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Abstract: We present the design, fabrication and characterizatioa oéw all-optical
frequency modulated pressure sensor. Using the tangstraah in a circular membrane, a
waveguide with an integrated nanoscale Bragg gratingaswd longitudinally proportional
to the applied pressure causing a shift in the Bragg wavéheiigne simple and robust design
combined with the small chip area 0f1.1.8 mn¥ makes the sensor ideally suited for remote
and distributed sensing in harsh environments and whermtuaiized sensors are required.
The sensor is designed for high pressure applications upGdar and with a sensitivity of
4.8 pm/bari.e., 350 x10° Pa and 4.8< 10-° pm/Pa, respectively).
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1. Introduction

All-optical sensors are characterized by their immunitglectromagnetic interference, safe operation
(no risk of ignition due to short circuits) and remote segsaapabilities due to low transmission
loss in optical fibers. A number of all-optical amplitude mtated sensors are known, including the
Fabry—Perot1,2] and Mach—Zehnder interferometric sens@g [While amplitude modulated optical
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sensors are capable of extremely high sensitivity, they atdend themselves to distributed sensing
since each sensor requires its own transmission line. Amreitive in cases where distributed sensing
is essential for system operation is frequency modulatedase such as fiber Bragg grating (FBG)
sensors4]. Using wavelength division multiplexing large arrays &Gs can be used for e.g., structural
health monitoring and oil exploratio®]. In this paper we present the fabrication and charactoiza
of a recently proposed nano and micro fabricated frequenagutated Bragg grating sensor for high
pressure sensing in harsh environments and use in digidlaund remote sensing syster@s [

2. Design

The basic sensing principle is based on the deformation ochweguide with an integrated Bragg
grating causing a shith Az in the Bragg wavelengthy = 2n.A, wheren, is the effective index and
the grating period. If the effect of temperature, which casily be compensated for as will be discussed
later, and photoelastic effects are ignored, the Bragg leaggh shift is given by

AXp = 2n.AA (1)

whereAA = ¢,A is the shift in grating period due to a longitudinal strajnit follows that the Bragg
wavelength shift can be written

AXp = A\pey (2)

A very simple way to convert an applied pressure to a straithenBragg grating is to place the
grating on a circular membrane. It is, however, importaat the strain is uniform and longitudinal
in order to increase the grating reflectivity and reduce #ilection peak bandwidth. Since the radial
strain of a circular membrane is not constant, it is not pecatto let the grating cross the membrane
in a straight line, e.g., along a diameter. However, if thatigg is placed in a waveguide following
a circular curve at constant radial distance from the ceoft¢he membrane, the tangential strain at
the waveguide position is constant along the length of theecand linearly dependent on pressure
and can thus be used for pressure sensing. An illustratidgheoflevice is shown in Figuré The
effective index modulation necessary for Bragg reflectmodcur can be obtained by modulating the
waveguide height and/or width or by modulation of materralgerties. From a fabrication point of view,
however, high corrugation depth combined with nanometalesgrating period and micrometer scale
waveguide dimensions presents a challenge during defimfidhe sensor structure since high aspect
ratios will occur. To avoid this problem the corrugations fleis sensor are fabricated in both sides of
the waveguide. Since the effective index of the waveguiderger at the outer rim than at the inner rim,
this design will effectively chirp the grating.

For isotropic plate materials the plate deflectioncan be calculated from the well known
Euler—Bernoulli equation

DV*w =p (3)

where D is the flexural rigidity andg is the uniform applied pressure difference across the plabe
boundary conditions for the Euler—Bernoulli equationhi rim of the plate is rigidly clamped, are zero
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deflection and slope on the boundary. However, if silicontbepanisotropic materials are used as plate
material, the plate deflection is better described usingibigate—Huber equation|
Ntw NMtw NMtw Ntw *w
D k k k: k = 4
" (8:704 + 18x38y + 28x28y2 * 38x8y3 * 48y4) b 4)

wherek,, ko, k3 andk, are constants related to the stiffness tensor@apdhe proper flexural rigidity
of the anisotropic plate; for isotropic materidls = 1 andk; = 2, while k; = k3 = 0, and then
Equations 8) and @) are identical. For a crystalline silicon (100) pldte = 1 andk, ~ 2.8, while
k’l - k’g - O

Figure 1. Top view (left) and side view (right) of the Bragg grating sen The sensor
consists of a silicon membrane in a silicon chip with a diglecmptical waveguide on
top; in the optical waveguide a Bragg grating is formed. Thatigg is located in the
curved semicircular part of the waveguide on top of the memdr The chip includes fiber
alignment groves to facilitate coupling to optical fibers.
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For a circular anisotropic, crystalline silicon plate ofli@s o« Equation 4) is easily solved, and
interestingly, the deflection shape for this specific casgeistical to that of a circular isotropic plate

4 2 2\ 2
pa 2 +y
= 1— 5
YT 64D < a2 ) ®)

however, an effective flexural rigiditP.q = (k2 + 3k4 + 3) Dy /8 must be used instead of the flexural
rigidity D. For a (100) silicon plat®.¢ /Dy equals(k, + 3k4 + 3)/8 ~ 1.1, while the effective flexural
rigidity is

3

D _” C _ G —1(0 — O —2Cy) Nh—><156><109Pa (6)
eff — 192 11 Cll 4 11 12 44 — 12

whereC;; are elements of the stiffness matrix for silicon. We note tha conventional treatment of
the silicon (100) plate as an isotropic plate may lead toeralérge errors in the calculated deflection
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unless elastic parameters fulfilling/ (1 — v?) ~ 156 x 10° Pa are used. Hence, with the proper elastic
parameters the tangential straipy, is equal to that of a simple isotropic plaies,, [8]

2
1+5.72 (ﬁ)
a
wherer = /22 + y? and the ternb.72(h/a)? is a correction necessary for thick plates. Combining
Equations 2) and (7) the sensitivity is

3 (r*—a*)(1—1v?

8—Y 12 p (7)

€ =

h 2 3(r* — a?)
145.72 (a) ] g [(Cn _ C_f2> — i (Cy1 — Chg — 2044)] h2

p

Ap (8)

C11

which using Equationg) reduces to

AN 1
p 156 x 109 Pa

1+5.72 (ﬁy] MAB (9)

a

In fabricated devices thin dielectric films are depositedttoemn membrane, these will increase the
effective flexural rigidity of the membrane due to the addeckiness and due to a possible built-in stress.
A built-in stress leads to additional termizf% (Uaggx—u;) on the left-hand side of Equatiod)( where
0ap 1S the in-plane built-in stres$; is the thickness of the thin film, while, andxzs are the in-plane
coordinatesj.e, r; = z, andxy, = y [9]; in the case of an isotropic built-in stresg the additional
term is simply—hso, V2w. From a simple minimum energy calculation using the unpbed deflection
shape, Equatiorb}, the effect of built-in stress may be corrected for by usingvised effective flexural
rigidity Deg = [3 + kg + 3ky + heooa®/ (2Dy)] Dy /8.

It is further noted that the sensor allows for an addition@d8) grating outside the plate, so that any
wavelength shift not induced by pressure, e.g., temperatnay be compensated for by performing a
differential measurement.

The design was also analyzed using the commercial finite elermodeling (FEM) software
ComsoL. Taking advantage of the radial symmetry of the device, M FRnalysis can be reduced
to a two dimensional anisotropic continuum analysis. Eagled was defined according to dimensions
obtained during fabrication and using the materials Ifpesailable in @MsoL. Any measured intrinsic
stress was also included in the model. Fixed boundary donditire applied on the outer perimeter and
a uniform pressure load on the upper surface. Using a trlanguesh of 25600 elements a convergent
solution was found.

3. Fabrication

The sensor has been fabricated according to the processHimmnsn Figure2. An atmospheric
pressure oxide (APOX) silicon wafer with approximately® of SiO, on both sides is etched for 5 min
in bHF (buffered hydrofluoric acid) in order to reduce sugfaoughness and remove any patrticles (a).
The remaining SiQis acting as the lower cladding layer of the waveguide. Thre obthe waveguide
is made from 2.5:m SiON deposited by PECVD (b). The index contrast is apprexaty 0.02 and the
core thickness allows for single mode waveguide operatidn=b0 nm wavelength. The Bragg grating
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is formed in the SION by e-beam lithography (EBL) using theipee resist ZEP520a and a lift-off of
60 nm aluminum that is used as an etch mask in the following deactive ion etch (DRIE) (c). The
upper cladding is made of borophosphosilicate glass (BRI pllows for re-flow during the following
1,000°C anneal and thereby improved step coverage of the Bragipgy#ie step coverage is in general
otherwise insufficient in PECVD processes (d). The fiber gesde) and the membrane are both made
by conventional UV lithography followed by an advanced exe&tch (AOE) and a DRIE silicon etch.
The resulting membranes are 136 thick of which 112;m is silicon and 23:m is cladding layers
(SiO,, SION and BPSG).

Figure 2. Schematic of the fabrication process. The waveguide is madsm APOX wafer,
where the SiQwill act as the lower cladding lay€a). The waveguide core is made in SION
deposited by PECVb) and the Bragg grating is fabricated by a combination of EBH an
DRIE (c). The upper cladding layer is made by PECVD deposited BPS@hwkiannealed
at high temperatur@). Fiber groovege) and the membrang) are both etched using AOE
and DRIE.

a)

mn e
I B

Si S5i0, SiON  BPSG

& H B =N

The final test chip is shown in Figu@a). The test chip is relatively large,x 1 cnm?, in order to
facilitate and ease handling during characterization amiains two sensors as well as additional fiber
grooves. The sensors each takes up an argaxof.8 mm? and have membrane radii of 4Qn. A
SEM image of the part of the waveguide containing the grateggon is shown in Figur8(b) at step
(c) in the fabrication process. The corrugations in thesmfehe waveguide are clearly seen and each
have a width of 260 nm/A = 520 nm). In order to obtain a detectable reflection peak eventforts
gratings, the index modulation and thus the corrugationhdieas to be sufficiently large. In this case a
corrugation depth of 260 nm is used.



Sensors 2011, 11 10620

Figure 3. (a) Microscope images of a test chip with two sensors (markel weitl dashed
boxes). The test chip arealsx 1 cm? while the sensors occupy an arealok 1.8 mne.
The membrane is not visible, but has been marked with a yetloste on the close up of
the sensor(b) Color enhanced SEM image of part of the curved waveguidep(eur The
Bragg grating is seen as corrugations in both sides of thegwade. The period of the Bragg
grating is 520 nm.

EHT = 2.00kV
WD= 9mm

(b)

4. Results

For characterization of the pressure sensitivity gas pressas applied to the Bragg grating side of
the membrane using a Druck DPI520 pressure controller gt Was coupled to the test chip from a
Koheras SuperK supercontinuum laser through a SMF-28alftioer. The reflected light was measured
by means of a fiber optic circulator and an Agilent AQ-6315Aicgd spectrum analyzer. The spectrum
of the reflected signal is seen in Figut@), and from a Gaussian fit the center wavelength was found
to be A\ = 1543.8 nm, while the standard deviation is 16 pm and the full width heaximum of the
peak is FWHM= 17.6 nm. This relatively large peak width is a result of the cmgpimentioned in the
design section. The Gaussian fit is applied using the lineaep scale and a power offset is included.
While other fitting functions could be used, the Gaussiargfieas well with measured data.

The change in Bragg wavelength as a function of applied predsr a 400um radius membrane
sensor is plotted in Figur&(b). A conservative estimate of the maximum allowable pres®,,..., is
found theoretically using a silicon yield strengthrefl /10 the actual silicon yield strengtii ()], yielding
Pmaz = 350 bar (350x10° Pa). Measurement uncertainties are primarily related eaqtimlity of the
Gaussian fit and to the accuracy of the pressure read-outtfiempressure controller. A linear fit of
the measurement data results in a slope of 4.8 pm/bar{408°> pm/Pa). Considering the standard
deviation of the Gaussian fit is 16 pm (shown as error barsemptht), the measurements are easily
within two standard deviations of the finite element methe@Nl) model (full line) and the analytical
results (dashed curve) as obtained from Equa®nThe lower Young’s modulus of the cladding layers
have been included in the analytical calculation by usingekhess weighted average. This reduces the
effective Young’s modulus to approximately 141 MPa.
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Figure 4. (a) Measured reflection spectrum from the a Bragg grating semgbra Bragg
wavelength of 1,543.8 nm; the full red curve is a Gaussiamfihe measured data with a
standard deviation of the center wavelength of 16 giv). The measured absolute Bragg
wavelength shift as function of pressure for a 400 radius membrane with the grating
positioned at 20Qum from the center. The error bars equal6 pm, i.e,, one standard
deviation, and thus the sensitivity ef 4.8 pm/bar (4.8x 105 pm/Pa) is found to be easily
within two standard deviations of both FEM simulation (falirve) and analytical results
(dashed curve).
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Conventional electrical MEMS pressure sensors are tylpidzased on either piezoresistive or
capacitive technology1f1,12]. It is common to implement these technologies using theedi&din
of a membrane or plate, equivalent to the optical sensorepted here. The sensitivity of the three
technologies can thus be compared by simply consideringetagve change in the measured quantity,
approximately given as
AR A)p AC  w

K — — 10
I & o, % o i (10)

whereR is the resistance of the piezoresistlrjs the piezoresistive gauge factot,is the capacitance
anddy is the initial spacing and the capacitor plates. The gaugeifaf p-type silicon is typically in
the order of~50-100 [L3], however, the resistor adds thermal noise and with a higblugion optical
spectrum analyzer the sensitivities of the two technokogre comparable. The sensitivity of capacitive
pressure sensors is typically comparable or higher thaaopasistive sensors.

The stress of the waveguide thin film was calculated from tkasured change in wafer bow using
Stoney’s equationld], and an effective intrinsic stress of = —3.2 MPa was found; this value is so
low that is does not affect the sensor sensitivity.

The coupling loss was measured to approximately 6 dB perlemumterface, which should be
compared to the coupling loss of 4 dB calculated from the nov@elap integral for the fiber waveguide
interface. The discrepancy may be attributed to alignmerdr.e The transmission loss for the
waveguides was measured to less than 1 dB/cm at 1,550 nmematiel The wavelength shift due
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to temperature change of the integrated Bragg grating isdday heating a test chip using a Peltier
element. A temperature sensitivity of approximately 30Kmvas found. The temperature sensitivity is
primarily due to a large thermooptic coefficient of the wavidg material 15] and is comparable to the
temperature sensitivities found in FBG sensors.

5. Conclusions

In this paper the design, fabrication and characterizatioa new all-optical frequency modulated
high pressure sensor has been presented. The sensor isitegllfer distributed and remote sensing in
harsh environments. The sensor is made with conventiondBIEaterials and technology combined
with e-beam lithography for nanostructuring of the Braggtigng, which allows for simple fabrication
and high mechanical stability. The pressure sensitivityhef sensor was measured to be 4.8 pm/bar
(4.8 x 107° pm/Pa) and the temperature sensitivity was measured to penBQ. The design could be
optimized for higher or lower sensitivities by adjusting tmembrane dimensions.
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