MICRO-MACHINED OPTICAL PRESSURE SENSORS

TECHNICAL FIELD OF INVENTION

[001] The following relates to micro-machined optical pressure sensors.

BACKGROUND

[002] With significant developments in micromachining technology, micro-
electro-mechanical systems (MEMS) and nano-opto-mechanical systems (NOMS) have
shown immense potential for sensor applications, which have advantages such as small
size, low power packages and reiative inexpensiveness. For example, optical MEMS
pressure sensors based on Fabry-Perot interferometry have been reported. Compared
to other MEMS sensing techniques subh as piezoelectric, piezoresistiv_e or capacitive,
optical micromachined sensing devices operate by monitoring light properties, such as
intensity or wavelength spectrum. ,

[003] Optical sensors pfovide distinct advantages over capacitive-type and
piezoresistive-type sensors, including: high sensitivity, immunity to electromagnetic
interference (EMI), less read-out electronic complexity, low power consumption, easy
telemetry applications, resistance to harsh environments, and capability for multiplexing.

v [004]' ‘There are two commonly employed sensing schemes for optical sensors,
the first is by measuring the output intensity change at a certain wavelength and the
second is by monitoring the resonance wavelength shiit.

[005] In Mach-Zehnder interferometer (MZLI) based' pressure sensors, due to
applied pressure, phase change on the sensing arm of the MZI can be obtained as
infensity changes.

[006] In Fabry-Perot interferometer based pressure sensors, variations in cavity
length due to the displacement of the diaphragm when pressure is applied can be
obtained in terrﬁs of inténsity variations. However, intensity interrogation typically has
limited sensitivity. High detection sensitivity can be obtained by measuring intensity
change at a fixed wavelength at the resonance peak of a high-Q resonator, but the light
source 'needs to have a very accurate wavelength with a narrow bandwidth and high
stability, which is difficult to achieve in practice. On the other hand, sensing schemes
based on wavelength interrogation, i.e., measurement of the spectral shift of the

. resonance wavelengths, can be used with a high sensitivity.



10

15

20

25

30

[007] Micro-ring resonators (especially Si micro-rings) have found numerous
applications, which offer high quality factor (Q) and a compact size making such
structures attractive for telecommunications and sensing applications. Micro-ring
resonator based sensors use a wavelength-shift scheme, which is very useful for
simultaneously reducing noise and enhancing sensitivity. Optical sensors are particularly
viable for silicon photonics since crystalline silicon has superior optical properties,
including high refractive index and low optical loss, which are not attainable with plastic
materials. For Si waveguide-based sensors, the evanescent optical field expanded
outside the Si waveguide can sense the surrounding variations. Moreover, devices
having a ring-resonator configuration can further amplify the sensing response as light
circulating inside the ring effectively and multiply interacts with the surroundings.
Furthermore, high quality factor (Q) ring resonators have a longer effective interaction
length with the surroundings, leading to an increase in sensitivity.

[008] A need therefore exists to provide micro-machined optical pressure

sensors that seek to address at least the above-mentioned problems.

SUMMARY

[009] According to an aspect of the invention, there is provided a micro-
machined optical pressure sensor, comprising: a diaphragm configured to deform
when a force is applied thereto; a sensing micro-ring spaced apart from the
diaphragm by a gap, the gap being variable depending on the force applied on the
diaphragm; and a reference micro-ring spaced apart from the sensing micro-ring,
the reference micro-ring configured to produce a reference resonance wavelength
shift, the reference resonance wavelength shift indicative of the temperature of the
micro-machined optical pressure sensor; wherein the sensing micro-ring is
configured to produce a resonance wavelength shift when the gap is varied, the
resonance wavelength shift indicative of the force applied to the diaphragm, wherein
the reference micro-ring is configured to compensate a temperature-dependent
resonance shift within the resonance wavelength shift produced by the sensing
micro-ring when the gap is varied.

[010]

[011] In an embodiment, an effective resonance wavelength shift may be

derived from the resonance wavelength shift and the reference resonance
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wavelength shift, the effective resonance wavelength shift indicative of the force

applied on the diaphragm independent of the temperature of the sensor.



[012] In an embodiment, the micro-machined optical pressure sensor may
further comprise a waveguide, wherein the sensing micro-ring and the reference

micro-ring may be in optical c_:ommunication with the waveguide.

[013] In an embodiment, the micro-machined optical pressure sensor may =~

further comprise a broadband light source in optical communication with the
waveguide for providing an optical spectrum from which the reso'nanCe wavelength
shift and the reference resonance wavelength shift are derived.

[014] In an embodiment, the micro-machined optical pressure sensor may
further comprise a substrate, wherein the sensing micro-ring and the waveguide
may be fixedly disposed within the substrate such that the spacing between the
sensing micro-ring and the waveguide does not vary when force is applied to the
diaphragm..

[015] In an embodiment, the substrate may comprise SiO, and the
diaphragm may comprise SizN, or SiO,. _

[016] In an embodiment, the substrate may comprise a Ieakage channel for
air pressure balance. v

[017] In an embodiment, the micro-machined optical pressure sensor may’
further comprise an auxiliary waveguide, wherein the sensing micro-ring is in optical
communication with the auxiliary waveguide. In this case, the broadband light
source may be in optical communication with both the waveguide and the auxiliary
waveguide for providing an optical spectrum from which the resonance wavelengfh
shift and the reference resonance wavelength shift are derived. The sensing micro-
ring, the waveguide and the auxiliary waveguide may be fixedly disbosed within the
substrate such that the spacings between the sensing micro-ring, the waveguide

and the auxiliary waveguide do not vary when force is applied to the diaphragm.

BRIEF DESCRIPTION OF THE DRAWINGS ,

[018] Embodiments of the invention will be better understood and readily
apparent to one of ordinary skill in the art from the following written description, by
way of example only, and in conjunction with the drawings, in which:

[019] Figure 1 is a schematic diagram of an optical pressure sensor according
to an embodiment of the invention. ‘ ‘

[020] Figures 2(a), (b) and (c) show cross-sectional / side views of an optical
pressure sensor (in part or as.a whole) according to an ‘embodiment of the invention.
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[021] Figure 3(a) is a graph showing the wavelength shift as a function of the
gap change (Ag) with different diaphragm materials used in an embodiment of the
invention.

[022] Figure 3(b) shows a cross-sectional view of. an optical pressure sensor
according to an embodimént of the invention.

[023] F'i‘gure 4(a) is a graph showing diaphragm deflection response at different
applied pressures for different diaphragm dimensions according to an embodiment of the
inventiors. - ,

[024] Table 1 shows the sensor performance of SiN diaphragms of various
dimensions according to an embodiment of the invention.

[025] Figure 4(b) is a graph showing wavelength shift versus applied pressure -
for three SiN diaphragms with different dimensions according to an embodiment of the
invention.

'[026] Figure 5 is-a graph comparing the temperature-induced wavelength shift
errors in a single ring system and a double-ring system according to embodiments of the
invention. _

[027] Table 2 provides a comparison of temperature-induced wavelength drift
experienced by a single-ring system and a double-ring system according to
embodiments of the invention.

DETAILED DESCRIPTION

[028] Embodiments of the present invention will be described, by way of
example only, with reference to the drawings. Like reference numerals and characters in
the drawings refer to like elements or equivalents.

[029] Embodiments of the invention provide a micro-machined, CMOS
compatible, optical pressure sensor having a double-ring resonator. In an exemplary
implementation, the double ring comprises a sensing ring and pressure is recorded by
measuring the sensing ring’s resonance wavelength shift. The double ring also
comprises a reference ring. Using the reference ring, wavelength shift induced by
temperature fluctuations can be effectively compensated without additional temperature
controllers. The response range and sensitivity of the pressure sensor can be altered by
adjusting the size of the éensing area and the thickness of>the diaphrag.m.

[030] Figuré 1is a scherhatic diagram of an optical pressure sensor according
to an embodiment of the invention. The optiéal pressure sensor is built on a sillicon-on-



insulator (SOI) waveguide platform. The optical pressure sensor comprises two micro-
rings: a sensing ring 102 and a reference ring 104, which are cascaded / coupled by a
common bus waveguide 106. Optionally, there may be another bus waveguide 107 (i.e.
an auxiliary waveguide) coupled to the sensing ring 102. Depending on the detection
method used, both the bus waveguide 106 and auxiliary waveguide 107 can be used to
detect the sensing ring’s response. Pressure is recorded by measuring the sensing
ring’s resonance wavelength shift, Adsens(T,P). The sensing ring’s resonance wavelength
shift is affected by both applied pressure (P) and temperature (7). For the reference ring,
the resonance wavelength shift A4{T) induced by temperature fluctuations (7) can be
effectively compensated without additional temperature controllers.

[031] Figures 2(a), (b) and (c) show cross-sectional views of an optical
pressure sensor (in part or as a whole) according to an embodimenf of the invention.-
Figure 2(a) shows a top wafer portion 210 that includes a cladding layer 212 and a SiO,
layer 214. The cladding layer 212 may be made of silicon. A portion of the cladding layer
212 is removed to form a diaphragm portion 216. The diaphragm portion 216 comprises
a thin SiO; layer and a relatively thicker Si layer, as shown in Figure 2(a).

[032] Figuré 2(b) shows a bottom SOl wafer portion 218 comprising two micro-
rings (sensing ring 202 and reference ring 204) and waveguides (not shown). The two
micro-rings are fixed on the buried oxide (BOX) layer 220 of the SOI wafer portion 218.
In figure 2(c) the top wafer portion 210 is wafer bonded to the bottom SOI wafer portion
218 to form an optical pressure sensor. The reference ring 204 is covered by the thick
upper cladding layer 212 and the sensing ring 202 is exposed to the diaphragm portion '
216. Opﬁohaﬂy, the bottom SOI wafer portion 218 further comprises a leakage channel
205 for air pressure balance. The presence of the leakage channel 205 allows contact-
loaded pfessure to be measured. On the other hand, the absence of the leakage
channel 205 allows both surrounded air pressure and contact-loaded pressure to be
measured. The presence or absence of the_ leakage channel 205 depends on the
pressure sensor’s application.

[033] In an exemplary implementation, there is a narrow gap (g) between the

sensing ring 202 and the diaphragm pbrtion 216. Turning back to Figure 1, when the |

light 130 from a broadband source is coupled into an input port 132, a large portion of
the power passes through the common bus waveguide 106, while a small portion of the '
light passes throughrthe sensing ring 102. Another small portion of the light is coupied to
the reference ring 104 by its transmission spectrum before being guided to the output
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port 134, Through the final transmission spectrum at the output port 134, the wavelength
shift information induced by the applied pressure can be obtained. | '

[034] If the bus waveguide 107 is coupled to the sensing ring 102, the the light
output at the output port 135 is the reflection spectrum of the sensing ring 102, The
reflection spectrum can be used to further characterize the sensing ring’s response, i.e.
~ in addition to the transmission spectrum of the sensing ring 102 at the output port 134.
Ideally, the peaks shown in graph 142 (A7) are equal to the dips shown in graph 140
(Msens,1). The only difference is the absolute intensity, which does not affect the sensors’
resolutions. '

[035] In embodiments of the invention, the pressure information is detected
through a variation in the narrow gap (g), and optical read-out is obtained through the
light spectrum. The high sensitivity of the device is mainly due to the detection principle
in which detection is based on mechanical modulation of the evanescent field around the
micro-ring resonator. Furthermore, due to the narrow gap (g), the mechanical modulation
can be easily detected. in partieular, the nano-waveguide based micro-ring provides an
intense evanescent wave, and the ring configuration can greatly enhance the interaction
period.

[036] Due to the fixed micro-ring and waveguide design (where the waveguide
is fixed within the substrate), the spacing between the sensing ring and the waveguide is’
not affected or deformed when the diaphragm is under pressure and deformed. This
configuration-provides embodiments of the invention with enhanced stability. In addition,
if an auxiliary waveguide 107 is bresent, the spacing between the sensing micro-ring and
the auxiliary waveguide 107 is not affected (does not vary) when a force is applied to the
diaphragm.. _

[037] The gap (g) between the sensing ring and the diaphragm is varied when a
pressure is applied. Compressing the diaphragm (i.e. when pressure is applied on the
diaphragm) causes buckling of the film and consequently vertical optical coupling
variation between the sensing ring and the substrate. The decrease in the coupling gap
increases the coupling coefficient (k) and causes the ring-diaphragm system to be tuned
gradually. In particular, when pressure is applied on the diaphragm, due to the stress -
located over the diaphragm, the separation between the diaphragm and the waveguide
is changed. Such out-of-plane motion’of the diaphragm modulates the path length of the
resonant optical field inside the cavity by modifying the effective refractive index (ne« (g))
- of the micro-ring waveguide.



[038] Here, the effective index is given as:
Nerr(g) = k(Bo + f1e79%) =ng+ne™ (1)
where k is the free space wavevector (k = 211/A), By is the propagation constant of the
free waveguide. ny and n4 are the refraQtive index of the micro-ring and the substrate,
respectively. o represents an exponential factor and indicates that the effective index of
the micro-ring (ner (9)) as a function of the air gap (g) between the micro-ring and the
“diaphragm surface. In barticular, o decays exponentially with the increase of the gap
distance. Meanwhile, an increase of the effective index (Aneg) increases the optical path
length of the ring resonator, leading to an increase of the resonance wavelength (AM).
[039] The effective index is derived as follows:

ksy
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[040] For a given reduced gap distance (Ag), the wavelength shift is given byﬁ

A = gom(neff)/l(z) Ag
2nc - (6)
where gom(ner) denotes the opto-mechanical coupling constant, Ao is the initial resonance
wavelength, and c represents the light velomty in a vacuum.

[041] Figure 3(a) is a graph showing the wavelength shift as a functnon of the
gap change (Ag) with different diaphragm materials, e.g. SiO, 302 and SisN4 304. Here,
in the numerical simulation, the parameters of the micro-ring / waveguide used are as
follows: the width of the core a= 450 nm, the height b=220 nm, the sensing ring radius
R=30um, as shown in Figure 3(b). The diaphragm is formed with a thin;film layer (2um)



of SiO, or SisN4 on top of Athe Si substrate. The initial ring-diaphragm gap distance go=
200 nm. '

[042] As seen from Figure 3(a), for a particular gap change (Ag), a SizNg4
diaphragm presents a larger wavelength shift 304 as compared a SiO, diaphragm 302.
For example, in the extreme case, when the gap change (Ag) reaches 0.2um, the
maximum wavelength shift for a SisN, diaphragm is up-to 50 nm. Such a response can
be easily detected through changes in the optical spectrum. As a result, a diaphragm
with a thin Si3Ng film (about 2um) is expected to provide better performance.
Consequently, the following description, Figures 4(a) / 4(b) /5, and Tables 1/ 2 relate to
a diaphragm covered with 2um thick SizN, film.

[043] Based on simulations, the optimized initial gap is found to be about 200
nm. A narrower gap provides higher sensitivity. However, in consideration of current
fabrication techniques, a very narrow gap may not be easily achievable.

[044] The dimensions of the diaphragm also greatly affect the measurement
range and sensitivity of the pressure sensor. Figure 4(a) is a graph showing diaphragm
deflection response at different applied pressures for different diaphragm dimensions. A
smaller and thicker diaphragm provides a wider pressure range but a limited sensitivity,
i.e. there is a frade-off between a wide measurement range and high sensitivity. For
‘example, with reference to Figure 4(a), for diaphragms having length and width of
300um (i.e. 300pm x 300um), a thicker diaphragm (e.g. 20pm) 402 allows a Wider
measurement range compared to a thinner diaphragm (e.g. 10um) 404, since less
diaphragm deflection occurs for a thicker diaphragm when under the same pressure
loading. Furthermore, increasing the diaphragm dimensions can improve sensitivity. For
instance, a sensor with a diaphragm dimension of 500um x 500um x 10um (length x
width x height) 406 has a sensitivity of > 33pm/kPa. Table 1 shows the sensor
performance (range / sensitivity) of SiN diaphragms of various dimensions.

[045] Figure 4(b) is a graph showing wavelength shift versus applied pressure
for three SiN diaphragms with different dimensions 412 / 414 / 416. The pressure range -
is set according to the maximum diaphragm deflection (£ 200nm). As seen in Figure
4(b), the wavelength shift increases exponentially with increasing applied pressure. For
example, an applied pressure of 2.7 MPa leads to 16nm wavelength shift for a sensor
with a diaphragm dimension of 300pm x 300um x 20um 412. The inventors have
calculated that dependent on the coupling gap variation caused by a pressure loading,

the wavelength / frequency varies with an average pressure sensitivity of about 0.5



pm/kPa in a 2.7 MPa range for a sensor with a diaphragm dimension of 300um x 300um
x 20um. '

[046] Analysis using resonator theory indicates that the wavelength shift can
reach 50 nm when the ring-diaphragm coupling gap is tuned from 200 nm to 0 nm. The
double-ring optical pressure sensor's sensitive response to diaphragm deformation
shows that it is suitable to be implemented as an opto-mechanical sensor to measure
pressure with high sensitivity, and also as other sensors for measuring mechanical load
and displacement with high sensitivity. The strong opto-mechanical coupling effect has a
strong response to diaphragm deformation, enabling higher efficiency in mechanical
response. Embodiments of the invention advantageously provide stable and consistent
optical performance as the optical sensing part is fixed and separated from the
deformable diaphragm.

[047] One challehge constantly faced by ring-resonator based sensors is
temperature-dependent resonance shift, which is typically due to material properties. As
a result, in- the prior art, an additional temperature controller is required in order to
improve the sensor performance and be less temperature-dependent.

[048] The double-ring resonator based pressure sensor according to
embodiments of the invention allows for in-situ temperature compensation, making the
measurement relatively insensitive to temperature changes and eliminates the need for
an external temperature controller. Assuming the resonant wavelength shifts are caused
by the combination of diaphragm deflection and temperature change, the total shifts for
the sensing and reference rings can be given by:

A/‘{.sens (AT) = AAsens (AT = 0) + ﬂ;}csenSAT

. Nsens_g - (7)
and

Murog (AT) = 2 o AT

ref_g ' _ (8) 7

where Alsens(AT) and AA(AT) are the total wavelength shifts (including the temperature
effect) for the sensing and reference ring, respectively. AT refers to the temperature
change, AAsens(AT=0) is the shift due to the pressure induced diaphragm deflection. Asens,
Nsens_g @Nd Ksens @re resonant wavelength, group index and thermo-optic (TO) coefficient

of the sensing ring, respectively; while Aref, Mot g @Nd K @re resonant wavelength, group
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index and TO coefficient of the reference ring, respectively. Combining equations (7) and

(8), the desired sensing shift due to the pressure can be obtained, and expressed as:
Asens (AT =0) = Aﬂ-sens (AT) — k1AA, f (AT)

where the temperature compensation coefficient k; is:

(9)

' Nyef g ﬂ-sens Ksens
kl =

Ngens_g )lref Kref - (10)

[049] According to equation 9, the temperature dependence can be eliminated
by a temperature drift correction term obtained from the reference ring.

[050] Figure 5 is a graph comparing the temperature-induced wavelength shift
errors in a single ring system 504 and a double-ring. systém 502 according to
embodiments of the invention. There is- a notable reduction of temperature-induced
wavelength shift error in the double-ring system 502 as compared to that of the single
ring sensor 504. For instance, when the temperature rises to 600°C, the temperature-
induced wavelength shift in the double-ring system 502 is 0.24 nm, which can be
considered negligible, compared to the 62.93nm wavelength shift in the single-ring
system 504. Table 2 provides a comparison of terﬁperature-induced wavelength drift
experienced by a single-ring system and a double-ring system according to
embodi_ménts of the invention. '

' [051] In an exemplary implementation, there is provided a micro-machined
optical pressure sensor, comprising (i) a diaphragm configured to deform when a
force is applied thereto and (ii)) a sensing micro-ring spaced apart from the
diaphragm by a gap, the gap being variabie depending on the force applied on the
diaphragm. The sensing micro-ring is cohfigured to produce a resonance
wavelength shift when the gap is varied, the resonance wavelength shift indicative of
the force applied to the diaphragm. The sensor may further comprise a reference
micrd—ring spaced apart from the sensing micro-ring, the reference micro-ring
configured to produce a reference resonance wavelength shift, the reference
resonance wavelength shift indicative of the temperature of the sensor.

[052] An effective resonance wavelength shift is derived from the resonance

wavelength shift and the reference resonance \_/vavelength shift, the effective
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resonance wavelength shift indicative of the force applied on the diaphragm
independent of the temperature of the sensor. |

[053] The sensor may further comprise a waveguide, wherein the sensing
micro-ring and the reference micro-ring are in optical communication with the
waveguide. A broadband light source may be in optical communication with the
waveguide for providing an optical spectrum from Which the resonance wavelength
shift and the reference resonance wavelength shift are derived.

[054] Although the description above relates to a single optical pressure
sensor, it is possible to combine multiple sensors to provide a sensor array.

[055] It will be appreciated by a person skilled in the art that numerous
variations and/or modifications may be made to the present invention as shown in the
embodiments without departing from the spirit or scope of t_he invention as broadly
described. The embodiments are, therefore, to be considered in all respects to be

illustrative and not restrictive.
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CLAIMS

1. A micro-machined optical pressure sensor, comprising:

a diaphragm configured to deform when a force is applied thereto;

a sensing micro-ring spaced apart from the diaphragm by a gap, the gap being
variable depending on the force applied on the diaphragm; and

a reference micro-ring spaced apart from the sensing micro-ring, the reference micro-
ring configured to produce a reference resonance wavelength shift, the reference resonance
wavelength shift indicative of the temperature of the micro-machined optical pressure
sensor;

wherein the sensing micro-ring is configured to produce a resonance wavelength shift
when the gap is varied, the resonance wavelength shift indicative of the force applied to the
diaphragm,

wherein the reference micro-ring is configured to compensate a temperature-
dependent resonance shift within the resonance wavelength shift produced by the sensing

micro-ring when the gap is varied.

2. The sensor as claimed in claim 1, further comprising a waveguide, wherein the
sensing micro-ring and the reference micro-ring are in optical communication with the

waveguide.

3. The sensor as claimed in claim 1, wherein an effective resonance wavelength shift is
derived from the resonance wavelength shift and the reference resonance wavelength shift,
the effective resonance wavelength shift indicative of the force applied on the diaphragm

independent of the temperature of the sensor.

4. The sensor as claimed in claim 1, further comprising a waveguide, wherein the
sensing micro-ring and the reference micro-ring are in optical communication with the

waveguide.

5. The sensor as claimed in claim 4, further comprising a broadband light source in
optical communication with the waveguide for providing an optical spectrum from which the

resonance wavelength shift and the reference resonance wavelength shift are derived.
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6. The sensor as claimed in claim 4, further comprising a substrate, wherein the sensing
micro-ring and the waveguide are fixedly disposed within the substrate such that the spacing
between the sensing micro-ring and the waveguide does not vary when force is applied to

the diaphragm.

7. The sensor as claimed in claim 6, wherein the substrate comprises SiO..
8. The sensor as claimed in claim 1, wherein the diaphragm comprises SizNj.
9. The sensor as claimed in claim 1, wherein the diaphragm comprises SiO.,.

10.  The sensor as claimed in claim 6, wherein the substrate comprises a leakage channel

for air pressure balance.

11. The sensor as claimed in claim 4, further comprising an auxiliary waveguide, wherein

the sensing micro-ring is in optical communication with the auxiliary waveguide.

12. The sensor as claimed in claim 11, further comprising a broadband light source in
optical communication with both the waveguide and the auxiliary waveguide for providing an
optical spectrum from which the resonance wavelength shift and the reference resonance

wavelength shift are derived.

13. The sensor as claimed in claim 12, further comprising a substrate, wherein the
sensing micro-ring, the waveguide and the auxiliary waveguide are fixedly disposed within
the substrate such that the spacings between the sensing micro-ring, the waveguide and the

auxiliary waveguide do not vary when force is applied to the diaphragm.

14. The sensor as claimed in claim 2, further comprising a broadband light source in
optical communication with the waveguide for providing an optical spectrum from which the

resonance wavelength shift and the reference resonance wavelength shift are derived.

15. The sensor as claimed in claim 3, further comprising a waveguide, wherein the
sensing micro-ring and the reference micro-ring are in optical communication with the

waveguide.
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16. The sensor as claimed in claim 15, further comprising a broadband light source in
optical communication with the waveguide for providing an optical spectrum from which the

resonance wavelength shift and the reference resonance wavelength shift are derived.

17. The sensor as claimed in claim 5, further comprising a substrate, wherein the sensing
micro-ring and the waveguide are fixedly disposed within the substrate such that the spacing
between the sensing micro-ring and the waveguide does not vary when force is applied to

the diaphragm.



