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Summary

With the rapid replacement of semiconductor sensor devices, the overall device size
continues to shrink. As a sensitive component, the structure usually has micrometer
or even nanometer displacement that needs to be accurately measured. The small
displacement detection method with high sensitivity and excellent dynamic response
is facing challenges.
The purpose of this paper is to design and verify an optical displacement readout
system for a micro Coriolis mass flow sensor. The target to be detected is an inte-
grated suspended micro-tube, with millimeter size dimensions and nanometer level
out-of-plane displacements. We designed the top surface of the micro-tube as a
reflecting mirror, and set a fixed grating above it to form a double grating diffraction
structure. Based on the theory of grating diffraction, the diffracted order intensity
of the composite diffracted light field is sensitive to the displacement of the mirror
surface, and the light sensor can be used to convert the detectable light signal into
an electrical signal.
In this report, the working principle of this double grating diffraction based readout
system is theoretically deduced and a mathematical model is established. Through
optical simulation and numerical calculation, it is verified that the detection range of
this system meets the requirements of the flow sensor. At the same time, due to the
periodicity of the motion pattern of the movable micro-tube, the phase shift analysis
method was adopted and high sensitivity (0.03rad/nm) was reached.
Based on theoretical research, the related devices selection and layout design of
the optical readout system have also been completed. A series of preliminary ex-
periments confirmed that the light signal changes caused by the nano-scale periodic
motion can be detected and measured.
The thesis initially verified the feasibility of the designed optical reading system, and
the actual sensitivity and dynamic performance still require subsequent device fab-
rication and testing.
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Chapter 1

Introduction

1.1 Introduction of micro Coriolis flow sensor

This thesis is based on the micro Coriolis mass flow sensor developed by Bronkhorst,
an advanced sensor manufacturer focusing on low flow fluidics handling technol-
ogy. The sensitive part of this flow sensor is a rectangle-shaped suspended micro-
channel [1], as shown in the Figure 1.1. The fabrication process of the sensor is
based on the Surface Channel Technology (SCT) proposed in [2], [3]. Firstly, a
layer of a low-stress silicon-rich silicon nitride (SiRN) (thickness: 500nm) layer is
deposited on the silicon substrate, with slits as the etching windows for the micro-
channel. The deep reactive ion etching (DRIE) is used to prepare channel on the
silicon substrate. The cross section of the channel is circular, and the transmission
direction is arranged as a rectangular loop. The second silicon rich nitride layer is
deposited by low-pressure chemical vapor deposition (LPCVD). The conformal se-
lectivity of LPCVD deposition contributes to the uniform thickness of sidewalls and
sealing of the slits. Finally, the protective silicon rich nitride layers and the silicon
substrate are processed by reactive ion etching (RIE) and wet etching, respectively,
and the silicon rich nitride micro-tube is released and suspended in the cavity.
Metal layers deposited as the final process, which will be used as actuation tracks

Figure 1.1: (a) The picture of Coriolis mass flow sensor, (b) The SEM figure of the
sensing part, (c) Cross section of the suspended micro-tube.
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2 CHAPTER 1. INTRODUCTION

for the sensor. So that, under the influence of the external stable magnetic field
and alternating current, the tube is driven by Lorentz force to make periodic motion.
According to the simulations from the previous research, the micro-tube can have
two types of motion depending on the driving frequency [4]. As shown by the eigen-
frequency simulation calculation results, Figure 1.2, when the driving frequency is
close to 1.3kHz, the direction of movement of the tube along the x-axis on both sides
is the same. When the driving frequency is increased to 2.3kHz, the tubes on both
sides move in opposite directions. These two initial actuation modes can be called
Swing mode and Twist mode, respectively.
When the micro-tube is in a Twist mode, the y-axis parallel segment rotates around

Figure 1.2: Comsol eigenfrequency test results, showing the front-segment tube
vertical displacements with different driven frequencies.

the central axis of the plane. At this time, the mass flow passes through the tube,
the mass unit has two orthogonal motions, including forward movement through the
tube and rotational movement with the tube. As the result, mass flow will be affected
by the Coriolis force. Coriolis force is an effect produced by the inertia of an object,
which can be determined and calculated by a vector Equation (1.1).

−→
Fc = −2 · Ly ·

(−−→ωam ×−→Φm) (1.1)

Where Ly is the length of the Coriolis force sensitive part, the y-axis parallel seg-
ment in this case. ωam and Φm are the angular velocity and mass flow rate of the
moving fluid respectively.
Therefore, when the micro-tube is in a initial Twist mode, Coriolis forces are realized
in vertical plane, causing the tube to move vertically, as shown in the Figure 1.3 [2].
So that with the two effects of Lorentz force and Coriolis force the suspended micro-
tube always has a compound motion.
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Figure 1.3: The suspended micro-tube in the micro Coriolis flow sensor. The ωam is
the actuation-mode angular velocity; Fc indicates the Coriolis force as a
result of mass flow [1].

In previous research, the small displacement of this compound motion was mea-
sured and characterized by micro system analyzer [2], [3]. The 5mm long y-axis
parallel segment has an amplitude in the order of 10um at the corners of the retan-
gular loop, equivalenting to a rotation of 0.034 degrees. And the Coriolis force can
produce displacements up to 100nm at the maximum flow rate.. So the range of
displacement to be detected is summarized in the Table 1.1.

Table 1.1: Technical parameters of the detection range of the readout system.

Force Direction Measurement range

Lorentz force Rotational 0− 0.034 degrees
Coriolis force Vertical 0− 100nm

The current displacement measurement solution adopted for this set of Coriolis flow
sensors is based on a capacitive detection method. The sensitive part is a set of
fixed comb-shape electrodes and another set of movable same shape electrodes
connect with the suspended micro-tube. Thus, the tube’s displacement can cause
a change in effective distance between the capacitor electrodes. Through the ca-
pacitance changing signal collected by the detection circuit, the displacement of the
micro-tube and the mass flow rate can be calculated.
The maximum sensitivity of this capacitive design is achieved with electrode spac-
ing of 2um, this has a disadvantage that causes the electrodes to easily collide with
each other under the internal or external shocks. Furthermore, in the micro-scale,
the electrodes are at risk of attracting and bonding due to static electricity.
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Therefore, a solution of using an optical system instead of capacitive measurement
was proposed. The original comb-shaped capacitors were replaced with a light-
reflective metal tracks, which will produce vertical displacement and rotation with
the movement of the suspended micro-tube. By using a fixed laser beam to irradiate
this movable reflector, the reflected light will carry the changing optical signal, with
respect to the light intensity, which can be collected by the photo-detectors (PDs).
Finally, the movement of the suspended micro-tube can be derived. Because this
optical measurement method does not directly contact the moving parts, it can avoid
the structural collision problem mentioned above. In addition, the system can pro-
vide a good dynamic response performance, because the optical detection method
does not involve force generation.
In the group’s previous research work, a reflective optical reading structure was
experimentally verified with good accuracy, resulting in a ±3σ confidence interval
of 6mg/h [5]. As shown in the Figure 1.4, this structure uses the detection of the
change in the position of the reflected light spot to calculate the displacement of the
mirror. Due to the extremely small displacement of the mirror, this structure requires
a larger space to set up the optical path to amplify the displacement of the light
spot. At the same time, this measurement method requires computer-aided analy-
sis to position the light spot, rather than directly converting it into an electrical signal.
These factors are not feasible for on-chip integrated approach. Therefore, based on
this, my thesis project will focus on developing and verifying a more suitable towards
integrated optical readout system.

Figure 1.4: The schematic and the measurement setup of the optical system includ-
ing a quadrant cell light sensor which resolves the spot displacement
due to rotational tube deflections.
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1.2 Aim of the Thesis

This thesis aims to verify the application of an optical readout method in an existing
micro Coriolis flow sensor process. More specifically, a double grating diffraction
method is applied with the suspended micro-tube of the sensor. The nano-scaled
vertical and rotational displacements of the tube’s top-surface influence the diffrac-
tion results. The sensing part consists of a vertical-cavity surface-emitting laser (VC-
SEL) light source and a PDs array to obtain optical signals, which be used to de-
termine the displacement. Finally, the application of this optical detection method is
verified and evaluated.
The research work divided and realized the following key contents:

(1) Construct a numerical calculation of double grating diffraction.
The mathematical model of double grating structure diffraction is derived based
on the basic formula of optical diffraction. And through Matlab programming to
realize the design of the graphical user interface (GUI). By manually adjusting
the parameters, the effects of the grating displacement on the diffraction result
can be visualized, and accordingly, it provides a theoretical reference for the
system structure and device layout.

(2) Optical simulation of the double grating diffraction.
In the ANSYS Lumerical, the finite-difference time-domain (FDTD) method is
used to optically simulate and verify the conclusions of the mathematical for-
mula, including diffraction grating position, light intensity, and the effects of grat-
ing displacements.

(3) Design the layout of the devices and the grating structure.
Combined with numerical calculation and optical simulation results, the structure
and device layout of the overall optical system are comprehensively considered.
The key factors included are not limited to optical path medium, working distance
(from grating to PDs array), PDs array pitch, waist-width of the laser-beam, etc.
According to the design, choose the device’s parameters and fabricate the grat-
ing with the appropriate process.

(4) Build a testing platform to evaluate the optical measurement methods.
Considering that integration with existing sensor devices will involve changes
in the overall packaging process, a simplified measurement platform was built
for experiment. A gold deposited silicon chip is used as a mirror to replicate
the top surface of the micro Coriolis tube. This mirror is subjected to periodic
displacements. By analyzing the light intensity change signal collected by the
PDs array, the displacements of the mirror surface can be monitored. Based
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on this, the sensitivity and dynamic response of the optical detection method is
verified and evaluated.

1.3 Report organization

The remainder of this report is organized as follows.
In Chapter 2, different solutions for optical detection of small displacement are sum-
marized. By comparing their working principles and performances, the structure of
double grating diffraction was selected.
In Chapter 3, the working principle of the double grating based optical readout sys-
tem is introduced by theory. Firstly, the mathematical model of double grating diffrac-
tion is derived. Thus, the distribution position and intensity of the light and dark
fringes (diffracted orders) of the diffraction pattern can be calculated. Based on this,
by adjusting the tilt angle and relative displacement of the reflective surface in the
double grating structure, the corresponding diffraction results can be calculated.
Then, in Chapter 4, through mathematical language programming, the superim-
posed effects of the two motion modes can be decomposed by analyzing the phase
change of the periodic signal. So, the displacement measurement sensitivity can be
evaluated theoretically. Next, the double grating diffraction model is developed for
optical simulation. The overall structure parameters refer to the previous numerical
calculations. The obtained simulation result satisfies the theoretical solutions. So,
the theoretical feasibility of the optical readout method is preliminarily proved. Also,
the key parameters of each component of this system are summarized to guide sub-
sequent preparation and experimental testing.
In Chapter 5, the construction of the measurement platform and the experimental
test results are recorded and summarized. The results verify the feasibility of the
optical measurement method. Multiple performances of this sensing system have
been evaluated, including sensitivity, dynamic response, stability, etc.
As the end of thesis, in Chapter 6, the report comprehensively summarizes the char-
acteristics of this double grating diffraction based optical measurement method, in-
cluding the advantages and disadvantages, key influencing factors, and technical/non-
technical issues that occurred in the research process. Prospects for the further
development of this sort of measurement method are also discussed in the last sec-
tion.



Chapter 2

Literature review

With the increasing development and improvement of semiconductor processing
technology, many devices with micromechanical structures have been developed,
including common microelectromechanical systems (MEMS) inertial navigation de-
vices, accelerometers, pressure gauges, microphones, etc. The movable structures
contained in these microstructures are usually cantilever beams or elastic films,
which are sensitive parts to sense certain input physical quantities or generate cor-
responding strains on input excitation. Due to the shrinking of the overall size of the
device, the amplitude of the displacement of these structures is often limited to the
sub-micron order. Determining the sensitivity of detecting small displacements has
become a key challenge for improving device performance [6].
The detection methods based on strain gauges or capacitor structures are the most
common, benefiting from the mature semiconductor metal layer preparation pro-
cess [6]–[9]. The small displacement of the device can cause the change of the
resistance or capacitance of the sensitive structure, and finally produce a detectable
electrical signal. When designing the device structure, factors to be considered,
like arranging strain gauges or capacitors reasonably determines the sensitivity of
the device. Simultaneously, these sensing structures need to be connected to the
original structure of the device, which will have a certain impact on the mechanical
characteristics of the overall structure, including intrinsic frequency, quality factor,
etc. Therefore, these structures need to be included in device design and dynamic
performance analysis.
There are many technologies that can achieve accurate optical displacement mea-
surement. Since there is no physical contact with the structure to be detected, it will
not affect the original motion of the structure, and thus has a good dynamic response
ability and generally high sensitivity. Industrialized laser displacement sensors gen-
erally use two methods: laser triangulation and laser echo analysis [10], [11]. Color
confocal and interferometric principles can be used for accurate displacement mea-
surement. In addition, laser displacement sensors are also used for non-contact

7
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vibration measurement. Relying on high-quality laser light sources and monitoring
cameras and other equipment, such industrialized monitoring devices are difficult to
integrate with micro-sensors.
Silicon devices can be processed into complex and fine micron-scale structures
through semiconductor technology, which can realize the setting of light sources
and the adjustment of light fields in tiny spaces. Optical displacement detection also
always frees electrical port for actuation, force feedback operation, and characteri-
zation purposes, which is benefit for sensor design [12]. Therefore, the design of the
optical reading system has always attracted attention and development. Additional
applications include accelerometers, gyroscopes, vibration and pressure sensors,
geophones for seismic shooting, photoacoustic gas sensors, and sensors for highly
irradiated sites or areas with electromagnetic radiation. The report selected differ-
ent typical optical measurement methods, and divided them into three categories:
reflection type, diffraction type, and double grating diffraction type according to their
working principle. The detection performance and application are respectively intro-
duced as follows.

2.1 Optical refraction or reflection

A typical application for optical measurement of small displacement detecting is op-
tical microphones. Commonly such devices have structures that integrates a laser
light source and light sensors at the bottom of the cavity, and a reflective membrane
is placed above the cavity, which will deform due to sound pressure waves, as shown
in the Figure 2.1. Theoperating principle includes flowing steps:
(a) A laser illuminates diffractive lens, a typical component used to separate and
focus specific wavelength.
(b) The light passing through the lens is reflected by the microphone membrane and
focused on the light detector. The light intensity of the focal point is measured.
(c) When the input acoustic pressure wave causes the membrane to vibrate verti-
cally, the focused light path change. Therefore, the light intensity at the focal point
will change and be mapped to the vibration amplitude.
Compared with the capacitance detection based microphone, the structure is sim-
pler, which is feasible for ultra-large-scale production with lower cost [13]. Simulta-
neously, since the signals of the two light sensor devices are used for comparison,
noise can be effectively reduced.

In order to detect the vertical displacement and tilt of the movable part more ac-
curately, the researchers form Kyushu University distributed the light sensors sym-
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Figure 2.1: The schematic diagram of the optical microphone working principle. Yel-
low part stands for the movable membrane.

metrically on both sides of the light source, as shown in the Figure 2.2. Due to the
divergence angle of the central beam, the reflected light field is radially distributed
on the two light sensors. The vertical movement and tilt of the mirror surface will
respectively produce the same and opposite changes in the light intensity on both
sides [14]. The author has carried out mathematical derivation of this geometry-
based measuring methods in detail in the publication, and obtained high-resolution
and large measuring range ( 0.4mm and 2.5 degrees) devices.

Figure 2.2: Schematic diagram of the effect of vertical displacement and tilt of the
reflector on the light field (a) and the testing device (b).

The resolution of the optical detection system depends on the response of changes
in the light field distribution to small displacements. Theoretically, this purely reflec-
tive structure needs to increase the optical path length to improve the resolution.
However, it is limited by device size and processing requirements.
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2.2 Grating diffraction

In order to further optimize the resolution of the optical measurement system, a lot
of research work focuses on the diffracted light field. The structure shown in the
Figure 2.3 is generally adopted, where a the reflection grating is set on the movable
structure to be tested.

Figure 2.3: Schematic diagram of diffraction optical micro-displacement detection
system [15].

The diffractive optical detection system structure is shown in the Figure 2.4. The
operating principle includes flowing steps:
(a) The reflected grating with sub-micron width fringes is irradiated by a laser beam.
The light passing through the grating gap is absorbed by the underlying material.
The light reflected on the grating fringes is diffracted, forming a group of coherent
light.
(b) The diffracted light interferes to form a diffraction pattern, which includes diffracted
orders with maximum light intensity.
(c) Set the a charge-coupled device (CCD) or PDs array to measure the light inten-
sity of the first diffracted order. According to the multiple slits Fraunhofer diffraction
theory [16], the diffraction angle corresponding to each diffracted order is deter-
mined by the grating structure and the wavelength of the light source. So the position
of the diffracted order (the distance from the center point) is equal to the diffraction
angle multiplied by the light transmission distance (working distance), from the grat-
ing to the plane where the detector is located.
(d) The working distance is changed, when the diffraction grating moves. So the po-
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sition of each diffracted order will shift and be measured. When the grating moves in
the vertical direction, the positive and negative diffracted orders move in opposite di-
rections. When the grating rotates or tilts, the positive and negative diffracted orders
move in the same direction. Through geometric calculation, the displacement of the
diffraction grating can be calculated using the moving distance of the diffracted or-
ders.

Figure 2.4: Schematic diagram of grating diffraction.

Compared with the detection of the overall intensity of the light field in a purely re-
flective system, the effective light intensity signal is concentrated in each diffracted
order. So the change in the position of the diffracted order is easier to be measured.
Therefore, the accuracy of this type of measurement system can usually be very
sensitive to changes in tilt angle in micron-degree scale [17]–[19].

2.3 Double grating diffraction

Double grating interference detection has been successfully applied in displacement
and acceleration detection [20]–[22]. Through structural design, two sets of diffrac-
tion gratings that interfere with each other and the compound light field can be ob-
tained. Based on the vector diffraction theory, it can convert weak displacement
changes into regular fluctuations of light intensity. The accuracy of interferometry
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can reach picometer level or even higher, and the structure is simpler and more re-
liable. Also the complementary outputs derived from zeroth and higher diffracted
orders reduce the effect of laser intensity noise in the measurements [12], [23].
The basic operating principle is to add a reflective surface (fixed on the movable
structure) behind the reflective grating, and the reflected light beam passes through
the grating again to form a transmissive grating. The two sets of light fields interfere
with each other to form the final diffraction pattern. Similar to the diffraction detection
system, the detectors only measures the intensity of certain diffracted orders. When
the reflecting surface moves, the initial phase of the transmitted diffracted light field
changes due to the change of the optical path. Eventually it will affect the intensity
of the composite diffracted orders. The detailed principle explanation is introduced
in Chapter 3. Due to the periodicity of the light phase, the resolution of this detection
method can reach the order of nanometers.
Since 2000, Neal A. Hall’s team form Georgia Institute of Technology, has applied in-
tegrated optical interference detection methods to micromechanical capacitive acous-
tic sensors [24], [25], as shown in the Figure 2.5(a). The incident light beam is re-
flected by the metal electrode grating and the upper vibration film. By measuring
the intensity of the diffracted orders, the displacement of the moving film can be
determined. By adjusting the voltage of the grating structure and the metal film, the
dynamic response of the device can be adjusted through force feedback to keep the
sensitivity at the optimal level. The device reported in 2002 can achieve a minimum
detectable displacement of 2× 10−4 Å/

√
Hz around 250kHz and low frequency de-

tection capability for microphone applications [26].
In 2004, the same group integrated a detector array and an optical sensor chip. This
structure achieves a good integration while ensuring excellent displacement resolu-
tion, reaching 20fm/

√
Hz at 20kHz [27], shown in the Figure 2.5(b).

From 2004 to 2008, B. Kim’s team replaced the mirror part of the double grating
structure with the detection object, and successfully realized the micro-scanning
grating interferometer [28]–[30]. After the sensitive units are arranged in an array,
they can be used to test the surface undulating motion of other objects. The struc-
ture and detection diagram are shown in Figure 2.6.
Due to the periodicity of the light field propagation, the light intensity changes with
the displacement in the grating interference detection in a sinusoidal form, the light
intensity changes little at the peak and trough, and the highest sensitivity is achieved
in the middle of the range [31]. So the displacement detection range and sensitivity
are limited. In order to expand the test range, in 2007, researchers at Georgia In-
stitute of Technology reported an integrated double grating difference measurement
method for atomic force microscope probes [32], as shown in Figure 2.7. The phase
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Figure 2.5: (a) Schematic diagram of sound sensor structure based on double grat-
ing structure [26],(b) Schematic diagram of the sensor structure of the
integrated silicon photoelectric detection chip array [27].

Figure 2.6: Schematic diagram of array type grating interference device [28].

is adjusted through the propagation medium, and the left and right photodetectors
respectively receive effective signals with a 90 degrees phase difference. Since the
response of the optical signal to the displacement of the mirror is a sinusoidal curve,
when one optical signal is in the region of poor linearity, the other optical signal with
a phase difference of 90 degrees is in the region of good linearity. Also, the region
with better linearity corresponds to higher sensitivity (slope). By combining the linear
regions of the two sets of signals, it can be ensured that the displacement response
is always maintained in the region of greater sensitivity. In 2009, the same research
group also used the electrostatic force feedback method to optimize the high sensi-
tivity [33], as shown in Figure 2.8. The position of the grating is adjusted according to
the feedback of the detection result (the step length is 4/λ) to ensure that the small
displacement to be detected is always kept in the most sensitive ranges. The Feng’s
research group of Tsinghua University applied this structure to liquid biochemical
detection, in 2013 [34]. Analyzed in principle, these two methods are designed to
change the initial phase difference of the two sets of diffraction grating light fields.
Compared with the first method, the adjustable grating method has a more flexible
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and wider adjustment range. Simultaneously, it can also avoid the strict require-
ments of the optical medium etching process, including the depth accuracy and the
flatness of the etching surface (excessive roughness will cause too much light dif-
fuse reflection and weaken the light intensity). For the second method, the complex
feedback control algorithm is the key factor, such as a look-up table is used to map
the controller output to a nonlinear curve. In related publications, the authors gave
a more detailed introduction.

Figure 2.7: Schematic diagram of double grating detection structure with initial
phase difference [31].

Figure 2.8: (a) Schematic diagram of tunable grating microinterferometer and its
control [33]. (b) Normalized optical intensity curve for the first diffracted
order [33].

Researchers from Koc University have reported a detection system with adjustable
wavelength [31], as shown in the Figure 2.9. The light sources can alternately excite
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light beams of different wavelengths, and the light-sensitive elements are respec-
tively arranged corresponding to different diffraction angles to obtain interference
signals. In this setup, the grating is alternately illuminated by different light sources
in chronological order, and different high sensitivity ranges will be obtained. The cali-
bration routine is used to evaluate the high sensitivity range of different wavelengths,
and only the signal corresponding to the wavelength that matches the displacement
amplitude is selected in the measurement process. Therefore, the detection sensi-
tivity will be enhanced, which theoretically conforms to: S2λ = max {Sλ1 , Sλ2}. As
they published in 2007, 2010 and 2011, the sensitivity of the sensor array is in-
creased by 30 percents on average [31], [35], [36]. And in theory, it can continue to
be improved by rationally designing the optical path and more light sources.

Figure 2.9: (a) Diffraction grating based MEMS Sensor that is illuminated with two
lasers with two wavelengths. (b) Proposed method using two – wave-
length illumination where the sensor array is illuminated by two sources,
one at a time. The first diffracted order light is imaged onto an array of
photodetectors, i.e a CCD camera [31].

In 2009, the Kang Wu group of Tsinghua University reported a grating accelerom-
eter. The influence of the deflection of the simulated mirror on the detection light
intensity is calculated by the scalar diffraction theory, and the structure is shown in
Figure 2.10. The device structure adopts anodic bonding process, and the spacing
is adjusted by electrostatic attraction. The displacement amplitude of the sens-
ing structure of the device is 159nm, and the measurement resolution is about
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0.2nm [37].

Figure 2.10: Schematic of the interferometric accelerometer [37].

Beijing University of Aeronautics and Astronautics proposed an improved optical
sensor structure based on micron double grating in 2010 [38], as shown in Fig-
ure 2.11. Corresponding to the bottom of the diffraction grating, a metal layer is
made as a mirror, and the light beam forms interference between the diffraction
grating mirrors to achieve the purpose of improving measurement accuracy. Re-
searchers conduct theoretical analysis and derivation of mathematical models for
sensor principles. Subsequent actual processing and testing show that the reflec-
tivity of the mirror has a greater impact on the optical measurement sensitivity. In
a report published in 2019, this team demonstrated the application of this struc-
ture to the measurement of small displacements in inertial navigation devices [39],
[40]. The acceleration measurement with a scale factor improvement, noise floor
decrease, and thus a bias stability enhancement from 2mg to 0.35mg, which was
achieved by reducing the non-parallelism error.

Zhejiang University proposed an optical tilt sensor based on a modulated phase-
sensitive diffraction grating in 2011 [41]. As shown in Figure 2.12(a), the mechanical
sensing part includes a mass and two supporting cantilever structures, which can be
fabricated on a silicon substrate using a dual mask process. The integrated photo-
sensitive element can detect the changes in the diffraction spectrum caused by the
tilt of the mirror. The experimental results show that the best inclination sensitivity
of the sensor is 1.15V/degree, the resolution is about 0.0046 degrees, and the mea-
surement range perpendicular to the gravity direction of the earth is 0− 20 degrees.
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Figure 2.11: Schematic of the interferometric accelerometer [39].

In 2015, the same research group reported a grating sensor based on light intensity
compensation and phase modulation [42]. As shown in Figure 2.12(b), the compen-
sation optical path and piezoelectric ceramic driver have been added to the previous
detection. Phase modulation technology can improve the signal-to-noise ratio, so
the signal stability is greatly improved. Experimental results show that the sensitivity
of the grating displacement sensor is 44.75mV/nm, and the highest resolution can
reach 0.017nm, which is 27 times that of the sensor without intensity compensation
and phase modulation.

Figure 2.12: (a)Schematic of the grating type tilt sensor [41], (b)Schematic of the
phase modulation type grating displacement sensor [42].

In 2019, Bauman State Technical University Odinokov group theoretically proved a
interference linear displacement sensor based on phase shifts measurement of light
in orders of diffraction grating [43].The structure of the model is shown in the Fig-
ure 2.13. Two sets of code rulers form a double grating structure, and the diffraction
intensity distribution map is obtained through the optical sensor. The diffracted order
profile based on numerical simulation will cause phase changes due to the moving
code rule, which helps reaching the required measurement accuracy with nanomet-
ric resolution.
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Figure 2.13: Light path in the optical scheme [43]: (a) when the radiation propa-
gates from the source to the coding scale and (b) when it prop-agates
after diffraction at the coding scale.

Because of its simple test structure and high sensitivity, the double grating inter-
ferometry has moved from the early theory to sensor applications, and has been
researched and applied in gravimeters, microphones, displacement sensors, ac-
celerometers, and biochemical detection. Simultaneously, the sensitivity and dy-
namic response can also be improved by assembling this micro-system with the
existing optical sensor. For example, Yu Zhang group combined the double-grating
structure with the existing laser accelerometer to enhance the bias stability from
2mg to 0.35mg by reducing the non-parallelism error [39], as shown in Figure 2.14.
With the development of optoelectronic devices with the gradual miniaturization, the
integration of optical detection into micro-inertial devices has great potential for de-
velopment.
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Figure 2.14: Schematic diagram of an optical accelerometer [39]. A glass cover
with a metal deposition grating is added above the accelerometer to
form a double grating structure.
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Chapter 3

Working Principle

According to the structure of the Coriolis flow sensor in this project, we use a double
grating structure to achieve optical readout. As shown in the Figure 3.1, the central
part of the suspended micro-tube where gold is deposited in the original structure is
used as a reflecting mirror. A metal grating, a light source and a light sensor array
are set above it (the specific layout is described in Chapter 4). In this way, the dis-
placement of the suspended micro-tube will cause the change of the diffracted light
field. By recording the change of the light intensity signal by the PDs, the movement
of the micro-tube can be detected. Such a design can not only take advantage of
the high sensitivity of diffractive optical detection, but also facilitate the layout of light
sources and sensor components, without affecting the existing sensor structure.

Figure 3.1: The schematic of the double grating structure set above the Coriolis flow
sensor.

The schematic of the double grating system is presented in Figure 3.2. The gold-
deposited grating surface has good reflectivity, with a grating period of d and a grat-
ing slit width of a. The initial distance between the reflector and the grating is h.
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Figure 3.2: The schematic of the double grating structure. The plane wave is inci-
dent perpendicularly from below and is reflected by the grating (red ar-
rows). The light transmitted through the slits is reflected by the reflector
and then emitted from the slits again (blue arrows). The red-marked and
blue-marked diffracted field respectively represent the reflection diffrac-
tion grating and the transmission diffraction grating. The two sets of
diffraction light fields (red and blue dot-lines) interfere to form a com-
posite diffracted orders.

The operating principle includes the flowing steps:
(a) The light source generates a incident plane wave in the radial direction to illumi-
nate the fixed reflective grating. Since the grating slit width is close to the wavelength
of the source, a significant diffraction effect occurs. The light reflected by the metal
fingers has the same phase as the first group of diffracted field, starting from the
surface of the grating. This group of light sources interfere with each other to pro-
duce a diffraction pattern, and the diffracted orders with significantly enhanced light
intensity appears at specific diffraction angles.
Following the principle of multiple slits Fraunhofer diffraction [16], [44], the total elec-
tric field from N fingers in a grating is the sum of individual contributions. So the
electric field of the first grating can be expressed as:
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(3.1)

Where A is the amplitude of the light field as a constant. The diffraction factor is
α1 = π

λ
(d− a) sin θ. The (d− a) is the width of the metal strips of the grating, which

mainly determining the distribution of luminous fluxes of the reflection grating and
transmission grating. θ is the diffraction angle and λ is the light source’s wavelength.
The light path difference of two adjacent diffracted fields is δ1 = 2π

λ
d sin θ. Since

the structure is symmetrical in the center, the central diffracted field is used as a
reference. So that the diffracted fields on both sides increase and decrease the
optical path respectively, corresponding to the complex exponential terms in the
expression. N is the number of metal strips covered by the incident light beam and
determines the quality of the diffraction pattern. The more grating strips, the more
obvious the light-dark boundary of the diffracted orders. The simplification process
of this formula and the following light field expression is shown in the Appendix A.
(b) The light transmitted through the slits of the reflective grating is irradiated on the
movable reflector surface. In the structure of the flow sensor, the reflector is the
gold deposited metal plane on suspended micro-tube, in the middle of the y-axis
parallel segment. The reflected light will re-enter the grating plane. At this time,
the light passing through the grating slit forms a second group of diffracted field due
to the diffraction effect. The transmission grating will still form a diffraction pattern
under the interference of the diffracted fields. The electric field of incident light which
passes the transmission grating is expressed as:
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) ] · exp [iδ2] · exp [i (δi + 2kh)] (3.2)

Since the slits, with width of a, are the diffracted field position of the transmission
grating, the diffraction factor is α2 = π

λ
a sin θ. The optical path difference between

adjacent slits is δ2 = 2π
λ
d sin θ, which is also determined by the grating period like

δ1. The small position difference between each of the metal stripes and slits needs
to be considered and corresponds as δi = π

λ
(d− a) sin θ. Since the reflector is par-

allel to the grating, the initial phase difference of the diffracted fields caused by the
reflection process is equal, as exp (i2kh), where k is the wave number, equaling to
1/λ.
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(c) The two diffracted light fields interfere with each other. In the numerical calcula-
tion, it is the superposition of electric field intensity. So the intensities of diffracted
field can be given as:

I = |E1 + E2|2 (3.3)

(d) The reflection of light between the grating and the reflector causes an additional
optical path, equal to twice the gap distance. The optical path difference of the two
sets of diffracted fields leads to the initial phase difference, which in turn affects
the composite diffraction effect. Therefore, when the reflector moves, the optical
path difference of the two sets of light sources will correspondingly change, which
eventually leads to a change in the intensity distribution of the diffracted light field.
The light detector is set at the position corresponding to the detected diffracted order,
so that the movement of the reflector can be reflected by accurately measuring the
change in light intensity.

Figure 3.3: The schematic of the center rotational (a) and vertical (b) displacement
of the reflector in the double grating structure. The red spots and the
blue spots respectively indicate the diffracted orders of the reflection
grating and the transmission grating. In reality, since the grating coef-
ficients are the same, the positions of the two sets of diffracted orders
are the same. The light field interference determines the light intensity
of each diffracted order.

In addition, the reflector has two different motion modes, translational motion and
rotation, as shown in Figure 3.3. Each movement has a different effect on the optical
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path difference, cause the electric field of the transmission grating to be adjusted as:
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Where diffracted actor is α2 = π
λ
· a · (sin θ − sin γ). Stripe-slit optical path dif-

ference is αi = π
λ

(d− a) sin θ. Reflector-grating gap caused phase difference is
exp [i2k (h+ x)], where x is the vertical displacement of the reflector. Most im-
portantly, the slit-slit optical path difference changes due to the tilt angle, ϕ =

δ2 + 2kd sin γ, where δ2 = π
λ
· d · (sin θ − sin γ).

The electric field and light intensity distribution of the superposition of the two diffrac-
tions still follow Equation (3.3).
The effect of translational motion is easier to analyse. When the reflector is getting
closer to the grating, the phase of the diffracted field of the transmission grating
is reduced synchronously. So the result of superposition with the diffracted light
field of the reflection grating is changed. It is similar to the effect of a group of
sine waves with reduced phase superimposed on another group of sine waves with
a fixed phase. According to the periodicity of wave optics, when the translation
distance is an integer multiple of half a wavelength, the superimposed light field
changes periodically.
When the reflector rotates along the center of symmetry, due to the angle between
the reflector and the fixed grating plane, the light diffracted from the grating slits will
have different optical path differences. The initial phase difference of the diffracted
field of the transmission grating will cause two changes in the light field distribution
on the monitoring plane parallel to the grating:
First, the intensity of the diffraction pattern will change and will no longer be sym-
metrical along the center.
Secondly, the diffraction angle corresponding to the diffracted orders will change.
This means that the distribution positions of each diffracted orders on the monitor-
ing plane will change, which will cause misalignment with the fixed reflection grating
pattern.
It can be seen from equation (3.3) of the diffraction electric field that the influence of
the two movements of the reflector on the field strength determines the sensitivity of
this optical reading system.
(e) Quantitatively measurement of these two motions can be achieved by comparing
the phase difference between the light intensity changes of the positive and negative
first diffracted orders.
The reflector rotates periodically in the initial drive mode. Due to geometric symme-
try, the light intensity of the positive and negative first diffracted orders will change
oppositely, so the initial phase difference between the two optical signals is pi.
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When the Coriolis force causes the mirror to move vertically, the phase of the light
field of the transmission grating changes equally. Therefore, the optical signals of
the positive and negative first-order diffracted orders will all change synchronously,
determined by the amplitude of the vertical movement.
This effect will be reflected in the change in the phase of the optical signal. This
phase shift test method is numerically calculated in the next chapter, and the sensi-
tivity is analyzed.



Chapter 4

Theoretical verification

In this chapter, according to the working principle, the double grating diffraction
based optical readout system is designed. Numerical calculations and optical sim-
ulations are carried out according to the geometric parameters of the design, which
verified the feasibility. And the sensitivity of the system is evaluated by the measure-
ment method of phase shift.

4.1 Optical readout system design

The project intends to use VCSEL as the light source with a wavelength of 850nm.
The VCSEL package size is small and high beam quality. Also, unlike the edge-
emitting laser (EEL), the VCSEL laser is emitting from the top surface. Therefore,
as a surface mount component (SMD), it is more convenient for structure design,
which will be reflected in the subsequent photomask design. The structural param-
eters of alternative VCSEL and PDs devices are given in the Figure 4.1.

Figure 4.1: The size parameters of VCSEL and PDs devices.

As shown in Figure 4.2 (a), without changing the original layout of the micro Coriolis
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flow sensor, the entire optical readout system will be integrated on a glass sub-
strate, which has good transparency to 850nm light. The patterned gold layers are
deposited on both sides of the glass wafer to serve as the grating structure and elec-
trical interface for the devices. The light source and the light detector can be bonded
to the glass substrate by flip-chip bonding method. So the incident light directly
enters the glass and diffraction and interference occur in the same medium. This
design minimizes the refraction phenomenon that occurs at the glass-air interfaces
to ensure that the positions of the each diffracted orders are the same as expected.
Summarizing the size design of the structure in the literature, the strip grating with
a width of 4um meets the diffraction requirements of common laser diodes (600 −
900nm wavelength) and has low manufacturing process requirements. So in this
project, the same grating period was selected. The initial distance between the grat-
ing and the reflector is controlled by the thickness of the spacer. On the premise of
ensuring that the moving reflector will not collide with the fixed structure, the thinner
spacer reduces the light dissipation. In principle, this initial distance does not affect
the position of the diffraction order.
The working distance, the distance between the grating and the detector, is deter-
mined by the thickness of the glass substrate. By calculating the diffraction angle
based on the grating formula, Equation (4.1), for a grating period of 4um, the posi-
tion of the first diffracted order is about 212.5um from the center point, at a working
distance of 1mm. Therefore, to arrange the selected light source and detectors with
sufficient space, the thickness of the glass substrate should not be less than 1mm.

d sin θ = mλ,m = 0,±1,±2,±3 · · · (4.1)

Based on the devices parameters and layout, the photomask of the optical readout
system is drawn, as shown in Figure 4.2(b).

4.2 Numerical Calculation for Sensitivity of the Sys-
tem

The micro-tube in the micro Coriolis mass flow sensor has a periodic rotation or twist
mode driven by the initial Lorentz force. When the fluid passes through, the periodic
swing mode or vertical movement caused by the Coriolis force will be superimposed.
Corresponding to the optical detection system, the light intensity of the first diffracted
order is detected by the PDs, and the initial rotating motion will produce a periodi-
cally light signal. The periodic signal caused by the vertical movement will have the
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Figure 4.2: (a) Multi-layer stacking for optical readout system. Top-layer is the glass
cover and also the carrier of the light source, PDs, and deposited metal
grating (yellow parts). Mid-layer is the insulated layer as spacer with
through holes for electrical connection of the flow sensor. Bottom-layer
is the originally designed chip of the micro Coriolis mass flow sensor.
The cantilever beam in the figure represents the side view of the sus-
pended micro-tube loop which deposited reflective metal layer on the
top surface (yellow part). The micro-tube can move in a sealed cav-
ity composed of the bottom etched area and the upper two layers. (b)
Glass cover photomask design. Yellow: Glass cavity. Pink: Glass bond-
ing. Green: Metal layer. Light yellow: Metal layer(back side). PD1 and
PD2 measure the intensity of the first diffracted order. PD3 is used as a
reference to reduce the noise.
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same frequency and an initial phase difference of 90 degrees. Superimposing the
periodic vertical motion signal on the original periodic signal will cause a phase shift.
The magnitude of this phase shift can reflect the peak value of the vertical motion
signal and deduce the corresponding physical displacement of the reflector.
Figure 4.3 illustrates the mathematically calculated profiles of diffraction electric
field, based on the expressions of double grating model, Equation (3.2) - (3.4). The
structural parameters are listed in the following Table 4.1. The distance from grating
to reflector is controlled in the micron order by depositing an spacer layer. The dis-
tance from grating to photodetector corresponds to the design of the mask and is set
to 1000um. Comparing the diffraction results of diffraction grating and transmission
grating respectively (a and b) and the interference result (c), we can find the position
of each diffracted orders based on the calculation of the grating formula, Equation
(4.1).

Table 4.1: The parameters of the double grating structure model for calculation

Parameter Value

Wavelength of light source (λ) 850nm

Grating period (d) 4um

Grating slit width (a) 2um

Distance from grating to reflector (h) 8um

Distance from grating to photodetector (L) 1000um

Light beam width (W ) 400um

Light amplitude constant (A) 1

The grating periods corresponding to the two sets of diffraction are the same, so the
diffraction angles are the same. In addition, since the grating ratio (a/d) is 0.5, the
total light intensity of the two sets of gratings is equal. Therefore, the two sets of
diffraction patterns have consistency. Also, due to the superposition of light fields,
the light intensity of each diffracted orders of the interference result changes. The
light intensities of the first diffracted order before and after the interference are 4053
and 4493, respectively. The numerical value shows that this superposition of light
field is not a numerical addition. According to vector addition calculation as Equation
(4.2) - (4.3), the phase angle difference of two set of light is 2.03rad, which is con-
sistent with the calculated design results of the optical path difference and satisfied
with the description of interference in optical wave theory.
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Figure 4.3: The calculation results of the light intensity of the zero diffracted order
and positive and negative first-order diffracted orders (a) Diffraction re-
sult of reflection grating. (b) The diffraction result of the transmission
grating. (c) The composite diffraction result of the double grating.
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E1 = E2 =
√

4053 = 661.63.66, E =
√

4493 = 67.03

Numerical : ∆ϕ = ϕ2 − ϕ1 = arc cos
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Geometrical : ∆ϕ = 2π/λ×MOD

(
2h
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)
− δi = 2.03rad (4.3)

where, the δi is the optical path difference caused by the grating fringe width. In
addition, reflection will cause the phase of the light to reverse (change π), which
is equivalent to a half-wavelength reduction in the geometric optical path. There is
once reflection in the two diffracted light paths, which occur on the grating surface
and the reflector surface respectively. Therefore, the effects of reflections can be
offset when calculating the optical path difference.
Changing the distance between the reflector and the grating, the phase difference
between the two groups of diffracted fields will change, and eventually lead to a
change in the composite diffraction pattern, as shown in the Figure 4.4. Obviously,
the vertical movement of the mirror will produce a more obvious periodic signal, by
detecting the light intensity of the first diffracted order. The vertical displacement
range of the Coriolis flow sensor is approximately ±20nm. In this range, the change
of light intensity conforms to a sine function, with good resolution. Obviously, the
sensitivity is lower near the peak area. Adjusting the initial gap distance to a po-
sition with greater sensitivity requires a nanometer-level structural accuracy. Also,
the sensitivity can be further increased by increasing the incident light power or the
amplifier in the peripheral circuit. For this calculation case, when the gap distance
is 0um, which means the double grating structure is a perfect reflective surface, the
light intensity of the first diffracted order should be 0. Comparing the result in the
Figure 4.4(j), the theoretical absolute error is 0.005um, which can be changed by
adjusting the structural parameters.

By changing the tilt angle of the reflector, for the transmission grating, the light
diffracted from different slits has different optical paths, so the initial phases are
different. The light field distribution of the transmission grating and the result of in-
terference with the fixed reflection grating will change, as shown in the Figure 4.5.
Consistent with the analysis in the previous chapter, when the reflector tilts, the light
intensity, diffraction angle and symmetry of the diffracted orders of the transmission
grating change accordingly. When the tilt angle is in a certain range, the total light
intensity of the composite light field diffracted order remains basically unchanged. At
this time, the light intensity will not be able to reflect the change of the angle, forming
a ‘blind zone’. By increasing the measurement range of the diffraction spot (deter-
mined by the size of the photosensitive area of the PD), the range of the ”blind zone”
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Figure 4.4: The reflector-grating gap distance increase from 8.2um to 8.9um (a to
h). And the beam width is adjusted to 100um. The tilt angle is 0, and
other structural parameters are the same as in the Table 4.1. (i,j) The
light intensity of the first diffracted order changes periodically with the
vertical displacement.
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can be reduced. Fortunately, for the Coriolis flow sensor involved in the project, the
rotation angle of the reflection plane is on the scale of tens of milli-degrees. The
size parameters set in this calculation example can meet the measurement require-
ments. For a certain tilt angle, the light intensity changes of the positive and negative
first diffracted orders are opposite. When comparing the periodic changes of the op-
tical signals of each group, a phase difference appears.

In addition, to facilitate the adjustment of parameters to obtain different diffraction
results, a GUI is realized through Matlab programming, as shown in Figure 4.6. The
partly key codes are introduced in the Appendix B.

4.3 FDTD method optical simulation

This section introduces the modeling and optical simulation through ANSYS Lumeri-
cal software, using the FDTD method. Firstly, the simulation results of double grating
diffraction are compared with the numerical calculation results, which proves the cor-
rectness of the numerical calculation and the credibility of the simulation. Secondly,
by modifying the geometric parameters and shapes of the grating, the appropriate
size of each structure in the measurement system is summarized to provide a refer-
ence for the grating preparation and experiment.

4.3.1 Modeling and boundary condition setting

The optical simulation of the project uses the FDTD simulator in Lumerical software,
which can accurately model and calculate for micro-nano optics. The structure of
the simulation model is shown in the Figure 4.8. The detailed parameter settings for
modeling and simulation are shown in Table 4.2.

In order to reduce the amount of calculation and improve the efficiency of simula-
tion, the model was simplified reasonably. The incident light source is set as plane
wave, with the same intensity and phase along the direction of grating fingers exten-
sion direction (y direction). Therefore, the diffraction effect corresponding to each
diffraction angle is uniformly distributed in the y direction, except for the two ends.
The purpose of this simulation example is to verify the distribution and variation of
diffracted orders along the x-direction. So, the computational domain only intercepts
a very thin slice, which greatly reduces the overall calculation amount. The materi-
als of the grating and the reflecting mirror are both perfect electric conductor (PEC),
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Figure 4.5: The tilt angle of reflector increases form −1 degree to +2 degree. Other
structural parameters are the same as in the Table 4.1. (a-d) The light
field of the transmission grating, with different tilt angles. (e-h) The light
field of the double diffraction grating interference result. (i,j) According
to the diffraction angle of the first diffracted order when the tilt angle
is 0 degrees, working distance is 1000um. Integral range of total light
intensity is (i) from +200um to +250um and (j) from +150um to +300um.
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Figure 4.6: The Matalb GUI for diffraction numerical calculation.

Table 4.2: The parameters of the double grating structure model for optical simula-
tion

Parameter Value

Wavelength of light source (λ) 850nm

Grating period (d) 4um

Grating slit width (a) 2um

Grating slit length 400um

Distance from grating to reflector (h) 0.5um

Distance from grating to photodetector (L) Far field projection
Light beam width (W ) 600um

Light amplitude constant (A) 1

FDTD region (x,y,z) 400× 0.5× 2um

Background material refractive index 1(vacuum)
Far field material refractive index 1(vacuum)
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which has complete reflection and zero absorption of the incident electric field.
The boundary condition of the FDTD calculation domain is set to a perfect metal
layer (PML), which has complete absorption of the electric field and prevents reflec-
tion. Also, reasonable selection of the symmetry boundary conditions according to
the polarization direction of the light source can reduce the calculation amount by
half. When the overall structure and the polarization of the light source have the
same symmetry, the electric and magnetic fields (EM fields) will obey certain sym-
metry rules with respect to reflections through the plane of symmetry. The reflection
symmetry rules are shown in the Figure 4.7. When the polarization direction is par-
allel to the symmetry plane, select the symmetry boundary condition. When the
polarization direction is perpendicular to the plane of symmetry, the anti-symmetric
boundary condition is selected.

Figure 4.7: Comparison of the symmetry/anti-symmetry boundary conditions for the
direction of the EM fields vector.

Since the polarization of the plane wave in our model is along the x-axis, the x-axis
and y-axis are set with anti-symmetric boundary conditions and symmetric bound-
ary conditions, respectively. The final simulation calculation amount and memory
requirement are reduced to a quarter.
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Figure 4.8: Modeling in FDTD optical simulation software, Ansys Lumerical.

4.3.2 Simulation result analysis

After setting the relevant parameters of the grating and light source, the result of
double grating diffraction can be calculated. To reduce the amount of calculation,
the FDTD calculation domain is only limited in the space where the grating and mir-
ror are located.
In practical applications, the plane where the light source and light detection are
located is far away from the grating. So the far-field projection function is used to
process the simulation results. The far-field projection function can sample and de-
compose the near-field electromagnetic field data in the different angles. The end
result is that the far field projections functions provide a straightforward, accurate,
and numerically efficient method for calculating the electromagnetic fields anywhere
in the intermediate and far field regions. For the diffraction model, a certain light
propagation distance is required to separate the diffracted orders. As shown in the
Figure 4.9, the light field in the near field is obviously concentrated at the grating
stripes and slits. The two groups of diffracted fields have a certain phase differ-
ence. Although the superposition effect can be displayed, the obvious diffracted
order cannot be distinguished. The corresponding far-field projection results show
that the diffracted orders are clearly separated, and the corresponding positions and
diffraction angles are equal to the theoretical calculations.

By adjusting the distance between the mirror and the grating, the diffraction effect
changes as shown in the Figure 4.10. The intensity distribution and change trend of
the first diffracted order have similarities with numerical calculations.
While the values of the zeroth order in the simulation are higher than these form
calculation. The one possible reason for this difference is that the meshing of the
two calculation modes is different. In the FDTD simulation, the calculation cells are
set as mesh with certain length in x, y and z directions. In our calculation case, the
mesh accuracy is set as 0.05um. While in the mathematical calculation process, the
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Figure 4.9: FDTD simulation results of the near-field and far-field projections of the
diffraction effect of the reflective grating(a,b), and the double grating
model(c,d).

overall light field is calculated by the differential diffraction angle. So there is no it-
erative calculation between calculation units in finite element simulation. Therefore,
some possible accumulation of errors will cause deviations between simulation and
calculation.
The other possible reason for difference between calculation and simulation is the
start plane position of the diffracted field of the transmission grating. In the math-
ematical model of the double grating diffraction model, the starting plane of the
diffraction grating and the transmission grating are the same, and the overall light
intensities are equal (when the grating ratio is 0.5). But in the simulation model,
which is closer to the real physical model, the plane wave beam passing through the
front of the grating slit will also produce diffraction. These transmitted sub-beams
will have a divergence angle, and cause the light beam reflected by the mirror to be
partially blocked by the back of the grating. As a result, the total light intensity of
the transmission grating diffracted field will be less than that of the reflective grating
diffracted field.
For the design of the optical readout system using the double grating model, the
zeroth diffracted order cannot be detected. So more important is the light intensity
distribution and change law of the first diffracted order. For this, the results of optical
simulation can be used to prove the feasibility and accuracy of the derived diffrac-
tion formula. Therefore, the subsequent structural design is based on the results of
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numerical calculations.

Figure 4.10: Optical simulation (a-d) and mathematical calculation (e-h) results of
the double grating diffraction model, the mirror-grating interval is from
0.1 to 0.7um.

4.4 Evaluation and feasibility analysis

Phase shift detection method is used to map the phase difference of the periodic
optical signals of the two PDs to the amplitude of the Coriolis movement. In the nu-
merical calculation, the light intensities corresponding to the positive and negative
first diffracted orders are respectively integrated, displayed in the time domain as
two optical signals, as shown in the Figure 4.11(a-d).

The phase difference corresponding to the two signals will shift with the change of
the vertical motion amplitude. Based on the results shown in the Figure 4.11(e),
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Figure 4.11: The phase shift calculation for double grating structure, when rotational
amplitude is 0.034 degrees, same as the technical requirement in the
Table 1.1, and the vertical amplitude is form 0 to 50nm.
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the sensitivity and test range of this system can be evaluated. In the vertical am-
plitude range of 0 to 5nm, the detection can maintain linearity with a sensitivity of
−0.2083rad/nm. When the vertical amplitude continues to increase, the response
curve shows non-linear, and the final phase difference tends to a stable value of
0.1134rad. Refer to the graph of the response of light intensity in the Figure 4.4 and
the Figure 4.5, the reason for the non-linearity is the mismatch of the influence of the
two motion amplitudes. Specifically, the change rate of light intensity corresponding
to a 0.034 degrees rotating motion is about one-fourth that of a 30nm vertical motion.
This results in that when the vertical movement amplitude is large (over 10nm in this
case), it will become the main determinant of light intensity. Since the vertical motion
synchronously effect the positive and negative first diffracted orders, the phase shift
eventually tends to a constant value. This tiny inherent phase difference comes from
the geometric asymmetry of the grating in the mathematical model.
Therefore, by increasing the driving power and reasonably increasing the amplitude
of the initial rotary motion, the linear response range can be expanded. According
to the range of the ”blind zone” in the Figure 4.5, the maximum rotation detection
range is 0.4 degrees, corresponding to the 17.45um displacement at the corner of the
micro-tube loop. The obtained linear region of phase shift is significantly enlarged
to 12nm, as shown in the Figure 4.12. The step-shaped turning point deviating from
the fitted phase shift curve corresponds to the small fluctuations in the rising curve
of −0.4− 0 and 0− 0.4 degrees in the Figure 4.5(j).
However, when the linear range is increased by increasing the amplitude of the
rotational movement (0.05 − 0.4 degrees), the sensitivity will decrease. When the
amplitude is 0.4 degrees, the sensitivity is 0.008rad/nm. When the amplitude is 0.3

degrees, the sensitivity is 0.014rad/nm, with a linear range of 7.6nm. Therefore,
in the subsequent design of this readout system, the initial drive power should be
adjusted according to the range to be detected and the sensitivity of the signal-
processing circuit.

Overall, the feasibility of the optical readout system based on the double grating
structure has been verified by numerical calculations and optical simulations. How-
ever, there are still three issues that affect the detection range and accuracy of the
system.

• First, when the reflector rotates, the light intensity change of the first diffracted
order corresponding to the rotation angle, which is nonlinear. It poses a chal-
lenge to the phase calibration.
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Figure 4.12: The phase shift calculation when rotational amplitude is (a) 0.4 and (b)
0.3 degrees.

• Second, the structural parameters have a greater impact on the results. For ex-
ample, the grating-mirror spacing, the grating ratio, etc. Due to optical diffrac-
tion and interference occur on the sub-micron scale, the micron-level structural
errors will have impact on the final light field distribution. These structural error
will come from the alignment of source and detector to the reflecting structure
or fabrication process. For the phase shift measurement method used, the
error of the tilt angle mainly affects the contour of the baseline. So the calibra-
tion of the signal peak value needs to be adjusted accordingly. For the error of
the grating-mirror spacing, it will affect the deviation of the initial phase, which
is an inherent error of the system. This error can be eliminated in the phase
difference calculation process.

• Third, in order to ensure that the baseline of the initial rotational motion has
an easily distinguishable and statistical profile, it is necessary to make the ro-
tation angle at the millidegree level, refer the Figure 4.5. As described above,
this will eventually weaken the vertical displacement (for the same mass flow).
So the overall measurement sensitivity will be weakened. In this regard, the
angular velocity and Coriolis force can be increased by increasing the driving
frequency. Because the driving frequency must match the intrinsic frequency
of the structure, the device structure needs to be fine-tuned. However, the
existing capacitors can be used as a force control system. By providing a cer-
tain voltage to the capacitor, the comb-shaped electrode-plates will provide a
viscous force to the movement of the device under the action of electrostatic
force, thereby changing the intrinsic frequency appositive and negative first-
order and damping coefficient of the structure. More in-depth details are not
included in this thesis.
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Chapter 5

Experimental testing

This chapter briefly introduces the experimental testing platform, including devices
selection and related processes of grating preparation. The test mainly focuses on
the influence of small displacement on the diffraction effect, and verifies the feasibil-
ity of optical readout method.

5.1 Devices of test platform

5.1.1 Grating and reflector

The project first adopted a photolithography mask as the carrier of the grating. Pat-
terned chromium layer on a 2mm glass substrate. As shown in the Figure 5.1, grat-
ing cells with different directions, and different grating periods are set on a 5 − inch
photomask.

Figure 5.1: The layout of photomask with different kinds of grating.

According to the diffraction formula, different grating periods can adjust the spacing
of the diffracted orders to match the size and layout requirements of the experi-
mental device. The ring-shaped grating will form concentrically distributed diffracted
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orders [45], which can improve the error tolerance of the position accuracy of the
PDs, as shown in the Figure 5.2.

Figure 5.2: (a) Sketch of the diffraction pattern produced by a circular diffraction
grating when illuminated with coherent light and (b) light sensor position
error tolerance.

The reflector is made of gold-deposited silicon chips and driven by the bonded
piezoelectric ceramic chips to generate periodic vibrations in certain frequencies.
Through the vibration meter to detect the displacement of the mirror under different
driving frequencies, it can be known that the resonance frequency is about 2kHz,
which reaches the maximum amplitude.

5.1.2 Light source and PDs

Two different light sources are used in the experiment of the thesis, a laser diode
with a wavelength of 850nm and a VCSEL diode with a wavelength of 850nm. The
smaller device size can facilitate the building of the experimental platform. The laser
generator can provide a laser beam with a higher power (>10mW ) to meet the light
intensity attenuation for the long light path. However, the beam has a large diver-
gence angle. So a lens needs to be introduced to focus the beam in subsequent
experiments.
The photodetector element is a photosensitive diode. It can be fixed by 3D printed
structural parts and keep a certain distance from the central light source (6mm), as
shown in the Figure 5.3. Therefore, by changing the working distance, the photode-
tector can be located at the position of the first diffracted order spot, and the light
intensity signal can be obtained.
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Figure 5.3: 3D printed parts, as a frame for fixing the device and shielding from
external light interference.

5.2 Measurement

The signal readout process of the overall optical system is shown in the Figure 5.4.
The transresistance amplifier is used to gain the overall optical signal, which is
conducive to the measurement of signal changes. The low-pass filter can sup-
press high-frequency noise and can be achieved by software, like LabVIEW. Finally,
through data acquisition, the periodic change and phase shift of the optical signal
are measured.
Based on this, different detection experiments were carried out to verify whether the
influence of the two motions in the double grating structure on the optical signal can
be sensitively detected.

Figure 5.4: Schematic diagram of the optical signal readout system. In the pre-
liminary experiment setup, the flow sensor part is also replaced with a
gold-deposited reflector, driven by a piezoelectric device.

5.2.1 Testing platform I

The layout of the testing platform is shown in the Figure 5.5. The light source selects
a laser diode with a wavelength of 850nm, and keeps a distance of 6mm from the
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photodetector. The selected grating period is 4um. Estimated by the grating formula,
Equation(4.1), when the working distance is 28.24mm, the first diffracted order will
be located at the position of the photodetector.

Figure 5.5: Optical testing platform with the 850 nm wavelength laser diode.

Remove the mirror and only detect the diffraction effect of the reflection grating. By
adjusting the distance between the light source plane and the grating plane from
23.5mm to 33mm, the optical signal has a peak value when the working distance
is around 26mm. The deviation between the measured working distance and the
theoretical value (28.24mm) may come from the angle between the grating and the
detection plane.
Fixing the position of the light source and the grating, and set a reflector on the back
of the photomask. The reflector and the glass substrate are separated by about 1mm

and kept parallel. Use 5V , 2kHz and sinusoidal signals to drive the piezoelectric film
and drive the reflector to vibrate. The detected light intensity signal has not changed,
as shown in the Figure 5.6.

Figure 5.6: Optical testing result with the 850nm wavelength laser diode and vi-
brated reflector.

There are two possible reasons for the failure of this experiment:

• First, the power of the laser diode is limited, which causes serious energy
attenuation in the process of transmitting the glass substrate, and the light
intensity of the transmission grating is too weak.
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• Secondly, the piezoelectric driven reflector is tested by using a vibrometer. In
the driving mode of 5V , 2kHz, the maximum vertical displacement is about
tens of nanometers. Therefore, the light intensity change caused too small to
be measured by the selected detection instrument, or be covered by noise.

Based on these analyses, the test platform was adjusted by shortening the distance
between the light source and the light detector and adding the amplifier.

5.2.2 Testing platform II

Commercial VCSEL laser diode devices usually adopt a three-pin package and in-
tegrate PDs, which feed-back the light intensity signal irradiated by the laser diode
to the peripheral drive circuit to monitor and regulate the drive power. This experi-
mental platform uses a commercial VCSEL laser diode as a light source, and uses
its integrated PDs as the sensitive element. The overall test platform layout is shown
in the Figure 5.7.

Figure 5.7: (a) The layout of the VCSEL laser diode. (b) Optical testing platform
with the 850nm VCSEL laser diode and the grating (grating period is
4um).

Through the Fast Fourier Transform (FFT) analysis of the raw detected signal, the
complex signals can be decomposed into sinusoidal signals of different frequencies
that are superimposed on each other. As shown in the Figure 5.8, the signals around
100Hz correspond to low-frequency noise, which occurs from the driving circuit of
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the laser source or the environmental vibration of the test bench. The signals con-
sistent with the driving frequency of the reflector are also showing obviously peaks
responding to the impact of reflector’s vertical displacement. And the peaks’ value
map the displacement amplitude (adjusted by driving voltage). Measured by the vi-
brometer, the amplitude of the reflector is 14.75, 35.63 and 50.37nm, corresponding
to the driving voltage of 3, 6 and 9V . As the light source approaches the grating or
the driving voltage is increased, the optical signal increases.
In this set of experimental results, the light intensity is related to the length of the
transmission path, which is hard to prove the interference effect of the expected
diffracted light field. But it can reflect the optical readout system’s ability to detect
changes in the optical signal generated by the high-frequency displacement, to pro-
vide guidance for subsequent experimental measurements.

5.3 Results analysis

Preliminary experiments have proved that the diffracted order position accords with
the theoretical calculation result. It is worth noting that the refraction at the interface
of the optical medium will cause positional errors. However, in the device structure
design introduced in the previous chapter, the light source exit plane and the sensi-
tive surface of the PDs array are both attached to the glass substrate. This results
in two sets of diffracted light fields propagating in a single medium.
In addition, the experiment also proved that the change of the optical field distri-
bution caused by the high-frequency periodic displacement of the reflector can be
detected and measured by the PDs and signal processing circuits. This provides a
reference for the actual measurement of the fabricated device.
However, there is no convincing evidence in the experiment to show whether the
two sets of diffraction gratings interfere with each other as expected. Subsequent
experiments need to solve two problems to improve the stability and reliability of the
test platform.
First, as introduced in the previous chapter, the diffracted light field of the transmis-
sion grating is very sensitive to the tilt angle of the mirror. Even with a small initial an-
gle error, manually controlling the position and angle of each component will cause
the diffracted orders of the two sets of diffracted light fields to no longer overlap,
thereby affecting the interference effect, as shown in Figure 4.5(a-h). If the interfer-
ence effect of the two sets of diffraction fields is weakened or even does not occur,
the vertical displacement driven by the piezoelectric ceramics will hardly change the
light intensity of the diffracted orders. Therefore, it is necessary to accurately control
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Figure 5.8: FFT analysis result. The reflector is driven by the piezo with a 2kHz

sin-wave power supply. (a) The distance form the laser diode to the top-
surface of the mask is form 0 to 1.5mm (piezo driven voltage is 6V ). (b)
The piezo driven voltage is form 3 to 9V (distance form the laser diode
to the top-surface of the mask is 0.5mm).
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the parallelism of the initial layout of each device layer. For the assembly of sep-
arate parts, CCD or macro camera can be used to check the diffraction pattern in
real time, which can be used as a reference for manual adjustment. For the on-chip
integrated processing structure, the parallelism is mainly controlled by the process,
and usually can have a sufficiently high precision.
Second, shorten the optical transmission path to reduce transmission loss and envi-
ronmental noise. This requires the integration of smaller laser diodes and PDs dies
to maintain micron-level spacing.



Chapter 6

Conclusions And Recommendations

6.1 Conclusions

The thesis designs an optical micro-displacement readout method for a Coriolis
mass flow sensor. The measurement system uses the surface of the suspended
movable micro-tube as a reflector, and a fixed grating is set above it. When the
incident laser beam is reflected by the metal grating surface and transmitted again
after being reflected by the reflector, two sets of diffracted light fields are generated,
which also interfere with each other. The phase difference between the two sets of
diffracted light fields is determined by the light path difference, corresponding to the
initial distance of the grating-reflector gap and the vertical/rotational displacement of
the reflector. Therefore, the slight displacement of the reflector will determine the
light intensity of the diffracted order of the compound diffraction field, which can be
measured by the photodetectos to derive the displacement.
We have verified the theoretical feasibility of this optical readout system through
the mathematical derivation and optical simulation of the double grating diffracted
light field expression. Combined with the working principle of the flow sensor, when
the reflector maintains a periodic rotation of 2 millidegrees, it has high sensitivity to
composite vertical displacement. Through the phase-shifting analysis of the peri-
odic optical signal, the system has linearity and a sensitivity of −0.208rad/nm within
a vertical movement range of 5nm. Also, this response characteristics can be ad-
justed by increasing the initial rotation amplitude in the rang form 2.18 to 17.45um. In
the Appendix C, through the vibrometer test, the initial amplitude of the flow sensor
device meets the requirement.
Preliminary experimental attempts have verified that the light field changes caused
by periodic nano-scale displacements with high frequency can be recorded and
measured by the photodetector. Also, based on the research results, the devices’
parameter selection and overall layout of the optical readout system, including the
photomask, were designed. However, due to the high requirements for the position
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accuracy of the overall structure of the device, the preparation and actual test of the
device integrating the various components are still necessary to strictly verify the
feasibility.
This optical readout method based on double grating diffraction has a simple struc-
ture and a high degree of integration, and is easily combined with the original struc-
ture of the flow sensor involved. Theoretical research and published actual measure-
ment conclusions of similar structures have proved its potential worthy of follow-up
in-depth research and testing.

6.2 Recommendations

Combined with the above conclusions, there are two main aspects that currently
need to be optimized for confirmatory experiments.

1. Experiments based on driven mirrors need to design more suitable driving
methods or more stable posture adjustment fixtures. The current piezoelec-
tric drive method cannot achieve precise control of micron-level displacement
or rotation. Moreover, the parallelism of the device is hardly accurately con-
trolled, which has a decisive influence on the position of the diffracted order
and whether interference occurs. Therefore, more precise fixtures or experi-
mental platforms are needed.

2. Adjust the structural parameters in the theoretical model and summarize the
tolerance of the inspection system characteristics to the tolerances of the ma-
chining process. For the structural layout designed in Chapter 3, the poten-
tial processing error exists in the parallelism and spacing between the sensor
device layer and the glass substrate, which will cause the initial optical path
difference of the two sets of diffracted light fields to change. Therefore, it is
necessary to add more theoretical calculations to analyze the influence of tol-
erances or propose methods to compensate for the errors.

In addition, there are still points worthy of further research and discussion on the
structural design.

1. Adjust the light field by changing the grating layout. The designed grating struc-
ture can be realized by patterning the metal layer deposited on the substrate,
which provides a high feasibility to design more complex grating structures,
resulting in more complex diffraction patterns. For example, a matrix grating
will obtain an array of diffracted orders distributed in two vertical directions on
the plane. Therefore, the tilting movement of the reflector can be measured in



6.2. RECOMMENDATIONS 55

two dimensions. Through reasonable comparison and calculation, it has great
potential to improve sensitivity.

2. Introduce a reference light detector. Since the pattern corresponding to the
designed grating is stripe-shaped, a light sensor can be also set in the PD3
position, as shown in the photomask design Figure 4.2,to measure the zeroth
diffracted order light intensity signal. This signal has the potential to be used
as a reference signal to analyze changes in the overall light field intensity. And
then as a feedback signal to adjust the drive-power of the light source to make
the light stable.

3. Reference literature review, optimize the detection characteristics of the optical
system by methods introduced in Chapter 2, such as multi-wavelength light
sources.
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Appendix A

Mathematical derivation of the
double grating diffraction

In the expression of the two-dimensional light field, the effect of each reflection grat-
ing and transmission grating wavelet is included. Using Euler’s formula and geomet-
ric sequence summation formula, these items can be simplified and merged. The
parameters in the expression (α, δ, γ, N , k, d, h), and simplification results have
been explained in Chapter 4, here will show the mathematical derivation process in
detail for readers to better understand and apply.
For the reflective grating light field E1, the expression of each sub-wave includes two
terms. The terms of the trigonometric function, A [sin (α1) /α1], represent the inten-
sities of the light field corresponding to the diffraction angle. Since the light intensity
is uniformly distributed, these terms are equal.
The exponential terms, exp [inδ1], represent the optical path differences caused by
the relative distance from the center point. These increasing proportionally complex
exponential terms can be calculated by the summation formula of a geometric se-
quence. Next, the calculation result is simplified into a trigonometric function using
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Euler’s formula, as shown in Equation (A.1).
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(A.1)
The reflector designed in this project is a movable structure with a vertical displace-
ment relative to the grating and a rotation around the center point in the vertical
plane. So in the light field expression of the transmission grating, E2, these optical
path differences are expressed as exp [i2k (h+ x+ nd sin γ)].
Through the same simplification method as E1, the final expression of E2 is obtained
as Equation (A.2), where ϕ = δ2 + 2kd sin γ.
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(A.2)
For now, according to the superposition effect of the light field, the total light intensity
corresponding to each diffraction angle can be calculated.



Appendix B

Programming in Matlab

This section records the codes for the numerical calculation of double grating diffrac-
tion in Matlab, which can be used for readers’ reference and testing.

B.1 Double grating diffraction pattern

1 clear all;

2 %Parameters setting%

3 d = 4; %Grating period%

4 a = 2; %Grating width%

5 h = 8; %Initial distance between reflector and grating%

6 L = 1000; %Working distance%

7 W = 400; %Beam width%

8 A = 1; %Light intensity coefficient%

9 N=fix(W/d); %The number of grating%

10 tilt=0; %Rotation angle%

11 lam = 0.85; %Wave length%

12 k=2*pi/lam; %Wave number%

13 flag=1;

14 I=zeros(1,314);

15 X=I;

16 PDI=0;

17 %Calculate the corresponding light intensity of each diffraction ...

angle cyclically%

18 tic;

19 for thita = -0.3 :0.00001 :0.3

20 alph1=pi/lam*(d-a)*sin(thita);

21 alph2=pi/lam*a*(sin(thita)-sin(tilt));

22 derta1=2*pi/lam*d*sin(thita);

23 derta2=2*pi/lam*d*(sin(thita)-sin(tilt));
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24 dertai=2*pi/lam*(d-a)*sin(thita);

25 phi=derta2+2*k*d*sin(tilt);

26 E1=A*sin(alph1)/alph1*sin(N/2*derta1)/sin(derta1/2)*exp(1i*derta1);

27 E2=A*sin(alph2)/alph2*sin(N/2*phi)/sin(phi/2)*exp(1i*phi) ...

28 *exp(1i*(dertai+2*k*h));

29 I1=abs(E1+E2)ˆ2;

30 X1=L*tan(thita);

31 I(flag)=I1;

32 X(flag)=X1;

33 if X1 > PDl && X1 < PDr

34 PDI = PDI + I1;

35 end

36 flag=flag+1;

37 end

38 toc

39 plot(X,I,'linewidth',1.5)

40 ylabel('Light intensity')

41 xlabel('Horizontal position (um)')

Figure B.1: Numerical calculation results of light intensity of double grating diffrac-
tion.

B.2 Phase-shifting testing

Numerical calculation of the phase difference between the positive and negative
first diffracted order light intensity changes superimposed by rotation and vertical
movement.

1 clear all;

2 clc;

3 d = 4;

4 a = 2;

5 h = 100;

6 L = 1000;

7 W = 100;
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8 A = 1;

9 N=fix(W/d);

10 lam = 0.85;

11 k=2*pi/lam;

12 At = 0.034;

13 Ad = 30/1000;

14 PDl = 0.18*L;

15 PDr = 0.23*L;

16 PF=[];

17 for Ad = 0: 1 :50

18 Id=zeros(1,1);

19 Idd=zeros(1,1);

20 XX=0:0.001:1;

21 jj=1;

22 for t = 0 :0.001 :1

23 tilt = deg2rad(At)*sin(pi*t);

24 x = Ad/1000*cos(pi*t);

25 I=zeros(1,1);

26 X=zeros(1,1);

27 PDI=0;

28 PD0=0;

29 flag=1;

30 for thita = -0.6 :0.01 :0.6

31 alph1=pi/lam*(d-a)*sin(thita);

32 alph2=pi/lam*a*(sin(thita)-sin(tilt));

33 derta1=2*pi/lam*d*sin(thita);

34 derta2=2*pi/lam*d*(sin(thita)-sin(tilt));

35 dertai=2*pi/lam*(d-a)*sin(thita);

36 phi=derta2+2*k*d*sin(tilt);

37 E1=A*sin(alph1)/alph1*sin(N/2*derta1) ...

38 /sin(derta1/2)*exp(1i*derta1);

39 E2=A*sin(alph2)/alph2*sin(N/2*phi)/sin(phi/2) ...

40 *exp(1i*phi)*exp(1i*(dertai+2*k*(h+x)));

41 I1=abs(E1+E2)ˆ2;

42 X1=L*tan(thita);

43 I(flag)=I1;

44 X(flag)=X1;

45 if X1 > PDl && X1 < PDr

46 PDI = PDI + I1;

47 end

48 if X1 > -PDr && X1 < -PDl

49 PD0 = PD0 + I1;

50 end

51 flag=flag+1;

52 end

53 Id(1,jj)=PDI;

54 Idd(1,jj)=PD0;
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55 jj=jj+1;

56 end

57 [¬, Idmax] = max(Id);

58 [¬, Iddmax] = max(Idd);

59 PF=[PF,(XX(Idmax)-XX(Iddmax))*pi];

60 PF

61 end

62 plot([0:1:50],PF,'LineWidth',2);

63 set(gca,'linewidth',2,'fontsize',14,'FontWeight','bold')

64 xlabel('Vertical motion amplitude (nm)','FontSize',18)

65 ylabel('Phase shift (rad)','FontSize',18)



Appendix C

Vibrometer testing for the rotational
movement of the mico Coriolis flow
sensor

A vibrometer meter was used to detect the vibration amplitude of the mico Coriolis
flow sensor and the gold-deposited silicon mirror (piezo-driven) under different volt-
ages and frequencies.
In addition, the vibrometer can also determine the eigenfrequency of the test sample
by testing the displacement response at different driving frequencies.

Figure C.1: Schematic diagram of test samples.
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Table C.1: The test results of the flow sensor, driven by eigenfrequency (2473 Hz).

Driven voltage (V) 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Amplitude (um) 9.70 14.48 19.26 23.69 28.05 32.29 36.25

Table C.2: The test results of the cantilever beam @ 2 kHz.
Driven voltage (V) 3 6 9

Amplitude (nm) – 552.9 918.5

Table C.3: The test results of the square mirror @ 2 kHz.

Driven voltage (V) 3 6 9

Amplitude (nm) 14.75 35.63 50.37

Table C.4: The test results of the square mirror @ 2430 Hz (eigenfrequency).

Driven voltage (V) 3 6 9

Amplitude (nm) 26.30 45.64 69.82
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