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Abstract— In this work is presented the design and simulation of
a pressure sensor for a high range from 4MPa to 83MPa. The
purpose is to use Mach-Zehnder Interferometer (MZI) and
optical waveguides for applications where corrosion and high
temperature levels (up to 120° Celsius) are present. The sensor is
designed for down-hole applications like petroleum wells.
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L INTRODUCTION

Hydraulic induced fracturing (HIF) in oil wells is used to
increase oil productivity by making the subterranean terrain
more deep and permeable. The most important down hole
measurements required during hydraulic fracturing are pressure
and temperature in first place, and density and viscosity in
second place [1].

The conditions in the bottom of the well such as:
temperatures of ~125°C, pressures up to 12,000 psi, high shock
impacts and corrosive fluids are extreme to some electronics
devices.

In order to address the problem of HIF, one possible
solution is MOEMS (Micro Opto-Electro-Mechanical Systems)
technology, using interferometry techniques with integrated
optics (I0). The Si technology in conjunction with techniques
of micromachining has enabled the creation of a variety of
novel functions MOEMS and IO devices. These systems have
integrated sensors and read-out electronic circuits in order to
form smart systems [2-4]. The use of photons for sensing has a
great field of possibilities to be measured such as: intensity,
wavelength, phase and polarization. Also photons present
many advantages such as: remote interrogation, freedom of
electromagnetic interferences, multiplexed detection, and
availability =~ of well established technology from
communications industry: e.g. lasers, detector arrays and
waveguides [5-6]. Among various types of functional IO
devices, an interferometer is one of the most important and
used elements. Interferometry has been widely adopted for
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pressure sensing due to its high sensitivity and compatibility
with Si technology [4, 5]. Integrated optical interferometers
based on the Mach—Zehnder configuration seems to be the
most employed due to its simplicity in design and fabrication.
Waveguide devices based on Mach—Zehnder interferometer
(MZI) configurations have been used in applications such as
switches/modulators [7, 8] and sensors with low pressure
ranges [9]. In this work is studied the proposal for using a MZI
sensor in HIF for a high range of pressure; taking on of the
advantages of the sensor scheme is the use of a source of light
(HeNe laser, A=632.8nm) and the signal conditioning can be
outside of the downhole, while the sensor is inside, therefore
this MOEMS is passive, and making it able to be used for
extreme conditions, the simulations were carried out by
software COMSOL multiphysics 4.0.

II. DEVICE STRUCTURE

The fig. 1 shows the schema for the propose sensor based in
MZI, it is composed by an optical waveguide, which has two

(b)
Figure 1. a) Extruded layers of MZI and b) detail of the sensing area
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arms, one is over a circular micromachined membrane and it is
the sensing region and the other is the reference arm (see
Figure la and 1b). In this structure the beam light is
transmitted through an optical fiber, which is carefully
assembled and connected to a (substrate/core/cladding)
waveguide, where the core has the highest refractive index.
The membrane is deflected due to the applied pressure then
the refractive index of the waveguide changes and also the
phase of the light.

The material properties using in the simulation are listed in
table 1. The device structure is composed by: silicon dioxide
silicon nitride, and silicon as substrate

A. Design

The waveguide selected is the rib waveguide (see Fig. 2),
between four types, (embossed waveguide, rib waveguide,
waveguide embedded line, and line wave-guide) due to low
cost of fabrication, and the electromagnetic wave is confined in
the center of the waveguide geometry. The rib waveguide
geometrical conditions for single mode propagation are the
following (1) [10]:
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Selecting the following values: 1=0.6 at 632.8nm, results
2ha=lpm, 2Ab=1.5pm, 2Abr=0.9um. To obtain the effective
refractive index, it was simulated taking in account the cross
section of the optical waveguide. From (2) [11], the membrane
was designed considering the weakest material of the device,
which is the silicon with 7GPa of yield point
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where w, is the maximum displacement, P is the pressure,
E is the Youngs module, Vv is Poisson, and h is the thickness
of the membrane, h can be calculated from (3)

Figure 2. Geometrical conditions for a single mode rib waveguide

325

TABLE 1. MATERIAL PROPERTIES

Properties Si Si0, SizNy
Density (g/cm’®) 2.4 22 2.9-3.1
Young's modulus (GPa) 165 87 323
(T\};\l/e/zr:lnillg conductivity 157 0.014 0.19
Poisson ratio 0.3 0.17 0.25
Melting point (°C) 1415 1700 1800
Yield point (GPa) 7 8.4 14
Refractive index 3.44 1.45 2.05
Temperature dependence, n (k) | 2x10™ 1x107 -
Thermal expansion (10°/°C) 2.6 0.5 1.6
Band gap energy (eV) 1.12 ~9 ~5
Realtive permitivity (e,) 11.7 3.9 4-8
b= 3Wv 3)
4no
where
W=(na2)P, 4)

a is the diameter of the membrane and ¢ is maximum
stress. The propose structure has a diameter of 150um, the
membrane is designed considering the maximum pressure, with
a calculated thickness equal to 3.9um

III.  SIMULATION RESULTS

Fig. 3 shows the electromagnetic wave confinement in the
waveguide and the effective refractive index of the material,
which is approximately to the theoretical value.
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Figure 3. Effective refractive index of the structure



Surface: von Mises stress (N/m~2) Surface Dgi hen: Displacement field

4 5.559x10°
x10°

5

()
el hgn: Displacement field <

4 7.029x10°
x107

Figure 4. Comparison of stress and displacement for two types of
membrane: (a) circular and (b) square

In Fig. 4 is showed a comparison of two shapes of
membrane: circular and square, using the same area for both,
the circular membrane presented the most displacement and the
less stress than the square membrane, thus in a circular
membrane is the best option for type of applications due to the
stress is more distributed in the perimeter and hence can be
applied a high pressure.
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Figure 5. Stress as a function of thickness of the membrane
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Surface: Total displacement (um) Surface Defo, ion: Displacement field
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Figure 6. Total displacement on the sensing area

Fig. 5 shows the maximum stress at 82.7 MPa of pressure,
from this simulation the thickness of the micromachined
membrane can be select, for example in the plot at 4 um the
stress is approximately 6 GPa; therefore taking in account the
yield point of the silicon material, 5 um of thickness is enough
for our design.

In Fig. 6 is represented the distribution for the displacement
when the maximum pressure is applied to the design structure
using a thickness of the 5 um.

The elongation of the waveguide is an important parameter
for the transduction, because from it is calculated the phase
shift. In Fig. 7 is plotted the phase shift as a function of
pressure, for this plot was used 0.6um of elongation (AL) and
the maximum displacement at 100 MPa. Then the design
structure showed a sensitivity of 0.26 urad/Pa.

Finally, in order to study the effect of the temperature in the
MZI device, different simulations were performed, in Fig. 8 is
showed the displacement of the membrane versus the length
arc of the sensing area for a range from 50 to 195 'C and using
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Figure 7. Pressure vs Phase shift relation



7F : T
AT —T=50
® / \ T=75
6 %, —— T=100
3: // N\ T=125
g _| T=150
g ° f \ T=175
£
€ ) —— T=200
£ / \
o kY
S
2 5l AT S
(=
g
£ 2 )
3 / \
g /
A /-
of — b

60 80 100 120
Length of the arc, (um)
Figure 8. Membrane displacement of the sensing area as a function of

temperature
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the maximum pressure, from the graph is observed that the
temperature practically has no affect significantly the
displacement and hence the sensitivity.

IV. CONCLUSIONS

In this work a pressure sensor MOEMS have been analyzed
and simulated with a configuration of MZI based on waveguide
with a circular shape of the sensing area of micromachined
membrane. The proposal device is for a wide range of pressure
and it is very promising for HIF applications where high
pressures and temperature involved this type of sensing.
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