0.20 dB respectively, FBG increase in
0.06 dB BG1 and BG2 do increase 0.05 and 0.03 dB before 160,000 FBG
increase by 0.04 dB.

Fig. 8 shows Bragg shift of all gratings, over one million cycles. There

Optical Materials 134 (2022) 113133

is no significant shift in Bragg wavelength, Fig. 8 (a) and (b) show a
similar response to Fig. 8 (c). Spectral variation can primarily be
attributed to temperature changes of the lab.

It should be noted that there are small discrepancies between Bragg
gratings on the flexible substrate, the reference FBG and the thermo-
couple. This is likely a result of spatial position in the laboratory and not
considered significant after 1,000,000 cycles.

4. Discussion

The Young’s modulus and hardness values of the reported flexible
FHD substrate are notably lower than previous reports of bulk flame
hydrolysis silica. For example, nano-indentation on optical fibre pre-
forms, examining the properties of the gemanosilicate cores, reported a
Young’s modulus of 74.5 + 1 GPa and hardness 10.5 + 0.5 GPa [49].
Another report on pure bulk silica fabricated through FHD and measured
using Brillouin spectroscopy showed a Young’s modulus of 72.2 GPa
[42]. The Young’s modulus obtained from the flexible FHD described
here is much lower than both these values. Likewise, the density is much
lower than previously reported for consolidated flame hydrolysis silica
of between 2.156 and 2.206 g/cm3 [42,44,45]. The lower density and
Young’s modulus measurements are related, and could be attributed to
partial consolidation. However, there are no obvious voids observed in
the glass in SEM micrographs ruling out partial consolidation as an
explanation for lower density. The main differences between
flexible-FHD and previous reports is the deposition upon a thick silicon
substrate. As the sacrificial silicon substrate is over an order of magni-
tude thicker than the FHD being deposited, it is expected to have me-
chanical influence during the consolidation process. The exact physical
mechanism resulting is not yet fully understood and shall be the subject
of future investigations.
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5. Conclusions

The present paper is the first report of FHD doped silica as a substrate
for flexible planar photonics. A quantitative mechanical investigation
has observed a lower-than-expected Young’s modulus (40.0 + 0.7 GPa),
confirmed through both bending and nanoindentation tests. This is 45%
less stiff than fused silica and highlights an interesting mechanical
property for flexible photonic integration, particularly in Fibre Rein-
forced Polymers that can have a lower Youngs Modulus to that of fused
silica. The platform showed negligible optical and mechanical degra-
dation after a one million cycle fatigue test showing practical feasibility
as a future flexible photonics substrate.

6. Future work

Applications for this flexible photonic glass could include integration
into high strain compliant structures/mechanisms, biomedical applica-
tions (e.g., monitoring artificial bone, instrumented prosthetics, moni-
toring artificial tissue/cartilage), use in flexible displays and alongside
flexible electronics.

Future work shall explore both the influence of the substrate and the
consolidation process upon the mechanical properties of the FHD.
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