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ABSTRACT

A novel pressure sensor based on Fabry-Perot interferometry and micro-electromechanical system
(MEMS) technology is proposed and demonstrated. Basic micro-electromechanical technique has been
used to fabricate the pressure sensor. Fabrication process and packaging configuration are proposed.
The loaded pressure is gauged by measuring the spectrum shift of the reflected optical signal. The
experimental results show that high linear response in the range of 0.2-1.0 Mpa and a reasonable

sensitivity of 10.07 nm/MPa (spectrum shift/pressure) have been obtained for this sensor.
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1. INTRODUCTION

By employing the MEMS technology, a variety of optical MEMS pressure sensors based on
Fabry-Perot interferometry have recently been proposed and fabricated'”, such as those using

non-planar membrane to form the pressure-sensitive diaphragm’, those involving bonding of a planar
membrane onto the polished fiber end face or Pyrex glass® , those aligning two optical fibres whose

ends are used to form the Fabry-Perot cavity’ and so on. Optical MEMS sensors have additional
advantages over traditional electrical sensors, including high adaptability in harsh environments,
immunity to electromagnetic interference and the possibility of measurement for distributed physical
quantities such as pressure, temperature and stress. They can be easily incorporated into sensor arrays
by using multiplexing methods and are expected to be suitable for liquid and gas pressure measurement.
But the high cost of manufacture instruments as well as the complicated process techniques is needed.
To a certain extent, simplification of the sensing elements and fabrication process will be helpful for

mass production and commercialization of this kind of pressure sensors.
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In this paper, we designed and fabricated a kind of optical MEMS pressure sensor which provides a
wider measurement range, better linearity and sensitivity. The MEMS pressure sensor is fabricated by
using basic and simple MEMS technique. Theoretical analysis of the design and the experimental

results are presented.

2. THEORETICAL ANALYSIS

As shown in Fig. 1, the pressure-sensing element consists of a glass plate and a silicon diaphragm
where a deep cavity is anisotropically etched into the upper surface and a shallow cylindrical cavity is
etched into the underside surface. The incident light comes into the cavity through a single model fiber
and is reflected by the silicon diaphragm. When pressure is loaded on the silicon diaphragm, the
Fabry-Perot cavity length will change and that equal to the deflection of the silicon diaphragm. Since
there exists a close relation between the depth of the air gap and the reflection spectrum, it is expected

that one can easily know the loaded pressure by measuring the spectrum shifts.

Fig.1 The sketch of optical fiber MEMS pressure sensor

As known from the principle of elasticity’, the deflection o(r) of diaphragm due to a loaded pressure p

is given by
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Where o, is the deflection of the center position of diaphragm, Ry is the radius of silicon diaphragm, E

is the Young’s modulus, v is the Poisson’s ratio, and h is the thickness of silicon diaphragm.

The sensor reflectance is given as
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where 13 is the reflection coefficient of the composite structure which consists of a layer of air

sandwiched between glass and aluminum and is given by
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where 11, 1, and r; are the reflection coefficients for normal incidence at the fiber-glass, glass-air and
air- aluminum interface, respectively, and
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where A is the operating wavelength, t,, is the thickness of glass layer, and t is the air cavity depth.

According to the formulas presented, the relation between reflectivity of the sensor and wavelengths
when air cavity is changed can be simulated. The parameters are as follows: the refractive index of
optical fiber is 1.468; the thickness and refractive index of glass are 500um and 1.473, respectively;
because the refractive index of aluminum is much smaller than that of the air, the reflection coefficient
of air-aluminum interface approximates 1, but considering the dissipation of light, we assume it is 0.5.

The initial air cavity depth is 4.6pm.
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Figure2 Simulation of reflectivity when depth of cavity is 4.00 um and 4.01 pm

3. FABRICATION OF THE SENSING ELEMENTS

Some surface and bulk MEMS processing techniques are used to fabricate the sensing elements on a
4-inch silicon wafer. The thickness of the silicon is 400um and its orientation is p —type <100>. We

start with making the thermal oxidation (SiO,) and deposition of the silicon nitride (Si;N,) on the
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surface of the silicon wafer by using low pressure chemical vapor deposition (LPCVD).The silicon

nitride will act as the mask in wet etching of the Si.

Reactive ion etching (RIE) is a widely-used technique for fabricating via holes in films. Etching

can be attributed to two distinct mechanisms: chemical etching caused by the free

radicals and physical etching caused by ion bombardment® The RIE plasma is generated by the
application of a RF power separated in a reactive, gaseous chemical mixture of electrons, ions, and free
radicals which produce a distinctive glow. Some of these species combine with the substrate material
and form volatile products that etch the wafer. Also the impinging ions can physically knock off
surface atoms.In the experiment, SF¢ is used to etch SiO, and Si;Nythe flow of the gas is
40sccm.When etching the SiO, ,the gas pressure is 20 Pa and the RF power is 250W.The gas pressure
is 5 Pa and the RF power is 300W when etching the Si;N,.The results show that it has a faster etching

rate and a lower roughness.

Anodic bonding is now mostly used for silicion-glass bonding. The anodic bonding process is an
electrochemical process. Cations within the glass, such as sodium ions, moves through the glass to the
cathode forming a depletion layer close to the anode when adding voltage’. For silicon micromachining
very often the glass plate consists of Pyrex glass.Due to the special composition of Pyrex glass the
thermal mismatch between the glass and the silicion substrates has been minimized.Also it is rich in
alkali ions.The surfaces of both bonding materials (silicion and glass plate) should be polished

smoothly .In the experiment , Pyrex 7740# has been chosen and its thickness is 500um.The voltage is

about 800-1000V and the temperature is about 300-400°C.

Fig. 3 shows the processing steps. The process is initiated with the oxidation of the silicon wafer on
both sides and deposition of the silicon nitride by using LPCVD (Figure3a). Then the reaction ion
etching (RIE) and lithography technology are employed to remove the SiO, and Si;Ny4 and selectively
open a window in the upper side which is protected by thick photoresist (Figure3b). RIE and
lithography technology are also performed to obtain a shallow circular cavity (Figure3c) to form the
Fabry-Perot interferometer. In order to make sure the accuracy of double-face alignment technology
which is used to align the silicon wafer and glass wafer in anodic bonding process ,the shallow circular
cavity and the open window are fabricated on the same silicon wafer. Then aluminum is sputtered on
the etched part of the silicon with the thickness of 1000 Angstrom in order to enhance the reflectivity
and prevent the light coming into the silicon (Figure3d). Fabricated wafer is anodically bonded onto the
Pryrex7740# glass wafer (Figure3e). A potassium hydrate (KOH) anisotropic etching is performed to
thin the silicon wafer down to the desired diaphragm thickness (Figure3f). The size of the open
quadrate window is designed to be 2mmx2mm. A magnetic force stirrer is used to mix round the KOH

solution and keep up the uniformity of silicon thickness.
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Fig.3 Fabrication process

Finally, the formed sensing arrays are cut into individual ones using a standard dicing saw. the
fabricated structure and the fiber are packaged with epoxy method. Cavity depth between silicon
diaphragm and the Pyrex glass is 4.6 um. The thickness of the glass is 500 um. The radius of the

cavity is 600 um and the diaphragm thickness is about 40 pm. The uniformity of the diaphragm
thickness is less than 0.5%.

4. EXPERIMENT RESULTS

Pressure tests have been carried out by employing a set-up illustrated in Fig. 4. The system consists of

a broadband amplified spontaneous emission (ASE) light source (OPLINK, USA), a 2x2 coupler,
an optical spectrum analyzer (AQ6317C, Ando, Japan), single mode fibers and index matching liquid.
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Besides, the pressure calibration was implemented by using a standard pressure meter with a pressure

resolution of 0.02%.
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Fig.4 Experimental set-up for the optical MEMS Presure Sensor

Figure 5 shows the relation between the loaded pressure and the shifted wavelength. It is found that a
good linearity with less than 0.27 nm standard deviations for the present sensor can be obtained. The
sensitivity (i.e., changed wavelength /loaded pressure) and response range of this pressure sensor were
estimated to be 10.07 nm/MPa and 0.2 Mpa to 1.0 MPa, respectively.
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Fig.5 Measuring results of the pressure sensor
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5. CONCLUSIONS

An optical MEMS pressure sensor based on the principle of Fabry—Perot interferometry has been
demonstrated. The basic and simple micromachining techniques have been used to fabricate the
pressure sensor. The shift of the reflected optical spectrum is used to measure the loaded pressure. The
sensitivity and response range of this sensor are experimentally characterized to be 10.07nm/MPa

(spectrum shift/pressure) and 0.2-1.0 MPa, respectively.
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