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Research and fabrication of integrated optical chip
of Mach—Zehnder microinterference accelerometer
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A novel hybrid-integrated optical accelerometer, based on Mach—Zehnder interference, is
described. The integrated Mach—Zehnder microinterferometer chip is investigated theoretically
and experimentally. On the LiNbO; substrate with the dimensions of 38 mmx6 mmx2 mm,
MMI optical power splitter, Y-branching guide, phase modulator and polarizers are integrated
to constitute the Mach—Zehnder microinterference chip. The performance of a prototype of
the accelerometer is characterised. The measured frequency spectrum is in good agreement with
the theoretical prediction.
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1. Introduction

Integrated (hybrid-integrated) optical accelerometers (IOA) are interest growing
interest in a variety of application fields. Their reduced dimensions and weight to-
gether with the possibility of low-cost mass production make them ideal in a wide field
range: automation technology, earth and sky observation, till safety and security [1-3].
In the previous papers, several fiber-optic accelerometers have been demonstrated, in
which single-mode all-fiber Mach—Zehnder [4], Fabry—Pérot [5], and Michelson
interferometers [6] were employed to detect the phase changes induced by the exter-
nally applied acceleration. Those sensing systems tend to occupy a relatively large
area and to require precise alignment of the optical components. A solution to these
problems is the integration of the optical components for the sensing onto a substrate.
This integrated optic sensor has several advantages such as compactness, lightness,
alignment-free configuration and potentially efficient interaction between the light-
wave and the measurand. There have been several proposals of integrated optical
accelerometers. For example, GORrRecki had realized a silicon-based microinter-
ferometer with significant SAW phase modulation, performed by deposition of a ZnO



122 TANG DONG-LIN et al.

thin film transducer [7], LLOBERA ef al. designed an optical accelerometer based on
antiresonant waveguides, which has an optical sensitivity of 4.6 dB/g [8].

In this paper, based on our previous work on Mach—Zehnder fiber-optical
accelerometer for seismic prospecting [9], we present a novel high-performance
hybrid-integrated fiber-optic accelerometer employing an integrated optical Mach—
—Zehnder interferometer using single-mode Ti:LiNbO; waveguides. Three polarizers
and two phase modulators are integrated with the Mach—Zehnder interferometer
fabricated by integrated optics technology on the same LiNbO; substrate. The acceler-
ometer with the resonant frequency of 3416 Hz and sensitivity of 3.22x1073 rad/m/s?
(a=0.2g (1.96 m/s?)) is demonstrated to work well in the range of 100-3000 Hz. It
can be employed to monitor or accurately measure vibrations in various areas such as
seismic measurements in geophysical survey, etc.

2. Principle of accelerometer operation

Figure 1 shows a hybrid-integrated fiber-optic accelerometer, which consists of four
parts: the input elements (laser, fiber and V-grooves), the Mach—Zehnder microinter-
ferometer (MZI) chip (polarizer, MMI optical power splitter, mass, Y-branch wave-
guide, phase modulator, polarizers), the output elements (fiber, V-grooves and two
PIN photodiodes) and the signal processing system.

A light beam of intensity /, coupled from the fiber to the V-grooves, is split by
the MMI optical power splitter into four beams of equal intensities which propagate
in the arms of the MZI chip. After traversing the arms of the MZI chip, the beams
merge at the output Y-junction and produce interference fringes based on the applied
acceleration which is observed at the output port. Two PIN photodiodes are employed
to convert interferometric optical intensity into electric signal, which is subsequently
proceeded by the signal processing system.
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power splitter Y-branch
waveguide
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Fig. 1. Sketch of the hybrid-integrated fiber-optic accelerometer.
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3. Mach—Zehnder microinterferometer (MZI) chip

A schematic of the Mach—Zehnder microinterferometer (MZI) chip, the key element
of the accelerometer, is shown in Fig. 2.
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Fig. 2. Schematic of the Mach—Zehnder microinterferometer (MZI) chip. Top view of the chip (a) and
enlarged view of region I (b).

A light beam, which is polarized perpendicular to the stress direction caused by
the acceleration forces on proof mass, is split by MMI splitter forming four separate
beams traveling in waveguides 1, 2, 3, and 4, each with the intensity of 7/4. When
the proof mass attached to waveguides 1 and 4 is accelerated with acceleration forces
in the direction of AF, it will stress one waveguide in tension and the other in
compression. This changes the index of refraction of these photoelastic waveguides.
The phase shift following the variation of the index will be adjusted by external
acceleration. The light passing through waveguides 2 and 3, which are not stressed,
passes through 90° phase modulators. The light which is modulated by external
acceleration and the phase modulator will pass through polarizers after being coupled
by the Y-branching waveguide. The polarizers are employed to realize and maintain
the polarization state of the output lightwaves, and also to filter the optical signals out
of detection directions. The light signals are converted to electrical signals by photo-
detectors. Acceleration is achieved by feeding the electrical signal into a signal
processor unit.

Having obtained the change of refractive index of the waveguide, we can obtain
the phase shift caused by the applied acceleration:

27 2nBmAa
Ap = =Fppy = 28BmAa
9= WA

(1
where, A¢ is the phase shift, An is the change of refractive index, m is the proof
mass, Aa is the change in acceleration, B is the photoelastic constant of LiNbO;,
B =5.78x10""2 m%*/N, w is the width of waveguide.
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Since there is a 90° phase lag between beams, the equation for beam intensity at
the PIN photodiode is:

/ / .
= —_— —+ — o = — —+
I = [1 cos(Ag— 90 )} : [1 sm(AM )
where [/ is the input laser intensity. The signal input to signal processor from PIN
photodiode (a) may be

I, = %[1 + sin(A¢)J 3)

and the signal input from PIN photodiode (b) may be

I, = %[1 -~ sin(Ag) | )

with the acceleration AF in one direction. For acceleration forces in the opposite
direction only the signs (+ or —) will change.

If the two signals are normalized, the difference of output signal from the signal
processor is:

=l ingag) 5)
——— = sin
1,+1,
which is proportional to the input acceleration.
The sensitivity S is:

Ag 2nBm
S = = 6
Aa wA ©)

In our design, a typical example may be: light axis ny=2.219, n,=2.145.
When the wavelength of polarized light (A1) is 1.3 um, the waveguide geometry sizes
of the sensors are: L = 10 mm, w = 6.5 um, # = 2.5 um, the proof mass m = 100 g, and
the sensitivity of the sensor is 3.22x1077 rad/m/s?.

4. Fabrication and experimental results

The high-quality Mach—Zehnder microinterferometer chip was prepared on LiNbO4
substrates with the use of Ti in-diffusion techniques [10].

In order to minimize the loss, an MMI coupler is selected as the power splitter.
The MMI width (W) is chosen as 116.33 um to ensure easy separation between
the four output ports. The first mirrored-image position of TE polarizations can be
found at 68.52 um according to the BPM results. After properly choosing the param-
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eters of the MMI coupler, the simulation shows that the propagation loss decreases to
only 0.3 dB.

It is important in the interferometry to keep the polarization state of the two
interfering beams the same [11], so three Al-shielded polarizers with the length of
5 mm, prior to the SiO, buffer layer with the thickness of 50 nm, are designed on
the microinterferometer to realize and maintain TE mode polarized lights.

Considering the hybrid-integrated optical accelerometer response and fabricating
craft, we adopt the lumped waveguide phase modulator [12] shown in Fig. 3, which is
integrated on the X-cut and Y-propagation Ti:LiNbOj; substrate, in which TE mode is
transmitted and the maximal electro-optic coefficient ;5 is obtained.
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Fig. 3. Lumped waveguide phase modulator.

According to theoretical analysis and the-state-of-the-art, the structure has been
designed as follows: electrode voltage V' = 2.5000 V, electrode length / = 7.9910 mm,
guides width w = 5.8312 um, electrode interval G = 18.5000 um, electrode thickness
t=0.4000 um, electrode capacitance per unit length Cy,=2.0769 pF/cm, electrode
capacitance 1.6596 pF, electrode bandwidth A f = 3.8359 GHz.

It was not possible to provide an accurate characterization of the MZI, since it was
uncertain whether the measured losses were due to the seismic mass displacement
and/or not to the misalignment between the input/output optical fiber and the device.
Placing the optical fiber in V-groove made of silicon solved this problem [8].
An unavoidable coupling loss of 2 dB obtained from the coupling light between
the optical fiber and the waveguides.

Light of wavelength 1.3 wm was passed through the waveguides fabricated in MZI
to check the quality of the waveguides. Figure 4 gives the diffraction image captured
using an infrared video camera. So, it is obvious that the quality of the waveguides is
excellent.
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Fig. 4. Diffraction image of output light with
wavelength 1.3 um.

In a further experiment, we tested the performance of the MZI for seismic
acceleration detection. The frequency response of the accelerometer was determined
using an electrodynamic shaker (GS1020 vibration tester). The accelerometer was
bonded to a standard piezoelectric accelerometer; the combination was mounted on
top of the shaker with the sensitivity axes of the accelerometers aligned with the direc-
tion of motion. The shaker was driven with sinusoidal inputs having frequencies
ranging from zero to 8 kHz. The outputs from the accelerometers were recorded using
a dual-trace oscilloscope. The transfer function for the accelerometer was calculated
from these data. It is plotted in Fig. 5.
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Fig. 5. Frequency response curve of the accelerometer.
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In Figure 5, the measured frequency spectra are shown for a = 0.2g. The frequency
spectrum curve for a =0.2g is flat in the range of about 100-3000 Hz, which is
the useful frequency band for seismic exploration.

5. Conclusions

A hybrid-integrated chip for optical fiber seismic accelerometer with low propagation
loss has been designed in this paper. The Mach—Zehnder interferometer (MZI) is
designed by analyzing its elements, such as MMI coupler, phase modulator and
polarizer, etc. The frequency response characteristics of the accelerometer have been
measured. It can be seen that the accelerometer has good linear frequency responding
characteristic when the frequency is below 3000 Hz, which is in accordance with
the operating frequency in high-accuracy seismic exploration.
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