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MEM S Bragg grating force sensor
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Abstract: We present modeling, design, fabrication and characterization
of anew type of all-optical frequency modulated MEM S force sensor based
on a mechanically amplified double clamped waveguide beam structure
with integrated Bragg grating. The sensor is ideally suited for force
measurements in harsh environments and for remote and distributed sensing
and has a measured sensitivity of -14 nm/N, which is severa times higher
than what is obtained in conventional fiber Bragg grating force sensors.

© 2011 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (220.4880) Optomechanics; (230.1150)
All-optical devices.
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Introduction

All-optical sensors are well suited for a wide range of different applications, e.g. structural
strain sensing [1], pressure sensing [2], acceleration [3] and biochemical sensing [4]. While
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al-optical sensors can be amplitude [5], frequency [6], polarization [7] or phase modulated [8]
the all-optical sensor types most often encountered in literature within strain, pressure and force
sensing are the amplitude and frequency modulated sensors. Amplitude modul ated sensors usu-
ally have avery high sensitivity at the cost of increased transmission noise sensitivity and max-
imum one sensor per communication line. Frequency modulated sensors typically have lower
sensitivity than amplitude modul ated sensors and they rely on an absolute frequency shift, how-
ever, frequency modulated sensors are almost immune to amplitude affecting noise sources and
can easily be integrated in large distributed systems by wavelength division multiplexing. One
of the most successful all-optical frequency modulated sensor today is the fiber Bragg grating
(FBG) sensor [9]. The typical cross-sectional dimensions of the sensing element in FBGsisin
the order of 100-200 um (125 um for a standard optical fiber). These relatively large physical
dimensions combined with limitations with respect to material choice and refractive index mod-
ulation gives FBGs an inherently low sensitivity. However, using MEM S technology and high
refractive index contrast materials, the cross-sectional dimensions of the sensing element can
be reduced by approximately one order of magnitude. Furthermore, proper mechanical design
allows for integrated amplification of the force induced strain which is not easily obtainable in
FBGs.

2. Theory

The basic sensing principle of FBGs as well as MEM S Bragg grating (MBG) sensors is modu-
lation of the Bragg wavelength Ag by e.g. strain; the Bragg wavelength is obtained from

AB - 2na\/gA,

where nag is the geometrically averaged effective index and A is the period of the Bragg grat-
ing. The sensitivity or relative Bragg wavelength shift is given by

AN
o = (@ OAT+(1-po)e.

where o isthe thermal expansion coefficient of the part of the waveguide containing the grating,
¢ isthe thermooptic coefficient, pe is the photoelastic coefficient for longitudinal strain and &
isthelongitudinal strain. Inthe following analysiswe shall neglect the thermooptic effect, since
it can be separated by a differential measurement, and the photoel astic effect since it reduces to
afactor of proportionality to the strain sensing term.

In FBG force sensors, the force is applied longitudinal or transversal, and in both cases the
longitudinal strain is measured. In the case of a longitudinal force load the force sensitivity,
however, is rather low due to the high stiffness of the structure; the force sensitivity may, how-
ever, beimproved using mechanical strain amplification.

We consider a structure, shown schematically in Fig. 1, built from two prismatic beam (each
of length L, width W and thickness H) joined together at an angle of = — 26 by arigid center
boss, while the other ends are assumed rigidly clamped. The force load is applied to the center
boss joining the two beams. The load force F is balanced by shear V and normal N forces in
the beams, such that a static vertical force balance requires

F =2V cos6 —2Nsino, (@]

whereV and N are the force magnitudes in the left hand beam. In the extreme case of 6 =0
the normal force vanish (in afirst approximation) and the load is balanced entirely by the shear
forces causing bending of the beams and essentially zero shift of the Bragg wavelength. In the
other extreme case 0 = /2 the shear force vanish and theload is balanced by normal forcesin
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Fig. 1. Sketch of the structure used for strain amplification. The structure comprises two
clamped beams joined together at an angle = — 20 by a stiff center boss. A force F to be
measured is applied to the center boss. At a specific angle, 0 < 6 < «/2, the longitudinal
strain in the Bragg grating (green) is maximized for afixed force F.

the beams causing elongation or compression of the beams and a finite Bragg wavelength shift
results. In general both shear and normal forcesin the beams arefinite causing both longitudinal
and transversal displacements u and w, respectively, of the beams. The boss, however, can only
displace in the vertical direction due to symmetry, and thus the beam displacementsu. = u(L)
andw,_ = w(L) at the boss are subject to the geometrical restriction

W, Sin@ = —u_cosé. ()]

The longitudinal beam displacement is related to the normal force, which is considered con-
stant throughout a beam, and thus

u = Le; = NL/(EWH), @)

where e, = N/(EWH) isthe longitudinal strain, and E is Young's modulus for the beam mate-
rial. The transversal displacement may be found as the solution to Euler’s beam equation

Elw"” —Nw' =q, (4)

with the boundary conditions w(0) = 0, w (0) =w (L) = 0, and w(L) = w;_, due to clamping
of the ends of the beams, and with the distributed load q = 0; herel = WH?3/12 isthe areamo-
ment of inertia for the beam. In most practical cases the coupling to the normal force may be
ignored when Euler’s beam equation is solved and then the result isw (x) = w x? (3L — 2x) /L3,
while the full solution is given in the Appendix. The shear force and the beam deflection arere-
lated throughV = —Elw”, and thusV = 12Elw; /L = EWH3w_ /L8. From the force balance,
Eq. (1), the geometrical restriction Eq. (2) and Eq. (3) we may then solve for the normal force

Ftano

N=— ) (5)
2(tan95in9+ (%)zcose)
and the longitudinal strain
F tano
2EWH (tanesin6+ (%)20036)
The longitudinal strain is seen to be maximized at the angle Omax
. H H H
Onax = ACSIN — = arctan —— ~ —,
e [2—H? VIZooH? L @
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where the approximation isvalid for H/L < 1. At this angle the longitudinal strain becomes
F L FL

gfmax = — )
2EWH 2 4EWH?2
2H(/1— (1)

where the approximation isvalid for H /L < 1. It follows that the longitudinal strain at Omax IS
amplified afactor ~ L/(2H) compared to the longitudina strainat 6 = /2.

Due to the stiffness of the joining boss changes in the joining angle under load is a second
order effect, and as aresult the longitudinal strain increases linearly with the load force.

©)

10 _I"‘\' L L I L L L L '_
[ ——-LH=20 ]

8H | — L/H=10 -
\ ——-LH=5 1

\ — —LH=2 ]

e FEM,LH=10 -

£,(0)/e,(n/2)

(o2}
=TT T — — — T T T T

Fig. 2. Normalized longitudinal strain &,(0)/€;(m/2) as function of beam angle 6 shown
for four different aspect ratios L/H. As the aspect ratio of the beam increases, the strain is
increased and the peak of maximum strain shifts towards lower angles. For the aspect ratio
L/H = 10 results from a FEM calculation are aso shown (e symbol); the FEM results are
seen to agree well with the analytical calculation.

The longitudina strain, Eq. (6), normalized with respect to the strain at 6 = /2 (i.e. a
longitudinal loaded FBG) as function of beam angle 6 is plotted in Fig. 2 for different aspect
ratiosL /H. Asexpected the normalized longitudinal strainiszero for 6 = 0 and hasamaximum
at an angle close to zero. When the aspect ratio is increased, the relative strain increases and
the angle of maximum strain is reduced. In Fig. 2 results from a Finite Element Model (FEM)
calculation (L =150 um, W = 15 um, H = 15 um) are aso shown. The normalized strain
calculated using FEM is seen to agree very well with the analytical calculation; in particular,
the peak in relative strain at alow angle is well reproduced.

For materials such as silicon and silicon dioxide, aspect ratiosin excess of 1:10 are routinely
fabricated using MEM Stechnology. A significant sensitivity increase compared to FBGsisthus
obtainable using MEM S technology, in particular when also a reduction of the cross-sectional
dimensions by an order of magnitude is taken into account.
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Fig. 3. The MBG sensor consists of a u-shaped waveguide connecting the fiber connect
grooves at the bottom to the double beam sensing element at the top.

A note of caution, the structure is also sensitive to out of the plane bending of the beams.
To ensure proper operation of the sensor it is important that the load force is applied such
that out of the plane bending is avoided; thisis particularly important when the beam is under
compressive load.

3. Design and fabrication

A sketch of the fabricated MBG sensor is shown in Fig. 3. Light is coupled into the chip from
an optical fiber using one of the two fiber connect grooves located at the lower boundary of the
sensor chip. Silicon oxynitride (SION) optical waveguides run from the fiber connect grooves
to the double beam structure with integrated Bragg gratings located at the upper half of the
chip. The radius of curvature of the waveguide is large enough to minimize bending losses.
The sensor is fabricated from a 350 um thick silicon wafer and the chip measures 6 x 5
mm?. The process flow for fabrication of the sensor is shown in Fig. 4. The sensor is fabricated
from an atmospheric pressure oxidized (APOX) silicon wafer with 8.2 um thermal SiO; (a).
The oxide will serve as the lower waveguide cladding layer. The waveguide core is made from
a2.4 um thick SION grown using plasma enhanced chemical vapor deposition (PECVD) (b).
The Bragg grating structure is defined in the positive resist ZEP520a using e-beam lithography
(EBL). By e-beam evaporation of 70 nm aluminum, the grating is transferred to an aluminum
mask in alift-off process. The grating isthen etched in the waveguide core using advanced oxide
etching (AOE) for a total corrugation depth of 1 um (c). Borophosphosilicate glass (BPSG)
with athickness of 4.8 um is deposited using PECVD and annealed at 1000 °C for 6 hours (d).
ThisBPSG layer serves asthe upper cladding layer and will reflow during annealing to improve
the poor as deposited step coverage of the PECVD process. A membrane is created from the
backside using UV lithography (UVL) followed by AOE and deep reactive ion etch (DRIE).
The etch stops at the lower cladding layer due to the high etch selectivity of silicon over silicon
dioxide (€). Likewise, the fiber grooves are fabricated using UVL followed by AOE and DRIE
(f). Thefina step isto define and rel ease the waveguides, which is done by UVL and AOE (g).
The final device after dicing is shown in Fig. 5; both a micrograph of the full 6 x 5 mm?
chip (Fig. 5a) as well as a close-up image of the sensor beam region (Fig. 5b) are shown. The
fabricated MBG test chip has the sensor beam dimensions L = 150 um, W = 30 um, and
H = 15.4 um and ageometrically averaged Young's modulus of 133 GPafor the sensor beams.
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Fig. 4. Process flow for the sensor. Starting with an APOX wafer (a), 2.4 um SION is
deposited using PECVD (b) in which a waveguide core and Bragg grating is written using
EBL and AOE (c). A 4.8 um thick layer of BPSG is deposited using PECVD (d) and a
membrane is etched from the backside using AOE and DRIE (€). Finally the fiber grooves
are made using AOE and DRIE (f) and the double beam is then released from from the
membrane in an AOE etch which also defines the waveguide cladding (g).

4, Results

For characterization of the sensor a Koehras SuperK supercontinuum laser emitting in the vis-
ible range was connected to the input of the test chip through a fiber optic circulator and a
SMF-28 optical fiber; the reflected signal was measured using an Agilent AQ-6315A optical
spectrum analyzer. A load force was applied to the beam using a micro needle attached to a
force sensor (Strain Measurement Devices s415 button cell) mounted on a micrometer stage.
The measured reflection spectra at three different applied load forces are shown in Fig. 6awhere
aclear shift of the reflection spectra due to the load force is seen. To extract the experimental
Bragg wavelength (interpreted as the center wavelength of the reflection peak) Gaussian func-
tions were fitted to the measured spectra, from the fits the full width at half maximum is found
to 2.3 nm, which is larger than what is generally found in FBGs due to the higher index mod-
ulation in the MBG. The experimental Bragg wavelength for the unloaded beam is Ag = 787.4
nm. The extracted shift in Bragg wavelength as function of applied force is shown in Fig. 6b,
where the sensitivity is seen to be —14 nm/N as extracted from the slope of linear fit to the
experimental data. This should be compared to the sensitivities of typical FBG sensors found
in literature, e.g. 0.1 pm/N [10], 2.2 nm/N [11] and 1.046 nm/N [12], while also noting that the
MBG offers a much smaller and mechanical robust design with an inherent mass production
potential.

Temperature measurements were conducted using a 82 W Peltier element for heating the
sensor and a K-type thermocouple for measuring the temperature change. The unloaded Bragg
wavelength shift asafunction of atemperature shift isshownin Fig. 7, where the temperature of
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@ (b)

Fig. 5. @ The finished chip with the waveguide (u-shaped) extending from the two fiber
grooves at the bottom of the chip to the double beam at the top of the chip. b) The fina
double beam waveguide structure after dicing. A small amount of residues from the carrier
membrane are seen around the double beam. With a thickness of < 50 hm such residues
have almost no effect on the beam deflection.

the chip was increased from 23.9°C to approximately 40°C and the reflection spectra recorded
at six discrete temperatures. From the measured Bragg wavel engths a temperature sensitivity
of approximately 30 pm/K results. The high temperature sensitivity is primarily due to alarge
thermooptic coefficient of the waveguide material [13]. With this high temperature sensitivity
a differential measurement strategy, where both aloaded and an unloaded sensor on the same
chip are measured simultaneously to eliminate the thermal signal, is advantageous.

Power loss measurements on straight waveguides without Bragg gratings show a coupling
loss of approximately 6 dB per coupling, while the transmission loss is less than 1 dB. The
coupling losses are approximately 2 dB larger than expected from mode overlap integral calcu-
lations, indicating a slight misalignment between the optical fiber and the waveguide. In order
to reduce the coupling losses further, tapering of either the optical fiber or the waveguide could
be applied.

5. Conclusion

We have presented a new all-optical frequency modulated MEMS force sensor based on me-
chanically amplified deformation of an integrated nanoscale Bragg grating. From analytical
model calculations an optimal sensor design has been developed and a sensor fabricated.
Measurements of the wavelength shift as function of applied force have been conducted re-
sulting in an experimental sensitivity of —14 nm/N, in agreement with the developed analyt-
ical model. This sensitivity is much higher than what is found using conventional FBG strain
sensors. Temperature measurements show a temperature sensitivity of approximately 30 pn/K,
which is attributed primarily to thermooptic effects. Coupling and propagation |osses have been
measured to 6 dB and less than 1 dB, respectively. The high sensitivity is obtained at the cost
of asignificant sensitivity to out of the plane bending, and a rather fragile structure.
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Fig. 6. (a) The measured reflection spectra at three different loads. The average full width
half maximum is 2.3 nm. (b) The measured change in Bragg wavelength as function of
applied force. The measured Bragg wavelength shifts are seen to be in good agreement
with the model calculations. The sensitivity isfound to —14 nm/N.
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Fig. 7. The change in Bragg wavelength due to temperature starting from 23.9°C. From the
linear fit the temperature sensitivity is found to 30 pm/°C.

Appendix

The exact solution to Euler’s equation, Eg. (4), including the normal force coupling is

(sex—sinsx)sinsL 4 (1—cossL) (cossx—1) ©
2(coszL — 1)+ xLsinsxlL

~ W (3L —2x) /L3 + 0 (5) (10)

w(X) = w_

where the parameter » is obtained from 2> = —N/ (EI ). The exact solution is needed in case a
static pre-strain is used, since in such cases »L < 1 may not be fulfilled.
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