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The fabrication and characterization of a fiber-optic micro accelerometer for downhole seismic measurement is described.
This sensor consists of a Fabry-Perot interferometer using a half-mirror at the end of an optical fiber and a total reflection
mirror on a silicon mass suspended with thin beams. When acceleration is applied to the sensor, the intensity of the reflected
light is modulated interferometrically according to the displacement of the silicon mass.

The sensor is fabricated by using silicon micromachining and hence is small sized (6.6 mm in diameter and 11 mm in
height) and cost effective. By reason of the small size and the low cost, it is possible to install many sensors in a micro
borehole. Since the sensor has not active devices like transistors, it can stand in harsh environment i.e. high temperature. The
fabricated sensor has the frequency range from DC to 300 Hz, the maximum detectable acceleration of 0.27g and the dynamic

range of 36 dB.
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. 1. INTRODUCTION

In Tohoku University, the development of various kinds
of microsensors for downhole measurement has been made
since 1993 [1]. Micromachining is the technology for
fabricating three-dimensional microstructures. Using this
technology, it is possible to fabricate a large number of
precise microstructures on a silicon wafer with low cost [2)].

Micro accelerometers have been developed for seismic
detection. If the micro accelerometers are realized, it is easy
to install many seismic sensors in a micro borehole or in

casing annulus of a borehole. A fiber-optic micro

accelerometer has been developed since 1993 (Nouta et al.)
[3]. The sensor is fabricated by using silicon
micromachining and hence is small sized and cost effective.
Since the sensor has not active devices like transistors, it
can stand in harsh environment i.e. high temperature. We
have already reported the concept of the fiber-optic micro
accelerometer for downhole seismic measurement [4]. This
report describes the fabrication and characterization of the
Sensor.

2. THE PRINCIPLE OF DETECTING
ACCELERATION

Figure 1 shows the principle of detecting acceleration in
the fiber-optic micro accelerometer. The sensor consists of a
Fabry-Perot interferometer using a half mirror at the end of
an optical fiber and a total reflection mirror placed on the
silicon mass. The detected light intensity from the sensor is
expressed as follows,
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Fig.1. Principle of detecting acceleration
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I= [I O}-I—[Modulated Signal]

=[A12+A22]+{2A]A2cos(4723 cos(w‘,vt)+i7j1—d):', (1)

where [, is the mean light intensity, A, A, are the
amplitudes of the reflected light from the end of the optical
fiber and the silicon mass, A is the light wavelength, B is
the displacement of the silicon mass, d is the gap between
the end of the optical fiber and the inner surface of the
silicon mass, @, is the angular frequency of the silicon
mass movement, and ¢ is time. The modulated signal
component extracted from Eq.1 is expressed as follows,

I'= —4A1A2]1[47;B ]Sln[élzd

]cos(a)xt) . (2) .

where J;(x) is the 1st Bessel function. Around x=0
J1(x) is approximately proportional to x and hence the

modulated signal ' s the mass
displacement B.
In order to maximize the modulated signal I' following

condition is required.

proportional to

i’%:%mn (n=0,1,2,) , (3)

In order to satisfy Eq.3, the wavelength of the light source
Le. semiconductor laser diode (LD) could be adjusted
within a few nano-meter by changing the temperature.

The ratio between [, and the amplitude of the modulated
signal in Eq.1 is defined as “visibility”. The larger the
visibility the higher the sensor sensitivity. The maximum
visibility 7, is represented in Eq.4,

__[Modulated Signal]
m [10]
__2A4
A+ A2
2

1’12 +t14f2

where n andt; are amplitude reflectivity and amplitude
transmittance at the end of the optical fiber and f is the
fraction of the reflected light into the fiber core. The
amplitude reflectivity at the end of the silicon mass is 1.
These components are shown in Fig.1. When the reflectivity
of the half mirror at the fiber end is optimized i.e.

n= t12 S ,large v, is obtained [4].
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3. DESIGN

Figure 2 shows the schematic diagram of the fiber-optic
micro accelerometer of which size is 6.6 mm in diameter
and 11 mm in height. The silicon mass is suspended with
thin beams from a frame on both front and backsides in
order to suppress cross axis sensitivity. The silicon frame is
fixed at the end of the glass micro capillary in which a
single-mode optical fiber is inserted. The gap for the optical
interferometer is made between the end of the optical fiber
and the aluminum mirror on the silicon mass. The opposite
side of the silicon is covered with a Pyrex glass plate. Multi-
mode optical fiber could not be used because of its phase
divergence.
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Fig.2. Schematic diagram of the fiber-optic micro
accelerometer

The maximum detectable acceleration a,,, the resonant

frequency f, and damping ratio & are determined by the

following equations respectively, ’
1 k

c—————oc— , (5)
m [Sensitivity] m

1 [k
f"_27r m (6)

2
5_0.21;&5 (7)
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where k is spring constant, m is mass, U is viscosity of
air, S is area of the silicon mass. The specifications were
required considering the use for the downhole seismic



measurement [5]. The sensor design is listed in Table.1.

Table.1. The sensor design

Whole Size 6.6 6.6 x10.9 {mm]
Siii Area 0.43 [mm?]
I\;E:sosn Thickness 180 [y m]
Weight 0.18 [mg]
Number 8
Boams Length ‘ 510 {umj
Width 20 [um}
Thickness 431umj
Spling Constant 10.5 [N/m](by 8)
The Gap between two Mirrors 9fumi
Maximum Detectable am 0.33 [g]
Acceleration
Resonant Frequency fn 1216 [Hz]
Damping Ratio £ . 0.70
4. FABRICATION

The fabrication process of the micromachined silicon and
the assembly process are described in the following (Fig.3).
The vertical etching through the silicon wafer was made
using ICP-RIE (Inductively Coupled Plasma — Reactive Ton
Etching). The thin beams made of highly doped P™ layer
were formed by undercutting the silicon with selective wet
etching using EPW (Ethylenediamine-Pyrocatechol-Water)
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as an etchant [6]. The packaging of the sensor was achieved
by anodically bonding the micromachined silicon to a Pyrex
glass and fixing the silicon-glass structure to the glass micro
capillary (Nippon Electrical Glass) by Epoxy.

)

®@ Q @

©®

Both side polished and (100) oriented silicon wafer
200 u m in thickness was used.

9.4 m gap was formed by anisotropic wet etching
using TMAH (Tetra-Methyl-Ammonium-Hydroxide).

Boron was diffused in order to form 4.3 um thick
highly doped P** layer.

SiO2 stoppers were formed by plasma TEOS- CVD
(TEOS: Tetra-EthOxy-Silane).,

Vertical etching through the silicon wafer was made
by ICP-RIE with SiO2 as a mask. The SiO2 was
deposited by plasma TEOS-CVD.

The beams were formed with selective wet etching
using EPW as an etchant.

- SiO2 mask was etched to the extent that the SiO2

stoppers remained.

Aluminum was evaporated though a mask for the
reflected mirror. ‘
Indium-Tin-Oxide (ITO) was sputtered on the Pyriex
glass. The Pyrex glass was bonded anodically to t‘he
micromachined silicon. The electrically conductive
ITO film was required to avoid an undesirable
bonding of the silicon mass to the glass by electrical

shielding.
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Fig.3. Fabrication and assembly process of the sensor
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Fig.5. Photograph of the packaged sensor
mounted on a vibration exciter

Optical fiber was inserted and fixed to a glass micro
capillary by Epoxy.
@ The silicon-glass structure was fixed to the glass

micro capillary by Epoxy.

Figure 4 show the photographs of the micromachined
silicon structure. The mass is suspended with thin beams as
shown in the photograph in order to release the residual
stress which originates in the highly doped P** layer. Figure
5 is the photograph of the packaged sensor that is mounted
on a vibration exciter.

5. CHARACTERISTICS

Figure 6 shows a measurement setup for static
characteristics of the sensor, in which the LD (LN7301
Panasonic) and the light detector (Q8347 ADVANTEST)
was used. The wavelength of the LD is approximately
1300nm. In this setup, the wavelength of the LD was
adjusted by changing the temperature in order to satisfy the
condition of Eq.3. The sensor response against the tilt angle
of the sensor was measured. Figure. 7 shows the static
characteristics of the sensor. The result shown in Fig.7 was
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Fig.7. Static characteristics of the sensor

LD Modtile

(Wavelength=1300 nm)  Single-Mode

Fiber
3dB
Coupier

FC Connector

Lense

am]

Singlemode Fiber

Optical

Coupler
Optical Fiber

Photo

Terminator

P
Coupler Datector

Fabricated Sensor

Vibration System (B &K inc.)

Charge Ampiitier !
{2635) Sinusoidal
SignalMNoise
Generator {1054)
= []

1
|
I
|
Pickup Sensor |
i
!
I
i

(4303)
—Q 9
Power Amplifier
Vibration Exciter(4809) {2706)

l
t
t
I
t
I
t
f
t
f

Fig.8. Measurement system for dynamic characteristics

reproducible and the influence of the bending and the
vibration of the optical fiber was negligible. The theoretical
displacement of the silicon mass is 336nm under the static
acceleration of = lg. The displacement corresponds
approximately to a quarter of the wavelength of the light
source. Figure 7 represented the good agreement with the
theoretical displacement, that is, it saturates around *1g.
Although the experimental result didn’t completely
correspond with the theoretical curve, it seems that the
silicon mass didn’t necessarily displace horizontally to the
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Fig.9. Frequency characteristics

direction of the acceleration that was determined by the tilt
angle of the sensor.

Figure 8 shows a measurement system for the dynamic
characteristics of the sensor. The dynamic characteristics
were measured by fixing the fabricated sensor on a
vibration exciter (4809 B&K). The photodiode (G5832-02
HAMAMATSU PHOTONICS) was used to detect the light
intensity. Figure 9 shows the frequency characteristics of the
fabricated sensor. The fabricated sensor has a frequency
range from DC to 300Hz. The estimated damping ratio is
2.0, because the gain is —12 dB at the theoretical resonant
frequency (1200 Hz). Damping ratio is larger than that
designed, because the gap between the Pyrex glass plate and
the silicon mass could not be well controlled by reason of
the distortion of the Pyrex glass plate caused during anodic
bonding. To solve the problem, it seemed to be effective to

use the thick Pyrex glass plate for reducing the distortion [7].

The dynamic range of the fabricated sensor is characterized
as shown in Fig.10. The maximum and minimum detectable
acceleration is 0.27 g and 0.004 g respectively and the
dynamic range is 36 dB. The maximum detectable
acceleration measured satisfies the required specification.
However, the minimum detectable acceleration that is equal
to the noise level is too Jarge to detect the seismic signal. To
lower the minimum detectable acceleration it is required to
increase the light intensity to the detector and to improve
the detector. The reflectivity at the fiber end was not
optimized in the fabricated sensor because the fiber end
didn’t have a half mirror but its natural reflectivity.
Furthermore it is required to minimize the optical loss at the
connector and so on or to increase the light intensity of the
LD to achieve higher sensitivity. ‘

6. CONCLUSION

- We have developed the fiber-optic micro accelerometer
that has endurance in harsh environment for downhole use.

580

V]

L

Output

Cutput [V]

0.80 ;- om o o
0.60 -

0.40 |-
020

1.3g, 100 Hz

MMM M
‘ I
W W
Time [ms]

o 0,1, 100HZ - -

020 |-
-0.40 |
-0.60 1\
-0.80 -

0.15
0.10
0.05
0.00

-0.05

-0.10
-0.15

2

{

Output

30
Time [ms]

40 50

© 0.01g, 100Hz

10

20 30 40 80

Time [ms]

Max 0.27 g

[ELee) g

R L LT S p— s

Min 0.004 -

A R M 5 0

(2

Acceleration [g]

Fig.10.- Dynamic range of the sensor

T.IEE Japan, Vol. 120-E, No. 12, 2000



XA ZOT 7 A ISR E A Y

The fabricated sensor has the frequency range from DC to
300HZ, the maximum detectable acceleration of 0.27g, and
the dynamic range of 36 dB. The future work is to lower the
minimum detectable acceleration and to package the sensor
for the use of downhole seismic measurement,
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