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Micromachined Fabry-Perot Interferometric Pressure Sensor

for Automotive Combustion Engine

S.B. Lee, CM. Yu, D.R. Ciarlo, and S.K. Sheem
Lawrence Livermore National Laboratory
Livermore, CA 94551

Abstract

In this paper, we report a dynamic cylinder pressure sensor for automotive combustion engine. The
pressure is sensed by measuring the pressure-induced deflection of a membrane via a Fabry-Perot
optical interfrometric effect. The sensor is micromachined on a silicon wafer to minimize the cost and
the size and to enhance the device quality in high-volume production mode. As a preliminary test, we
measured the pressure of an air compressor using the micromachined miniature sensor.

I. Introduction

The Fabry-Perot interferometer
has been widely used for high-
resolution spectroscopy [1,2], high-
precision measurement [3], and other
physical sensing [4]. Recently, there has
been substantial interest in
micromachined miniature sensors for
measuring pressure and temperature [5-
7}.

In automotive engines, the
measurement of dynamic cylinder
pressure can be used for improving
engine efficiency and reducing the
pollutants by inputing the data instantly
to the on-board engine control system.
The automotive combustion engine
presents a very harsh environment with
the témperature reaching 400 °C near
the spark plug and the pressure of up to
8 MPa (1160 psi). In addition, the sensor
should be very inexpensive and small.

In this paper, we present design
and fabrication of the fiber-optic
pressure sensor which is suitable for the
automotive application, and test results
from this pressure sensor. Our test
results indicate that a high dynamic

range and a good linear response can be
achieved.

I1. Theoretical background

Fabry-Perot cavity is formed by
two light-reflecting surfaces. The
amount of light passing through the
cavity depends on the separation
between the two reflecting surfaces.
Accordingly, if one of the surface is
made of a membrane that deflects by
pressure, the light output changes
according to the amount of the
mambrane deflection. More detailed
description of this working mechanism
is given below. ’

First, the phase of the wavelength
A in the cavity as a function of the
separation s of the two surfaces can be
written as ¢(s)=nscosB(4rn/A)+¢,
where ¢ = phase, n = index of

refraction, € = angle of incidence, € =
phase change occurring on reflection [8].
For a light source whose spectral
lineshape and its intensity profile are
given as f(A), I,(r), respectively, the
fringe pattern can be written as



I+(s)=I, exp[-2r% / 1, ](1-B)

= _ 1
xch(¢)f(A)[1+ Fsin2(¢/2)] lda, M

F=4aRR, /(1-aRR,)*. T and R are
the transmission and reflection

coefficients, respectively. The « inF
and G represents attenuation per pass
[9]. r is the radial distance from the
center of the circular beam; i.e., at 7j = ),
the intensity decreases to 1/e2. Eq. (1)
assumes the laser light source in which
the spectral line width would typically
be less than 1% of the peak wavelength.
Also we assumed the spatial intensity
distribution of Gaussian profile, which
results in 'Newton's rings' interference

pattern spatially. B represents the
reflection loss due to the change in
shape of the sensing membrane, the

second surface. This coefficient f could
be negligible since the size of a sensing
membrane is normally comparable to or
larger than that of a beam spot so that
the membrane is assumed to be planar.
Even at the maximum amount of
deflection at membrane center before
fracture [10], it would not be a
significant factor. The term L expresses
the loss due to the broadening of initial
intensity profile, and is given by

L(¢(s);€)
b
jexp[—{r /(A, + ftan ¢)}2]rdr
—b ’ (2)

a . i
J-exp[—{r / A,}z]rdr

—a

where ¢ is either the apex half-angle of
divergent circular beam or the half-
angle given by the numerical aperture of

a fiber, I is the total length the beam
traveled in the cavity and A, is the half-
width in r. For an optical fiber to send
and receive light, a = b and [ = 2s where
the beam divergent angle is limited by
the fiber numerical aperture.

Eq. (1) can readily be integrated
at each given separation to give the
overall fringe pattern. We have made
several calculations of fringe pattern

with Gaussian spectral line shape f(1) ~
exp[-(1-1,/A)2], with a half-width A
and peak wavelength A,. The result
from the calculation with 4, = 1310 nm is
shown in Fig. 1. A Lorenzian spectral
line distribution was also tried, and the
results were very similar to a Gaussian
case.
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Fig. 1. The theoretical signal pattern from Eq.
(1) with A, = 1310 nm ,A=5nm, R; = 0.04, R, =
0.9 with 1% loss per pass. The laser light is being
transmitted through the optical fiber whose
dimension is 100/140 um with the numerical
aperture 0.2. The dark strip shows, for example,
a region where the signal should be biased for
the pressure 15 - 1200 psi.

The integration limits of up to 30A with
double precision have been checked
yielding the accuracy of within 0.1% to
that of 10A. The optimum value of the




integration step in A was obtained by
reducing the size of the step by half until
the results were stable and changed by
less than 0.1%. Typically, the integration
step of 0.1 angstrom is used. It should be
noted that a sensitivity calculation may
also be carried out numerically by
differentiating Eq. (1) with respect to the
phase [9].

II1. Sensor design and fabrication

We picked the cavity length (6.8
um) and the amount of the membrane
deflection (0.65 um) such that the
experimental dynamic range (15 — 120
psi) of the pressure given by the air
compressor would produce one full
fringe (Ao/2) including the fabrication
tolerance of ~5%. In Fig. 1, the expected
resulting signal pattern is shown as the
solid line for the dynamic pressure
testing. In case of the static testing with
pressure from 15 (1 atm) to 1000 psi, this
model predicts that we would observe
8.5 fringes at the deflection of 5.5 um.
This theoretical modeling also facilitates
the bias point calibration.

In order to design the sensor with
the square membrane, we use the

equation [11], d = 0.0138Pa* / Et3, where
d is the maximum deflection at the
~ center of the membrane, P the pressure,
a the width, E the Young's modulus, and
t the thickness of the membrane. We
fabricated the sensor on a 200 um thick-
Silicon wafer using the micromachining
techniques. The overall view of the
sensor is drawn in Fig. 2. The sensor is

attached to the end of the Corning Pyrex.

tube with 1 mm inside diameter (ID).
The depth of etching in one side is 6.8
um which is the separation of the two
surfaces. The reason we choose this gap
is that LED light source can be used and
tested for economical reason in the

future. Since LED has much larger
spectral bandwidth, the interference
pattern quickly disappears as the cavity
length increases. Its coherence length is
much shorter than that of laser.

tubing fiber

4\

Fig. 2. Schematic of sensor structure. The light
is sent and received through the 100 um core
fiber. The cavity length is about 7 um and the
thickness of the membrane is 8 tm . The drawing
is not in scale.

The miniaturized mechanical
membrane structures employed here
were fabricated on silicon wafers using
anisotropic etching technique in
potassium hydroxide. After the precise
alignment of the masking patterns on
both sides of the silicon wafer, a
photolithographically-formed window

was etched to a depth of 178 um on only
one side first. The both sides were then

etched to a depth of 7 um. which yielded
the required cavity depth and the

membrane thickness of 8 um . Upper
side of the membrane in a (100) crystal
plane where the reflection should occur
was polished to optical quality and its
depth variation was checked with an




interferometer. A portion of the 2-inch
diameter silicon wafer containing 144
micromachined sensor chips is shown in
Fig. 3 as well as a photograph of the
assembled pressure sensor.

(a)

Fig. 3 (a) Photograph of a portion of the silicon
wafer in which 144 sensor-chips are
micromachined. (b) Photograph of the pressure
sensor where the window is larger than the
membrane size because of the etching angle.

The trapezoidal structure defining the
(111) crystal plane is apparent in both

photographs. The actual window
opening to create the desired membrane
size was accurately determined by
considering the etching angle of 54.7° to
a <100> direction.

The width of the pressure-
sensing membrane is 750 um, and the
thickness is 8 um. The first surface is
formed by the 130 um thick glass flat
which is cemented to the silicon surface.
The fiber with 100/140 um is centered
by the secondary glass tubing whose ID
is 150 um. The interference pattern due
to two surfaces formed by glass
microslide itself is negligible. In
application to an actual ‘automotive

.engine, the Corning 7740 Pyrex slide

will be anodically bonded. A vent hole
will be provided to the micromachined
cavity to make sure that the membrane
deflection is not impeded at a higher
pressure due to the resistance from the
compressed air that is otherwise trapped
in the cavity.

IV. Experimental results

The pressure test set-up we used
is depicted in Fig. 4. We tested the
sensor under the dynamic pressure from
air compressor whose combustion cycle
is 34 msec and under the static pressure
from Nitrogen gas.

First, the result from the dynamic
pressure testing with the air compressor
is illustrated in Fig. 5. The response of
our sensor (bottom) matched well with
that of a commercial sensor (top).
Although the sensors were not mounted
directly to the cylinder of the air
compressor, we ovserved that the
temperature of the pressure chamber
reached about 70 °C, at which point the
commercial piezo-sensor stopped
working properly.
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Fig. 4. Block diagram of the experimental configuration. Laser diode with 1310 nm-wavelength is
used with 100/140 multimode fibers and a coupler. The two-channel oscilloscope facilitates the signal

analysis from the two different sensors.

However, our sensor continued to yield
the same performance at the elavated
temperature. Since the cavity length is
shorter than a few micron, and the
sensor is all assembled made of silicon
and glass, its performance variation due
to thermal expansion would be minimal.
Also, the temperature dependence in
Young's modulus is negligible and thus
the resulting waveform would be stable
over the expected automotive engine
temperature range. -

Fig. 6 depicts the result from the
static pressure testing. It clearly exhibits
that there are about 8.5 fringes during
the time of which the pressure is
increased from 15 (1 atm) to 1000 psi.
This was predicted in our design. It
should be noted that we recovered the
identical time-reversed signal pattern
when the pressure was released from
1000 to 15 psi. : :

In the future desxgn we are
planning to increase the memberane
thickness so that the output is confined
within the linear region, as represented
bv the dark strip in Fig. 1, for the

dynamic pressures up to 1200 psi, which
is the expected maximum value for an
automotive engine.

A he A

Fig. 5. Response of the fiber-optic sensor at the
bottom is compared with that from the
commercial sensor at the top for the dvnamic
pressures of 15 — 120 psi.




=1 10eV A 200ma -71.3mv VERT

- Fig. 6. Response of the fiber-optic sensor is
shown for static pressures of 15 — 1000 psi. It
clearly exhibits 8.5 fringes. No signal amplifier is
used for this output.

V. Conclusion

It has been shown that our newly
designed sensor based on the theoretical
‘model largely met the expectations well.
On the other hand, it is still far from the
actual commercial use of this sensor
since there are many elements to be
studied further. In the future, we will
incorporate LED source so that this
sensor is more economically viable. A

more detailed study will be followed .

elsewhere.
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