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TITLE OF THE INVENTION

MULTIWAVELENGTH OPTICAL SENSORS

BACKGROUND OF THE INVENTION

The present invention relates to optical sensors based on planar waveguide
gratings for sensing the refractive index of fluid samples and parameters and
characteristics related thereto.

Measurement of the optical refractive index of fluids is of importance in fields
including bioanalysis and biosensing. Different fluids, or concentrations of the same
fluid, have different refractive indices so that the fluids can be identified or
distinguished from refractive index measurements. The refractive index or change in
refractive index of a fluid can be used to determine many biologically important
measurands such as protein concentrations and glucose levels. In other fields,
refractive index measurements are used in applications as diverse as process control
and the detection of explosives [1].

Various devices and techniques for measuring refractive index are known.
These include the Abbe-type refractometer, and sensors based on surface plasmon
resonance. Optical waveguides may also be used. The presence of a liquid adjacent to
an optical waveguide can alter the effective modal index of light prOpagatiﬁg within
the waveguide. This modification of index can be measured using techniques that are
sensitive to changes in optical path length. For example, interferometer structures have
been used to measure index changes and hence to sense the presence of proteins [2].

An alternative to imterferometric measurement 1s to use optical waveguide
gratings, where the reflective prop erties of a grating, which depend on refractive
index, are modified by the imdex of a liquid in contact with the waveguide. An early

device of this type used planar optical waveguides with surface relief gratings, in
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which adsorption and desorption of gas on the waveguide surface changed the
refractive index and allowed the gas to be sensed [3]; other planar grating
configurations have been proposed for integrated optical biological and chemical
sensors [4]. Other grating-based devices have used fibre Bragg gratings [5]. Proposals
have included thinning of the fibre with wet-etching to increase sensitivity [6], and the
use of long period gratings in D-fibre, found to be more sensitive than gratings in
standard telecom fibre [7]. However, the use of fibre gratings requires tedious working
of the fibre to expose the waveguiding core to the liquid, such as by etching, which is
difficult to control in a fibre geometry, or mounting the fibre in a block and polishing
it down to access the core. Planar waveguide implementations are preferable in that it

1s typically easier to gain access to the propagating optical mode.
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SUMMARY OF THE INVENTION

A first aspect of the present invention is directed to an optical sensor
comprising: a substrate; at least two planar Bragg gratings defined within one or more
optical waveguides in the substrate, each Bragg grating having a wavelength filtering
response that varies with an effective modal index experienced by light propagating in
the Bragg grating and that has a characteristic Bragg wavelength different from the
Bragg wavelengths of the other Bragg gratings; and at least one sample window
overlying and associated with at least one of the Bragg gratings and arranged to
receive a sample of fluid such that the presence of a sample of fluid affects the
effective modal index experienced by light propagating in the associated Bragg grating
and hence modifies the wavelength filtering response of that Bragg grating; the Bragg
gratings being arranged to receive light from a light source, filter the light, and output
the filtered light for detection by a spectrally resolving optical detector.

A sensor incorporating a number of gratings on a single substrate 1is
advantageous in that many configurations of sensor can be implemented, offering
simultaneous testing of multiple samples or testing under different parameters, with
the different Bragg wavelengths giving a spectral element to measurements made with
the sensor, which can yield detailed information about fluids and allow different fluids
to be discriminated. Also, the use of different wavelengths allows unique accessing of
the different gratings just by using light of a suitable wavelength, so that coupling of
light into and out of the gratings and subsequent analysis of the detected light can be
very straightforward. The light output by the sensor can be used to measure refractive
index and dispersion, to determine parameters related to refractive index, to
investigate layers within a fluid sample or the spatial distribution of the fluid along the
length of the sample window, and/or to identify fluid types, among other applications.
Positioning the gratings on one substrate means that they have more similar

environments so that the output of the sensor is less subject to errors caused by
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disturbances, since all gratings are equally disturbed so that their relative outputs are
not affected. The fabrication and structure of the sensor can be simple; direct
ultraviolet writing techniques can be used to define the components of the whole
sensor in a single processing step. Planar waveguide gratings are a particularly
convenient way of providing reflecting elements with the required wavelength
filtering responses, since they are compact and robust, and can be fabricated
accurately with a wide range of responses, particularly by means of uliraviolet writing.
In some embodiments, the at least one sample window 1is associated with each
of the at least two Bragg gratings, so that all of the least two Bragg gratings may be
provided with a sample of fluid. This allows every grating to be used for fluid testing
and measurement, if desired. The at least one sample window may comprise a single
sample window shared by all of the at least two Bragg gratings so that a sample of
fluid received by the sample window affects the effective modal index of light
propagating in all of the at least two Bragg gratings. Thus, every grating is used to
interrogate a single fluid sample, so that detailed spectral information about fluid
properties can be determined as simply as possible. Alternatively, the at least one
sample window may comprise a separate sample window associated with each of the
at least two Bragg gratings, so that each of the at least two Bragg gratings may be
provided with a separate sample of fluid. This allows a number of different samples to
be looked at simultaneously, and may also be relevant in cases where window
dimensions are significant, for example if the available fluid samples are very small.
 The at least two Bragg gratings may comprise one or more pairs of Bragg
eratings, each pair of Bragg gratings comprising a sensing grating having an
associated sample window and a reference grating, the sensing grating and the
reference grating having Bragg wavelengths sufficiently closely separated that the
eratings have substantially the same modal confinement. For example, the sensing
grating and the reference grating may have Bragg wavelengths separated by an

amount in the range of 2 to 10 nm. The use of reference gratings allows compensation
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to be made for thermal variation and other disturbances that may induce errors.
Comparison of the responses of the reference and sensing gratings allows index
changes induced by a fluid sample applied to the sensing grating to be isolated from
changes arising from unrelated perturbations. This is made particularly accurate since
the gratings are on the same substrate, so that the environments of the reference and
sensing gratings are as similar as possible except for the flutd sample. To further liken
the environments of the reference and sensiﬁg gratings, the reference grating may have
an associated sample window, separate from the sample window associated with the
sensing grating. A reference fluid can be applied to the reference grating, to give the
two gratings a similar response to temperature changes, for example. Also, the
reference grating and the sensing grating may be defined within a single waveguide.

In some embodiments, the at least two Bragg gratings may comprise a plurality
of Bragg gratings divided into groups of Bragg gratings, the Bragg gratings within
each group having Bragg wavelengths separated by a first separation, and each group
having an average Bragg wavelength separated from average Bragg wavelengths of
other groups by a second separation greater than the first separation. The second
separation may be at least ten times greater than the first separation, for example. The

first separation may be in the range of 2 to 10 nm.

Advantageously, the one or more optical waveguides may be configured for
single mode propagation of light.

At least one of the at least one sample windows may comprise a portion of a
cladding layer overlying a core of the optical waveguide in which the associated Bragg
grating 1s defined, such that a sample of fluid received by the sample window 1s in
contact with the cladding layer. Further, the sensor may comprise two or more sample
windows in each of which the portion of the cladding layer has a different thickness.
Additionally or alternatively, at least one of the at least one sample windows may
comprise an exposed portion of a core of the optical waveguide in which the

associated Bragg grating 1s defined, such that a sample of fluid received by the sample
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window is in contact with the core. These options can be used to select the sensitivity
of the grating to the fluid, with further flexibility available in the former option by
choosing the thickness of the cladding layer to determine the proximity of the flmd to
the core. In the latter option, the exposed portion of the core may have a thickness less
than a thickness of the core in adjacent portions of the optical waveguide in which the
associated Bragg grating is defined. This arrangement can be used to give single mode
waveguiding through the grating to overcome modal disturbance that can arise from
the change of waveguide structure at the edges of the .sample window.

The or each Bragg grating having an associated sample window may be
defined in an optical waveguide having a core that has a tapering variation in
refractive index along its length, to reduce abrupt changes in the effective model index
at edges of the sample window. A waveguide structured in this way also helps to
overcome modal disturbances at the window boundaries, by reducing reflections that
may occur at an abrupt structural boundary. Similarly, the at least one sample window
may have one or more edges that are angled with respect to a light propagation
direction in the optical waveguide in which the associated Bragg grating is defined, to
reduce reflections of light propagating in the Bragg grating.

The one or more optical waveguides may comprise one or more layers that
modify waveguiding prbperties of the one or more optical waveguides. Additional
layers can be used to pull the optical field of light propagating in the waveguide
towards or away from the sample window, allowing tailoring of the sensitivity of the
sensor to fluid received in the window.

Sensors according to the present invention may be used to make direct
refractive index measurements, or to measure or detect fluid characteristics that vary
with refractive index. This approach can be extended by simple modifications to the
sensor. For example, at least one of the at least one sample windows may be provided
with a surface coating of a chemically selective material operable to bind with

molecules that may be present in a sample of fluid to be received by the sample
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window, the binding causing an alteration of the effective modal index of light
propagating in the associated Bragg grating. Thus, chemically and biochemically
reactive substances can be detected, for example, testing for the presence of particular
antibodies in biological samples. Also, at least one of the at least one sample windows
may be provided with a surface layer of a metal having a surface plasmon that may be
altered by a sample of fluid to be received by the sample window, the alteration in the
surface plasmon causing an alteration of the effective modal index of light propagating
in the associated Bragg grating.

The sensor may further comprise a heating or cooling device operable to
modify the temperature of the substrate such that each of the at least two Bragg
gratings have substantially the same temperature. Measurements can be made at
different fluid temperatures by heating the gratings and the fluid sample(s). The fact
that all the gratings, including any reference gratings, are all on the same substrate
means that they are similarly heated, which eliminates errors that could arise from the
temperature-dependence of the wavelength filtering responses in the event of unequal
heating. :

The optical sensor may comprise gratings according to the preceding examples
and embodiments to which a user can connect light sources and optical power
detectors as required. However, other embodiments may additionally include these
components, perhaps mounted on a single substrate with the sensing and analysing
elements. In some embodiments, the optical sensor may further comprise one or more
light sources operable to deliver light to the at least two Bragg gratings such that each
Bragg grating receives light having a spectral bandwidth covering at least part of 1ts
wavelength filtering response. Also, the sensor may further comﬁrise a spectrally
resolving optical detector operable to detect and spectrally resolve light output by each
of the Bragg gratings.

A second aspect of the present invention is directed to a process control system

operable to control apparatus for performing a process, comprising: at least one optical
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sensor according to the first aspect and arranged to receive samples of fluid utilised n
or generated by the process; an optical source operable to generate light covering the
wavelength filtering response or responses of the Bragg gratings of at least one optical
sensor; a spectrally resolving optical detector operable to receive and perform spectral
analysis of light from the at least one optical sensor and to generate one or more
control signals for controlling the apparatus in response to the analysis; and an optical
routing device connected to the at least one optical sensor, the optical source and the
optical detector, and operable to receive light from the optical source, distribute the
light to the at least one optical sensor, receive light output by the at least one optical
sensor, and deliver the output light to the optical detector.

A third aspect of the present invention is directed to an optical sensor network
comprising: a plurality ot opﬁc al sensors according to the first aspect; an optical
routing device connected to each of the plurality of optical sensors and operable to
receive light from a light source, distribute the light to the plurality of optical sensors,
receive light output by the plurality of optical sensors, and output the received light for
spectral analysis. The network may further comprise an optical source operable to
generate light covering the wavelength filtering responses of the Bragg gratings of the
plurality of optical sensors and arranged to deliver the light to the optical routing
device; and a spectrally resolving optical detector arranged to receive light output
from the optical routing device, and operable to perform spectral analysis of the light.
Additionally, the optical sensor network may comprise a processor arranged to receive
results of spectral analysis from the optical detector and operable to determine one or
more properties of a sample or samples of fluid applied to the plurality of optical

sensors from the results.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention and to show how the same may be
carried ito effect reference is now made by way of example to the accompanying
drawings i which:

Figure 1 shows a schematic representation of an optical sensor according to an
embodiment of the present invention, comprising two Bragg gratings;

Figure 2 shows an example wavelength filtering response of gratings included in
the optical sensor of Figure 1, demonstrating the operation of the sensor:

Figure 3 shows a schematic representation of an optical sensor according to an
further embodiment, comprising a plurality of Bragg gratings;

Figure 4 shows schematic representation of an optical sensor according to a yet
further embodiment, comprising a plurality of Bragg gratings within a single waveguide;

Figures 5A-5D show schematic representations of optical sensors according to
embodiments comprising one or more reference gratings;

Figure 6 shows a schematic representation of an optical sensor according to a
further embodiment that includes a heating or cooling element; :

Figure 7 shows a schematic representation of an example of a sensing window
overlying a Bragg grating according:to a further embodiment;

Figure 8 shows a cross-sectional schematic representation of part of an optical
sensor according to an embodiment with a first configuration of a sample window:

Figure 9 shows a cross-sectional schematic representation of part of an optical
sensor according to an embodiment with a second configuration of a sample window;

Figure 10 shows a cross-sectional schematic representation of part of an optical
sensor according to an embodiment employing a layered waveguide structure;

Figure 11 shows a cross-sectional schematic representation of part of an optical

sensor according to an embodiment with a third configuration of a sample window:
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Figure 12 shows a cross-sectional schematic representation of part of an optical
sensor according to an embodiment incorporating sample windows of varying
sensitivity; and

Figure 13 shows a schematic representation of a process control system

Iincorporating optical sensors according to embodiments of the invention.
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DETAILED DESCRIPTION

An optical reflective grating such as a Bragg grating comprises a periodic
modification of refractive index within an optical waveguiding structure, where the
waveguiding structure comprises a core surrounded by cladding material of a lower
refractive imdex than the core. This structure guides optical waves by total internal
reflection at the boundary between the two refractive indices. The grating reflects light
propagating along the waveguide of wavelengths that falls within a bandwidth defined
by the magnitude and dimensions of the periodic refractive index modification, and
transmits light of other wavelengths.

If a region of the core of the waveguide i1s exposed or nearly exposed by
removing all or part of a portion of the cladding, and a fluid applied to the region so
that the optical field of light propagating in the waveguide extends into the fluid, the
refractive index of the fluid modifies the effective modal index experienced by the
propagating light. This is turn modifies the reflectivity properties of the grating, which
can be measured. From this measurement, the refractive index of the fluid can be
determined, which allows either direct refractive index measurements to be made, or
other properties of the fluid to be determined if the relationship between these

properties and refractive index is known.

A Bragg grating has a reflectivity peak at a Bragg wavelength Agpaee. This is
defined by the Bragg relation

Neff = )\Bragg/ 2A

where nggr 1s the effective modal index and A is the grating period. Thus, if the grating

period i1s known and the peak reflected wavelength is measured, the effective modal
index can be calculated using the Bragg relation. From this, the refractive index of the

fluid can be ascertained by calculation or by reference to the measured properties of

calibrated standard liquids.
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Lo achieve this, it is necessary to make accurate measurements of the
wavelength of light reflected from or transmitted by the grating, to see how much the
Bragg wavelength has been shifted by the presence of the fluid. Thus, a photodetecting
device with adequate spectral resolution is used, such as an optical spectrum analyser
(OSA), a spectrometer, or by using light from a tunable light source that is scanned in
wavelength across the reflectivity bandwidth of the grating and recording the intensity
reflected at each wavelength. The resulting measurement allows the properties of the
tfluid to be ascertained at the wavelength of measurement.

The present invention extends this concept by providing a sensor to determine
fluid properties that incorporates several gratings on a single substrate, each grating
having a reflectivity response with a different Bragg wavelength. Applying fluids to
the various gratings allows refractive index and other fluid properties to determined at
different wavelengths with a single device, so that dispersive properties (variation with
wavelength) can be measured. Also, the various gratings can be uniquely accessed
owing to their different wavelengths, so that results from different gratings can be
readily distinguished, allowing a plurality of fluid samples to be measured at the same
time. Also, the locating of several gratings on the same substrate improves results
because the gratings each experience the same or similar environmental disturbances
such as stresses or temperature changes that can modify the grating periods and the
Bragg wavelengths and hence give erroneous resulis. In the present invention, each
grating undergoes the same modification so that the relative shifts are the same.

Figure 1 shows a schematic plan view representation of an example of a first,
simple, embodiment of an optical sensor according to the present invention. The
optical sensor 10 is formed on a single substrate 12, into which two planar waveguide
gratings and associated waveguides are written. The first grating 14A, written into an
optical waveguide, has a sample window 16A over it, which is a region of the
substrate in which some or all of the cladding that defines the waveguiding properties

1s removed. A sample of fluid can be thereby be applied to the grating 14A by placing
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it 1n the sample window 16A. The grating 14A has a Bragg wavelength of 1.3 um. The
second grating 14B, written nto a parallel waveguide, similarly has a sample window
16B over it, and has a Bragg wavelength of 1.5 um.

The Bragg wavelength of each grating is a peak in a reﬂectivity/transmissivity
function that allows the gratings to operate as narrow-band optical filters, reflecting
only light with wavelengths that satisfy the Bragg relation. These functions can be
thought of as wavelength filtering responses. Figure 2 shows the response of a grating
14 as a plot of wavelength \ against reflected intensity Ir; this is the light that will be
reflected from the grating if it 1s illuminated by light with a bandwidth broad enough
to cover the bandwidth of the response peak. Thus, the sensor needs to be supplied
with light of an appropnate spectral bandwidth. A light emitting diode may be
suitable. A general broadband source may also be used. Depending on the range of
wavelengths of gratings present on a single substrate, several sources can be combined
to cover all the gratings. Operation of the sensor depends on shifting of the Bragg
wavelengths of the gratings 14, so the input light also should have a bandwidth that
encompasses the magnitude of the expected shift; this will depend on the range of
fluids to be sensed by the sensor.

As explained, each grating 14 has some or all of its overlying cladding
removed to allow the effective modal index to be affected, or altered, by the presence
of a sample of fluid received by the sample window 16. Depending on the direction of
change of the effective modal index, the Bragg wavelength of the grating is shifted, as
indicated by the arrow in Figure 2. The magnitude of the shift depends on the
magnitude of the index change, which depends on the refractive index of the fluid
sample. A fluid with a large index will increase the modal index and also the Bragg
wavelength so that the response peak moves to the right in Figure 2; a fluid with a
small index has the opposite effect and moves the peak to the left.

To operate the sensor 10, light is directed along the waveguides to the gratings

14 from an optical source 18, operable to generate light at 1.3 ym and 1.5 um. Two
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broadband sources may be combined to achieve this, to accommodate both the
bandwidth of the gratings 14 and also the maximum anticipated shifts mn Bragg
wavelengths. The output from the optical source 18 passes along a first optical fibre
20, and into an optical circulator 22 which passes the light into a second optical fibre
5 24 that is coupled to an input waveguide 26 written into the substrate 12. The mput
waveguide is coupled to an integrated wavelength splitter 28 similarly written into the
substrate, which splits the light into its two wavelength components and passes each
component to the waveguide in which the relevant grating 14 1s written. However, any
light coupling and splitting device can be used to divide the light between the two
10  waveguides. The different Bragg wavelengths make the gratings 14 self-selective with
regard to wavelengtﬁ,' so that they will reflect at their own wavelengths and reject
(transmit) light at other wavelengths. Hence light at wavelengths other than the
relevant Bragg wavelength can be fed to a particular grating without detriment so that
it is not necessary to spectrally separate the light before distributing it between the
15  grafings.

Light reflected by the gratings 14 passes back along the waveguides to the
splitter 28, where it is combined and coupled back to the mput waveguide 26, the
second‘ optical fibre 24, and the circulator 22, which passes the reflected light to a third
optical fibre 30. This feeds the light to an optical spectrum analyser (OSA) 32 for

20  detection and spectral resolution/analysis. The OSA spectrally resolves the light 1t
receives to give a reading of Ii ght intensity versus wavelength. In this case, the reading
shows two peaks, one from each grating 14. The shift in Bragg wavelength caused by
the presence of fluid samples in the sample windows 16 can be measured from the
reading, from which the refractive index and related properties of the fluid samples

25  can be determined.

The presence of two gratings with different Bragg wavelengths combined with
separate sample windows for each grating offers several uses of the sensor. Different

fluids can be applied to each grating at the same time, and a single measurement made
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with light covering both filtering responses. The different reflected wavelengths
present in the measured result can be used to distinguish between the gratings and
hence the fluid samples, so that measurement and detection of two different samples
can be performed simultaneously. Naturally, the gratings can also be used
independently if desired. Also, if samples of the same fluid are applied to both
gratings, measurements at two different wavelengths can be obtained. This is useful in
that refractive index typically varies with wavelength (dispersion, dn/d\), so that
measurements at more than one wavelength can be used to determine this variation, or
to take account of it if it 1s previously known and fluid properties related to refractive
index are of interest. Also, different fluids can be distinguished or identified on the
basis of measurements of the index variation, since fluids may have the same index at
a single wavelength but have different dispersions. Index data obtained from the
sensor can be fitted to power series-type representations of refractive index (Sellmeier
equations).

This concept can be expanded to cover many gratings, so that detailed spectral
information can be obtained, or to allow testing of many fluid samples by using
wavelength to discriminate between them. To achieve this, it is necessary to provide
light from a light source or combination of light sources to cover the bandwidths and
shifts of all the gratings, to couple the light to each grating and collect it after filtering
for spectral analysis. Any suitable combination of optical fibres, waveguides written
into the substrate, couplers, splitters and circulators can be used to achieve this.
Further, individual optical sources can be used, with their respective outputs coupled
directly to individual gratings. Additionally, further components may be added to
select a single polarisation of light entering the sensor; this reduces effects on the
measured grating responses of birefringence in the sensor waveguides and gratings.

It a sensor 1s intended for testing many different samples, each grating should
be provided with a separate sample window, as in the example of Figure 1. However,

1f 1t 1s intended that a single fluid is to be tested at multiple wavelengths, the sensor
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can be simplified by providing a single sample window that extends across some or all
the gratings, so that one sample can be applied to every grating under the window.

Figure 3 shows schematic representation of an example of such a sensor. The
sensor 10 in this case comprises seven gratings 14A-14G, each having a different
Bragg wavelength, fabricated in parallel waveguides written on a single substrate 12.
One sample window 16 covers all of gratings. The parallel waveguides are coupled to
a single mput/output waveguide 26 which is connected via an optical fibre 24 to a
circulator 22 that delivers incoming light from a light source to the gratings, and then
directs reflected light from the gratings to a spectrally resolving optical detector for
spectral analysis. In the Figure, the connection between the waveguides is shown as a
direct converging/diverging 1:n star coupler (where n is 7 in this example), but any
equivalent coupling arrangement can be used, such as a cascade of y-splitters (1:2
couplers). :

Further, the gratings need not be positioned within separate waveguides.
Instead, two or more gratings can be arranged sequentially along a single waveguide.
The self-selecting reflectivity of the individual gratings means that the single
waveguide can éarry light with a bandwidth covering the responses of all the gratings.
The first grating reflects light with waveléngths within its response, and transmits all
other wavelengths onto the following gratings, where the second grating reflects its
wavelengths, and so on.

Figure 4 shows a schematic representation of a sensor of this design. The
sensor 10 features four gratings 14A-14D, each having a different Bragg wavelength,
fabricated one after the other along the length of a single waveguide 26 written in a
substrate 12. Incoming light is coupled directly into the waveguide 26 for transmission
to the gratings, and the reflected light is collected for spectral measurement as it is
emitted from the waveguide 26.

Further embodiments of the invention include one or more gratings used as

reference gratings. As before, each of these gratings has a different Bragg wavelength
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from the other gratings in the sensor. The purpose of a reference grating is to allow
compensation for environmental disturbances and other perturbations that may disrupt
the performance of gratings being used to measure fluids (which may be thought of as
sensing gratings). These include changes in temperature, or stresses being applied to
the substrate. Such disturbances are liable to temporarily modify the structures of the
gratings and produce a shift in Bragg wavelength that is unrelated to that caused by an
applied fluid sample but which cannot be distinguished therefrom in the measured
spectrum. To address this, a reference grating can be provided to which no fluid
sample 1s applied. Any shift in the spectrum of light reflected from the reference
grating cannot be caused by the fluid sample, and hence can be ascribed to unwanted
perturbation. Thus a perturbation can be not only detected, but its effect measured.
Suitable adjustments can thus be made to the measurement from the sensing grating to
compensate for the perturbation.

The arrangement of all gratings on a single substrate according to the present
invention particularly facilitates the use of reference gratings, since the reference
grating and the sensing grating will experience the same environment and will hence
be subject to the same disturbances. To further ensure that the reference grating is
perturbed in the same way as the sensing grating and to hence improve accuracy, the
environment of the two gratings can be additionally harmonised by providing a sample
window for the reference grating as well as for the sensing grating. A reference fluid,
such as an aqueous fluid, with known prOperties and a known effect on the grating
response can then be applied to the reference grating while a fluid sample for testing is
applied to the sensing grating. However, in other embodiments, the reference grating
has no window.

Preferably, the reference grating has a Bragg wavelength closely spaced from
the Bragg wavelength of the sensing grating. This allows spectral discrimination
between the two gratings, but also gives similar modal properties to the two gratings

so that their responses and behaviour are as well-matched as possible. For example,
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the reference grating and the sensing grating can have Bragg wavelengths separated by
10 nm, for example a reference grating at 1540 nm and a sensing grating at 1550 nm.
Separations down to about 2 nm are useful, however. The reference grating can be
provided in a waveguide separate from that of the sensing grating, as in Figure 1, or
may be provided in the same waveguide as the sensing grating, as in Figure 4. For a
sensor with a plurality of gratings, a reference grating can be provided for every
sensing grating. Alternatively, it may be found adequate to provide a single reference
grating for a plurality of sensing gratings or for the whole sensor, perhaps m the event
that it is required to detect a perturbation but not to compensate for it. In sensors
having more than one reference grating, a single window can be used over all the
reference gratings for application of a single reference fluid to all the reference
gratings.

Figures 5A-5D show schematic representations of various examples of sensors
including reference gratings. However, it will be clear from the preceding paragraph
that many other permutations are possible. Figure 5A shows a simple two grating
sensor 10, in which a reference grating 34 without a window and sensing grating 14
with a sample window 16 are defined within the same waveguide 26 on a substrate 12.
Figure 5B shows a sensor 10 with the same arrangement of two gratings, but in which
the reference grating 34 is provided with a window 36 to receive a reference fluid.
Figure 5C shows a larger sensor 10 having three sensing gratings 14A-14C written 1n
three separate waveguides, but sharing a common sample window 16. Each sensing
grating 14A-14C has an associated reference grating 34A-34C written in the same
waveguide as the sensing grating. The three reference gratings 34 share a common
window 36 for application of a reference fluid. Finally, Figure 5D shows a sensor 10
having three sensing gratings 14A-14D each with its own sample window 16A-16D,
and each written in a separate waveguide. Three reference gratings 34A-34C are also

provided, but these are similarly each defined in separate waveguides, in each case
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adjacent to a sensing grating with which it is associated (by having the appropriate
Bragg wavelength spacing, for example).

A sensor according to the invention can comprise any number of gratings,
depending on the number of wavelengths of interest, the number of fluid samples to be
tested at one time, and any requirement for reference gratings. As discussed, the
gratings each have a different Bragg wavelength; the individual wavelengths and the
total wavelength range can be selected with regard to the fluids and fluid properties to
be investigated with the sensor. The wavelengths can be regularly or nregularly
spaced across the range, as desired. Further, the gratings can be provided m groups
according to wavelength, where gratings within a group have closely spaced
wavelengths, and the groups have more widely spaced wavelengths. The wavelength
of a group can be considered to be the average wavelength of all the gratings in the
group. For example, a group may have a number of gratings with wavelengths spaced
by wavelength separations in the range of 2-10 nm, whereas each group is spaced from
the other groups by a wavelength separation of say 50 nm, 100 nm or 200 nm. Thus,
the groups may have average wavelengths of 1100 nm, 1200 nm, 1300 nm, 1400 nm,
1500 nm and 1600 nm, with a first group comprising three gratings at 1098 nm, 1100
nm and 1102 nm, and a second group comprising three gratings at 1198 nm, 1200 nm
and 1202 nm, etc. The close spacing within a group gives substantially similar modal
properties to the waveguides, so that the same layers or the same molecular species
can be detected in fluid samples, for example, with the gratings still being
distinguishable by wavelength, and the wide spacing between groups can yield
spectrally useful information. Also the group concept extends to sensors including
reference gratings, so that each group comprises a sensing grating and a reference
grating, these two having more closely spaced wavelengths than those of the various
sensing gratings on the substrate.

Further with regard to external perturbations, it is possible to introduce

temperature as a desirable variable into the index measurements. A temperature



CA 02573097 2007-01-05

WO 2006/008447 PCT/GB2005/002680

10

15

20

25

220-

varying device such as a heating element or a cooling device can be thermally coupled
to the optical sensor. Heat can be applied (or removed) to change the temperature of
the fluid sample(s). The sensing grating(s) and any reference grating(s) also
experience a change in temperature, which affects the grating periods and Bragg
wavelengths, but since the gratings are on the same substrate coupled to the
temperature varying device, each experiences substantially the same temperature
change and shift in wavelength filtering response. Thus, the reference grating can be
used to identify direct temperature-induced shifts in the sensing grating, so that
temperature-induced refractive index changes in the fluid can be distinguished
therefrom, and measured. Refractive index typically varies with temperature, so that
the fluid sample(s) can be heated or cooled to a selection of known temperatures or
thrdugh a temperature cycle while measurements of index are made, to yield the rate
of change of index with temperature, dn/dT. In addition, applying the same flud to
several sensing gratings with different Bragg wavelengths adds a spectral dimension,
so that measurements can be made of d(dn/c!T)/d)\ and d(dn/dN)/dT. Also, difterent
fluids can be distinguished, since even if they have identical refractive indices at one
or more temperatures, they are unlikely to have the same temperature dependence of
index. Further, particular heat-dependent stages in chemical and biological reactions
can be identified.

Figure 6 shows a schematic plan view representation of an optical sensor 10
that has been augmented with a heating or cooling device 40 in the above manner. The
sensor comprises three sensing gratings 14 having different Bragg wavelengths and
defined in different waveguides, but sharing a common sample window 16. To
achieve good results using this technique, the heating or cooling device 40 should be
coupled to the optical sensor 10 so as to give provide the same heating or cooling
effect to all gratings (for example by use of a thermal coupling medium 42), and
preferably to the whole substrate 12, to eliminate any temperature variation between

the gratings that could affect the index measurements.
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When designing a sensor according to the present invention, one should
preferably consider a number of factors. These include operating wavelength, the
refractive index and dimensions of the various waveguiding layers, and the
wavelength filtering responses of the gratings. The sensitivity of the sensor to
refractive index difference of fluid samples depends on how much the effective modal
index of a grating is affected by the index of the fluid, which in turn depends on the
amount by which the optical mode of light propagating in the grating extends out of
the waveguide layers of the grating and into the fluid. Thus, control of the proximity
of the fluid to the waveguide mode alters the sensitivity, and also the loss of the
optical mode due to absorption in the fluid. The penetration of light into an area of
lower index depends on the index difference (between the waveguide and the liquid),
and the wavelength of the light. In general, longer wavelengths will penetrate further
into the fluid, and hence can give higher sensitivity. However, longer wavelengths
may also lead to higher loss in some cases. For example, light with a wavelength
around 1.3 pum may be preferable to 1.5 um for use with water-based fluid samples
due to the considerably lower absorption at the shorter wavelength.

The design should also take into account the index or range of indices of the
fluid or fluids that the sensor is intended to measure. Typically, a waveguide can be
expected to have a higher index than a fluid so that the optical mode will be confined
to the core and there will be little penetration info the fluid. As the refractive index of
the fluid approaches that of the core the penetration depth of the mode will increase,
and so will the sensitivity of the sensor to the index of the fluid. For high sensitivity, it
may even be appropriate to make the grating waveguide of a material with an index
lower than that of the fluid. This will lead to a lossy mode but will be very sensitive to
the index of the fluid.

In a further embodiment, graded mndex waveguides can be used. The sample

window comprises a region in which the waveguide containing the associated grating

~is modified to bring fluid received by the window into closer proximity with the
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evanescent field of light propagating in the waveguide, by removing part or all of the
cladding of the waveguide and possibly part of the waveguide core as well (this is
discussed further below). The window section of the waveguide thus has a different
modal index from the adjacent parts of the waveguide, particularly if the cladding is
removed completely to expose the core. The change in modal index is abrupt, which
results in strong Fabry-Perot type fringes in the grating response, which perturb the
output of the sensor. This can be addressed by varying the refractive index of the
waveguide over all or part of the length of the grating, to give a graded or tapered
refractive index structure. This modifies the modal index and if suitably positioned
with respect to the window, can compensate for the abrupt change in modal index
caused by the window, either completely or by making the change more gradual so
that the fringes are less significant. For example, the taper can extend over a distance
of hundreds of micrometres to a few millimetres as required, depending on the size of
the window, the depth of the removed cladding and the refractive index values of the
cladding and core.

An alternative or additional approach is to reduce back-reflections by angling
the sample window with respect to the underlying waveguide. Thus, at least the first
edge of the window (with respect to the propagation direction in the waveguide of
incoming light), and preferably the second edge (especially if more than one grating 1s
provided along the waveguide) are positioned away from the normal to the light
propagation direction. Thus, any light reflected at the interfaces where the window
begins and ends is not directed back along the waveguide. An angle of a few degrees
is typically adequate. Figure 7 shows a schematic representation of a window 16 with
edges 44 angled in this way with respect to a waveguide 26 containing a grating 14.

Also, optimisation of the waveguiding structure to allow single mode operation
of the grating is beneficial. In general, single moded waveguides (possibly allowing
for two orthogonal polarisations) will give more clearly defined reflection peaks or

transmission dips in the wavelength responses of a grating. Hence, it 1s preferable for
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the waveguides of the sensor to support single mode operation, particularly where the
waveguides enter the sample windows. The fluid sample in the window may have a
considerably lower refractive index than the cladding material that has been removed
to form the window, which can allow the waveguide to become multimoded 1 the
window region.

Any waveguide configuration that offers single mode operation may be used.
One design regime for addressing this issue is illustrated in Figure 8. This shows a
schematic representation of part of a sensor, in cross-section through the length of a
orating with a sample window. The sensor is formed from a substrate 12 comprising a
base layer 50 supporting a lower cladding layer 52 underneath a core layer 54
underneath an upper cladding layer 56. The grating 14 is defined in the core layer 54.
The sample window 16 is located over the grating 14, and is formed by partial

removal of the upper cladding layer 56 overlying the grating 14 so that the cladding

layer is thinner in this region than adjacent portions of the cladding layer. A sample of
fluid 58 has been applied to the sample window 16. The portion of cladding in the
sample window has been left relatively thick, however, so that the fluid is kept
relatively remote from the core. This means that only a small portion of the evanescent
field 60 of the propagating light penetrates into the fluid S8, so that the fluid has little
impact on the modal profile and single mode operation is maintained.

An alternative design regime is shown in Figure 9. Again, this shows a
schematic representation of a sensor in cross-section through the length of a grating
with a window, the sensor being formed on a substrate 12 having the same structure as
shown in Figure 8. In this case, however, the sample window 16 is formed by total
removal of the upper cladding layer 56 n the window re gion and also partial removal
of the core 54, so that the core 54 has a reduced thickness in the window region
compared to adjacent parts of the core. This change in core thickness maintains single

mode operation, and provides a more sensitive device than that of Figure 8. However,
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higher losses from absorption and scattering are likely owing to the larger proportion
of the evanescent field 60 that extends into the fluid 38.

In other embodiments, a sample window may be formed by complete removal
of the upper cladding layer only, leaving the core intact and of a uniform thickness.

The amount of penetration of the optical field into the fluid can also be
modified by the use of one or more additional layers in the waveguide structure to
tailor the modal properties of the waveguides. For example, a high-index layer added
to the cladding can be used to pull the optical field closer to the liquid to enhance
sensitivity. Indium tin oxide is a suitable material for this [8], but other high index
materials are not excluded. Figure 10 shows a schematic representation of an example
sensor designed in this way, again depicted as a cross-section through the length of a
erating with an overlying window. The Sensor is fabricated on a substrate having a
layered structure as previously described with reference to Figure 8, with a sample
window 16 formed by partial removal of the upper cladding layer 56, but further
including an additional upper cladding layer 62 that distorts the evanescent field 60
towards the fluid 58.

Sensors according to the present invention as described above may be used to
measure the bulk refractive index of fluid samples, either as a parameter of direct
interest or as an indicator of a further characteristic, such as concentration. However,
in other embodiments, a surface treatment may be used to allow specificity to a
particular molecule of a biological agent. To achieve this, a surface coating of a
chemically selective material is applied to a sample window. The chemically selective
material is such that it contains receptors that bind to a specific molecular species that
may be present in a fluid sample. The binding process causes a specific change m the
effective modal index that can be measured as described above. Thus, a sample
containing the molecular species will give a particular output from the grating,
whereas a sample lacking the molecular species will not bind to the chemically

selective material and hence not modify the index in the required manner, thus giving
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a different output. This technique can be used for chemical and biochemical sample
testing and detecting. For example, the receptors may be molecules that bind ligands
present in the sample, or the receptors may be antibodies that bind antigens in the
sample, or vice versa [9]. According to various embodiments of the invention, one,
some or all of the sample windows associated with sensing gratings on a sensor can be
provided with a layer of chemically selective material. Also, various sample windows
can have different chemically selective materials.

In a further embodiment, a metallic film can be applied to a sample window as
a surface layer or coating. This gives a grating that operates as a surface plasmon
sensor, in which the metallic layer supports a surface plasmon that i1s modified by the
presence of a fluid in the sample window. This modification produces a corresponding
change in the effective modal index, which can be measured as described above owing
to the resulting change in the Bragg wavelength of the sensing grating. Any metal that
supports surface plasmons can be used, such as gold, silver, aluminium and platinum.
Gold is particularly suitable for testing biological fluid samples since it 1s biologically
compatible. Also, gold is expected to increase the sensitivity of the grating. According
to various embodiments of the invention, one, some or all of the sample windows
associated with sensing gratings on a sensor can be provided with a metallic layer,
and different sample windows can have different metals.

Figure 11 shows a schematic representation of part of an example sensor
having a structure for chemically selective sensing or surface plasmon sensing, again
depicted as a cross-section through the length of a sensing grating. The sensor is
fabricated on a substrate having a layered structure as previously described with
reference to Figure 8. In this case, however, a surface coating or layer 64 is appled
over the sample window, so that a fluid sample 58 sits on top of the coating. The
coating 64 is a chemically selective material capable of binding with molecules in the
fluid sample 58 1n the case of a chemiCally selective sensor, or a metallic film 1n the

case of a surface plasmon sensor. In the former case, the evanescent wave 60A is
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substantially undistorted compared to there being no coating. In the latter case the
wave 60B has subsidiary peak in the metallic film owing to the surface plasmon; this
increases the sensitivity owing to a greater proportion of the optical field being in
close proximity to the fluid.

There are many possible configurations for a multiwavelength sensor
according to the present invention. Any or all of the above embodiments can be
integrated in a single sensor. A range of combinations of different grating wavelengths
and sample windows can be provided, for example configurations with different
sensitivities, or windows with different chemically selective coatings (for testing a
single biological sample for different compounds, for example) or windows with
different surface plasmon metallic films, or any combination of these. Also,
information can be gained by analysing the changes to the grating responses from
molecules in the samples, since the ability to record information at multiple
wavelengths can be used to gain insight into molecular species present in a fluid. For
example, the addition of water to another liquid may cause greater changes at 1400 nm
and 1500 nm from the OH bonds than at 1100 nm and 1200 nm. Similarly, the
presence of C-H bonds and C=C double bonds could be detected at difterent

wavelengths to yield information about multiphase and multi-component liquids.

~ These changes typically result from both additional absorption and modified refractive

index in spectral regions where strong molecular resonances occur. Such information

has application in sensing contamination in industrial systems.

Sensitivity can be varied from grating to grating by varying the thickness of the

" cladding layer in the sample windows to give different penetration depths of the

optical field into the fluid sample. As well as giving different sensitivities, the
different penetration depths allow different depths in a fluid sample to be interrogated
to investigate layers within a sample. For example, it may be that the fluid adheres to
the surface of the window (perhaps if a chemically selective coating is included) and

eives a different index to the bulk of the fluid sample. The gratings could have widely
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spaced wavelengths, or alternatively, a selection of different gratings of very closely
spaced wavelength (2 nm separation, for example), each with a different cladding
thickness, could be used to obtain information about the build-up of molecular species.
The closely spaced wavelengths have substantially the same modal confinement and
hence field penetration depth and can “see” the same molecular species, but can be
distinguished in detection to allow each grating to be analysed separately. Further
groups of gratings with wavelengths closely spaced around a wavelength more widely
spaced from the first group can be provided to give a spectral dimension to the
measurements.

Figure 12 shows a schematic cross-section through part of a sensor having
gratings with windows of different cladding thickness. The sensor i1s formed on a
layered substrate having the same structure as that described with reference to Figure
8. In this example, three gratings 14A-14C are provided, written sequentially along the
length of the core 54 of a single waveguide 26. Each grating has a different Bragg
wavelength, chosen to give appropriately independent responses, in particular so that
propagation through earlier gratings does not materially affect the grating reSponsés.
Each grating 14 has a sample window 16; the left hand window 16A is formed by total
removal of the upper cladding layer 56, and the windows 16B and 16C are formed by
partial removal of the upper cladding layer 56, with a thinner portion of cladding used
for the middle window 16B than for the right hand window 16C. This means that the
evanescent wave of light propagating in the waveguide and the gratings penetrates
further into the fluid 58 received in the window for the right hand grating 14A than for
the middle grating 14B, which in turn has a greater penetration depth that for the right
hand grating 14C. The greater field penetration depth results in a greater sensitivity to
the fluid index, and if the layer of fluid at the bottom of the windows 1s different from
that of the bulk of the fluid (as for example if a biological layer preferentially adheres
to the window surfaces), additional information about the fluid structure can be

obtained.
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In all embodiments, a wide range of fluids can be measured, detected, or
monitored. Suitable media include liquids, two-phase liquids, colloids, liquid-solid
phase transitions, super-critical gases, emulsions and biological samples. For example,
a potential application of the multiple wavelength measurements that can be obtaned
is in an ice formation sensor in which the phase transition from water to ice can be
monitored to reveal ice build-up on aircraft.

In addition, or instead of, measuring the central Bragg wavelengths of the
eratings, one can measure the grating bandwidths (possibly at different widths, such as
3dB and 10dB) and the lineshape of the grating responses to gain additional
information about fluid samples. For example, a strongly absorbing fluid will limit the
effective grating length causing a broader spectral peak in the grating response.
Variation of the fluid along the length of the grating (as would occur if large
molecules attached to the window surface, or if a two-phase liquid was present) will
cause a varying waveguide index along the grating, observed as an alteration in the
grating lineshape. A more complex analysis may include fitting a model to the
measured spectral output reflected by a grating that includes loss and random variation
of index along the grating, and possibly at other locations within the sensor through
which the detected light has propagated.

Optical sensors according to the present invention may be used in any situation
in which it is necessary to determine the refractive index of one or more fluids or fluid
samples, or to determine properties or features of a fluid that vary with refractive
index, or to identify a fluid or distinguish between fluids. Applications 1n fields
including physics, chemistry, biology, medicine, pharmaceuticals and food science are
all possible. As an example application, a sensor may be used in the control of an
industrial or manufacturing process. A fluid or fluids used in or made by the process
can be repeatedly tested using one or more sensors, and the results used to control
subsequent stages of the process, perhaps by sending software commands to the

process apparatus. For example, the end point of a process can be determined, or
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unwanted events such as contamination can be detected. The measurements may
comprise part of a feedback loop, for example, to provide constant monitoring of a
fluid composition in a manufacturing process. Use of sensors in this way can be used
to automate a process, or to iImprove accuracy.

In the event that more than one sensor is used, the sensors can be combined
into a network to provide a control system for the process. A number of sensors may
be remotely deployed throughout the process apparatus, and connected to a central
control hub. The hub contains one or more optical sources to generate light containing
wavelengths covering the bandwidths of each sensor grating in the control system, and
a detector such as an OSA to receive and spectrally analyse light reflected from the
oratings. Also, an optical routing device is included to take light from the optical
source(s) and direct it to the sensors, and to receive light reflected from the sensors
and direct it to the OSA. Optical fibres can be used to connect the various components
to the central control hub. The OSA, perhaps in combination with a central processing
unit or an equivalent processing device, analyses the reflected light, determines the
fluid property being monitored, and outpufs one or more control signals to the process
apparatus based on the value of the fluid property that has been determined.

The optical routing device can be configured in any manner appropriate to
handle the various wavelengths of light and the number of sensors. A first example is
a fibre optic switch configured to individually address each of the sensors
(sequentially or otherwise as required) by making an optical connection between the
optical source and a particular sensor. In this case, each of the sensors can be identical
with regard to their grating Bragg wavelengths since the switch provides unique
addressing. A second example is a series of optical splitters that divide the light from
the light source according to wavelength and direct it to the appropriate sensors, where
the sensors each have gratings with different Bragg wavelengths. The splitters operate

in reverse to recombine the reflected light. Loss of optical power will result from the

splitting and recombining, however. If this is unacceptable, an alternative approach for
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sensors with different Bragg wavelengths is to use a wavelength demultiplexing
component such as an arrayed waveguide grating to uniquely match wavelengths to
SENsors. .

Figure 13 shows a simplified schematic representation of a process control
system according to an embodiment of the present invention. The control system 70
comprises four sensors 72A-72D according to any of the previously described
ex'am‘ples and embodiments, deployed as appropriate throughout apparatus operable to
carry out the process. Each sensor is connected to a single central control hub 74 by an
optical fibre 76A-76D. The hub comprises an optical source 78, a spectrally resolving
optical detector 80, and a optical routing device 82. The central control hub 74 1s
represented by a dotted line, and may or may not comprise an enclosure or housing to
group the various components. The optical routing device 82 receives light from the
optical source 78, directs it to the sensors 72 via the optical fibres 76 (either by
switching to connect a particular sensor or by dividing the light according to
wavelength, according to the examples in the preceding paragraph), receives light
returned from the sensors 72 via the optical fibres 76, and directs it to the detector &0.
The detector analyses the returned light to determine a property of fluid samples tested
by one or more of the seﬁsors and generates a corresponding control signal, which 1s
supplied to the apparatus via a control line 84.

Although a process control systeni can be implemented using a single sensor,
the concept of connecting a number of sensors via an-optical routing device 1s widely
applicable. Thus the present invention further extends to optical sensor networks, in
which a plurality of sensors (which may be identical or different) are connected to an
optical routing device which receives light from an optical source and distributes it to
the relevant sensors and collects light reflected from the sensor gratings and delivers it
for spectral analysis. The results of the analysis may be provided to a processor such
as a computer processor which is programmed to determine propetties of fluids tested

by the sensors from the Bragg wavelengths shifts apparent from the spectral analysis.
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A network of this type may be used to integrate a large number of gratings with
different wavelengths and different window types in the event that it is not practical to
accommodate all the gratings on one sensor substrate, and/or to provide centralised
operation of a number of sensors that need to be deployed in diverse locations.

Any fabrication techniques suitable for making gratings and waveguides and
connecting them in the required manner can be employed to fabricate optical sensors
according to the invention described thus far. For example, lithography and etching
may be used. A particularly suitable technique is that of direct ultraviolet (UV)
writing, using UV laser radiation to increase the refractive index of silica to write both
channel waveguides and gratings into a single substrate [ 10].

The direct UV writing fabrication technique 1s particularly advantageous
because it allows long high quality planar gratings to be written. This gives gratings

with a very narrow linewidth, leading to sensors with high sensitivity. The bandwidth

A?\, of a Bragg grating of Bragg wavelength Aprge 15 given by [11]:
Ad = N rage/ 2065 L(n? + (KL)2)2
where x 1s the coupling coefficient defined by

K = TNONT)/ABrageleft

and n is the refractive index of the waveguide cladding, nes 1s the effective modal
index, én is the magnitude of the index modulation in the grating, n 1s the overlap
integral between forward and backward pfopagating modes, and L i1s the length of the
grating. Thus, the bandwidth depends on the length of the grating for weak gratings
and on the index modulation for stronger gratings. The resolution of the optical sensor

to fluid refractive index change is related to the minimum resolvable wavelength shift,
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and thus it 1s desirable to use long gratings with narrow spectral bandwidths
(wavelength filtering response).

For example, sensors may be fabricated using the direct UV writing technique
to write channel waveguides and gratings into a silica on silicon three layer wafer.
This has an underlying silicon wafer base that provides a robust carrier for subsequent
deposition of doped silicon oxide (doped silica) to form the various waveguiding
layers. Silicon is compatible with processing for the growth and annealing of oxide
layers. In addition it is possible to incorporate other elements into the silicon wafer,
such as MEMS structures for flow control, metering and heating of flmid samples, and
for additional integrated measurements such as in-situ thermal measurements. Also, a
silicon wafer has a lower thermal expansion coefficient than silica, so that after
annealing the silica layers are under compressive stress at room temperature, which
helps-to make the layers robust. It is, however, possible to grow the silica layers on
materials other than silicon, including but not limited to silica.

The layers can be grown by a number of techniques. The starting point 1s the
silicon base which is conventionally thermally oxidised in a steam environment to
erow a thin oxide layer on its surface. This first layer helps the growth and
consolidation of the later, thicker oxide layers. These layers may be deposited using
techniques such as flame hydrolysis deposition (FHD), low pressure chemical vapour
deposition (LPCVD), plasma enhanced chemical vapour deposition (PECVD), direct
bonding or ion exchange. For direct UV writing, a photosensitive layer 1s required.
This may be achieved with a three-layer structure in which the upper and lower layers
are cladding layers and the central layer is a core layer that 1s doped with a material to
promote sensitivity such as germanium oxide. Any of the layers may also include
additional dopants to control refractive index, fabrication temperature, etc. Commonly,
phosphorus, boron, tin and titanium are doped into silica. Also, doping the layers with

deuterium at high pressure for several days can be used to increase the photosensitive



10

15

20

235

WO 2006/008447

CA 02573097 2007-01-05
PCT/GB2005/002680

-33-

response. Hydrogen is an alternative photosensitiser. Alternatively, rapid thermal
processing can be employed to increase photosensitivity.

Next, channel waveguides are written into the layered substrate. For direct UV
writing, a substrate is translated under a focussed spot of UV laser radiation, the spot
having dimensions approximately related to the desired channel dimensions.
Preferably, the channels are designed to be single mode to give a strong Bragg grating
response. The gratings are defined using a spot with an intrinsic interference pattern.
The laser intensity is modulated at precisely controlled positions, allowing a grating to
be written simultaneously with the waveguide containing it. Computer control of the
writing apparatus allows precise control of the grating period and length (and hence
Bragg wavelength and bandwidth) and optical waveguide shape. Thus, single-
substrate optical sensors comprising two or more gratings connected by channel
waveguides such as those described above can be written with a single fabrication
process.

After waveguide and grating formation, the substrate is processed to form the
sample window or windows. Etching with hydrofluoric acid can be used to remove the
cladding material. The window region is defined by masking the non-window parts of
the substrate with photoresist, before etching. The photoresist may be defined using

lithographic processes that are related to the positioning of the waveguides to place the

windows in correct registration with the grating positions. If several windows with

different cladding depths are required, the window regions can be etched to different
depths using techniques such as depositing differently etch-resistant layers before
etching, suspending etching at appropriate times and covering sufficiently etched
windows with etch-resistant material, lowering the substrate into an etching liqud
steps, or pulling a masking plate across the substrate in steps in the case of gas phase

etching.
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WE CLAIM:

An apparatus comprising:

a light source (18); and

an optical sensor (10) comprising:
a substrate (12);

at least two planar Bragg gratings (14) defined within one or more optical
waveguides (26) in the substrate, each Bragg grating having a wavelength
filtering response that varies with an effective modal index experienced by
light propagating in the Bragg grating and that has a characteristic Bragg
wavelength different from the Bragg wavelengths of the other Bragg
gratings; and

a common sample window (16) overlying and associated with the Bragg
gratings and arranged to receive a sample of fluid (58) such that the
presence of a sample of fluid affects the effective modal index experienced
by light propagating in the associated Bragg gratings and hence modifies the
wavelength filtering response of the Bragg gratings;

the Bragg gratings being arranged to receive light from the light source (18),
filter the light, and output the filtered light for detection by a spectrally
resolving optical detector or an optical power detector;

the apparatus further comprising a spectrally resolving optical detector (32)
or an optical power detector arranged to detect light reflected from the Bragg
gratings, and a processor operable to receive results of a spectral analysis
from the optical detector and to determine dispersion of a sample therefrom.

An apparatus according to claim 1, in which the optical sensor further
comprises reference gratings (34) so as to provide at least two pairs of
Bragg gratings, each pair of Bragg gratings comprising a sensing grating
(14) having an associated sample window (16) and a reference grating, the
sensing grating and the reference grating having Bragg wavelengths
sufficiently closely separated that the gratings have substantially the same
modal confinement.

An apparatus according to claim 2, in which for each pair of gratings the
sensing grating and the reference grating have Bragg wavelengths separated
by an amount in the range of 2 to 10 nm. ‘
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An apparatus according to claim 2 or claim 3, in which for each pair of
gratings the reference grating has an associated sample window (36),
separate from the sample window associated with the sensing grating.

An apparatus according to any one of claims 2 to 4, in which for each pair of
gratings the reference grating and the sensing grating are defined within a
single wavequide (26).

An apparatus according to claim 1, in which the at least two Bragg gratings
comprise a plurality of Bragg gratings divided into groups of Bragg gratings,
the Bragg gratings within each group having Bragg wavelengths separated
by a first separation, and each group having an average Bragg wavelength
separated from average Bragg wavelengths of other groups by a second
separation greater than the first separation.

An apparatus according to claim 6, in which the second separation is at least
ten times greater than the first separation.

An apparatus according to claim 6 or claim 7, in which the first separation is
in the range of 2 to 10 nm,

An apparatus according to any one of claims 1 to 8, in which the one or more
optical waveguides are configured for single mode propagation of light.

An apparatus according to any one of claims 1 to 9, in which the sample
window comprises a portion of a cladding layer (56) overlying a core (54) of
the optical waveguide in which the associated Bragg grating is defined, such
that a sample of fluid (58) received by the sample window is in contact with

the cladding layer.

An apparatus according to claim 10, wherein the optical sensor comprises
two or more sample windows in each of which the portion of the cladding
layer has a different thickness.

An apparatus according to any one of claims 1 to 9, in which the sample
window comprises an exposed portion of a core (54) of the optical waveguide
in which the associated Bragg grating is defined, such that a sample of fluid
(58) received by the sample window is in contact with the core,

An apparatus according to claim 12, in which the exposed portion of the core
has a thickness less than a thickness of the core in adjacent portions of the
optical waveguide in which the associated Bragg grating is defined.
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An apparatus according to any one of claims 1 to 13, in which the Bragg
gratings having an associated sample window are defined in an optical
waveguide having a core that has a tapering variation in refractive index
along its length, to reduce abrupt changes in the effective model index at
edges of the sample window.

An apparatus according to any one of claims 1 to 14, in which the sample
window has one or more edges (44) that are angled with respect to a light
propagation direction in the optical waveguide(s) in which the associated
Bragg gratings are defined, to reduce reflections of light propagating in the
Bragg gratings.

An apparatus according to any one of claim 1 to 15, in which the one or more
optical waveguides comprise one or more layers (62) that modify
waveguiding properties of the one or more optical waveguides,

An apparatus according to any one of claims 1 to 16, in which the sample
window is provided with a surface layer of a metal (64) having a surface
nlasmon that may be altered by a sample of fluid to be received by the
sample window, the alteration in the surface plasmon causing an alteration
of the effective modal index of light propagating in the associated Bragg
gratings.

An apparatus according to any one of claims 1 to 17, and the optical sensor
further comprising a heating or cooling device (40) operable to modify the
temperature of the substrate such that each of the at least two Bragg
gratings have substantially the same temperature.

An apparatus according to any one of claims 1 to 18 and the optical sensor
further comprising one or more light sources (18) operable to deliver light to

the at least two Bragg gratings such that each Bragg grating receives light
having a spectral bandwidth covering at least part of its wavelength filtering

response.,

A process control system (70) operable to control an apparatus for
performing a process, comprising.

an apparatus according to any one of claims 1 to 19, wherein the spectrally
resolving optical detector (32) is operable to receive and perform spectral
analysis of light from the at least one optical sensor and to generate one or
more control signals for controlling the apparatus for performing a process In
response to the analysis; and further comprising
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an optical routing device (82) connected to the at least one optical sensor
(10), the light source (18, 78) and the optical detector (32), and operable to
receive light from the light source, distribute the light to the at least one
optical sensor, receive light output by the at least one optical sensor
following reflection from the Bragg gratings of the optical sensor, and deliver
the output light to the optical detector.

An optical sensor network comprising:
an apparatus according to any one of claims 1 to 19, and further comprising

a plurality of optical sensors (72) of an apparatus according to any one of
claims 1 to 19;

an optical routing device (82) connected to each of the plurality of optical
sensors and operable to receive light from the light source (18, 7/8),
distribute the light to the plurality of optical sensors, receive light output by
the plurality of optical sensors, following reflection from the Bragg gratings of
the optical sensors and output the received light for spectral analysis.

An optical sensor network according to claim 22, wherein the light source
(78) is operable to generate light covering the wavelength filtering responses
of the Bragg gratings of the plurality of optical sensors and arranged to
deliver the light to the optical routing device; and further comprising:

a spectrally resolving optical detector (80) arranged to receive light ou_tput
from the optical routing device, and operable to perform spectral analysis of

the light.
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