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Abstract: A route to monitor external refractive indices greater than the core index of the
waveguide is presented. Initial application utilizes an integrated optical fibre (IOF) platform
due to its potential for use in harsh environment sensing. IOF is fabricated using a bespoke
flame hydrolysis deposition process to fuse an optical fibre to a planar substrate achieving
an optical quality, ruggedized glass layer between the fibre and substrate was fabricated. The
presented refractometer is created by direct UV writing of multiple fibre Bragg gratings into an
etched (22 um diameter) optical fibre post fabrication. Linear regression analysis is applied to
quantify propagation loss by monitoring each FBG’s back reflected power. The device operates
with a sensitivity of approximately 350 dB/cm/RIU at a refractive index of 1.451 at 1550 nm.
Numerical simulations using a transfer matrix method are presented and potential routes for
development are discussed.
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1. Introduction

As optical devices are not subject to interference from external electromagnetic fields, they have
been of great interest in recent decades for use in sensing technologies. In the field of refractometry,
a number of techniques have been proposed: optical fibre-based multi-mode interference [1], bend
loss [2], fibre Bragg gratings (FBG) [3,4], tilted Bragg gratings [5, 6], long-period FBGs [7, 8],
optical fibre Fabry-Perot interferometers [9] and relief Bragg reflectors [10]. The additional
advantage of using silica based devices is their chemical inertness. FBGs may be used as sensors
in several configurations: Wet-etched, D-shaped, microstructured and side-polished optical fibre
all present methods of chemical or biological sensing via interrogation of an FBG’s response to
the surrounding-medium refractive index (SRI).

Typically the response characterized is a shift in the Bragg wavelength, which is a function
of the waveguide’s effective index and is exponentially responsive as the SRI increases towards
the core’s refractive index. As the refractive index of many hydrocarbons is slightly above that
of silica, such as alkylaromatics found in jet fuels and diesel [11], development of a technique
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Fig. 1. (a) Schematic of the integrated optical fibre refractometer. Each A corresponds to a
different period FBG wrote into the etched optical fibre via direct UV grating writing. (b)
Backscatter scanning electron micrograph of the end facet of the presented refractometer.

which allows for refractometry above the index of the sensor is required. Silica devices such as
thinned-FBGs [12] and side-polished FBGs [13] both enable refractometry for indices below
that of silica. Leaky mode waveguides are an alternative refractometry platform due to the mode
confinement being dependent on the SRI [14, 15]. The presented refractometer operates as a leaky
waveguide in which propagation loss measurements are used to quantify the device’s response to
the SRI. Propagation loss in this device is characterized by FBGs which are direct UV written
into the fibre in the final stages of fabrication, combining the advantages of leaky mode and FBG
devices.

Integrated optical fibre (IOF) is a novel platform in which an optical fibre is bound to a
silica-on-silicon substrate. This is achieved through a modified flame hydrolysis deposition
(FHD) technique which forms an optical quality glass between the fibre and substrate. IOF
enables the optical qualities of fibre to be combined with the mechanical strength of a planar
substrate. Thinned FBGs have been shown to have a 107 refractive index resolution but the
fragility of the fibre post-etching was a limitation in the application of such a device [12]. State
of the art refractometers have a resolution approaching 1076 [16] which is the goal for any new
refractometry device. The IOF platform has the potential to overcome the issue of fragility in
etched optical fibre refractometers. The presented refractometer is shown to be responsive to
refractive indices greater than that of the fibre core. Although the IOF platform was selected for
this work, the presented methodology has the potential to be applied to any optical waveguiding
platform of which the refractive index of the material is below that of the analyte. This work
builds on a previously demonstrated IOF refractometer which was based on thinned FBGs for
evanescent field sensing [17] and was characterised by means of a shift in Bragg wavelength. In
this paper, initial results are presented along with a theoretical analysis of the device and means
for improvement.

2. Fabrication

2.1.  Flame hydrolysis deposition

SMF-28 fibre (Corning Inc.) was etched using a dilute hydrofluoric acid solution. Etching was
terminated through neutralisation with deionised water when the fibre reached an approximate
thickness of 25 um. This was verified using a Nikon Eclipse LV 100 polarising microscope. The
etched optical fibre is bound to a silica substrate via FHD to form a ruggedized glass composite.
The optical fibre was placed on a silicon substrate with a 15 um thermal oxide top layer. The
thick silica cladding layer ensures optical isolation of the propagating light in the fibre during
experimentation, and thus that propagation loss is solely dependent on the analyte. FHD deposits
a soot with an oxygen-hydrogen flame and precursors silicon tetrachloride, boron trichloride and
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Fig. 2. Example of the back reflection spectrum of the device. One spectrum (n=1.42)
is representative of indices lower than the device’s effective index, the other spectrum
(n=1.4678) displays a clear reduction in FBG-reflected power due to comparitively high
propagation loss in the waveguide. A moving average method is applied to the spectra for
ease of understanding the analysis technique. The A; labelling corresponds to those in Fig.
1(a). Inset displays a zoomed in graph of the reduction in FBG amplitude at approx. 1590
nm.

phosphorus trichloride. The soot is consolidated at 1100 °C. The consolidated FHD layer is optical-
quality glass and has been used to create planar buried channel waveguide structures [18, 19].
The resulting wafer was diced to a 21 mm in length chip using a Loadpoint Microace precision
dicing saw. The photosensitivity of the fibre core was enhanced by hydrogenation at 120 bar for
10 days prior to UV writing.

2.2. Direct UV writing

As UV light induces a refractive index change in photosensitive glass, direct UV grating writing
(DUGW) enables a single-step process for writing multiple Bragg gratings of different period in
planar waveguides or optical fibres. A 244 nm frequency-doubled CW argon-ion laser beam is
split, focused and recombined at the focal point to create interference fringes in the waveguide
core to create a Bragg grating. One of the paths of the beam passes through a computer controlled
electro-optic modulator (EOM), enabling a rolling fringe pattern as the laser is translated along
the fibre. The fibre is not assumed to to be perfectly straight. Therefore, a fourth order polynomial
was fit to the fibre in the x-y plane thus that the focussed spot could translate through the fibre
core during grating writing. Five 3 mm fibre Bragg gratings were written into this device at
varying Bragg wavelengths. As a result of current alignment challenges of defining FBGs into
the IOF through DUGW, only five FBGs were considered for this length of a device. Through
improvement in UV laser alignment and grating strength, denser multiplexed gratings could be
defined, which would be expected to reduce error in future work of this nature. The small spot size
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Fig. 3. An example data set of the power loss at each FBG in the refractometer along the
device using the described method. The slope of the data is seen to be dependent on the
analyte’s refractive index.

(7 um) used provides the means for a large Bragg wavelength tunability [20]. Hence, each FBG
is a distinct wavelength and the location of each FBG is known during optical interrogation. The
device is connected via a PM fibre V-groove pigtail with UV curing glue (Dymax OP-4-20632)
prior to data collection.

3. Experimental and analytic methods

The device was interrogated with a superluminescent diode (Amonics ASLD-CWDM-5B-FA),
and the reflection spectrum characterised using an optical spectrum analyzer (OSA) (ANDO
AQ6317B). The reflected signal was obtained using a 3 dB coupler, example data set shown in Fig.
2. To alter the refractive index external to the device, calibrated refractive index oils were used
(Cargille-Sacher Laboratories Inc., series A and AA). To determine a reference FBG amplitude
for each respective grating, the device was covered in an oil of n=1.42. This index is below the
effective index of the fibre and is assumed to maximise mode containment. It should be noted
that all refractive indices recorded in this paper are scaled using the Cauchy equation considering
wavelengths of 1550 nm from the calibrated value at 633 nm. Further measurements to calibrate
this refractometer normalised the reference FBG amplitude to the measured spectrum. For each
of the five FBGs, a data point is gathered per external refractive index value. An example of this
data is displayed in Fig. 3. Loss at each grating position was normalised by the difference of the
FBG’s reflected power and the reference FBG amplitudes. The propagation loss is the gradient of
a linear fit to each data set using the least-squares method. This method is a development and
application of the propagation loss measurement technique proposed by Rogers et al. [21].
Spectral data was collected for each refractive index oil which were applied in a pseudorandom
order to reduce the impact of remnant oil. Between data collection with different oils the device
was cleaned using acetone and isopropyl alcohol, and dried with compressed air. The resulting
data is shown in Fig. 4. Error bars displayed are representative of the standard error associated
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Fig. 4. External indices below that of the device’s effective index are seen to be minimal in
propagation loss and a distinct response curve for higher refractive indices.

with the slope of each linear fit to the corresponding data set. The comparatively large error for
the data set at a refractive index of 1.448 is likely due to dispersion effects due to the wavelength
difference between the FBGs used. This shall be addressed later in this paper. The negative
propagation loss from 1.43-1.444 may be explained as a reduction in scattering loss at the
fibre-analyte interface [22] as the external analyte approaches the effective index of the IOF
waveguide. The effective index of the presented device is approximately 1.446. Current device
sensitivity is 350 dB/cm/RIU at indices of 1.451.

4. Theoretical analysis

In the following section, we introduce a theoretical analysis of the proposed device to determine
a route for further developments and a greater understanding of device limitations. A number of
techniques have been developed for mode solving in optical waveguides. These techniques include
finite element methods (FEM) [23, 24], the effective index method (EIM) [25], guided-mode
expansion method [26], beam propagation method (BPM) [27,28] and the transfer matrix method
(TMM) [29-32]. An extensive review and comparison of these techniques is presented by
Bienstman et al. [33].

The technique used here is a modified TMM developed by Ramadas et al. [30] and was
recently used in a similar leaky waveguide analysis [34]. This technique is explicitly applicable to
planar waveguide structures in which the outer layers are semi-infinite. The method is relatively
straightforward and allows the complex propagation constant, 5;, to be evaluated by real matrices,
derived by considering electric field continuity at the interfaces. It should be noted that this is a
one dimensional approximation of the presented device to affirm the trend of the data observed
in Fig. 4, rather than a direct comparison of absolute propagation loss results with experimental
values.

The following simulation results will be applied to the structure displayed in Fig. 5. For this
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Fig. 5. A schematic of the model which is presented as part of this work. This simplification
corresponds to a vertical slice of the IOF refractive index sensor solved for but may apply to
any planar waveguide.

work, the refractive index of the core in SMF-28 is taken to be 1.45 with a diameter of 8.2 um and
the clad at n = 1.444. The FHD layer used in this device was a clad recipe which has a refractive
index equal to the optical fibre clad and does not need to be considered as a separate layer in the
model. An initial assumption is made that the electric field in the ith layer has the form

E; = A; cos((x — dy)k;) + B;&; sin((x — dp)k;), (D

where A; and B; are arbitrary constants, k; = (kgn? — 82172 and & = 1/k; for the TE polarisation
case. x; and d; are the position within the layer and the location of the layer’s boundary, respectively.
The transfer matrix, g, representing the system is evaluated by

1
g:= ]_[_Si 2)

where the transfer matrix for each individual layer, S; is

cos(d;)  &isin(A;)
[—# sin(A;)  cos(A;) for ki € R
DRSS 3)
cosh(—iA;)  7;sinh(—iA;) for b € iR
Lsinh(—ia;)  cosh(-iA;) | TN

A; = ki(d;i+1 —d;) and y; = i&;. The TE polarisation is the only case which shall be investigated
in the progress of this work, as per the experimental data.
The waveguide, in its entirety, is defined as
LM
=g [ Bl] “

where A and Bj represent the electric field constants in the substrate and Ac and B¢ correspond
to the covering material. In this work, the cover is the analyte. Considering exponential decay of
the electric fields in the outermost layers, Ramadas er al. assign the conditions A; = y;B; and
Ac = —ycBc to derive the eigenvalue equation

Ac
Bc

F(B) = yi1g11 + &2 + ycv1821 +Ycg2n = 0. (5)

As per Ramadas et al.’s technique, plotting |1/F(8)|? as a function of effective index, the
half width at half maximum (HWHM) of the Lorentzian shaped resonance peak equates to the



Research Article Vol. 26, No. 7 | 2 Apr 2018 | OPTICS EXPRESS 9162

Optics EXPRESS

250

e (=20 UM
i 200
§ 5 o
Dogl x =3
=4 €150} 3
%] © -
3 @ ]
20.6 hoA
c
] 2100
s 2
204+ 1 @
S o)
o (%] t
& 50
02} f\ ,
O L L L L L L 0 L L L L L L L L L
144 145 146 147 148 149 15 151 14 16 18 20 22 24 26 28 30 32
External RI (riu) Diameter (um)
(@ (b)

Fig. 6. (a) Numerical simulation results of propagation loss for different fibre diameters. (b)
Theoretical sensitivity of a planar model of the device at a refractive index of 1.456. An
exponential increase in sensitivity is shown with respect to a decreasing diameter.

complex propagation constant, 3;. Hence, propagation loss as a function of the refractive index of
the analyte can be extracted. In Fig. 6(a) the dependence of this structured device’s propagation
loss is shown for a set of different fibre diameters. This is equivalent to the diameter used for
the experimental data shown in Fig. 4. In Fig. 6(a), a region with a high dependence on the
analyte refractive index can be seen for each simulated data set. Therefore, this IOF refractive
index sensor is most sensitive for applications in the range of 1.449-1.4525, while a broader
but less-sensitive operating range exists for indices above 1.455, after the peak in propagation
loss. The sensitivity of this device (dB/cm/RIU) is dependent on the etched fibre diameter
used, as may be concluded from Fig. 6(a), and explicitly displayed in Fig. 6(b). A sensitivity
greater than 200 dB/cm/RIU is calculated for a 16 pm diameter in comparison to approximately
15 dB/cm/RIU at 22 um. With a core diameter of 8.2 pm, this equates to a 3.9 um upper clad in
the simulation. The lower limit of 16 um for simulation was selected due to the limitations of
fabrication. These include the non-trivial task of fabricating a straight IOF device as the fibre is
increasingly susceptible to bending. It should also be noted, a device is limited by the reflecting
power of the FBG. For example, a FBG that is 20 dB above the background level would not be
measurable if it propagated through 2 cm of a 16 um waveguide, using the parameter set in these
simulations. Stronger gratings or an increased fibre diameter would be required.

It is also worth considering the effect of inherently lossy liquids on the propagation loss of a
leaky waveguide such as that presented. Liquids with an extinction coeflicient of the order of
107°, such as the aromatic hydrocarbon toluene, the model by Ramadas et al. predicts a change of
the order 10~ dB/cm for the device presented. As this is within the uncertainty in the regression
analysis of the current device, it will not be considered further. However, if the analyte had an
extinction coefficient of at least 2 orders of magnitude greater than this, this would be a limitation
of leaky waveguide refractometry.

5. Discussion

The FBG linear regression analysis method for quantifying propagation loss in an optical
waveguide may also be applied in a planar structure, such as those presented by Holmes et al. [18]
if the upper clad is sufficiently thin. An advantage to the IOF platform for this application may
be noted in the comparison to the theoretical work presented. For a fixed optical fibre diameter,
22 pm in this case, the experimentally determined maximum loss at a refractive index of 1.451 is
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approximately 6 dB/cm. This compares to 0.415 dB/cm in the theoretical planar simulations for
a 22 um waveguide diameter displayed in Fig. 6(a). Another potential method for modification
which is uniquely available to the IOF platform is the capability to decrease the FHD thickness
and further expose the IOF to optical leakage in the horizontal plane on either side of the fibre.
However, maximizing propagation loss in this manner may reduce the FBG back reflection power
to within the noise of the spectrum. The TMM technique used in this work may be modified to
account for the analyte on both sides of the waveguide, Fig. 5. This allows a simplification as y;
and yc in equation 5 are equivalent.The resulting maximum propagation loss for a double-sided
planar device is calculated as approximately 0.83 dB/cm for an equivalent 22 um fibre diameter.
This provides a potential route for enhanced refractive index resolution or decreasing the length
of the device, per the applications requirement.

The comparatively large error corresponding to the linear regression analysis of the n = 1.448
data in Fig. 4 is largely driven by two unaffected FBGs with respect to their back reflected power.
This is potentially due to dispersion in which the respective FBG’s wavelength is subjected to a
different analyte refractive index. In this case, the lower wavelength FBGs were non-responsive.
This is consistent with the theory, in which the analyte’s refractive index must be greater than the
effective index of the leaky mode waveguide. This effect may be reduced by UV writing FBGs
of very similar wavelengths. This is easily achievable using the DUGW technique. Given this,
if the uncertainty in calculated propagation loss in the presented device is reduced, refractive
index resolution is expected to approach the order of 1073 for a 0.01 dB/cm propagation loss
resolution. This loss resolution is within the error found in the technique by Rogers et. al [21]. This
method, which utilizes a bidirectional launch approach, has the benefit of inherent self-referencing
rather than reference data being calibrated for a set index. However, However, this is difficult to
implement for large values of loss when Bragg gratings completely disappear. Depending upon
application, this technique can be implemented. Improvement in alignment to the IOF waveguide
during DUGW to increase the strength of each Bragg grating without increasing the length is
expected to reduce error in the regression analysis. Optimized conditions will be dependent upon
specific application.

Due to the two possible solutions for refractive index for a given propagation loss, seen in Fig.
6(a), a reference refractometer could be used in conjunction to differentiate between the possible
solutions. A reference refractometer may be realised in terms of a leaky planar waveguide with
a different effective index to this device or an identical device with the core’s refractive index
altered through UV exposure. An additional justification for the use of FBGs in the presented
refractometry technique is the dependence of Bragg wavelength on temperature. The Bragg
wavelength shift due to the altering external refractive index was found to be negligible in this
work. Hence, any Bragg wavelength shift could be accredited to temperature fluctuations.

6. Conclusion

A method for refractometry for refractive indices above that of the waveguide’s core has been
presented. An etched IOF refractometer was fabricated with multiple FBGs as the method of
quantifying propagation loss in the leaky mode waveguide. This enabled calibration of the
device’s response to a liquid analyte’s refractive index. The device has shown a potential refractive
index resolution in the order of 107>. Results from an approximated TMM simulation have
presented a number of routes for development of the device. This form of etched IOF presents
itself as a candidate for harsh environment sensing due to its inherent chemical stability as a
purely Si/SiO; sensor. Future work will include an investigation into optical fibre extruding from
the substrate for optimal device coupling without the need for glues. This will further develop the
device’s application in harsh environments and as a method for reduced coupling losses.
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