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Abstract

The fabrication and operation of robust integrated optical refractometers, suitable for precise

measurements of small changes without ambiguity over a wide range of refractive indices, is

described. The design primarily uses an optical fibre coupled dual-sensitivity integrated

optical Mach-Zehnder Interferometer sensor chip incorporating 3x3 directional coupler

combiners and intenal referencing. High-index Ta,Os films were deposited on the

waveguide surface in order to increase sensitivity and measurements of their response to

liquid analyte index have been carried out by passing aqueous sucrose solutions over the

sensor surface. These devices are intended for application as high-sensitivity multi-purpose

chemical sensors and biosensors.
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1. Introduction

Integrated optical transducers for real-time measurement of interactions between biological
molecules, and for the specific detection of chemical and biochemical species, are the
subject of growing interest [1]. Integrated optics allows high detection sensitivity to be
achieved using optical transduction techniques in a compact and robust format. Applications
of this technology include environmental pollution monitoring, industrial process control
and medical diagnostics. The increasing complexity of such applications demands
integration, so that approaches that allow the interrogation of arrays of sensors on
microstructured surfaces, where small volumes of analyte are controlled by integrated
microfluidic systems, are expected to find wide application. Planar optical waveguides
embedded in flat dielectric substrates may be employed to guide light at a surface on which
films sensitised to specific chemicals have been immobilised, allowing real-time
interrogation of their optical properties during chemical reactions. This approach offers
precise stable control of the optical interaction, reduction in interference from the bulk of the

analyte, and potential for photolithographic production of dense sensor arrays.

The wide range of optical phenomena which may be used to observe reactions in thin films -
at surfaces has prompted the development of sensor devices based upon the simple low-cost
base technology of ion-exchange in glass [2-5]. The intrinsic sensitivity of these waveguides
to surface effects is lower than for waveguides formed from high-index thin films [6,7] due
to their reduc'ed optical confinement or larger modal dimensions. However they exhibit low
loss, are well-suited to photolithographic formation of monomode channel waveguides, may
readily be connected to instrumentation in a stable manner using pigtailed optical fibres, and
the surface evanescent fields may be locally enhanced at sensing sites by incorporation of
conducting [8] or dielectric [9] overlayers. The permanent connection of optical fibres is

relatively costly when compared with “free-space” coupling of light into thin-film



waveguides with gratings but brings the advantages of mechanical stability and ease of
control of the spatial distribution of the evanescent intensity over the surface of the “chip”.
This approach is not aimed at very cheap “single-shot” devices but at arrays of sensors for
multiple analytes, where the surface chemistry may be regenerated in situ using

electrochemical or chemical regeneration allowing repeated use.

The integrated optical Mach-Zehnder interferometer (MZI) is an evanescent refractometer
whose surface may be chemically modified to render it sensitive to specific chemical
species. In principle the MZI is more sensitive than waveguide surface plasmon resonance
(SPR) based sensors [6], primarily because it does not employ coupling to a lossy
waveguide, although exploitation of this enhanced sensitivity may require the sensitive
region to be longer. Furthermore, the MZI may be rendered sensitive over a wider range of
superstrate indices, as it does not employ “resonant” coupling between two dissimilar
waveguides but, in effect, directly measures modal velocity changes due to changes in
refractive index in the evanescent field of an unisolated waveguide compared with a
waveguide isolated from the analyte. Highly sensitive MZI immunosensors have already
been demonstrated, for example by Heideman et al. [7], and our work has concentrated upon
achieving sensitive operation over a wide range of indices, enhancing the sensitivity of ion-
exchanged devices using high-index overlayers [9], and investigating the simple and reliable

incorporation of these sensors into instrumentation.

The aim of the present approach is to realise an integrated refractometer chip for
incorporation‘in practical instrumentation, for measurements in analytes having a wide range
of indices. The Mach-Zehnder interferometer has been chosen as it is straightforward to
design and fabricate, and is tolerant of manufacturing error. The design adopted incorporates

i) thin tantalum pentoxide films to enhance sensitivity, ii) a high-sensitivity MZI and a low-



sensitivity MZI to allow the combination of high sensitivity with wide index range, iii) 3x3
output couplers from each MZI to ensure sensitive operation over the entire index range and
to remove ambiguity in the direction of index change, and iv) reference waveguides with and
without analyte windows, to allow compensation for the effects of input power fluctuations
and potentially to determine analyte absorption. Incorporation in practical instrumentation
demands that inexpensive and reliable techniques for addressing the multiple outputs of
waveguide devices must be found. Fibre-to-chip pigtailing of integrated optical devices
formed in ‘passive’ materials such as glass, where it is difficult to truly integrate monolithic
light sources and detectors, is not the best solution when dealing with multiple outputs due to
the necessity of producing and pigtailing fibre arrays. For single input devices, however,

fibre input coupling is still a viable option as only a single pigtail needs to be made.

In this paper we present multiple-output integrated optical sensor devices using fibre input
coupling and a cheap, readily available, 1D CCD array detector to simultaneously address all
outputs. This approach leads to a low-cost reconfigurable approach to the simultaneous
acquisition of multiple outputs. A lens is used to focus the waveguide outputs onto the
array, resulting in a compact unit that can be housed in a standard instrument package. A
further advantage of this arrangement is that other optical elements such as filters and
polarisers can readily be inserted into the beam path. Results are presented for
measurements on bulk analytes and on real-time measurement of binding of biological
molecules to an immobilised film. Work is presently in progress to precisely stabilise the
temperature of the sensor surface through feedback control and to explore the use of
selective polymers in sensor arrays for quantification of chemical species of interest in

beverage analysis.



2. Transducer operation

A schematic diagram of a typical device and outline measurement system is shown in Figure
1. Light is coupled into the sensor chip using a monomode fibre and the power is divided
equally into a “left branch” which feeds the two interferometers and a “right branch” for
referencing purposes. Power in the “left branch™ is split again to feed the two
interferometers and then again into the two arms of each interferometer. In each
interferometer, the relative phase of the light in the two paths combining at the 3x3 coupler
depends upon the refractive index of the analyte in the window in the isolation layer which
otherwise covers the entire device. One MZI has a window ten times shorter than the other,
resulting in a sensitivity ten times lower, to remove ambiguities due to the periodic nature of
the response to index for large index changes. In a conventional MZI the light is recombined
in a simple Y-junction, resulting in an output which varies periodically with relative phase,
with excess power being scattered into the substrate. Sensitive transducer response to small
changes in analyte index requires that the device must always operate in a sensitive region of
the response curve. This cannot be satisfied over the entire range of indices for a single-
output MZI, which shows maxima and minima in the interference function. The use of a
three-waveguide coupler results in three outputs, with interference functions shifted by
nominally 120° with respect to each other. In this way at least one output yields a sensitive
response to small index changes whatever the baseline index [10]. While use of 3x3 couplers
tightens the constraints on manufacture somewhat, it also allows referencing the individual
signals to the sum of the signals emerging from the three outputs, assuming negligible
variation in total loss as power is distributed among them, removing the effects of source

intensity fluctuations.

Two reference outputs are provided; the first is isolated from the analyte for its entire length,

allowing simple removal of the effects of input power fluctuations and to eliminate the



effects of analyte absorption. In the presence of optically absorbing analyte media this
reference output may be used to estimate the optical absorption of the analyte as well as its
refractive index. The second reference waveguide is exposed to the analyte through an
identical window to that of the high-sensitivity MZI, yielding a direct measurement of the
loss due to the window and analyte. The whole chip may be coated with a thin film of a
robust high-index material such as tantalum pentoxide in order to increase the sensitivity of

both MZIs and the exposed reference waveguide.

3. Design and fabrication of MZI chips

3.1  Ion-exchanged waveguides. Two transducer chips, as shown in Figure 1, were

fabricated by potassium ion-exchange in BK7 glass [11]. This substrate glass has more
reproducible characteristics than the soda-lime glass used in earlier work [9] and has a
refractive index of approximately 1.51 at the wavelength of interest, allowing measurements
on analytes of index up to approximately 1.5. The index range required for our applications
is between 1.32 and 1.41, which is readily achievable using this waveguide system. An
aluminum masking film was deposited on each substrate and the waveguide circuit was
defined by tracks 1.5um wide opened in it using conventional photolithography. The three-
output couplers, designed for a wavelength of 635nm, had a coupling length of 0.5mm, and
the waveguide centres were separated by 3.6um. Ion exchange was carried out by
immersing the masked substrates in KNO; at 400°C for 2hrs and the ends of the chips were
then polishefl to allow input and output coupling, resulting in an overall length of

approximately 44mm.

3.2 Isolation layer. Vacuum-deposited Teflon FEP has proved a useful isolation material
for experimental devices [10], due to its low refractive index, low porosity and ease of

patterning, but it has not so far proved acceptable for use in sensors which are to be handled



repeatedly, as it is easily damaged. Development of these devices for prolonged use in an
instrument requires optimisation of hard dielectric materials, such as sputtered silica films,
as robust isolation layers. However, sputtered silica tends to exhibit higher optical
attenuation than vacuum-evaporated Teflon, unless it is annealed in an oxygen-bearing
atmosphere at high temperature. As the silica in these devices is to be deposited on
substrates containing ion-exchanged surface waveguides, it is important to determine an
acceptable deposition process without high-temperature annealing which would degrade the
underlying waveguides by thermal diffusion. Prior to fabrication of the sensor chips, the
silica film deposition process was optimised by sputtering silica films on similar potassium
ion-exchanged waveguides under a variety of conditions, and then annealing at 250°C in
oxygen. Figure 2 shows the transmission of 15 waveguides relative to an uncoated
waveguide immediately after deposition and after annealing for 1, 2 and 4 hours, numbers 1-
7 being coated with a 10mm length of silica and numbers 8-15 being coated with a S5mm
length of silica. RF magnetron sputtering at 200W from a 200mm diameter pure silica target
was employed, with the substrate at ambient temperature in a 10% oxygen atmosphere at a
total pressure of 11mTorr for 12 hours. It is clear that annealing for 1 hour at 250°C
substantially improves the transmission of the coated waveguides and that no further
measurable improvement is obtained after 2 hours annealing. Following these preliminary
measurements, a silica isolation layer of approximate thickness 1um was sputtered onto the
sensor chips in a two-stage process, with the windows of 8mm and 0.8mm length being
defined photqlithographically by positive lift off. After definition of the photoresist layer, a
high-transparency film approximately 500nm thick was deposited using the conditions
above. To render the isolation layer less porous, a further 500nm silica was then deposited,
without removing the sample from the chamber, by sputtering in pure argon for 4 hours. The

devices were then annealed in air at 250°C for 1 hour. The first layer is sufficiently thick to



optically isolate the waveguides from the more highly absorbing second layer, which

exhibits reduced porosity and prevents penetration of liquids towards the waveguide surface.

3.3 Tantalum pentoxide film. After initial optical measurements, tantalum pentoxide

films were deposited over the entire surfaces of the chips by reactive RF sputtering from a
tantalum target, in an atmosphere containing 10% oxygen at a total pressure of 11mTorr.
Sensor chip 1, to be used to demonstrate the operating principles, was coated with a Ta;Os
film of thickness 25+1nm. Sensor chip 2, to be used to study the effect of Ta,Os film
thickness variation, was coated with a film deposited in three stages (each of thickness
15+1nm). For this chip, sensing measurements were conducted before and after each stage,
so that results were obtained for the same MZIs with a Ta,Os overlayer of nominal
cumulative thickness 0, 15, 30 & 45nm. The final device, with the 45nm Ta,Os overlayer,

was then annealed in air at 250°C for 1 hour, and the measurements repeated.

4. Measurement procedures

Characterisation of device performance as a refractometer was carried out with liquids of
known refractive index, using the configuration shown in Figure 1. Light from a 10mW
633nm He-Ne laser was coupled into a single-mode polarisation-maintaining fibre
(Fibercore), which was butt-coupled to the sensor chip. A preliminary inspection confirmed
that the waveguides were monomode at this wavelength. A x10 microscope objective lens
was used to focus the output signals on a 1D CCD array (Toshiba), which comprised 3648
pixels of width 8um and height 200um. A 40dB neutral density filter was placed between
the lens and tﬁe detector to reduce the background radiation incident on the CCD array while
attenuating the signal to avoid saturating the CCD; a sheet polariser was used to select the
TE polarisation. A flow-cell was clamped to the sensor surface and test solutions of sucrose

in water were applied using a flow-injection system. For sensor chip 1, a sucrose solution of



index varying gradually from n=1.3330 to n=1.3832 over 30 minutes was passed over the
sensor surface, to illustrate the operation of the device. Subsequently, measurements were
made on sensor chip 2 by injecting solutions of known index into the background stream of
water, to calibrate the device. No attempt was made to control the temperature at the sensor
surface. The refractive indices of the sucrose solutions were determined using a commercial

refractometer (Kyoto Electronics RA-510) at a wavelength of 589nm at 20°C.

A typical 1D spatial distribution of the optical intensity falling on the CCD array is shown in
Figure 3 for the device in air. The eight outputs of the device are clearly visible and well
separated, and are labelled according to the device layout in Figure 1. The subscripts L and
H indicate the low- and high-sensitivity MZI respectively while Ref; refers to the output of
the reference waveguide exposed to the analyte for 8mm, and Ref; refers to the output
isolated from the analyte for its entire length. The inset shows an expanded view of one
output distribution. The intensity of Ref; is higher than that of Ref; either because of the
attenuation due the additional 8mm of silica overlaying it or because of imperfections in the
waveguides. The power emerging from each output was determined as the sum of the signals
from each pixel within a 400 micron region surrounding each feature, after subtraction of a
background signal obtained in a similar way from a 400 micron region close to each feature.
The integration time for each measurement was 20ms; for each data point within a test cycle

ten such integrated signals were collected and averaged.

5. Experimental results

5.1 Tempbral response to slowly varying index. Figure 4 shows the temporal response of

all the waveguide outputs for sensor chip 1, coated with 25nm Ta,Os, when an aqueous
sucrose solution of gradually varying index was passed through the flow-cell at a constant

flow rate. The index varied from n=1.3330 to n=1.3832 over 30 minutes. F igure 4a shows



the results for the three outputs of the low-sensitivity MZI, Figure 4b shows the
simultaneous results for the high-sensitivity MZI, and Figure 4¢ shows the behaviour of the
reference outputs. Each output is normalised to the isolated reference output, Ref;, to remove
the effects of input power fluctuations, so that the output plotted for Ref; is always unity.
The low-sensitivity MZI shows that for an index change, An, of 5xD a phase change
greater than 2zn radians is induced in the 0.8mm window. Outputs 1L and 3L carry
significant power and change significantly while output 2L carries little power. As described
in Reference 9 this is because the 3x3 coupler is not strongly coupled, so that for these
waveguide fabrication conditions, the inter-waveguide spacing in the coupler should be
reduced for improved performance. The high-sensitivity MZI exhibits similar behaviour
except that the output passes through nearly 14 interference cycles; as expected, the phase
change is ten times greater than that of the low-sensitivity MZI. The data from the low-
sensitivity MZI removes the need to count the number of cycles experienced by the high-
sensitivity MZI, which yields the precise index data. The output signals reach equilibrium
approximately 1500s after pulse injection when full mixing in the flow-cell has been
obtained. It is clear from Figures 4a and 4b that the interferometer contrast is reduced as the
analyte refractive index increases. This is due to the additional loss induced in the
measurement windows of the MZIs at higher analyte indices due to enhancement of the light
intensity in the lossy tantalum pentoxide film. This is confirmed by the Ref; output in Figure
4c where the transmission of this waveguide, which is coated with 8mm Ta,0Os in common

with the sensing region of the high-sensitivity MZI, is seen to fall as the index increases.

52  Device sensitivity. Figure 5 shows the phase change introduced, for sensor chip 2, in

the high-sensitivity MZI window against refractive index for the range of sucrose solutions
tested, for Ta,Os thicknesses of 0, 15 & 30nm, with the phase set at zero for water. The
losses induced in the high-sensitivity MZI by the 45nm thick TaOs film were too high to

10



allow measurements to be made, so that the results for the low-sensitivity MZI are shown for
this film thickness. These data were acquired by injecting “pulses” of aqueous sucrose
solution of known refractive index into a flowing stream of water of index 1.3330. The phase
change was determined using a multiple curve-fitting algorithm from traces similar to, but
more rapid than, those shown in Figure 4. It can be seen that the addition of the Ta,Os film
to the high-sensitivity MZI has significantly increased the sensitivity of the device in an
aqueous medium. The sensitivity is also seen to increase with increasing analyte index, as a
greater proportion of modal power is carried in the analyte for higher indices. The
sensitivities, deduced from the average slopes of the fitted curves, range from 35 radians per
unit refractive index (RIU) for the uncoated device to 95 radians/RIU and 210 radians/RIU
for the 15nm and 30nm coated devices respectively, representing enhancement by a factor of
2.75 and 6, respectively. The low-sensitivity MZI with the 45nm Ta,0s film showed a phase
sensitivity of 305 radians/RIU, corresponding to an enhancement by a factor of 8.75
compared with the uncoated high-sensitivity MZI. In terms of enhancement in sensitivity per
unit index per unit window length, this corresponds to an enhancement by a factor of 87.5
compared with an uncoated MZI. Table 1 gives the complete set of sensitivities and
sensitivity enhancement factors of the four Ta;Os thicknesses. In the case of the 45nm film
“x10” denotes the projected sensitivity and enhancement for the high-sensitivity MZI had it
been measureable. The detection limit, estimated by comparison of the sensitivity with the
phase resolution of the measurement system with water flowing over the sensor, is also
given. For example, a phase resolution of 5 x 10 radians (0.3°) was deduced from the
system noise for devices with 30nm or less Ta,0Os, resulting in a minimum detectable
refractive index change of 2.6x10”° for 30nm Ta,Os. The signal to noise ratio was found to
have degraded strongly for the device with Ta,0Os thickness of 45nm, resulting in a poorer

detection limit.
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5.3 Attenuation in sensing window. In Figure 4c the output of waveguide Ref; on sensor

chip 1 shows that the attenuation due to the 8mm window, including the transitions from the
waveguide overlaid with silica to that overlaid with 25nm Ta,Os and the propagation losses
due to roughness and absorption in the Ta,Os, is significant in water and increases with
increasing analyte index. As analyte index increases, the modal fields in the Ta,Os-coated
region are drawn towards the waveguide surface, increasing the modal mismatch between
the coated and uncoated regions and causing more power to propagate in the relatively lossy
Ta;Os film; both these effects serve to increase attenuation. Such attenuation will also cause
reduced interference contrast in the MZIs, acting against the increased phase sensitivity
obtained with thicker Ta;Os films to reduce the minimum detectable index change. This
additional attenuation in the reference arm for sensor chip 2 is plotted against analyte index
in Figure 6, for all the Ta,Os thicknesses used and, in addition, for the 45nm thick Ta,Os
film after annealing in air at 250°C for 1 hour. The results show that over the index range of
interest the attenuation is insignificant for the device without Ta,0s coating and for that with
a 15nm film. The window attenuation becomes significant with 30nm Ta,Os, and becomes
catastrophic for 45nm Ta,Os, with attenuation of over 30dB for all analyte indices above that
of water. Annealing the device reduces the attenuation significantly, probably by reducing
the optical absorption of the Ta,Os, but it is still excessive for successful operation of the

high-sensitivity MZI.

6. Discussion

The modal ihtensity distributions in Figure 3 show that multiple interferometers and
reference channels can readily be integrated on a single chip and conveniently and flexibly
interrogated using input fibre coupling and a linear CCD array. It is clear from Figure 4,

however, that while the two MZIs show a factor of 10 difference in sensitivity to index
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changes, as expected, there are significant non-idealities in their responses. The first is that
the attenuation in the sensing window increases with analyte index, resulting in reduced
contrast in the interference functions, and in the waveguide output powers being more
complex functions of analyte index than expected. The attenuation is due largely to
absorption and roughness in the Ta,Os film and may be reduced by annealing, as shown in
Figure 6. Further optimisation of the TayOs sputtering conditions is expected to lead to
further reductions in the component of attenuation due to roughness [12]. However, the
output powers are a repeatable function of analyte index and, after calibration, a multiple
curve-fitting algorithm can readily extract the index from the data. The second non-ideality
is that the three interferometer outputs are not shifted by 120° with respect to each other and
the central outputs of the 3x3 couplers carry little power, due to weak coupling [10]. This
will result in there being regions of analyte index where the overall sensitivity to small
changes in index is reduced, but slight modification of the waveguide separations in the

coupler would resolve this problem.

Figure 5 shows that adding a thin Ta,Os film over the window of the MZI substantially
increases the sensitivity of the interferometer to changes in analyte index, with the sensitivity
enhancement increasing rapidly with Ta,Os thickness. It also shows that the sensitivity
increases with analyte index in all cases. Both these effects are due to enhancement of the
proportion of modal power traveling in the analyte [9]. The sensitivity of the device coated
with the 3m film is less than that reported in Reference 9, for the same film thickness, due
to a substrate with a lower sodium concentration being used, resulting in lower An
waveguides, and due to the shorter length of the sensing region. However, BK-7 rather than
soda-lime glass was chosen for this work due to its ready availability and reproducible

characteristics, and 8mm sensing windows were chosen to realise a reasonably compact
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device. It is expected that a slightly thicker TayOs film would compensate for these

differences.

Measurements could not be made on the high-sensitivity MZI when coated with 45nm
Ta;0s, due to high losses in the sensing window, as confirmed in Figure 6. However, from
measurements made on the low-sensitivity MZI when coated with 45nm Ta;Os, we may
deduce an enhancement in phase sensitivity due to a 45nm Ta,Os film of a factor of more
than 80. Unfortunately the attenuation caused by this film does not allow the use of “high-
sensitivity” MZIs with 8mm long sensing windows. This attenuation is due in part to
absorption and scattering losses in the TaOs film, which may be reduced as described
above. However, for this thickness of film, the intensity distribution of the mode in the
Ta;0s-coated waveguide is very different from that in the silica-coated waveguide leading
up to it, causing a very substantial loss in power both at the transition into the Ta,Os-coated
region and at out of it, due to poor modal overlap. A homogeneous slab waveguide model
approximating a similar waveguide system at this wavelength has predicted that the loss for
a single transition would be approximately 1.5dB for a 30nm Ta,Os film and 7dB for a 45nm
Ta;Os film with a water superstrate [13]. There is therefore a compromise, in finding the
thickness which results in the lowest detection limit, between increasing phase sensitivity
and increasing attenuation as the Ta,Os thickness increases, even if the propagation losses

can be reduced.

The noise on the normalised output signals has been analysed and it is estimated that, for the
integration times and averaging procedures used here, the phase resolution is 0.3° for the
device coated with a Ta,Os film of thickness of 30nm or less. This corresponds to a
minimum detectable analyte index change of 2.6x10” for a device operating in a sensitive

region of its characteristic (or with an optimised 3x3 coupler) or a change in the modal
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effective index of approximately 6x10°®. The minimum resolvable phase change for the low-
sensitivity device coated with 45nm Ta,Os increased to 1.7° due to the attenuation and
reduced contrast. Therefore, although this showed the greatest measured sensitivity in terms
of phase, it did not show the lowest detection limit. It is expected that the optimum Ta,Os
film thickness for this waveguide system and wavelength falls between 30 and 45nm.
Further improvements in detection limit could be achieved by decreasing the bandwidth of
the detection system, and by permanently pig-tailing the input fibre to the sensor chip, to

reduce mechanically induced fluctuations.

7. Conclusions

The fabrication and operation of an optical fibre coupled dual-sensitivity integrated optical
Mach-Zehnder Interferometer sensor chip incorporating 3x3 directional coupler combiners
and internal referencing is described. Chips coated with five different thicknesses of high-
index Ta,Os film, in order to enhance sensitivity, were fabricated and measurements of their
response to liquid analyte index were carried out by passing aqueous sucrose solutions over
the sensor surface using a flow injection analyser. The use of these films is shown to
increase sensitivity by a factor of six with a film thickness of 30nm. The chip design allows
precise measurements of small index changes without ambiguity over a wide range of
indices, and fine-tuning of the design, fabrication and instrumentation is expected to yield
further improvements in detection limit. These devices are expected to find application in
multi—purpose' instrumentation for chemical sensing and biosensing due to their robustness,
high sensitivity, and tolerance to the optical properties of surface layers used to add

specificity.
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TayOs Sensitivi Sensitivity Detection
thickness (Rafi?:rllgllglj) enhancement limit
(nm) factor (RIV)

0 35 1 1.5x10™*

15 95 2.75 5.5x10°°

30 210 6 2.6x10°

45 305 (x10) 8.75 (x10) 9.6x10°

Table 1

30nmTa,0s) and the low-sensitivity MZI (45nm Ta,Os).
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Figure Captions

Figure 1. Experimental sensor system.
Figure 2. Effect upon waveguide transmission of annealing silica isolation layer.
Figure 3. Waveguide mode intensity output distributions on linear CCD array.

Figure 4. Temporal response of a) low-sensitivity MZI, b) high-sensitivity MZI and c)

reference outputs to varying sucrose solution index.
Figure 5. High-sensitivity MZI phase change against analyte refractive index for Ta,0Os
film thicknesses from 0 to 30nm; low-sensitivity MZI phase change against

analyte refractive index for Ta,O; film thickness of 45nm.

Figure 6. Attenuation in reference window against analyte index for Ta,Os film

thicknesses from 0 to 45nm, and for annealed 45nm film.
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Figure 1. Experimental sensor system,
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Figure 2.
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Figure 4. Temporal response of a) low-sensitivity MZI, b) high-sensitivity MZI and ¢)
reference outputs to varying sucrose solution index.
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Figure S. High-sensitivity MZI phase change against analyte refractive index for Ta,0Os
| film thicknesses from 0 to 30nm; low-sensitivity MZI phase change against

analyte refractive index for Ta,Os film thickness of 45nm.
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Figure 6.

Attenuation due to reference window (dB)

thicknesses from 0 to 45nm, and for annealed 45nm film.
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