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Miniature Fabry-Perot (FP) pressure sensors have been of great interest because

of their advantages of small sizes, high performance, and immunity to
electromagnetic interference. Most of these sensors are built with silicon/silica
materials that have good mechanical, chemical, and thermal stabilities. However, due
to the large Young’s modulus of silica/silicon, developing a high sensitivity miniature
sensor becomes difficult. In addition, fabrication of these sensors often involves high
temperature fusion bonding and harsh acid etching. On the other hand, a polymer
material becomes an attractive choice for high sensitive and miniature pressure
sensors due to its small Young’s modulus relative to that of silicon/glass. Moreover,
polymer processes can be performed under ambient pressure and temperature without
hazardous chemicals. However, a polymer-based sensor suffers from high

temperature sensitivity, which must be compensated to obtain accurate pressure

measurements.



In this dissertation, three types of polymer based FP miniature sensors for static or
quasi-static ~ pressure = measurements are investigated through modeling,
microfabrication, and experiments. First, co-axial and cross-axial FP sensors with a
built-in fiber Bragg grating (FBG) for temperature measurement and compensation
are studied. In both sensors, the FP cavity is precisely self-aligned with the optical
axis by using the fiber as a natural mask, which eliminates the need for a photo mask
and tedious optical alignments. Second, a FP sensor composed of a UV-molded
optical cavity with a pre-written FBG is developed. For the first time, a UV molding
process with an optical fiber based mold is developed for fabrication of miniature FP
sensors. This process enables high accuracy optical alignment for UV molding.
Taking advantage of the UV molding process, the third type of sensor features a
hybrid dual FP cavity for simultaneous temperature and pressure measurements. A
novel signal processing method is developed to retrieve the multiple cavity lengths
with an improved speed, resolution, and noise resistance. Experimental studies show
that these polymer based sensors have good pressure and temperature sensing
performance as well as temperature compensation capabilities. In addition, blood
pressure and intradiscal pressure measurements of a swine are performed, which

demonstrates the feasibility of these sensors for biomedical applications.



POLYMER BASED MINIATURE FABRY-PEROT PRESSURE SENSORS WITH
TEMPERATURE COMPENSATION: MODELING, FABRICATION, AND
EXPERIMENTAL STUDIES

By

Hyungdae Bae

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2013

Advisory Committee:

Associate Professor Miao Yu, Chair

Professor Balakumar Balachandran

Professor Bongtae Han

Associate Professor Teng Li

Associate Professor Adam H. Hsieh, Dean’s Representative



© Copyright by
Hyungdae Bae, 2012

All rights reserved.



Dedication

I lovingly dedicate this dissertation to my wife, parents, and parents-in-law, who

supported me each step of the way.

i



Acknowledgements

Foremost, I wish to express my sincere gratitude to my advisor, Prof. Miao Yu,
for her support for my Ph.D study and research. She has supported me with great
patience, enhancing motivation, and in-depth knowledge for my research. It was such
a great experience to do my Ph.D study under her supervision. Besides my advisor, I
would like to thank the rest of my dissertation committee: Prof. Balakumar
Balachandran, Prof. Bongtae Han, Prof. Teng Li, and Prof. Adam Hsieh for their
insightful comments, helpful suggestions, and heartwarming encouragement. My
research work has been greatly improved and enriched by all the helps and
suggestions from them. I also thank my fellow labmates of the Sensors and Actuators
Lab: Dr. Xuming Zhang, Dr. Yuxiang Liu, Dr. Haijun Liu, Dr. Cheng Pang, Felix
Stief, Laith Sawaqed, Andrew Lisiewski, Zhijiang Zhang and Dr. Yongyao Cheng for
their help, discussion, support, and friendship. My five years of study in the lab has
been so meaningful and enjoyable because of them. I want to show my gratitude to
intern students which worked with me: Laura Dunlap, James Wong, David Yun,
Abisola Kusimo, and Syed Elahi for their help for my research work. Last but not the
least, I really appreciate the support and encouragement of my wife, parents, and
parents-in-law. If it were not for your help, I would never begin and go through my

study.

il



Table of Contents

LIST OF FIGURES VI
CHAPTER 1 INTRODUCTION AND BACKGROUND 1
1.1 PROBLEM OF INTEREST ......cotiiiiiiiiiiiiiiiiiiieieie s ettt st s 1
1.2 LITERATURE REVIEW .....oiiiiiiiiiiiiiiit ettt sttt st ettt s s 4
1.2.1 Fabry-Perot INterferometer ............cc..ccveevueeiivieeieeeieeeieesieeeae e sisae e saeesseesse e 4

1.2.2 Fabrication Methods of Fiber-Optic Fabry-Perot Pressure Sensors .........c...cc.cevenn... 6

1.2.3 Optical Demodulation Techniques for Fabry-Perot Pressure Sensors......................... 27

1.2.4 Temperature Compensation for Fiber Optic Pressure Sensors............cccucvveveveneunennn. 38

1.3 OBJECTIVES AND SCOPE OF DISSERTATION WORK ......c.ccouiuimiiririinieeeeieienieseesneeneeneenneneeanes 44
1.4 ORGANIZATION OF DISSERTATION ......ccoootiiiiiiiiiiiiiiiiieiieie s st st s 45

CHAPTER 2 MINIATURE TEMPERATURE COMPENSATED FABRY-PEROT
PRESSURE SENSOR FABRICATED WITH SELF-ALIGNED PHOTOLITHOGRAPHY

PROCESS 47
2.1 INTRODUCTION ..ottt ittt ettt ettt s st s 47

2.3 SENSOR DESIGN AND FABRICATION ......cueiiieiiniieuinieeitetentetiete et sneeeteeessesaesresieeneestennennesnennes 49

2.3 CALIBRATION AND EVALUATION OF SENSORS .....ceuteuieiiiirieniinieeiierentenienaessesseeveeseeneensennennes 60

2.3.1 Optical INterroation SYSEEML..........ccc.eeiiueeeeieiiiesieeeteestessaeesaeesteeesseeessseesaeasaeeseeens 60

2.3.2 PreSSUTE SERSILIVILY......ccuviiveeeeeeeeieeeeesieeste e saeeeite e siveestteesaseessaeestaeessaesssbeenseesssaeenseenas 63

2.3.3 Temperature Sensitivity and Temperature COMPEnSAtION.............c..ccccveveveerveeesiuennnenns 64

2.3.4 DYNAMIC RESPOMNSE. .....c.veivieiieeiieeeieeeieeeiie e staeesiteesiveesateestseansaeestbesssseessbeenseeasaesseeans 67

2.4 SUMMARY ...ttt e s e 70

CHAPTER 3 MINIATURE TEMPERATURE COMPENSATED FABRY-PEROT
PRESSURE SENSOR CREATED BY USING UV-MOLDING PROCESS WITH AN OPTICAL

FIBER BASED MOLD 72
3.1 INTRODUCTION .....cttiiuteetteentteeteeertteetteetteeataeebtesateeeabbeebeesaseeenbeeebeesabeeenbeeensaesnseesabaesnneenares 72
3.2 SENSOR DESIGN AND FABRICATION .......ccceiiiiiieiiieeeeieteeesreeeessereesesssseesssessessssesssssssesssssseesns 76
3.3 CALIBRATION AND EVALUATION OF THE SENSORS .....cceeiieiiieeniieenieeenieeesieeesseeensnessssesneensens 86

3.3.1 Optical INterrogation SYSEML...........cc.cccuuviiuiiieiieee et 86
3.3.2 PreSSUTE SERSILIVILY......ccueeiveeeieeeieieeeeiesieeete e steesite e steestteestaeessaeestbesssaeestbeesseeassaeenseeeas 88
3.3.3 Temperature Sensitivity and Temperature COMPEnSAtION.............cc.ccccveveveerceeesvuennnenns 89
3.4. PRESSURE MEASUREMENTS IN BIOMEDICAL APPLICATIONS USING FABRICATED SENSORS.93
3.4.1 In-Vivo Blood Pressure Measurement in a SWine Study..............ccccoevvvevivveviiinueannnnns 93
3.4.1 In-Vitro Intradiscal Pressure Measurement of @ SWiRe.............c.cccccooveeinccinenienccnnns 96
3.5 SUMMARY ..ciiniiiiittitte ettt et ettt et s sat e s bt e s sbte e be e et beeatteeasteeabbesabtesabte s bt esbeesabeesabeesbeesares 98

CHAPTER 4 HYBRID MINIATURE FABRY-PEROT TEMPERATURE AND PRESSURE
SENSOR WITH DUAL OPTICAL CAVITIES FOR SIMULTANEOUS PRESSURE AND

TEMPERATURE MEASUREMENTS 100
4. 1. INTRODUCTION ....outiiiiiieieteteeeeeeeeeeieee e e e e eeeeataeeeeeeeeseaaaeeeeeeessaaaareeseeessensaaseeseeeesnaraaeeeesesins 100

4.2. SENSOR DESIGN AND FABRICATION .....ccooiiiuiuiieeeeeeieiiieeeeeeeeeeuineeeeeeeseensanneeeeeeesnesssneeeesessns 101

4.3 CALIBRATION AND EVALUATION OF SENSORS .....ccoiteuuuriieeeeeiiiireeeeeeeeeesinreeeeeessessnnneseeeesens 105

4.3.1 Optical Interrogation SYSTEM...........c.ccuuueiveiioiiiiiai ettt 105
4.3.2.8en50r Calibration.................oooooee oo 111

4.3.3 Temperature Sensitivity and Temperature COMPENSALION.............cccccveeceverevesseennnsns 114

.4 SUMMARY ....oooiitritieee e eeeeeteee e e e eee et ee e e eeteetteaeeeeeeeeeettaaeeaeeeseesstraeeseeeseessasaeeseeeseestarreeeeeenans 118

v



CHAPTER 5 SUMMARY AND FUTURE WORK

5.1 SUMMARY OF DISSERTATION WORK ......ceoteuturriieiieiiiiieeeeeeeeeeeieareeeeeeenenaaeeeeeeeeesnnssenseesseesns
S 2 FUTURE WORK ...ccviiiiiieeiiiee e ettt e e eeaete e e e e eaaaaaeeeeessesaaaeeeseeessssnnntaesseeseesnrsaneeesenans

APPENDIX A: MATLAB CODES AND LABVIEW CODE
REFERENCES

120

120
124

127
146



List of figures

Figure 1.1: Commercially available fiber optic FP pressure sensor from FISO

Technologies Inc. (http://WWW.f1S0.COMY). ...coviiriiiiiiiiiieiieie e 1
Figure 1.2: Plane-parallel FPI [61]. ..cccoooiiiiiiiiieieeeeeeeee e 5

Figure 1.3: An all-fiber pressure sensor with a silicon diaphragm: (a) schematic

and (b) fabrication ProCess [3]. .iecouieeriieeiieeeiie ettt e e e e e e s 8

Figure 1.4: Fabrication process for an all-fiber pressure sensor with a SMF etch-

1707 o 1 S OO SO P SRRSO 10

Figure 1.5: Schematic of an optical fiber tip pressure sensor constructed by using

a glass capillary tube and a silica diaphragm [39]....c.cccooiiiiiieiieeeeeeeeee e 11
Figure 1.6: Schematic of direct bonding of silica thin film [52]. ......c...ccueeenee. 14

Figure 1.7: Fabrication process of the FP sensor with a graphene diaphragm: (a)
etching off the Ni layer by immersing the sample into a FeCl3 solution, (b)
transferring the graphene film floating on the water surface to the surface of the fiber-
tip open cavity, (c) schematic showing the graphene film covering the fiber-tip
microcavity, photographs of (d) grapheneN1Si028i sample floating on FeCl3
solution, (e) graphene film floating on DI water, and (f) graphene film on the surface

of the ferrule—fiber-tip microcavity assembly [62].........cccceeviieriiiinieniiieiieeieeee e 15

Vi



Figure 1.8: Schematic of an optical pressure sensor head fabricated by

MICroMAChINING [15]..uuiiiiiiieiie e e e e eeaee s 17

Figure 1.9: Schematic of an optical pressure sensor fabricated by

MICTOMACKINING [63]....uiiiiiiiiiiie et ettt e e s eaeees 18

Figure 1.10: Schematic of an optical pressure sensor fabricated by using

sacrificial layer etching process [17]. occierieiiierieiiieieee e 19

Figure 1.11: (a) Schematic of diced micromachined silicon pressure and (b)

fabricated pressure sensor assembled with standard SMF [37].....cccccevviiiniiiennnnns 20

Figure 1.12: (a) Schematic of micromachined silicon pressure sensor and (b)

schematic of the bonding process of sensing element to optical fiber end [31]........ 22

Figure 1.13: Fabrication process of SU-8 MEMS FP pressure sensor [64]......... 23

Figure 1.14: Schematic of the fiber optic pressure sensor fabricated by anisotropic

etching with 45 angle-polished optical fiber [65].....coceevieeeiiieiieeeeeeeeeeee s 24

Figure 1.15: Fiber optic pressure sensor fabricated by using laser-machining: (a)

schematic and (b) scanning electron micrograph of the machined cavity [66]. ......... 25

Figure 1.16: (a) Schematic of the high-sensitivity fiber optic sensor with

electroless sliver plated diaphragm and (b) photograph of the sensor [67]. ............... 27

vii



Figure 1.17: (a) Measured spectrum of reflected light under LED illumination (A
= 1310 nm) and (b) relative intensity as a fuction of pressure for three fiber-optic

pressure sensors with polymer diaphragms [20]........cccceeviiieeiiiieeniiieeiieeeieeeeeeeenn 28

Figure 1.18: Measured sensor output in terms of photocurrent and the output from

dichroic ratio signal analysis as a function of absolute pressure [63].......c.ccccceenenee. 30

Figure 1.19: Plot of interference spectral fringes as a function of

WAVENUMDET [O8]. ..oeiiiiiiiiiiieeiie ettt ettt et e et e e e te e e e re e e earaeeeareeesanee s 32

Figure 1.20: (a) Reflection spectrum from two parallel-multiplexed sensors and

(b) FFT result from two multiplexed FP interferometers [71]........ccccceeevvieriirencnnnns 35

Figure 1.21: Comparison of the measured cavity lengths obtained with peak

positioning and phase unwrapping of FFT spectrum methods [72]. .....ccccoevvvennnnnnen. 37

Figure 1.22: Temperature responses of the multiplexed FP sensors: (a) OPDs

during the temperature cycle and (b) OPDs versus temperature [70]...........cceeeeneeenee 38

Figure 1.23: Schematic of a miniature FP fiber-optic pressure sensor with a dual

layer for passive temperature compensation [S59]. ....ccccevcieeeiiieeiiiieeiiee e 39

Figure 1.24: Schematic of the temperature-insensitive fiber optic sensor with

silica ferrule and optical fIber [S3]......cooiiiiiiiiieiee e 40

Figure 1.25: Pressure measurement result of the temperature compensated

pressure sensor under different temperatures [60].........cccevveeviieeriiieenieeeiieeeieeenenn 42

viii



Figure 1.26: Schematic of the all-silica fiber optic sensor for simultaneous

temperature and pressure SENSING [74]...ueecuieeriieeriieeeiee e et e e e ereeeeaee e 44

Figure 2.1: Schematic of polymer based FP pressure sensors with temperature

compensation: (a) co-axial sensor and (b) cross-axial SENSor..........ccccceevveevveerieennnnnn. 49

Figure 2.2: Schematic of the optics models for (a) co-axial configuration and (b)

CroSS-axial CONTIGUIAtION. ...ccuviiiiiiiiieiiecie ettt ens 50

Figure 2.3: Simulation results for the cross-axial sensor: (a) intensity profile of the

beam reflected from the first interface and (b) intensity profile of the beam reflected

from the second INTETTACE. ......cocuiiiiiiiiiii e 52
Figure 2.4: Fabrication process of co-axial and cross-axial sensors..................... 56
Figure 2.5: A scanning electron micrograph of developed optical cavity.. ........... 57

Figure 2.6: Scanning electron micrographs of fabricated sensors: (a) co-axial

sensor and (b) Cross-axial SENSOT. ......cuieviuiieriiieeiieecieeeeiee e re e eeeaae e 57

Figure 2.7: Interference spectra of cross-axial and co-axial pressure sensors

obtained with the broadband interrogation SyStem. ..........cceeeveercieerieeniiieriienieesieeeieens 61

Figure 2.8: Schematic of optical system for static pressure measurements......... 62

Figure 2.9: Experimental arrangement for transient pressure measurements....... 62

iX



Figure 2.10: Calibration curves for (a) cross-axial sensor and (b) co-axial

PIESSUTE SEIISOT. .eeeuuviieeeeuereeeeeetreeeaaarteeeaansaeeesansaeesaasseeesssnsseesssssseesssnsseeessssseessnnnsees 64

Figure 2.11 (a) Temperature sensitivity of the co-axial pressure sensor and (b)

Bragg wavelength shift versus temperature of the embedded FBG. ................c........ 65

Figure 2.12 (a) Pressure sensitivity calibration curve of the cross-axial sensor

based on intensity measurement and (b) shock tube experimental result................... 70
Figure 3.1: Schematic of UV molding process [83].....ccccceevviievviiercirenciieennnen. 74
Figure 3.2: Schematic of the UV-molded optical pressure sensor........................ 76
Figure 3.3: Fabrication process of the mold for creating FP cavity........c..c.......... 77

Figure 3.4: (a) Microscopic image of the fabricated mold. (b) SEM of a molded

OPLICAL CAVILY. c.uvieiiiiieiiieeiee ettt ettt e et e et e e et e e s teeesebaeessaeeesaeeenssaeessseeesssaessseeessseeenns 79

Figure 3.5: Fabrication process of UV-molded fiber optic pressure sensor. ........ 79

Figure 3.6: Experimental arrangement for optical alignment between the fiber-

based mold and the optical fIber. .........ccooeiiiiiiiiieeee e 81

Figure 3.7: Coupled intensity as a function of the misalignment between the
sensing fiber and the fiber in the mold during the alignment process. The results were

experimentally obtained with a movement step of 0.5 um from the stage. ................ 82

Figure 3.8: 3D surface topology: (a) the mold and (b) molded cavity. ................ 83



Figure 3.9: Topology comparison of the mold and the replicated cavity. ............ 83

Figure 3.10: SEM images of (a) fabricated sensor and (b) diaphragm close-up. . 84

Figure 3.11: Topology comparison of 10 molded cavities. .........ccccevercuereenennnens 84

Figure 3.12: (a) Representative interference spectrum obtained by using the
fabricated sensor with a built-in Bragg grating. (b) Schematic of the experimental

arrangement for pressure MEASUTCIMENL. ........eevereerueerieriereeeeeeeerteeteeeeeseeeeeseeenaeeneas 87

Figure 3.13: Calibration curve of the sensor at a room temperature of 24 °C and
(b) calibration curves of the sensor at three difference temperatures (30 °C, 40 °C,

AA 50 OC). oo e eeee e e oo e e e e e e s e s s 89

Figure 3.14: (a) Temperature sensitivity of the pressure sensor. (b) Temperature

sensitivity of the FBG embedded in the pressure Sensor. ..........cccceeeeveeeeveescveeenneeens 91

Figure 3.15: (a) Schematic of the experimental arrangement for blood pressure

measurement and (b) a photograph of swine under blood pressure measurement. .... 93

Figure 3.16: Blood pressure readings from (a) the reference sensor (Transpac IV)

and (D) fIDET OPLIC SENSOT. ..c.eieiieeiieiieeiieeiee ettt te ettt ete et ee e et esateebeesereensaeeaneens 94

Figure 3.17: Blood pressure readings from (a) the reference sensor after injecting

Beuthanasia and (b) the fiber optic sensor before and after injecting Beuthanasia. ... 95

Figure 3.18: Experimental arrangement for swine intervertebral disc pressure

INECASUTEITIENE. ettt eeeee e ettt e e e et e e e et e e e et e eeeeaneeeeeeneeeeanneeeeenneeeeenaeeenenaeeenannans 96

xi



Figure 3.19: (a) A photograph of the swine intervertebral disc with an inserted

fiber optic sensor. (b) Intradiscal pressure measurement result..............ccceeveuveerennenns 97
Figure 4.1: Schematic of the hybrid temperature/pressure sensor...................... 101

Figure 4.2: Fabrication process of the hybrid UV-molded temperature/pressure

SEIISOT. «eeeeeetitteeee ettt ettt eeeeeseeeetaaaaaaaaeseeeeesaaaaaaeseseeetasanaseeeeetasanaaassseeeranranns 104

Figure 4.3: An interference spectrum of the fabricated sensor obtained with Ocean

OPtics USBA000. .....oouiieiieiiieieiieieteeeie ettt 107
Figure 4.4: FFT result from the wavenumber spectrum of the sensor................ 108

Figure 4.5: Filtered wavelength spectrum for (a) the air cavity and (b) the

combined cavity of air and silica fIber...........cceeeciiieiiiiieciie e 109

Figure 4.6: Comparison of R” values as a function of SNR by using two different

demodulation schemes (spectrum curve fitting and one peak tracking of the filtered

spectrum) for cavity lengths: (a) 60 um and (b) 100 pm. ......ccoevvveeeiieeiiieeieeee. 111
Figure 4.7: Pressure and temperature calibration setup. ..........cccceeveerieeniiennnn. 112
Figure 4.8: Pressure calibration curves of the sensor at 26.0 °C............ccccueee. 113

Figure 4.9: Pressure calibration curves: (a) air cavity and (b) silica cavity at four

different temperatures (26.0 °C, 34.0 °C, 42.0 °C, and 50.0 °C).....ccccvevevrercrrrennnenn. 114

xii



Figure 4.10: Temperature calibration curves: (a) air cavity and (b) silica cavity at

four different pressure levels of 1.0 psi, 2.0 psi, 3.0 psi, and 4.0 pSi....cccveeeveeennnen. 116

Figure 4.11: Pressure sensitivity of the pressure sensing cavity as a function of

1701001 01 21 1L (OO RSOSSN 117

xiii



Chapter 1 Introduction and Background

1.1 Problem of Interest

Miniature fiber-optic pressure sensors have become attractive choices for pressure
monitoring in a confined space owing to their advantages of small size, high
sensitivity, immunity to electromagnetic interference, and convenience of light
guiding/detection through optical fibers [1,2]. These sensors usually exploit one of
the following sensing mechanisms; 1) extrinsic Fabry-Perot interferometry (EFPI) [3],
i1) fiber Bragg grating (FBG) [4-9], and iii) surface plasmon or evanescent
coupling [10-12]. Among the above sensing mechanisms, extrinsic EFPI is the most
popular configuration for fiber-optic pressure sensors [13—30]. EFPI based pressure
sensors have been widely applied to various applications, including biomedical
(e.g., [31-35]), aerodynamic (e.g., [36—38]), acoustic (e.g. [39—42]), shock wave
(e.g. [43—46]) and other industrial applications (e.g., [47-49]) where a minimal

intrusiveness is required.

Figure 1.1: Commercially available fiber optic FP pressure sensor from FISO Technologies Inc.

(http://www.fiso.com/).



A lot of research has been carried out to develop EFPI fiber-optic pressure sensors
and some of these sensors are now commercially available (e.g., the miniature FP
sensor from FISO Technologies Inc., as shown in Fig. 1.1). Most of these sensors
make use of silica (or silicon) as the sensor housing structure material as well as the
sensing diaphragm material [3,16,18,21-23,26,39,50-53]. Both glass and silicon
materials have very good thermal/chemical stability, high elastic modulus, and
relatively good biocompatibility. These inherent characteristics of the silica/silicon
materials provide the sensors very good stability and reliability, especially, in harsh
environments. However, the fabrication processes often use expensive equipment
such as laser fusion bonding machine and involve dangerous etching processes such
as hydrofluoric acid (HF) or potassium hydroxide (KOH) etching, making it difficult
to fabricate these fiber optic sensors in batch, and thus, resulting in high
manufacturing cost. In addition, the brittleness of the silicon and glass materials can
hinder the applications of silica/silicon based sensors. For example, in biomedical
applications, these sensors can be easily damaged while being inserted into or ejected

out of a blood vessel or biological tissue.

On the other hand, there have been a few research groups working on design and
fabrication of EFPI sensors based on polymer materials. Usually thermal and
chemical stability as well as material strength of a polymer material is not as good as
that of silica or silicon. However, there are a large variety of polymer materials that
can be chosen according to specific requirement and application. For example, some

polymer materials such as Polydimethylsiloxane (PDMS) or SU-8 has excellent
2



biocompatibility [54-56]. When polymers are used as the diaphragm material for a
pressure sensor, the sensor can achieve much larger sensitivity than those made of
silica or silicon because of the relatively low elastic modulus of the polymers.
Furthermore, owing to the ductility of the polymer material, polymer based pressure
sensors can endure large strain without failure and they cannot be easily damaged by
a sudden pressure change or shock. A lamination of a thin metal film on a polymer
substrate can increase rupture strain range even further [57]. Another advantage of
polymer material is that the material properties of polymer such as mechanical
strength, thermal/chemical resistivity, and optical property can be precisely designed
and tuned to meet the system requirements. In addition, in the fabrication of polymer
based sensors, high temperature process or hazardous chemicals are usually not
involved, allowing for more eco-friendly processes. Since well-established
semiconductor batch fabrication processes can be used, polymer based sensors can be

fabricated with a low cost.

However, one of the most significant disadvantages of a polymer based pressure
sensor structure is its large thermal expansion. The coefficient of thermal expansion
(CTE) of polymer varies from 45 ppm/°C to 130 ppm/°C, which is about 5 to 15
times larger than that of glass. For a polymer based pressure sensor, this material
property can result in large errors in pressure reading in a temperature varying
environment. In order to obtain accurate pressure reading under temperature varying

conditions, the temperature effect should be compensated properly [48,58—60].



This dissertation work is aimed to achieve an enhanced understanding of a
polymer based miniature fiber-optic FP pressure sensor system for a static or
quasistatic measurements including design, fabrication, and temperature

compensation of the polymer based pressure sensors.

1.2 Literature Review

1.2.1 Fabry-Perot Interferometer

A Fabry-Perot interferometer (FPI) consists of two parallel mirrors facing each
other and defining an optical cavity between them (Hodgson & Weber 1977). For
simplicity, both mirrors are usually assumed to be flat and the incident light is to be
normal to the mirrors. Monochromatic light entering the FPI with an intensity of /) or
an electric field £y will be partially reflected from the first mirror. The partially
transmitted light will then go through the optical cavity L and again partially reflected
from the second mirror (Figure 1.2). If the reflection coefficients of the two mirrors
are ry, 1, and the corresponding transmission coefficients are #;, t,, the reflected field
E, (or the transmitted field £, ) can be expressed by summating all the electric field
components coming out from the first mirror (or transmitting through the second

mirror) as

4rl & idrlL .,
E, =E,|r,—t]r,exp[——1> (nr exp[——1)" |, (1.1)
A = A
2rl & 4L,
E, =~Eyt, exp[— 1D (i expl =D (1.2)
n=0

4



where 4 is the wavelength and L is the distance between the two mirrors.

Figure 1.2: Plane-parallel FPI [61].

Based on equations (1.1) and (1.2), the intensity of the reflected and transmitted
light can be derived. Furthermore, transmission 7" and reflection R as a function of the
phase 2zL/4 can be calculated by obtaining the fraction of the reflected and
transmitted intensity with respect to the incident intensity /,. The calculated

reflectance and transmission as a function of the phase are

R_KJE:WﬁgY+4J&RﬁMfMLH (L3)
 [A=+/RR,) +4RR, sin*(kL)] ’ '

(I_Rl)(l_Rz)

T= .
[(1-RR,)* +4\RR, sin®(kL)]

(1.4)

For fiber optic pressure sensors using a FP configuration, a cleaved or polished
optical fiber endface acts as a fixed mirror and a diaphragm with or without a
reflective coating serves as a transducer. For static pressure measurements, the

diaphragm is deflected due to the pressure difference between the inside and outside
5



of the cavity. The deformation of the diaphragm can be optically demodulated
through processing of the reflected or transmitted signal. Different methods of

retrieving the FP cavity length will be discussed in Sectionl1.2.3.

1.2.2 Fabrication Methods of Fiber-Optic Fabry-Perot Pressure Sensors

There have been many studies on design and fabrication of FP pressure sensors.
In terms of sensor design and fabrication, FP pressure sensor can be categorized into
the following categories: 1) pressure probes fabricated by using conventional
machining and assembly techniques, ii) all-silica pressure sensors fabricated by using
splicing, fusion bonding, cleaving, and wet etching of the optical fiber, silicon
diaphragm, and the silica tubes, iii) pressure probes fabricated using cleanroom
microfabrication techniques such as photo lithography, etching, and bonding, and iv)
pressure probes with a UV cured polymer diaphragm at the end of a hollow glass tube
or other type of spacer. In all of these sensors, cleaved or etched optical fibers are
used as one of the mirrors of the FPI. The pressure measurements are carried out by
measuring the deflection of a thin diaphragm, which serves as the other mirror of the
FPI. The sizes of these sensors range from one hundred to a few hundreds
micrometers in diameter. According to sensor fabrication methods, some of the

previous studies are summarized as follows.



All silica optical fiber sensors fabricated by fusion-bonding, cleaving, and wet

etching

Silica optical fiber has many advantages because of its material properties.
Because silica material has very good chemical/thermal resistance, the fabricated
sensor can withstand harsh environments, such as in an acid based solution or solvent,
or in a high temperature environment. The CTE of the silica material is much smaller
than that of metal or polymer so that a sensor made of silica does not suffer from
significant thermal drift when it is used for pressure measurements. A silica based
sensor also has relatively good biocompatibility. However, the silica material cannot
be easily wielded or etched due to its inherent properties. Therefore, high temperature
fusion bonding or strong acid-based chemical etching is usually involved for
processing the silica material. In addition, since silica has a relatively high elastic

modulus, it is difficult to obtain a miniature sensor with a high sensitivity.

Donalgic and Cibula proposed an all-fiber pressure sensor with a silicon
diaphragm [3] (see Figure 1.3 (a)). The sensor was fabricated at the end of a standard
(SMF) with 125 pm diameter by splicing, precision cleaving, and chemical etching of
a multimode fiber (MMF) (Figure 1.3 (b)). The formation of an FPI was
accomplished by splicing a MMF of 62.5 um core diameter to a standard SMF. Then,
the MMF was cleaved around 40 um from the end of the SMF and etched in the core
of the fiber selectively using HF. Since the germanium-doped MMF core has 10 times
higher etching rate than pure silica, selective etching is possible for defining an

optical cavity in the MMF. In order to remove the core of MMF completely without
7



damaging the core of the SMF, light with a wavelength of 1310 nm was coupled into
the fiber and the reflected signal was monitored while the etching was performed.
Another piece of a SMF was spliced to the end of the MMF and cleaved roughly 10-
50 um from the top of the MMF cavity. This structure was inserted into a standard
optical connector ferrule and polished until the thickness of the spliced SMF is
reduced to a few micrometers. Since the diaphragm fabricated simply by a polishing
process is not thin enough to ensure a good sensitivity for mid to low range pressure
measurements, the thickness of the diaphragm was fine-tuned by using a buffered HF
acid etching process. Throughout the etching process, the pressure sensitivity was

measured for determination of the termination time of the process.
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Figure 1.3: An all-fiber pressure sensor with a silicon diaphragm: (a) schematic and (b) fabrication

process [3].

The maximum attainable sensitivity using this fabrication method was 23.4
nm/psi. The optical interrogation system was composed of a tunable laser, a 3 dB
coupler, a power meter, and a photodetector. The tunable laser was used to set the FPI

to a quadrature point and the reflected intensity from the sensor was directly
8



measured by using the power meter. The diameter of sensor was the same as that of
SMF-28 (125 um). However, splicing and cleaving such small segment of fiber
require precise alignment and control under a microscope or an alignment system.
The chemical etching of MMF cavity and silicon diaphragm needs to be monitored
throughout the process by using an optical system. When etching the core of the
MMF for defining the optical cavity, some part of the SMF core can be etched and
degraded. This can adversely affect the signal-to-noise ratio (SNR) of the sensor.
Moreover, the polishing process of the diaphragm is tedious and has a low yield.
Although this sensor has many desirable attributes such as biocompatibility,
robustness, small size, the fabrication process is expensive and involves dangerous

chemicals.

Zhu et al. presented an all-fused silica optical pressure sensor [51]. Most of the
fabrication process is quite similar to the sensor proposed by Donalgic and Cibula [3].
The sensor exploits spliced and etched MMF as an optical cavity and fusion-bonded
silicon diaphragm. However, in this work, an additional MMF was spliced and
cleaved with a length of 10 ~ 15 um to serve as an etch-stop. This etch-stop layer can
induce slight optical loss but it does not alter the sensor’s interference pattern
significantly (Fig. 1.4). Due to this etch-stop, the core of SMF can be protected from
etchant and a flat enface can be obtained. This helps increase the quality of

interference signal and the SNR of the sensor.
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Figure 1.4: Fabrication process for an all-fiber pressure sensor with a SMF etch-stop [51].

In another work, Xu et al. developed another type of optical fiber tip pressure
sensor that is fabricated by using a glass capillary tube covered with a silicon
diaphragm for pressure and acoustic measurements [39]. The FP cavity was formed
between a cleaved standard SMF endface and a fusion-bonded silicon diaphragm (Fig.
1.5). The sensor fabrication is simple, which includes cleaving, splicing (or fusion
boding), and wet etching. A cleaved silica optical fiber with a 330 um outer diameter
(OD) was first spliced to the end of a fused silica capillary tube by using a fusion
splicer. The fiber was then cleaved 10-30 um away from the boundary between the
glass tubing and the single mode fiber. Finally, the fiber was inserted into the glass
tube and fusion bonded. Due to the dimensional changes in the fiber and the tubing, a
gap distance with a 3 nm resolution can be obtained by using a CO, laser bonding
technique. As it is hard to obtain a diaphragm thinner than 10 um, the diaphragm was

etched in HF for fine-tuning the thickness.
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Figure 1.5: Schematic of an optical fiber tip pressure sensor constructed by using a glass capillary tube
and a silica diaphragm [39].

For optical interrogation, an optical interrogation system (Micron Optics, Inc.)
and spectrum analysis algorithm was used to demodulate the FP cavity length. The
one peak tracking method was used to improve the measurement resolution up to
~0.005 psi. The measured sensitivity of the sensor was 3.98 nm/psi. The sensor was
tested for acoustic pressure sensing by using a self-calibrated interferometric-based
system. The sensor output signal showed a frequency component at 46.9 kHz with a
SNR of ~19 dB, when an acoustic wave of 46.9 kHz with ~0.1 psi dynamic pressure
was applied. The sensor configuration has passive temperature self-compensation
capability since the thermal expansion of the optical fiber inside the capillary tube can
be compensated by that of the capillary tube. Furthermore, the all-silica sensor
structure has many advantages such as excellent reliability, high-temperature sensing
capability, corrosion resistance, and biocompatibility. However, the fabrication
process of this sensor requires a high power laser for fusion-bonding of silica tubing
and harsh etchant for silicon etching. The application of the sensor is also limited due

to the relatively large size of the sensor, which is from 330 pm.
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Abeysinghe et al. proposed an all-silica optical fiber pressure and temperature
sensor fabricated by self-aligned photolithography [50]. The sensor is composed of a
wet-etched MMF (100/140 pm) and an anodically bonded silicon diaphragm. In this
sensor, the optical cavity was defined by two different techniques. One utilizes self-
aligned UV light through the optical fiber. The other exploits externally focused and
aligned UV light. It is noted that the former fabrication method can eliminate the need
for an expensive mask aligner and tedious aligning process due to its self-aligned
characteristics. The fabrication process started with polishing of one endface of the
fiber for the next lithography process. A thin layer of thinned photoresist was then
applied by dipping method. For exposure of the deposited photoresist, two different
exposing techniques were utilized. The first technique is coupling argon ion UV laser
(A = 457.9 nm) to the other end of sensing head by using a 5x microscope objective.
The second technique is defining the area of exposure by using a high magnification
objective (50x) with the same light source. This method requires optical alignment of
the exposed light beam to the fiber outer diameter or core and precise control of the
fiber position relative to the light beam. Comparison of the fabricated sensors shows
that the latter method gives worse shape accuracy at the perimeter of the defined area
because of diffraction effect. Both the exposed photoresist at the ends of the fibers
were developed in a developer and etched in an etching solution NH4:HF (BHF) with
an etch rate of 120 + 6 nm on borosilicate glass fibers. The next step was to bond a
thin silicon diaphragm (3-10 um) onto the fiber endface using anodic bonding. To
reduce the adhesion between the silicon diaphragm and the etched cavity bottom
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surface, the temperature ramp method, an alternative method to the voltage shock
method, was used. The optical interrogation system is composed of a broadband light
emitting diode (A = 850 nm), a 2 x 2 couple, a photodetector, and a photodetector
with a high-pass optical filter. The measured sensitivity of one sensor was about 0.11
mV/psi with a deviation of +0.01 mV/psi from the linear calibration curve. The
sensitivity measured from another sensor that has the same dimensions except for the
diaphragm thickness (3.4 um) was found to be 0.20 mV/psi. The experimental results
show a linear relationship between pressure and output photodetector voltage over the
pressure range of 14-60 psi. The sensitivity of the sensors were much lower than the
predicted values due to the power loss resulted from connecting two fibers with
different diameters, higher order modes in the multi-mode fiber, surface roughness of
the etched cavity bottom, and residual stress in the bonded diaphragm. The self-
aligned photolithography using a fiber waveguide as a mask allows for low-cost
sensor fabrication with a high accuracy However, it is very difficult to increase the
cavity depth larger than 0.6 um due to the limitation of the photolithography process,
which can add constraints on the selection of optical demodulation methods.
Furthermore, the low sensitivity of the sensor limits the application of the sensor to

only high pressure measurements.

Wang et al. suggested a fabrication method of a miniature all-silica optical fiber
pressure sensor with an ultrathin uniform diaphragm (Fig. 1.6) [52]. The basic
structure and fabrication method is similar to that of the sensor developed by

Donalgic and Cibula [3]. A simple and reliable way of fabricating and attaching a
13



thin silicon dioxide layer on top of etched housing structure was employed. The
diaphragm was made out of a silicon wafer, which was oxidized to generate thin
silica film on top of the silicon substrate. The silicon substrate was then etched away
by using silicon deep reactive ion etching (DRIE), which uses the oxidized layer as an
etching barrier. Through photo-patterning, a ring-shape silicon structure was left
together with the silicon diaphragm for handling purpose. Further, the silica film was
fusion-bonded to the prepared optical cavity at the end of the fiber. The sensor
sensitivity was approximately 8.00 nm/psi. By using oxidation and etch-stop assisted
wet-etching process, conventional polishing process can be eliminated. This
fabrication process can help achieve much better reliability and uniformity of sensor

fabrication.
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Figure 1.6: Schematic of direct bonding of silica thin film [52].

Ma et al. presented a fiber-optic pressure sensor that utilizes a few layers of
graphene as a pressure sensing diaphragm [62]. The fabrication method of the sensor
is shown in Fig. 1.7. The graphene layer was deposited on a nickel substrate whose
thickness is around 0.71 nm (around 2-layer of graphene). By etching the metal layer

below the graphene layer, the graphene was floated on water surface. Then, the
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graphene layer was covered on a glass capillary tube based cavity structure, which
was spliced to a standard optical fiber and cleaved to have desired cavity length, due
to the Van der Waals force, the graphene membrane adhered to the cavity structure
even without using any adhesive. This sensor shows a large pressure dynamic range,
a high sensitivity, and a small form factor due to the inherent characteristics of the
graphene layer. However, it is quite difficult to get a hermitic bonding between the
graphene layer and the cavity because of the imperfection of the top surface of the
cavity top. It was shown that there was leaking in the air FP cavity during a static
pressure measurement. Therefore, this sensor can only be used for dynamic or quasi-

static pressure measurement.
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Figure 1.7: Fabrication process of the FP sensor with a graphene diaphragm: (a) etching off the Ni
layer by immersing the sample into a FeCl3 solution, (b) transferring the graphene film floating on the
water surface to the surface of the fiber-tip open cavity, (c¢) schematic showing the graphene film
covering the fiber-tip microcavity, photographs of (d) graphene/N¥SiO2/Si sample floating on FeCl3
solution, (e) graphene film floating on DI water, and (f) graphene film on the surface of the ferrule—

fiber-tip microcavity assembly [62].
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Pressure probes fabricated by using cleanroom microfabrication techniques: photo

lithography, etching, and bonding

Various methods have been reported on fabricating an optical pressure sensor
head by using cleanroom microfabrication techniques and assembling the sensor head
at the end of an optical fiber. This sensor fabrication method is advantageous in
several aspects. First, the well-developed microfabrication techniques can be used to
build the pressure transducer structure with a high alignment accuracy and good
material selection. Secondly, batch-fabrication of sensors can be achieved by using
wafer scale fabrication, rendering multiple sensors with good device-to-device
uniformity. One of the disadvantages of this fabrication method is that it requires
tedious aligning and bonding processes after the wafer-scale sensor head is fabricated.

This process is usually costly and has a low yield.

In an early work of using semiconductor process for optical pressure sensor
fabrication, fabrication of an optical pressure sensor based on silicon micro-
machining was carried out by Hélg [15]. A FP pressure sensor was built by using a
glass substrate and a wet-etched silicon diaphragm (Fig. 1.8). The silicon diaphragm
was formed by using anisotropic silicon etching to get the desired thickness. The
diaphragm and the substrate were bonded together with a silicon or silicon dioxide
spacer in between. The sensor diaphragm has a square shape with a thickness of 13
pum and edges between 0.5 mm and 1.5 mm. The sensing FP cavity distance is 1 to 3
pm. A light emitting diode (LED) and a photodetector were used to demodulate the

phase difference with respect to pressure change. Light was coupled to the sensor
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through a multimode optical fiber. The design of the sensor is similar to a
conventional piezoresistive sensor except that the measurement was performed by
using an optical detection technique. A fully integrated fiber optic pressure sensor
was not obtained and the size of sensor head was much larger than that of an optical

fiber.
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Figure 1.8: Schematic of an optical pressure sensor head fabricated by micromachining [15].

Wolthuis et al. also presented an optical pressure sensor fabricated by
micromachining process [63]. The schematic of the sensor is shown in Figure 1.9.
The sensor dimension is much smaller than that obtained in the previous work of
Hélg because an etched optical cavity on glass wafer was used instead of using
anodically bonded spacer structure. The sensors were machined on a wafer scale by
using photolithography, metallization, wet etching, and anodic bonding processes. In
order to get desired sensitivity, boron-doped silicon was anodically bonded to the
etched cavity and undoped silicon was etched selectively. By using this method,
around a 4 pm-thick diaphragm was obtained. Subsequently, the fabricated sensors in
a wafer were diced to individual sensor heads. The completed pressure sensor was a
small cube of glass with a dimension of 300 um x 300 um X% 275 um. A quarter-

wavelength think film of titanium dioxide was deposited on the bottom of the etched
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cavities to increase reflectivity of the first mirror. The cavity depth of the sensor was
14-17 pm. The diced sensors were glued to SMFs for optical interrogation. Light
from a LED was coupled to the sensor. The reflected light was separated into short
and long wavelength components. Pressure detection was performed by measuring
the intensity ratio of these two different wavelengths in order to extend the linear
range of the pressure response curve. In this work, even though the sensor size was
significantly smaller than the previous work, it was still much larger than the outer
diameter of a standard SMF. Moreover, the alignment and assembly of the fabricated

sensor to optical fiber end is a tedious and costly process.
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Figure 1.9: Schematic of an optical pressure sensor fabricated by micromachining [63].

Kim et al. presented a FP pressure sensor built by using silicon micromachining
process (Fig. 1.10) [17]. Square holes were anisotropically etched through an n-type
(100) silicon wafer for fiber alignment purpose. These holes also define the

diaphragm size and act as fiber stop to prevent the fiber from touching the diaphragm.
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Two mirrors that form the FP cavity were made of multi-layers of silicon dioxide and
silicon nitride. Both top and bottom diaphragms (i.e., mirrors) were suspended by
removal of the sacrificial layers through etch holes, rendering a 600 nm air gap
between the two mirrors. A similar method has been used in another work done by
Han [19]. In this work, releasing of the diaphragms was achieved through etching a
hole in the bottom layer. The size of the bottom diaphragm was 100 um x 100 pm. A
MMF, with a core diameter of 100 pm and a cladding diameter of 145 um, was used
to couple the light from a 633 nm He-Ne laser the sensor. The disadvantage of this
sensor design is that aligning and assembling optical fiber to the sensor is difficult. In
addition, since the size of the sensor is limited by the dicing process, the sensor is not

easy to be miniaturized.
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Figure 1.10: Schematic of an optical pressure sensor fabricated by using sacrificial layer etching

process [17].

Gander presented a fiber optic FP pressure sensor that was fabricated by using
micromachining for aerodynamics applications [37]. The schematic of the sensor and
the fabricated sensor is illustrated in Figures 1.11 (a) and (b), respectively. This work

is similar to the previous efforts that use microelectromechanical systems (MEMS)
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fabrication processes and dicing of the sensors. However, the sensor developed in this
work is easier to be assembled with an optical fiber since a circular hole with straight
wall is used. Initially, a thin copper layer was deposited on the back surface of a
silicon wafer (thickness 300 um). And small holes (50 to 100 um) that will serve as
optical cavities were patterned and etched to a depth of approximately 25 um by
using DRIE, aligning with the circular copper dots. Finally, a second, larger diameter
hole (125 to 140 um) was etched on top of the first hole until the copper diaphragm
was reached. While etching the larger holes using DRIE, the smaller holes were
preserved due to the preferential etch direction of DRIE. This fabrication method can
help achieve a flexible cavity size and depth to meet the sensitivity requirement.
Because of the guiding holes at the bottom of the diced sensor, the assembling

process became much more convenient than that used in previous work.
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Figure 1.11: (a) Schematic of diced micromachined silicon pressure and (b) fabricated pressure sensor

assembled with standard SMF [37].
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Totsu et al. proposed a fiber optic pressure sensor that was fabricated by
micromachining and assembled with a glass capillary tube (Figure 1.12) [31]. In this
work, a diaphragm was fabricated by chemical vapor deposition process of silicon
dioxide, which adopts a mesa structure at its center to keep the mirror flat during the
pressure measurements [24]. The active deflection region was kept very thin for high
sensitivity requirement of biomedical applications. An aluminum layer was deposited
on the mesa structure by using a lift-off process. A photosensitive-type polyimide (3
um) was patterned as a spacer that defines the FP air cavity. The substrate of the
fabricated sensor was then released by etching through the thickness of the silicon
wafer with RIE. A thin chromium layer was coated as a partial mirror and the
sensing element was bonded by aligning and heating both the fiber and the sensing
element in a capillary tube. A glass ball lens was used to push the sensing element
against the optical fiber during the heating process (Figure 1.12 (b)). This alignment
method eliminates the need for tedious alignment using translational stages and an
optical imaging system. However, each sensor head should be attached to a fiber
endface individually. The size of the sensor is as small as a standard SMF. The sensor

has a good sensitivity for measuring the internal dynamic pressure of heart and aorta.
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Figure 1.12: (a) Schematic of micromachined silicon pressure sensor and (b) schematic of the bonding

process of sensing element to optical fiber end [31].

Hill et al. presented a fiber optic sensor that makes use of a biocompatible
polymer, SU-8, for building a FP cavity structure and diaphragm layer by using
micromachining process [64]. The fabrication process is shown in Figure 1.13. The
polymer was deposited and patterned first for defining the diaphragm, optical cavity,
and fiber holder on a silicon substrate covered with a spun release layer
(OmniCoat™). Reflective metal layer was then evaporated onto the whole wafer to
increase reflectivity of the diaphragm mirror. After finishing sensor heads fabrication,
optical fibers were inserted into the holes pre-made by using photolithography. After
the fibers and sensor heads were glued together, the whole sensor structure was pulled
off from the release layer by an optical fiber. This work is different from the previous
work in terms of material used for the sensor. The polymer used in this work has
good biocompatibility, thermal resistance, and manufacturability, so it can be a good

candidate for pressure sensor material, especially, for biomedical applications. On the
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other hand, polymer material has some drawbacks such as water-absorption and large

thermal expansion, which can affect the pressure measurement adversely.
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Figure 1.13: Fabrication process of SU-8 MEMS FP pressure sensor [64].

Wang et al. suggested a fiber optic pressure sensor design, which employs
anisotropically etched V-grooves and a 45° angle-polished fiber [65]. In this work,
the pressure sensor consists of two V-grooves having different widths, a diaphragm
on the surface of the large V-groove, and a 45 ° angle-polished optical fiber. The
schematic of the sensor is illustrated in Figure 1.14. The FP cavity length and its
precision were defined by the fabrication process of photolithography and chemical
etching process. The small groove was utilized for aligning the polished optical fiber.
For assembling the fabricated silicon sensor head and the optical fiber, the rotational
and longitudinal position of the fiber should be aligned and fixed. The sensitivity of

the sensor can be easily controlled by changing the cavity diameter and the
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diaphragm thickness in the pattering and etching processes. However, the size of the
sensor is much larger than other reported fiber optic pressure sensors and the

alignment of the fiber to the fabricated diaphragm can be tedious.

Figure 1.14: Schematic of the fiber optic pressure sensor fabricated by anisotropic etching with 45

angle-polished optical fiber [65].

Optical fiber sensor fabricated by conventional machining, electroplating, and

assembly techniques

There are not many studies on fabricating fiber optic pressure sensors using
conventional machining and assembly techniques. Usually optical fibers and optical
cavity structures are too small to be machined or fabricated. It is hard to meet the
requirement of tolerance, accuracy, and surface roughness using these conventional
methods. Therefore, most of the sensors fabricated by conventional techniques are

macro scale sensors.

Watson et al. presented a fabrication method of fiber optic pressure sensor, which
exploits laser machining process and attaching an aluminized polycarbonate

diaphragm [66], as shown in Figure 1.15. It is noted that an Arf pulse excimer laser
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was used to ablate a cavity at the end of the optical fiber. The surface roughness of
the ablated surface is one of the most critical factors, which affect the performance of
the FPI. As the number of laser pulse increases for defining the optical cavity, the
surface roughness becomes worse. In order to minimize the deterioration of the
surface quality, the cavity depth was controlled to be smaller than 14 pm. The sensor
diaphragm was prepared by thermal evaporation of aluminum on a 2 pm-thick
polycarbonate film. The diaphragm was covered on the cavity under tension by using
a UV curable epoxy. A FP cavity was thus produced between a laser-ablated fiber

endface and a metal-polymer composite diaphragm.
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Figure 1.15: Fiber optic pressure sensor fabricated by using laser-machining: (a) schematic and (b)

scanning electron micrograph of the machined cavity [66].

The sensor interrogation system consisted of three laser sources, 3x3 coupler,
circulator, filter optics, and three photodetectors. Three different wavelengths were
used to determine the phase of the sensor precisely. These three signals were recorded
individually and combined for accurate phase retrieving using an algorithm. This

method reduces phase ambiguities and eliminates the common-mode losses and noise,
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which are common problems of an intensity-based measurement system. The sensor
was tested in a shock tube experimental setup to evaluate its performance in terms of
dynamic pressure change. It was demonstrated that the sensor exhibited a rise time of
3 us in response to incident shocks on the order of 3 bars. Even though laser
machining can be used to fabricate a miniature optical cavity with a good accuracy,
the depth of the cavity is limited by this fabrication method and the diaphragm
covering method is not reliable, which causes membrane tearing, delamination, and

bulging.

Xu et al. presented a high-sensitivity FP pressure sensor with a silver diaphragm
with a nanoscale thickness [67]. This sensor makes use of electroless-plated silver
layer (~ 300 nm-thick) as the pressure sensing diaphragm. The schematic and a
photograph of the sensor are shown in Figure 1.16. The silver layer was first plated
on the inner surface of a glass beaker and relieved from the surface by etching the
glass. The relieved silver film was then transferred to the endface of a zirconia ferrule.
Next, an optical fiber was inserted through the other end of the ferrule and glued to
the ferrule. Owing to the small thickness and low residual stress of the electroless
plated layer, the sensor has a very high sensitivity of pressure measurement.
However, the diameter of the sensor is relatively large due to the size of the zirconia

ferruled used (diameter: 3 mm).
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Figure 1.16: (a) Schematic of the high-sensitivity fiber optic sensor with electroless sliver plated

diaphragm and (b) photograph of the sensor [67].

1.2.3 Optical Demodulation Techniques for Fabry-Perot Pressure Sensors

Technique based on intensity detection at a fixed wavelength

Interrogation of fiber optic pressure sensors can be carried out in many different
ways, such as detecting the reflected intensity change from an optical sensor or
demodulating FP cavity length. In this section, several techniques of optical
interrogation will be briefly discussed. A FP cavity consists of two partial mirrors
spaced with a gap between them. When light is coupled to the optical cavity,
interference occurs in the FP cavity. In the case of a FPL, intensity as a function of the

FP cavity length is given by [68]

(A =1, [1— ycos(“’i{’L ﬂ (1.5)
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where y and L are the visibility of the interference spectrum and the optical cavity
length, respectively. According to Eq. (1.5), intensity output of the interferometer
varies with wavelength sinusoidally, and at a fixed wavelength, it is also a cosine-
function of the FP cavity length. By using this relationship between the FP cavity
length change and the intensity change, pressure variation can be detected. Cibula
demonstrated pressure measurement with a miniature fiber-optic pressure sensor with
a polymer diaphragm by using this detection method [20]. The wavelength spectrum

of a sensor and calibration results from three sensors are shown in Figure 1.15.

X!

relalive intensity

relative intensity

*-sensor 1
—°—sansor 2
—«— gansor 3

SN

T T J T T T
1260 1280 1300 1320 1340 1360 1380 [ 5 10 15 20 25
wavelength (nm) pressure (kPa)

T T T
30 35 40

(a) (b)

Figure 1.17: (a) Measured spectrum of reflected light under LED illumination (A = 1310 nm) and (b)
relative intensity as a fuction of pressure for three fiber-optic pressure sensors with polymer
diaphragms [20].

The interrogation system based on detecting intensity for measuring phase change
(or FP cavity length change) is very simple, which comprises a light source, a
photodetector, and a coupler. Data processing with this system is easy and fast
because only intensity is measured, which can be converted to voltage signal by using
the photodetector at a fixed wavelength. However, this measurement technique is
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susceptible to intensity fluctuations resulting from random noise of the light source
and vibration of the optical fiber. Furthermore, since the sensor dynamic range is
limited by the linear range (less than 7/2 in terms of phase), this method can only be
used for detecting small pressure perturbations. In addition, the initial FP cavity
length should be tuned to the quadrature point to ensure linear response of the sensor,
which can be challenging due to the possible non-uniformity of batch fabricated fiber-

optic pressure sensors.

Wolthuis et al. proposed another optical demodulation method based on the
dichromatic ratio technique [63]. In this measurement scheme, the reflected light
from the sensor was split into short and long wavelength components by a dichroic
mirror. The intensity of those two light beams was measured by photodetectors with
two different center wavelengths. Instead of detecting the phase variation by
monitoring photocurrent from each detector, the ratio of optical power received from
the two photodetectors was used. One benefit of this technique is that the dichroic
ratio is relatively immune to the change in LED output intensity or fluctuation of
light-handling components within the optical system. Another more important benefit
of this technique is that the linear operating range of the pressure sensor can be
increased by a factor of 3 to 4. The ratio was derived by getting the ratio of long
wavelength intensity to sum of the both intensity. Figure 1.18 shows the comparison

between these two different measurement results over the same pressure range.
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Figure 1.18: Measured sensor output in terms of photocurrent and the output from dichroic ratio signal

analysis as a function of absolute pressure [63].

Technique based on spectrum analysis by using white-light interferometric

The dichromatic ratio technique can enlarge the linear range of fiber optic
pressure measurement. However, there are still limitations in intensity-based
measurement such as relatively small dynamic range in measurement and high
accuracy requirement in sensor fabrication. There is another optical sensing technique
that makes use of low coherence, broadband sources such as LEDs, multimode laser
diodes, or halogen lamps. In this method, optical path length changes are observed
through spectrum domain interferometric fringe pattern analysis. In the low
coherence interferometric system, the output power spectrum is measured over the
wavelength range of a spectrometer or an optical spectrum analyzer. The interference

spectrum from a FPI sensor head can be represented as the following [69]:

I(/I):21S(/1){1+7/cos(%+¢0ﬂ, (1.6)
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where (1) is the spectral power distribution of the light source, y is the visibility of
the interference spectrum, d is optical cavity length, and ¢ is the arbitrary initial phase
difference. Figure 1.19 shows a typical interference spectrum. By analyzing the
spectrum of the interferometer, the absolute cavity length can be retrieved. Note that
any two adjacent peaks in the spectrum have a 27 phase difference. By using this
relationship between two adjacent peaks, the FP cavity length L of the sensor can be
calculated by using the following equation:

= _ AL ’ (1.7)

2n(4, —4)

where 4; and /; is two adjacent peak wavelength, A; < 4., and » is refractive index of
the FP cavity, respectively. This measurement method makes it possible to extend the
dynamic range of the sensor in terms of the FP cavity length to millimeter range
without ambiguity. This technique is also immune to the intensity fluctuations, and it
is not sensitive to polarization of the light source and optical system. This is because
the intensity fluctuation of the system usually affects the overall envelope of the
spectrum not peak wavelength positions. Therefore, the frequency of the spectrum
and the positions of the peaks are maintained even when the overall envelope of the
spectrum changes. Furthermore, this method can help achieve absolute measurement
of optical path difference as well as sensor multiplexing. However, in terms of
measurement speed, this method is much slower than the previous-mentioned
methods due to the large amount of data to be processed. To obtain the exact FP

cavity length, all the data point in the wavelength range should be acquired and
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analyzed through a peak finding process. Therefore, this technique cannot be used for
high frequency dynamic measurements such as acoustic measurement or blast wave

measurement.

Fringe Spacing
Ak

Optical power
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Figure 1.19: Plot of interference spectral fringes as a function of wavenumber [68].

Qi et al. presented a data processing technique for the white light interferometer,
which can help achieve enhanced measurement resolution [69]. In a conventional
two peak tracing method, more than two peaks of the intensity spectrum are used to
demodulate the absolute length of a FP cavity in order to achieve a better accuracy. In
this work, one peak of the spectrum is used to measure the relative variation of the
optical path difference. The relation between FP cavity length and peak wavelength

can be written as [69]

(27 =) Ay _ Ky, (1.8)

G = m
4 2

where G is the FP cavity length, m is the spectral order, /,, is the peak wave length at
the spectral order m, and K, is a constant for the given spectral order. To solve the
ambiguity problem, the conventional two peak tracing method can be used for

retrieving the FP cavity distance G. From the calculated G, a constant K,, for a
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specific spectrum order can be calculated. By tracking the peak wavelength of the
order, the FP cavity length can be retrieved. It is noted that this method gives much
less relative error. For a central wavelength of 850 nm and the normal operating FP
cavity length of 5 um to 15 pum, the error of the two peak method is about 15 to 50
times larger than that of the one peak tracing method. Moreover, this method
eliminates the need for multiple calculations of the FP cavity length and averaging of

those. Therefore, this method is faster than the conventional two peak tracing method.

When multiple FP cavities are multiplexed, it is difficult to resolve each FP cavity
length from the overlapped spectrum signal by using spectrum domain signal
processing. By using frequency domain processing, these overlapped signals can be
distinguished, and thus each FP cavity length can be obtained separately. Shen and
Wang suggested an intensity spectrum analyzing method based on frequency-
estimation with linear regression [70]. In this technique, the wavelength spectrum is
converted to the wave number domain, which is used for the frequency estimation.
For better result, the data is interpolated to make the wave numbers to be evenly
spaced. And then the FP cavity length and the arbitrary initial phase difference are
estimated by using the method of linear regression to minimize the error. One of the
most important advantages of this technique is its multiplexing ability. A series of FP
cavities can be connected and processed with one optical system by using this method.
However, this method is computationally costly due to the linear regression or least
square calculations. The other way of retrieving frequency information from the

spectrum is using Fourier transform. As it was mentioned earlier, the intensity
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spectrum of an FP interferometer can be described by Eq. (1.6). The fundamental

frequency fy of the periodic function is determined by

f=— (1.9)

When the intensities of N number of FP cavities are superimposed, the total intensity

in terms of the optical frequency w can be described by

N
(@)=Y { EX (@) + EZ () + 274 “E, (@)E, () cos ( 4’; 4 a)ﬂ (1.10)
i=1

where £, and E, are the magnitudes of the electric fields of the reflected light, d; are
the FP cavity lengths, c is the light speed in vacuum, and /. is coherence length. After
carrying out proper filtering and Fourier transform of the pre-processed signal, the
optical frequency of each cavity can be retrieved as long as those cavity lengths are
not too close to each other. The absolute values of the cavity lengths can be uniquely
measured from the corresponding frequencies in the interferogram, which can be
described as [71]

c . cfi,FFT A4
2 - 2(‘/2 _Vl) - 2(/11 _ﬂz)

Sorrrs (1.11)

where f; prr 1s the fast Fourier transform (FFT) frequency, 4; and /4, are the starting
and ending wavelengths in the spectrum, respectively. Based on Eq. (1.11), it is
possible to retrieve multiple cavity lengths from the overwrapped spectrum regardless

of data acquisition speed. In Figure 1.20 (a), the reflection spectra of two parallel-
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multiplexed sensors are shown and in Figure 1.20 (b), the FFT results for the spectra

are shown from the two sensors.
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Figure 1.20: (a) Reflection spectrum from two parallel-multiplexed sensors and (b) FFT result from

two multiplexed FP interferometers [71].

The optical demodulation method exploiting Fourier transforms offers the ability
of signal multiplexing. However, it has much lower resolution than the wavelength-
tracking method. Jiang ef al. presented a way of enhancing the resolution of the
Fourier transform white-light interferometry in retrieving the length of the FP
cavity [72]. In this method, the carrier frequency is first calculated from the intensity
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spectrum through the Fourier transform. The frequency of interest is then filtered and
an inverse Fourier transform is carried out. Further, the phase is retrieved from the
computed inverse transform by using a phase unwrapping algorithm. Finally, the FP
cavity length d is obtained according to the following equation [72]:

__ A
= Ag(A), (1.12)

where 4, and 4, are the first and last wavelengths in the spectrum, and 4¢(4) is the
unwrapped phase. Figure 1.21 shows the comparison of the cavity lengths obtained
with finding the peak position of a Fourier spectrum and that obtained with the
Fourier transform white-light interferometry (i.e., phase unwrapping of FFT spectrum
method). The stage was moved by 10 um at a time and the cavity lengths were
calculated by using both methods. As can be clearly seen in the comparison, the phase
unwrapping of FFT spectrum method has better resolution to resolve the movement

of the stage.
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Figure 1.21: Comparison of the measured cavity lengths obtained with peak positioning and phase

unwrapping of FFT spectrum methods [72].

Shen et al. presented a signal processing method for multiplex FP sensors based
on frequency estimation [70]. The frequency-estimation is achieved through linear
regression of the filtered spectrum. After pre-processing the signal with a bandpass
filter, the frequency corresponds to each sensor cavity length can be obtained. This
method can be used for a sensor with a relatively large cavity length and can be used
to achieve sensor multiplexing. This method also enables absolute measurement of
cavity length with a high resolution and a large dynamic range. Experimental results
are shown in Figure 1.22. However, the calculation time is much longer than the
previously reported methods since the method makes use of linear regression or least-
squares estimation over a large range of wavenumber spectrum with many iterations
of the calculation. Therefore, it is not suitable for a real time pressure or temperature

monitoring.
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Figure 1.22: Temperature responses of the multiplexed FP sensors: (a) OPDs during the temperature

cycle and (b) OPDs versus temperature [70].

1.2.4 Temperature Compensation for Fiber Optic Pressure Sensors

One of the most significant drawbacks of FP pressure sensors is their cross-
sensitivity to temperature. Ambient temperature fluctuations can cause thermal
expansion or shrinkage of an FP cavity structure and expansion of air in the cavity.
These thermal effects will change the cavity length even under a constant pressure
environment. This effect is due to the thermal expansion of sensor materials and the
trapped air in the sensor cavity. Several techniques have been suggested to
compensate the temperature effect of FP pressure sensors. There are two different

categories of temperature compensation for a FP pressure sensor.
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The first method is based on compensation of cavity length change by adopting an
additional structure, which thermally expends in the opposite direction to that of the
optical cavity. Xu et al. presented a miniature temperature-insensitive FP fiber optic
pressure sensor fabricated by fusion bonding of optical fibers with different outer
diameters and hollow fibers with different core sizes [59]. The schematic of the
sensor is illustrated in Figure 1.23, which can be used to passively compensate the
temperature effect. When the temperature increases, the optical cavity length
increases due to thermal expansion of the hollow fiber. As the thermal equilibrium is
achieved at the inner fiber, the fiber expands and decreases the cavity length due to
thermal expansion of the inner structure. By choosing proper material and geometry
of the inner fiber, the thermal effect can be minimized. However, since the pressure
sensing is achieved by measuring the axial deflection of the hollow fiber, a reasonable
pressure sensitivity can only be achieved with a relatively long gauge length. In order
to ensure a reasonable sensitivity the gauge length of the sensor was designed to be

3.25 mm. The measured sensitivity was 0.316 nm/psi.
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Figure 1.23: Schematic of a miniature FP fiber-optic pressure sensor with a dual layer for passive

temperature compensation [59].
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Wang et al. presented another type of temperature insensitive fiber optic pressure
sensor [53], which employs a similar scheme as that of Xu et al. The sensor is
composed of a fused silica ferrule, an optical fiber, and a fused silica diaphragm. The
proposed sensor schematic is shown in Figure 1.24. The optical fiber is inserted
through the ferrule and fusion bonded to the ferrule. The fused silica diaphragm is
then fusion bonded to the top surface of the ferrule. The fiber inserted into the ferrule
can elongate or shrink inside the ferrule with respect to the temperature change of the
environment. Since the lengths of the ferrule and the fiber are kept approximately the
same and the CTEs of those two components are the same, the total cavity length
change with respect to the ambient temperature change can be minimized. However,
the dimension of the sensor (diameter of 7 mm) is much larger than most of reported

fiber optical pressure sensors.
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Figure 1.24: Schematic of the temperature-insensitive fiber optic sensor with silica ferrule and optical

fiber [53].

The other method of temperature compensation is based on simultaneous
temperature and pressure measurements. Wang et al. proposed a fiber-optic pressure
and temperature sensor system for down-hole measurement. In this work, a FP

pressure sensor and an FBG are connected in series and used in one optical system. In
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the intensity spectrum, the interference signal and FBG peak are monitored
simultaneously [60]. The pressure measurement and temperature measurement are
performed by FP pressure sensor and the FBG, respectively. In order to retrieve the
cavity length change induced purely by pressure variations, readings from both
sensors are obtained and used in the following equation:
d=d,+Ad, +Ad,

=d,+ p(T)P+a(P)AT, (1.13)

=aPT+a,P+aT +a,
where Adp represents the pressure induced cavity length change, Adr represents the
temperature induced cavity length change, dj is the initial length of the FP cavity,
B(T) and a(P) are coefficients that are considered to be linearly dependent on
temperature (7) and pressure (P), respectively, and a;, a», a3, a4 are constants that can
be determined by a pressure and temperature calibration. By using this equation and
the calibrated constants, the actual cavity length change due to pressure change can be
obtained. Figure 1.25 shows the measured pressure after temperature compensation. It
is noted that the measured pressure over the temperature range of 25.4 °C to 300.3 °C

does not exhibits significant variation after the compensation.
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Figure 1.25: Pressure measurement result of the temperature compensated pressure sensor under

different temperatures [60].

Bremer et al. presented a FP fiber optic pressure sensor design that makes use of
an FBG as a temperature sensor in the vicinity of the pressure sensor head. A standard
communication optical fiber with an FBG is inserted into a capillary tube (inner
diameter of 133 um and outer diameter of 200 um) and fusion bonded. A 200-um
glass fiber is then spliced, cleaved, polished and wet etched to the open end of the
capillary tube to form a silica diaphragm. For thermal effect compensation, the
temperature and pressure dependencies of the two sensors are measured before the
actual testing. Using the temperature and pressure coefficients from both sensing

elements, a matrix equation can be constructed as [73]
AL SPFP STFP AT
where 475 is the Bragg wavelength shift of the FBG, 4L is the cavity length change of

the FP optical pressure sensor, Spz and Sprp are pressure sensitivities of FBG and FP
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pressure sensor, respectively, and S7z and S7pp are temperature sensitivities of FBG
and FP pressure sensor, respectively. The pressure difference (4P) and temperature

difference (47) can be retrieved by taking the inverse of the sensitivity matrix.

Pevec et al. presented a miniature, high-sensitivity, and all-silica FP fiber-optic
sensor for simultaneous measurements of pressure and temperature [74]. The sensor
is fabricated by using HF etching, fusion splicing, and cleaving processes. One of the
FP cavities is formed between a fiber end surface and a flexible silica diaphragm,
which locates at the end of the lead-in fiber. The other FP cavity is formed between
the same SMF end surface and an in-fiber partial mirror created by an in-fiber air
cavity made by chemical etching and splicing. Figure 1.26 shows the schematic of the
sensor. In order to monitor the cavity length change of the pressure sensitive cavity, a
low pass filter was applied to the optical spectrum and the cavity length was retrieved
from the filtered spectrum. One peak tracing was used to retrieve the cavity length
variation with respect to pressure change [69]. The temperature measurement was
performed by tracing the high frequency peaks. The high frequency peak is a
combination of two frequency components; the first corresponds to the silica FP
cavity, and the second corresponds to the combination of the silica and air FP cavities.
Since the silica cavity length is much larger than the air cavity, the two high-
frequency components are too close to be isolated from each other by using a band-
pass filter. Therefore, the temperature measurement was performed by subtracting
pressure induced peak shift from the overall peak shift of the combined high

frequency peak. The sensitivity of the sensor is relatively low (0.02 nm/psi) due to the
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small size of the sensor and the high elastic modulus of the diaphragm material.
Therefore, the sensor is only suitable for applications that require high pressure

measurement with a large pressure range.
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Figure 1.26: Schematic of the all-silica fiber optic sensor for simultaneous temperature and pressure

sensing [74].

1.3 Objectives and Scope of Dissertation Work

The overall goal of this dissertation work is to achieve a fundamental
understanding of a polymer based FP pressure sensor system and to develop high
performance polymer based miniature FP fiber optic pressure sensors with

temperature compensation capability. Specific objectives include the following:

1) Design, develop, and study miniature polymer based fiber optic FP pressure

SENSOors

2) Develop novel sensor fabrication methods based on self-aligned UV lithography
and UV imprinting lithography processes for achieving low cost, high repeatability,

and high accuracy sensor fabrication
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3) Investigate into the temperature effects of polymer based fiber-optic FP pressure

sensors and develop temperature compensation methods for these sensors

4) Carry out modeling and experimental studies to obtain sensor design guidelines

and characterize sensor performance
5) Explore new applications for the FP pressure sensors in emerging research fields.

In this dissertation work, polymer based FP pressure sensors with temperature
compensation capability are investigated through both experimental and theoretical
approaches. With the aim of biomedical applications, the sensors are developed to
have abilities to respond to the pressure change of biological organs and tissues with
biocompatibility. To better understand the characteristics of polymer material as a
sensor structure, novel fabrication methods are investigated and different evaluation
methods are used. This dissertation work is expected to enhance the current state of
knowledge in the general area of fiber optic sensors, and to provide new
understanding in fabrication of polymer based sensors and development of pressure

sensors with temperature sensing and compensation capabilities.

1.4 Organization of Dissertation

The rest of this dissertation is organized as follows. In Chapter 2, a miniature FP
fiber optic pressure sensor created with the self-aligned photolithography technique is
discussed. A FBG is embedded in the vicinity of the pressure sensing cavity to

measure the temperature and compensate the temperature effect of the pressure sensor.
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Experimental studies of the sensor are also presented. In Chapter 3, a FP fiber optic
sensor fabricated with a UV curable polymer process is discussed. A fiber based mold
is developed, which helps provide a good optical alignment between the mold and the
fiber with a good reliability of the replicated cavity. This sensor also has temperature
sensing and compensation capabilities. Experiment studies of the sensor are discussed
along with the optical measurement systems. In Chapter 4, a hybrid FP temperature
and pressure sensor is presented. This sensor is made of one silica cavity for
temperature sensing and another UV molded polymer cavity for pressure sensing. The
sensor design eliminates the need for an extra temperature sensor and renders
accurate temperature reading in the vicinity of the pressure sensing cavity.
Temperature sensing and compensation capabilities of the sensor are discussed along
with the experimental results. A summary of the dissertation, as well as contributions

and future work, is provided in Chapter 5.
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Chapter 2 Miniature Temperature Compensated Fabry-
Perot Pressure Sensor Fabricated with Self-aligned

Photolithography Process

2.1 Introduction

FPI is one of the most widely used fiber optic sensing technique. Fiber optic FP
pressure sensors, which exploit a thin flexible diaphragm as the pressure sensing
element as well as a mirror of the FP cavity and an endface or sidewall of the fiber as
another mirror, are commonly used due to their high sensitivity, small form factor,
and convenience of light guiding and detection [14, 22, 26, 33, 51, 75]. Fiber-optic
FP sensors fabricated by using glass (SiO;) and/or silicon (Si) materials have good
mechanical and chemical stabilities. However, it is relatively difficult to obtain
sensors with a small size and a high sensitivity due to the large elastic modulus (Si:
166 GPa, SiO;: 70-75 GPa) [76,77] of the glass and silicon materials. On the other
hand, when a polymer material is used in Fiber-optic FP sensors, a high sensitivity
can be readily obtainable since it has low elastic modulus (0.2-4 GPa). Since there are
many available processing techniques that can be used for polymer materials, sensor
fabrication can be easy. In this chapter, FOFP sensors fabricated by using a self-
aligned photolithography technique are presented. Instead of using the conventional
mask and mask aligner for the photolithography process, an optical fiber waveguide

is used to couple UV light for exposing and defining the optical cavity. This low-cost
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fabrication technique offers self-aligned property for sensor fabrication. Optical

analysis and sensitivity design are also discussed in this chapter.

In this chapter, a cross-axial and a co-axial type miniature pressure sensor are
presented, both of which exploit maskless/self-aligned photolithography processing.
The schematic of a coaxial sensor is illustrated in Figure 2.1(a), which consists of a
cleaved or polished optical fiber with a pre-written FBG, a polymer housing structure,
and a metal-polymer composite sensing diaphragm. This sensor configuration is
called co-axial because the FP cavity shares that same optical axis with the optical
fiber. Figure 2.1(b) shows the cross-axial sensor, which is composed of a fiber with a
pre-written FBG and a 45 degree polished endface, a polymer housing structure, and
a metal-polymer composite sensing diaphragm. This configuration is called cross-
axial because the optical axis of the FP cavity is perpendicular to the axis of the
optical fiber. The 45 degree polished fiber endface severs as a mirror to steer the light
propagation direction [65]. A co-axial sensor is usually simpler in structure and
easier to fabricate compared to a cross-axial sensor. However, a cross-axial sensor is
much easier to mount on a surface when the sensing diaphragm needs to be aligned
parallel to the substrate. This kind of configuration is useful in measuring static

pressures without picking up dynamic pressures due to a surface flow [78].
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Figure 2.1: Schematic of polymer based FP pressure sensors with temperature compensation: (a) co-

axial sensor and (b) cross-axial sensor.

2.3 Sensor Design and Fabrication

Based on Gaussian beam propagation through optical elements, optical modeling
was performed to evaluate the performance of the co-axial and cross-axial sensors. In
the co-axial sensor configuration, the first beam is reflected at the flat endface of the
fiber. The second beam transmits through the endface, propagates along the cavity,
reflects at the diaphragm, and finally returns to the fiber endface [see Figure 2.2 (a)].
The two mirrors constructing the FP cavity can be assumed to be a flat partial mirror
and a total mirror, respectively. Therefore, this configuration can be simply modeled

as a Gaussian beam traveling through a free space.
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Figure 2.2: Schematic of the optics models for (a) co-axial configuration and (b) cross-axial

configuration.

However, in the case of cross-axial configuration, the optical beam propagation
inside the cavity cannot be simplified in the same way and the effect of the cylindrical
interface needs to be considered. In this configuration, the light beams are reflected
from and propagate through a cylindrical refractive surface, which is not rotationally
symmetric (Fig. 2.2 (b)). In order to trace a light beam that goes through a non-
rotationally symmetric optical element such as a cylindrical refractive surface, a four-
dimensional ray vector is used. With a paraxial approximation assumption, the matrix
optics method provides a good way to analyze not only a single optical element but
also an optical system with many optical components [18]. The transfer matrix that
describes beam propagation in a three dimensional space from State 1 to State 2 can

be described by using a 4x4 ABCD matrix as the following [18]:

o]

x2 Axx Axy B xx Xy xl
y 2 — A)x Ayy B)’x B)CV y 1
az Cxx ny D xx D Xy al ? (2 1)
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where a; is the incident angles in y;z plane, f; is the incident angle in x,z plane, o is
the incident angles in y,z plane, f, is the incident angle in x,z plane, and Ay, Axy, Ayx
Ayy, Bxx, Bxy, Byx, Byy, Cxx, Cxyy Cyx Cyy, Dxx, Dyy, Dyx, Dyy are the matrix elements for

the optical system, respectively.

The above equation can be rewritten in the form of

UJ :[g ngJ 22)

where r; = (x;, ), y: = (o, i), i = 1,2, and A, B, C, D are 2x2 matrices.

Each element of the optical system can be described by using an ABCD matrix to
obtain the final transfer matrix. The final transfer function can be derived through
cross-production of each ABCD matrix for all elements in the optical system. The
generalized Collins integral is used to find the electric field of the output beam (E),

which can be written as [19]

E,(x,.y,) = (—jexp(jkL)) / (ANdet B) [ E (x,.y))

2.3
explj 2 (1A +1,DB r, =258l @3)

where E is the electric field of the input beam, j is the imaginary unit, & is the wave
vector, L is the propagation distance, A is the wavelength, B is the inverse of matrix

B, and det B is the determinant of the matrix B.
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In this analysis, the input beam is assumed to have a wavelength of 1550 nm. The
beam waists wy, w, are considered to be 4.6 um. Based on the Snell’s law, the
reflectivity of the interface between air and fiber cladding material is calculated to be

0.036, while the reflectivity of the polymer-metal composite diaphragm is assumed to

be 1 for simplicity.
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Figure 2.3: Simulation results for the cross-axial sensor: (a) intensity profile of the beam reflected from

the first interface and (b) intensity profile of the beam reflected from the second interface.
The intensity profiles of the beams reflected from the first and second mirrors of

the cross-axial sensor are shown in Figure 2.3. It can be seen that the beam waists

along the x and y axes are different. Note that compared with that in the co-axial
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sensor, the normalized intensity (see Table 2.1) of both reflected beams are smaller
due to the fact that the light travels a longer distance. However, the curved optical
fiber surface acting as a cylindrical partial mirror can help focus the light in the x
direction, which helps reduce the intensity difference between the two reflected
beams, resulting in a better visibility of interference, as shown in Table 2.1. The
visibilities are calculated based on the relative intensity values of the beams reflected

from the first mirror and the second mirror for both co-axial and cross-axial sensors.

Table 2.1 Comparison of co-axial and cross-axial sensors (The intensity is normalized by the intensity

of the input beam.)

Cross-axial sensor Co-axial sensor
Relative intensity of the
first reflected beam LRt AR
Relative intensity of
second reflected beam 0.715 0.109
Visibility 043 0.67

For both co-axial and cross-axial sensors, the optical fibers can serve as a
waveguide as well as a natural mask, enabling high accuracy optical alignment and a
simple, low cost fabrication process. The fabrication method of using a waveguide as
a photo mask has been presented in a previous work [50], where the photoresist has
been used as an etching mask for the subsequent etching process. The present work
differs from the previous abovementioned work in that the photoresist itself serves as

a housing structure of FP cavity. In addition, the FBG is employed as an integral part
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of the sensor to compensate temperature effect, which also endows the sensor with

the ability of simultaneous pressure and temperature measurements.

The co-axial and cross-axial sensors share a similar fabrication process, which is
illustrated in Figure 2.4. First, an optical fiber (SMF28, Corning) with a FBG (Bragg
wavelength of 1540.52 nm) written close to its one end is prepared by striping [Figure
2.4 (a)], cleaving (or polishing), and chemical treatment [Figure 2.4 (b1)]. The optical
fiber is stripped and cleaved (or polished with a 45° angle for the cross-axial sensor)
at one end prior to going through a general fiber cleaning process. The fiber is then
chemically treated with an organosilane to obtain a better adhesion between the
optical fiber endface and the photoresist. Next, the cleaved (or polished) end is
deposited with positive photoresist (AZ 4620, Shipley) by using a 3-axis translation
and rotation stage through a dipping method. The deposition process is monitored
under an optical microscope (Olympus) and a digital camera (CFW-1308C, Scion
Corporation). Soft baking is then carried out at 95 °C for 8 minutes. During the
second stage of the process, the deposited photoresist is exposed to UV light, whose
illumination area defines the area of the cavity. Instead of using a conventional
aligner system, a UV light source (Blue-Wave 50S, DYMAX) is coupled into the
optical fiber by using a collimating lens and the 3-axis translation stage. When exiting
from the end of the fiber, the coupled UV light that is self-aligned along the optical
axis is used to define the cavity area [Figure 2.4 (c1)]. Therefore, by using the fiber as
a natural mask, high accuracy aligning and exposing can be achieved in a simple

process. As it is well known, UV light has a rather high transmission loss in a SMF-
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28 fiber. However, since the length of the optical fiber is relatively short (< 500 mm)
and the input power of the UV light is high enough, a reasonable level of intensity
that is sufficient for the photolithography process can be obtained. The UV light
source has a very short coherence length and a broad spectrum from 240 to 400 nm,
and thus, it is expected that many different modes are averaged in a random manner
when propagating inside the fiber. After exiting from the sidewall, the light defines a
circular cavity with good repeatability when a properly-cleaved fiber endface is used
as an exit of the UV light. Further, developing and hard-baking are performed to
finalize the housing structure fabrication. The exposed photoresist is developed by
using a developer (AZ 440 K diluted 1:3) for 7 minutes, followed by stirring the
solution gently, to form a cavity [Fig. 2.4 (d1)]. The sample is hard-baked at 87 °C
for 24 hours, then at 100 °C for 20 minutes for better thermal and mechanical stability
of the photoresist housing. A scanning electron micrograph of the developed optical
cavity is shown in Figure 2.5. Finally, a polymer-metal composite layer is deposited
on the housing structure to form a suspended diaphragm [Figure 2.4 (el)]. In order to
form a thin and uniform layer of polymer, a drop of acrylic urethane UV curing
polymer (OP-4-20641, DYMAX) is dispensed onto distilled water in a petri dish
using a pneumatically controlled dispenser (SL101-110, I & J FISNAR INC.). The
polymer film is half cured on the water, lifted up, and covered on a batch of the
samples for enhanced device-to-device uniformity. The polymer layer is then fully
cured and a chromium adhesion layer plus a silver reflective layer are evaporated

onto it. There may be a thin polymer layer left uncured due to exposure to oxygen in
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the air, which can be washed away with isopropyl alcohol before the evaporation
process for better adhesion. Additional polymer layers can be deposited to prevent the
metal layer from oxidizing and corroding. Scanning electron micrographs of the
fabricated co-axial and cross-axial sensors are shown in Figure 2.6. The detailed
polymer diaphragm deposition process can be found in reference [33]. For the cross-
axial sensor fabrication, the optical fiber is polished to form a 45° angled endface,
and the polished surface is coated with a chromium and silver layer for enhanced
reflection [Figure 2.4 (b2)]. After that, the fabrication process is identical to that of

the co-axial sensor [Figure 2.4 (c2)-2.4 (e2)].
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Figure 2.4: Fabrication process of co-axial and cross-axial sensors.
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Figure 2.5: A scanning electron micrograph of developed optical cavity.

Vi
100um

(b)

Figure 2.6: Scanning electron micrographs of fabricated sensors: (a) co-axial sensor and (b) cross-axial

Sensor.

The size of the air cavity is well defined by the beam diameter of the UV light. In
the case of the cross-axial sensor, the light propagation distance is 65 um (radius of
the optical fiber), which is longer than that of the co-axial configuration. This means
that the light beam can be diffracted more and a larger cavity can be defined. The

cavity diameter was measured to be around 18 um for the cross-axial sensor and
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around 12 pum for the co-axial sensor. A urethane film with a thickness of 1.3 pm was
coated with 0.003 pm of chromium and 0.15 pm of silver and used as a diaphragm for
pressure sensing for the cross-axial configuration. For the co-axial configuration, 1.3
um of polymer layer and 0.2 pm of silver metal layer were used. In the cross-axial
configuration, a photoresist cavity with a depth of 13.8 um was constructed on the
fiber side wall, and in the co-axial sensor, a cavity with a depth of 23.4 um was
constructed on the fiber endface. The parameters of the sensors and the estimated

sensitivities by using a finite element method (FEM) model are summarized in Table

2.2.
Table 2.2 Parameters of co-axial and cross-axial sensors.
Cross-axial sensor Co-axial sensor
Silver layer thickness (nm) 150 200
Chromium layer thickness (nm) 3 -
Polymer layer thickness (um) 1.3 1.3
Cavity diameter (um) 18 12
Cavity length (um) 13.8 23.4
Estimated sensitivity (um/psi) 0.0118 0.0013

The fabricated sensors are composed of a standard optical fiber (cleaved vertically

or polished with 45° angle), a positive photoresist cavity, and a metal-polymer
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composite diaphragm. The working principle of the sensors is based on FP
interferometry and the FP cavity is formed between a cleaved optical fiber end or side
wall of the fiber and the reflective surface of the composite diaphragm. The cavity
diameter of the sensors, defined by the numerical aperture of the fiber, was measured
to be around 18 um for the cross-axial sensor and around 12 um for the co-axial
sensor. Given that the cavity diameters are fixed, the sensitivity of the sensors is a
function of thickness and stiffness of the diaphragm. The diaphragm can be modeled
as an edge-clamped circular plate. The analytical solution for obtaining the center
deflection of a monolithic diaphragm is well-known and can be written as [36]

31— 1) Pa*

0
YO ==

, (2.4)

where u is the Poisson’s ratio, P is the pressure, a is the radius of the diaphragm, E is
the Young’s modulus, and # is the thickness of the diaphragm. This equation is useful
for calculating center deflection of a single-layer diaphragm, but it cannot be used
here to analyze the polymer-metal composite diaphragm. A FEM model was used to
predict the sensitivity of sensors with given cavity sizes, film thicknesses, and
material properties of the film. Considering all the constraints of the sensor design,
sensitivity of each sensor was designed to obtain enough sensitivity for pressure
measurement in the pressure range of interest. To get a better estimation of the
sensitivities, the elastics modulus of the thin silver film was measured by the two-
layer vibrating reed method [79]. The model predicted sensitivities are 0.0118 pm/psi

for the cross-axial sensor and 0.0013 um/psi for the co-axial sensor.
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2.3 Calibration and Evaluation of Sensors

2.3.1 Optical Interrogation System

In the experiment, the sensor (the coaxial or the cross-axial sensor) was
connected to a broadband optical interrogation system, which provides a spectrum
range of 700 to 1000 nm or 1510 to 1590 nm. The broadband interrogation system
[Figure 2.8] is composed of an interrogator and a computer with data acquisition
hardware for data collection and signal processing [33]. Interference spectra of the
two different sensor configurations obtained with the optical interrogation setup are
shown in Figure 2.7. The interrogator can be an optical interrogator (SM130, Micron
Optics) or an interrogation setup, which comprises a broadband light source (HL-
2000 Tungsten Halogen Light Source, Ocean Optics), 2x1 coupler (50/50), and a
spectrometer (USB4000, Ocean Optics). A LabVIEW code was used to collect the
data from the interrogator (or spectrometer) and calculate the cavity length in real
time. The absolute cavity length L of the sensors retrieved from the reflection
spectrum of the spectrometer can be written as

L — 2112
2nFSR’

(2.5)

where 4, and A, are any two center wavelengths of adjacent peaks of the reflection
spectrum, n is refractive index of the cavity medium, and FSR = | 1, - 4] is the free

spectral range.

60



9000

= = = = Co-axial sensor
Cross-axial sensor

8000 4
-
=
2 7000
@
s
S
(=]
=
A 6000 4

5000 1

T E T Y T Y T T 1
780 800 820 840 860
Wavelength (nm)

Figure 2.7: Interference spectra of cross-axial and co-axial pressure sensors obtained with the

broadband interrogation system.

From selected peaks, the cavity lengths are calculated and averaged for better
accuracy. The cavity length L was calculated by averaging several cavity lengths
retrieved from the peaks with a good visibility to reduce random errors. After
retrieving the absolute cavity length L, the one peak tracing method was used to

further reduce the measurement error and decrease data processing time [69].

The experimental arrangement for static pressure measurements is shown in
Figure 2.8. A conventional pressure sensor (LL-080-35A, Kulite Semiconductor) was
used as a reference. The initial cavity length measurement, one peak tracing process,
and pressure measurements were all carried out in real-time, which were controlled

by using a LabVIEW program.
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Figure 2.8: Schematic of optical system for static pressure measurements.

Generally, the spectrometer or optical spectrum analyzer has a low data
acquisition rate, so it is not suitable for dynamic pressure measurement. A single
wavelength reflection interrogation system was employed here for dynamic pressure
measurement. This system is composed of a superluminescent diode (SLD) light
source (Exalos, EXS13G1-2111) and a photodetector (New Focus, Model 2011) for
fast detection of optical intensity changes. The peak wavelength of the SLD is 1300
nm and its coherence length is around 40 um. The optical path difference of the
sensor is around 28 pum. The experimental arrangement for transient pressure

measurement is illustrated in Figure 2.9.
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Figure 2.9: Experimental arrangement for transient pressure measurements.

62



2.3.2 Pressure Sensitivity

Calibration of the sensors was performed in a pressure chamber with a reference
pressure sensor to evaluate performance of the optical sensors, as shown in Figure.
2.8. The internal chamber pressure was controlled by a pressure regulator (R-68825-
08, Marsh Bellofram), which has a pressure range of 1.7 psi to 60 psi. In the
experiments, the pressure in the chamber was first increased and then decreased with
a 0.5 psi step within a range of 1.9 psi to 9.4 psi at the room temperature. The
calibration results of both the co-axial and cross-axial sensors are shown in Figure
2.10. It can be seen that both sensors exhibit good linearity (R° = 0.997 for the cross-
axial sensor and R’ = 0.996 for the co-axial sensor) over the measured pressure range.
Based on the linear regression analysis of the measured data, the pressure sensitivities
were calculated to be 0.0094 um/psi and 0.0011 pm/psi for the cross-axial and co-
axial sensors, respectively. These results are comparable to those obtained in the
numerical simulations (0.0118 pm/psi for the cross-axial sensor and 0.0013 um/psi
for the co-axial sensor). The slightly lower sensitivity obtained in the experiments are
believed to be due to the residual stresses generated during the polymerization and
metallization process of diaphragm. The hysteresis errors of the co-axial and cross-
axial sensors are obtained as 7.9 % and 3.1 %, respectively. Note that the co-axial
sensor has a smaller sensitivity due to its smaller cavity diameter (i.e., diaphragm
diameter), and thus it has a smaller full scale cavity length change over the entire

measured pressure range, resulting in a larger hysteresis. In the calibrations, the zero
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shift and non-linearity of the calibration curves are believed to be due to the variation

of the room temperature and random errors of the interrogation systems.
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Figure 2.10: Calibration curves for (a) cross-axial sensor and (b) co-axial pressure sensor.

2.3.3 Temperature Sensitivity and Temperature Compensation

As discussed previously, due to the large CTE of the polymer material, the
polymer processed optical pressure sensors are expected to have much larger
temperature sensitivity than those pressure sensors made of glass or silicon. Therefore,
the temperature effects on cavity length change should be evaluated and compensated
for in order to obtain accurate pressure measurements. To compensate the
temperature effect, the temperature induced sensor cavity length change should be
carefully characterized, which can be achieved by measuring the temperature in the
vicinity of the pressure sensing area with a FBG and FP cavity length variation with
the previously described optical interrogation system. The fabrication process of the
pressure sensor with an embedded FBG has been discussed in Section 2.3. In the
experiment, the temperature sensitivity of the FBG was obtained by monitoring the

Bragg wavelength shift with respect to controlled temperature variations.
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Temperature control was achieved by using a thermo controller (Omega Engineering
Inc., CN77333), a thermocouple (Omega Engineering Inc., COI1-K), and two
polyimide-insulated flexible heaters (Omega Engineering Inc., KH 103/10). The
heaters were attached at the vicinity of the pressure sensor to change the temperature
locally, while minimizing the heating time and the temperature effect of the reference

pressure Sensor.
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Figure 2.11 (a) Temperature sensitivity of the co-axial pressure sensor and (b) Bragg wavelength shift

versus temperature of the embedded FBG.

To demonstrate the temperature compensation, here for proof-of-concept, only the
results of the co-axial sensor are shown. It is noted that the cross-axial sensor also has
the capability of temperature compensation. To measure the temperature sensitivity of
the co-axial optical pressure sensor, the sensor was first heated from 24 °C to 48 °C
with an increment of 3 °C under a constant pressure of 1.7 psi. The cavity length was
measured at each temperature step. The obtained cavity length changes as a function
of temperature is shown in Figure 2.11(a). According to this figure, a linear

relationship can be observed with R’=0.993 and the temperature sensitivity of the FP
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pressure sensor can be obtained as 0.0015 um/°C. Next, the temperature sensitivity of
the FBG was calibrated. Figure 2.11(b) shows the result of the measurements with the
FBG at a constant pressure level by using an optical interrogator (SM130, Micron
Optics) and a custom made LabVIEW code. The measurement was performed by
increasing the temperature from 28 °C to 40 °C with an increment of 2 °C. The
temperature sensitivity and resolution of the FBG sensor can be obtained as 0.01234
nm/°C and 0.2 °C, respectively. When linear relationships between pressure and
cavity length, temperature and cavity length, and temperature and FBG peak
wavelength are assumed, the relations can be expressed in a matrix form as the

following [80] [81]:

AZ 0 0.0123nm/°C || AP AP
FBG | _ =5 , (2.6)
AL —1.1nm/ psi  1.5nm/°C AT AT

where Alrpg i1s Bragg wavelength shift of the FBG, AL is cavity length change of the
pressure sensor, AP and AT is the pressure change and temperature change, and S is
the sensitivity matrix, respectively. Pressure sensitivity of the FBG was regarded as
zero since the nominal pressure sensitivity value of the FBG (2.02x10° MPa™) is
three orders of magnitude smaller than that of the optical pressure sensor. By taking

inverse of the sensitivity matrix S, Eq. (2.6) can be rewritten as Eq. (2.7):

{AP} . {MFBG}
=S (2.7)
AT AL
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Based on Eq. (2.7), by using the optical interrogation system (e.g., the system
shown in Figure 2.8) that can measure the FBG peak wavelength shift and the cavity
length change of the FP pressure sensor, both the temperature and pressure values can
be retrieved simultaneously. Therefore, by using an inherently embedded FBG that
can be used to monitor the temperature change during pressure measurements, the
temperature effect of the pressure sensor can be compensated and accurate pressure
measurements can be achieved. Table 2.3 shows performance comparison of several
sensors reported in literature and the sensor developed in this work in terms of

temperature compensation capability.

Table 2.3 Performance comparison of temperature compensation of several miniature fiber optic

pressure sensors,

Ref. [59] [60] This work

Cavity structure material Silica Silica Pos1t1v§
photoresist
CTE of the material (ue/°C) 0.55~0.59 0.55~0.59 ~ 64.36
Pressure range (psi) 0~200 0~4351 1.7~9.5
Temperature range (°C) 25~250 18 ~300 24 ~ 48
Compensation scheme Passive Passive & active Active
*
Percentage o'f ‘E)herrnal 85 95 95

error compensation (%)

* Percentage of thermal error compensation = (eg-€.)/€y*100. (eo: pressure error before
thermal compensation, e.: pressure error after thermal compensation)

2.3.4 Dynamic Response

There have been various types of fiber optic pressure sensors that were used for
shock wave measurements [43], [44]. Here, to study the performance of the pressure
sensors for dynamic pressure measurements, the cross-axial sensor is evaluated under

time variant pressure conditions. Note that the co-axial sensor can also be used for the
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same application. For briefness, only the cross-axial sensor is tested. Before carrying
out the transient pressure measurements, static pressure calibration was first
performed by using the experimental arrangement shown in Figure 2.9, but the
pressure chamber was arranged to have fixed walls. As shown in Figure 2.11 (a), the
static calibration results indicate a good linearity (R°=0.998) between the output
voltage of the photodetector and the applied pressure and the sensitivity of the sensor
was obtained to be 0.032 V/psi. The pressure value was retrieved by using the Kulite
reference pressure sensor. Further, by using the experimental arrangement shown in
Figure 2.9, the dynamic characterization the sensor was performed. In order to study
the characteristics of the sensor in response to a drastic pressure change, one of the
walls of the pressure chamber was replaced with a thin metal-polymer composite
diaphragm. The pressure in the chamber was then elevated gradually until the
diaphragm burst. The output signals from the photodetector and the Kulite reference
sensor were recorded simultaneously by using a computer with a data acquisition
(DAQ) board. For both sensors, the sampling rate was set to be 16 kHz and no filter
was applied to avoid filter delay. The burst of the diaphragm generates a shock wave
propagating toward the sensors from the open end of the chamber, which results in a

sudden pressure drop from around 15 psi to 0 psi in relative pressure.

In Figure 2.11 (b), the transient pressure reading from the co-axial pressure sensor
is compared with that obtained from the Kulite reference sensor. A good agreement
between the optical pressure sensor and reference sensor can be observed. The spikes

in the measurement results correspond to a series of reflections of the expansion wave
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inside the chamber. The time intervals between the spikes were found to be around
0.00119 s, which is consistent with the theoretically predicated time of 0.00118 s that
is obtained by considering the round-trip distance (404 mm) from the sensor head to
the diaphragm and the shock wave speed (343.2 m/s). The first natural frequency of
the optical pressure sensor diaphragm is 1375.3 kHz based on the FEM simulation of
a metal-polymer composite diaphragm with clamped boundary conditions. The Kulite
sensor has a 75 kHz natural frequency according to the manufacture provided
specifications. Therefore, both sensors have enough bandwidth to pick up the sudden
drop of pressure that occurs in a much lower frequency than the natural frequencies of
the two sensors. As shown in Figure 2.11 (b), the optical pressure sensor exhibits
better performance in terms of detecting reflected shock waves. Fall time was
measured when the pressure level drops from 90% to 10% of its maximum level for
both sensors. The measured fall times of optical pressure sensor and the Kulite were
around 5 ms and 4 ms, respectively. These results demonstrate that the polymer based
miniature optical pressure sensors can be applied to the aerodynamic applications
such as turbomachinery pressure measurements and unsteady pressure measurements

on rotorcraft blades.
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Figure 2.12 (a) Pressure sensitivity calibration curve of the cross-axial sensor based on intensity

measurement and (b) shock tube experimental result.

2.4 Summary

In this chapter, miniature FP pressures sensors fabricated with a novel self-aligned
polymer photolithography process are presented. These sensors are created by using a
polymer-metal composite diaphragm covered at a cavity fabricated at a fiber tip that
is in close proximity of a FBG, rendering the sensors the capability of temperature
compensation or simultaneous measurement of pressure and temperature. The
fabrication follows simple, repeatable processes and safe procedures, and uses less
expensive materials. More importantly, the FP cavity is self-aligned by using optical
fiber as a natural mask, which eliminates the need for an external photo mask and
tedious optical alignments. This fabrication method can also be used for batch
fabrication or wafer scale fabrication with minor modifications to the process. Due to
the relatively low stiffness of the polymer-metal composite diaphragm, sensors with
extra miniature sizes but a high sensitivity can be obtained. Two types of sensors are

developed based on this process: one being a co-axial sensor and the other being a
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cross-axial sensor. The co-axial sensor has a simple design while the cross-axial
sensor possesses a unique feature of being surface mountable. The experimental
studies of these sensors show that both sensors have good linearity over the measured
pressure range of 1.9 psi to 9.4 psi. In addition, the dynamic pressure measurement
carried out by using the cross-axial sensor has suggested that the polymer-based
miniature pressure sensors can not only be used for static pressure measurements, but
also can be applied to applications that require miniature sensors for dynamic

pressure measurements.
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Chapter 3 Miniature Temperature Compensated Fabry-
Perot Pressure Sensor Created by Using UV-molding

process with an Optical Fiber Based Mold

3.1 Introduction

In Chapter 2, a positive photoresist was used for the self-aligned photolithography
by using an optical fiber core as an inherent mask. However, the positive photoresist
is not a cross-linked polymer even after a hard baking process. Therefore, structures
made of this type of polymers do not have good chemical stability, thermal resistance,
and biocompatibility. In this chapter, a fiber optic sensor based on a UV-molding
process by using UV-curable polymer is presented. Fully-cured UV-curable polymers
are cross-linked polymers, which have better chemical, thermal, mechanical, and
biocompatible properties than positive photoresists. The UV-molding process also has
flexibility in choosing materials due to the vast variety of polymer materials obtained
from selecting base polymers and photoinitiators. Therefore, based on application
needs, polymer materials with appropriate properties, such as biocompatibility,
optical properties, and thermal/mechanical properties can be chosen. Moreover, the
pressure sensitivity of the sensor discussed in Chapter 2 was not easy to be tuned to
cover a large range because the pressure cavity size is defined by the mode field
diameter and numerical aperture of an optical fiber. On the other hand, the optical

cavity dimensions made by the UV-molding process can be freely chosen by
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fabricating a master pattern with desired dimensions. This makes it easier to tune the

sensitivity of the sensor to meet the needs for various applications.

UV-molding process (or UV imprinting process) is one of fabrication processes
that make use of a UV curable polymer. The process (see Figure 3.1) usually consists
of several steps including master pattern fabrication, mold fabrication,
dispensing/exposure, and demolding. If a master pattern is used as a mold, the first
step can be omitted. This process has been applied to fabricate various optical
elements with small features, which allows for enhanced thermo-mechanical stability,
low birefringence, and low-cost [82]. Tanigami et al. used the UV-molding method
to fabricate Fresnel microlenses on a glass substrate [83]. The fabricated Fresnel
lenses demonstrated high thermal stability, low wavefront aberration, and diffraction-
limited focusing characteristics. Kunnavakkam et al. fabricated a low-cost and low-
loss microlens array by using a soft-lithography UV replication process [84]. A mold
for the microlens fabrication was replicated from a master pattern, which has the
same shape as the final replica. A PDMS soft mold with a rigid glass backing was
used to get good releasing property and enhanced shape accuracy. Dannberg et al.
presented a fabrication method, which makes use of UV-assisted masking and
reaction molding in fabricating optical interconnects and optoelectronic elements on

wafer-scale [85].
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Figure 3.1: Schematic of UV molding process [83].

In the UV-molding process, replication quality is dependent on the quality of the
master pattern and the characteristic of the mold surface. The replica can follow the
shape of the mold with very good repeatability and accuracy if process parameters
such as light intensity level, intensity profile, and pressure applied to the polymer are
well controlled [82], [86]. Therefore, it is important to fabricate high quality mold to
get desired properties of the final replicated optical elements such as dimensional
accuracy and surface roughness. The mold can be directly fabricated by using a
conventional semiconductor  process, laser ~ machining, or  direct

micromachining [87], [88]. In addition, the mold can also be replicated from a
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master pattern, fabricated by the abovementioned methods, by using electroplating,
soft lithography, or UV molding processes. Another important parameter of the mold
is the releasing property of the mold surface. During the demolding process after UV
exposure, stiction can occur between the mold surface and the replicated polymer.
This phenomenon degrades the surface quality and replication accuracy. Moreover,
the life time of the mold can be reduced significantly due to the strong adhesion force.
One way of reducing the surface energy is to choose a material that has a low surface
energy (e.g., nickel or PDMS). Good releasing property can also be obtained by using

surface modification of silicon, silica, or metal material with organosilanes [89].

The UV-molding process can be operated at a room temperature under relatively
low applied pressure or atmospheric pressure. Furthermore, the components
fabricated by the UV-molding process have low birefringence and high repeatability
with several tens of nanometers feature size [82,90]. The UV-molding process can be
performed in batch fabrication by adopting a wafer scale fabrication

technique [85,91].

In addition to the aforementioned advantages of conventional UV molding
process, the sensor fabrication process developed in this dissertation work employs a
unique optical fiber based mold, which enables a high accuracy, maskless, optical

aligning of the sensor cavity during fabrication.
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3.2 Sensor Design and Fabrication

In this work, a FP pressure sensor with built-in temperature measurement and
compensation capability is designed and fabricated based on a UV-molding process
and the metal-polymer composite thin film fabrication method described previously.
The schematic of the sensor is shown in Figure 3.2. The cavity structure is made of a
cross-linked UV curable polymer, which has good thermal/chemical stability and
biocompatibility. The cavity structure is attached to the end of an optical fiber during
the molding process, which is well encapsulated in the polymer structure with good
reliability. In order to improve the adhesion between the optical fiber and the polymer
structure, surface modification with adding a few layers of organosilane molecules
can be performed without changing the optical properties of the fiber. The diaphragm

of the sensor is deposited in the same way as that described in Chapter 2.

Polymer

Cleaved optical fiber diaphragm

Metal layer

cavity structure

Figure 3.2: Schematic of the UV-molded optical pressure sensor.
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Figure 3.3: Fabrication process of the mold for creating FP cavity.

The sensor fabrication is composed of two steps. The first step is to fabricate a
mold that can be used for optical cavity molding. The second step is to perform cavity
molding and cover a metal-polymer composite diaphragm over the molded cavity.
The detailed fabrication process of the mold is shown in Figure 3.3. A zirconia ferrule
(outer diameter: 1 mm, inner diameter: 80 pum) is polished at its end face to obtain a
flat and smooth surface, which will be replicated to form the top flat surface of the
housing structure. The outer surface of the ferrule adjacent to the polished end face is
then polished with an arbitrary angle (= 45°) to reduce the outer diameter of the
ferrule to be around 200um, which will define the outer diameter of the fabricated
sensors. A SMF with a diameter of 80 um (3M, FS-SC-3611) is cleaved and inserted
into the ferrule by using a 5-axis translation stage. The alignment process is
monitored by using an optical profilometer (TMS 1200, Polytec) that has a high
vertical measurement resolution of 0.3 nm. When the desired height difference
between the fiber and ferrule end face is obtained, a UV adhesive (Dymax, OP-54) is

used to fill the gap between the optical fiber and the ferrule. When the gap is
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completely filled, the adhesive is cured by using a UV light source (LCS5,
Hamamatsu). The fabricated mold is then cleaned following a general optical fiber
cleaning process and treated with an organosilane to decrease the surface energy of
zirconia and silica surface for easiness of releasing during the following molding
process. By using commercially available optical elements and assembling technique,
a high accuracy, inexpensive mold can be fabricated. The extrusion height (i.e., cavity
length) can be precisely controlled with a resolution of less than 1 nm by using the
optical profilometer. The fabricated mold has a high durability due to its material
characteristics and good surface releasing property with the organosilanes surface
treatment, rendering extended lifetime of the mold under harsh molding conditions.
Furthermore, the fabricated fiber based mold enables high resolution optical
alignment during the molding process of the optical cavity. The optical alignment, i.e.,
the core-to-core alignment of the optical fibers, will be discussed in detail in the
following fabrication process. A microscopic image of the fabricated mold and a
scanning electron micrograph (SEM) of the molded optical cavity are shown in

Figure 3.4.
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Figure 3.4: (a) Microscopic image of the fabricated mold. (b) SEM of a molded optical cavity.
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Figure 3.5: Fabrication process of UV-molded fiber optic pressure sensor.

The detailed optical cavity molding and diaphragm covering process of the sensor
is illustrated in Figure 3.5. First, an optical fiber (SMF28, Corning) is prepared and
aligned to the fabricated mold [Fig. 3.5(a)]. The optical fiber is cleaved (or polished)
at one end prior to a general fiber cleaning process. The fiber is then chemically

treated with an organosilane to obtain a better adhesion between the optical fiber

79



endface and the UV-curable polymer. Then, the mold and the fiber are preliminarily
aligned on two 5-axis stages by using images captured from two optical microscopes
with two charge-coupled device (CCD) cameras positioned with a 90-degree angle
separation. Next, the cleaved fiber end is deposited with a UV-curing polymer with a
dipping method [Figure 3.5(b)]. The fiber is retracted to ensure enough spacing
between the fiber and the mold in the deposition process while being mounted on the
stage. Another optical fiber, which has a small polymer drop at the tip, is approached
to the chemically treated fiber on the stage until the polymer drop is transferred. After
the deposition process, the fiber with the polymer drop is carefully moved toward the
mold until it touches the mold surface to minimize the residual polymer layer
between the optical fiber and the mold. The final alignment is performed to minimize
the misalignment between the mold and the fiber, in which the fiber cores of the mold
and the fiber on which the sensor is to be fabricated (i.e., sensing fiber) are aligned by
monitoring the coupling intensity. To measure the coupling intensity, light from a
SLD (Exalos, EXS13G1-2111) is coupled to the sensing fiber and the coupled light
intensity is measured from the fiber in the mold by using a photodetector (New Focus,

Model 2011) together with a DAQ board and a computer (see Figure 3.6).
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Figure 3.6: Experimental arrangement for optical alignment between the fiber-based mold and the

optical fiber.

The relationship between the coupling intensity and the misalignment between
two fiber cores is shown in Figure 3.7. It is noted that the accuracy of the alignment is
determined by the resolution of the stage (0.5 pm for the stage used in experiment). It
is possible to obtain even better alignment accuracy by using a motorized stage with a
higher resolution. After a good alignment is achieved, UV-light is exposed to the UV-
curing polymer. The mold is then released from the cured polymer to complete the
optical cavity molding. This process renders simple sensor fabrication since the
optical cavity is fabricated and securely attached to an optical fiber end face with a
single process. Further, post-baking is performed to finalize the housing structure
fabrication, in which the sample is baked at 150 °C for 5 hours for obtaining better
thermal and mechanical stability of the UV-cured polymer housing. The 3D surface

topographies of the mold and molded cavity are shown in Figure 3.8. The shrinkage
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in diameter and depth during the molding process was measured to be 0.87 % and

0.65 %, respectively (see Figure 3.9). In order to get better accuracy in terms of

cavity dimension, the shrinkage factors can be considered in the mold design stage to

compensate for the actual shrinkage. Finally, a polymer-metal composite layer is

deposited on the housing structure to form a suspended diaphragm [Figure 3.5(e)]. A

SEM image of the fabricated sensor and a close-up of the diaphragm are shown in

Figure 3.10. Bulging of the diaphragm can be observed in the figures, which is due to

the pressure difference of the vacuum chamber of the SEM machine and the sensor

air cavity.
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Figure 3.7: Coupled intensity as a function of the misalignment between the sensing fiber and the fiber

in the mold during the alignment process. The results were experimentally obtained with a movement

step of 0.5 um from the stage.
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Figure 3.8: 3D surface topology: (a) the mold and (b) molded cavity.
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Figure 3.9: Topology comparison of the mold and the replicated cavity.

As can be seen in Figure 3.9, the diameter of the air cavity is well defined by that
of the mold (i.e., the optical fiber diameter (80 pm)). The molding process can ensure
a good repeatability of sensor fabrication. To verify the repeatability of the cavity
molding process, 10 cavity samples were molded and their cavity diameters and
depths were measured by using the optical profilometer (TMS 1200, Polytec).
Maximum deviation of the cavity depth was found to be 0.12 % with respect to the
mean cavity depth (50.34 um) of the 10 samples. The deviation of the cavity diameter

was not able to be detected due to the limitation of the lateral resolution of the
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profilometer (~0.1 um), which is much larger than the vertical resolution of optical
profilometer (~0.3 nm). The measured surface profiles of 10 samples are shown in
Figure 3.10. The results indicate that the lateral deviation of the cavity diameters is
smaller than 0.1 um for a molded cavity of 80 um diameter. The repeatability of the
cavity molding process can be further enhanced by further optimizing the process

parameters such as UV light source intensity and UV curable polymer volume.

10.0kV 3.3mm x220 200um 10.0kV 3.3mm x1.30k 40.0um

Figure 3.10: SEM images of (a) fabricated sensor and (b) diaphragm close-up.
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Figure 3.11: Topology comparison of 10 molded cavities.
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For a given diameter of the cavity, the sensitivity of the sensors can be easily
tuned by changing the thickness of the metal layer in the diaphragm according to the
pressure range requirements in different applications. The extrusion height of the
mold is chosen to be 64.0 pum so that the wavelength spectrum of the fabricated FP
cavity will have enough number of peaks for easiness of optical signal processing.
The measured extrusion height (63.6 um) is slightly smaller than the designed value
due to shrinkage of the adhesive during the curing process. The diaphragm of the
sensor is made of a urethane acrylate-based film coated with a silver layer. The
parameters of the sensor are summarized in Table 3.1. Since the diaphragm can be
modeled as an edge-clamped circular plate, a FEM based model was used to predict

the sensitivity of the sensor. The model predicated sensitivities is 0.0157 pm/psi.

Table 3.1: Parameters of two representative sensors fabricated by UV molding process

Silver layer thickness (nm) 300
Polymer layer thickness (pm) 1.0
Cavity diameter (pm) 80
Designed cavity length (pm) 64.0
Measured cavity length (pm) 63.6
Estimated sensitivity by FEM (um/psi) | 0.0157

In order to apply the abovementioned fabrication method for batch fabrication, a
specially designed fiber holder should be fabricated to ensure the device-to-device
uniformity of the fabrication processes. A silicon wafer with etched through holes can
be exploited to align and fix fibers that are positioned in an array and leveled to one

of the surfaces of the wafer. The guiding holes can be fabricated by using
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photolithography and DRIE processes with a positive clearance of 3~5 pm between
the hole and the fiber outer diameter. The fibers can be fixed in the holes by using
mounting wax during the rest of the processes. Covering the UV curable polymer
diaphragm can be performed in a wafer-scale with a good device-to-device
uniformity since a uniform polymer layer with a diameter much larger than the wafer
can be easily obtained by choosing a proper polymer material and controlling the
volume of the polymer dispensed on water surface. Uniformity of metal layer
deposition on the polymer diaphragm can be attained by using proper process

parameters of a sputtering or evaporation process.

3.3 Calibration and Evaluation of the Sensors

3.3.1 Optical Interrogation System

In the experiment, the fabricated sensor was connected to a broadband optical
interrogation system (SM130, Micron Optics) [Figure 3.12(b)], which provides a
spectrum range of 1510 to 1590 nm. Representative interference spectra obtained
from the sensor at two different temperatures (25 °C and 45 °C) are shown in Figure
3.12(a). The sinusoidal pattern in the spectrum is generated by the interference in the
FP cavity and the sharp peak at wavelength of 1522.26 nm is from the FBG integrated
in the pressure sensor for temperature measurement and compensation. Both the shift
in spectral peaks for the optical pressure sensor and the shift in Bragg wavelength for

the FBG can be seen with respect to the temperature change.
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Figure 3.12: (a) Representative interference spectrum obtained by using the fabricated sensor with a

built-in Bragg grating. (b) Schematic of the experimental arrangement for pressure measurement.

The absolute cavity length L of the sensor, retrieved from the reflection spectrum

of the spectrometer, can be written as

Ay

L= , 3.1
2nFSR G-

where 4; and 4, are any two center wavelengths of adjacent peaks of the reflection
spectrum of the FP cavity, n is refractive index of the cavity medium, and FSR=| 4, -
A1| 1s the free spectral range. The cavity length L was calculated by averaging several
cavity lengths retrieved from a pair of two adjacent peaks with good visibility to
reduce the random errors. After retrieving the absolute cavity length, the one peak
tracing method was used to further reduce the measurement error and data processing
time [69]. The initial cavity length measurement, one peak tracing process, and
pressure measurements were all carried out in real-time, which were controlled by a

LabVIEW program.

87



3.3.2 Pressure Sensitivity

Calibration of the sensor was performed in a pressure chamber with a reference
pressure sensor to evaluate performance of the optical sensor, as shown in Figure
3.12(b). A conventional pressure sensor (LL-080-35A, Kulite Semiconductor) was
used as the reference. The internal chamber pressure was controlled by using a
pressure regulator (R-68825-08, Marsh Bellofram), which has a pressure range of 1.7
psi to 60 psi. In the experiments, the pressure in the chamber was first increased and
then decreased with a step of 0.4 psi within a range of 1.9 psi to 7.9 psi at a room
temperature of 24 °C. The calibration result of the UV-molded pressure sensor is
shown in Figure 3.13(a). It can be seen that the sensor exhibits a good linearity (R* =
0.9996) over the entire tested pressure range. Based on linear regression analysis of
the measured data, the pressure sensitivities were calculated to be 0.0106 pm/psi. This
result is slightly smaller than the value obtained from the numerical simulations
(0.0157 pm/psi). Residual stresses generated during the polymerization and
metallization process of the diaphragm are the possible reasons for the lower
measured sensitivity. The hysteresis error of the sensor was obtained as 1.5 %. In the
calibrations, the small zero shift and non-linearity of the calibration curves are
believed to be due to the room temperature variations and random errors from the

interrogation system.

The pressure sensitivity calibration was also performed at different
temperatures (e.g., 30°C, 40°C, and 50 °C) to study the effect of temperature on

pressure sensitivity using the experimental setup shown in Figure 3.12(b). The results
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are shown in Figure. 3.13(b). In all three cases with different temperatures, the
measurement results exhibit a good linearity (R* = 0.999) over the measured pressure
range. It is noted that there is about 5.4 % of pressure sensitivity variation over the
temperature range of 24°C to 50 °C. This deviation of the sensitivity value is believed
to be due to the error of the temperature controller, random error of the measurement

system, and change of the sensor material properties due to the temperature change.
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Figure 3.13: Calibration curve of the sensor at a room temperature of 24 °C and (b) calibration curves

of the sensor at three difference temperatures (30 °C, 40 °C, and 50 °C).

3.3.3 Temperature Sensitivity and Temperature Compensation

As mentioned previously, due to the large CTE of the polymer material, the
polymer processed optical pressure sensors are expected to have much larger
temperature sensitivity than that of pressure sensors made of silicon/silica. Therefore,
this effect should be evaluated and compensated for in order to obtain accurate

pressure measurements. First, the temperature effect on the cavity length change is
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investigated. In the experiment, the temperature sensitivity of the UV-molded
pressure sensor was obtained by monitoring the optical cavity length change with
respect to the controlled temperature variations. The temperature control was
achieved by using a thermo controller (Omega Engineering Inc., CN77333), a
thermocouple (Omega Engineering Inc., COI1-K), and two polyimide-insulated
flexible heaters (Omega Engineering Inc., KH 103/10). The heaters were attached at
the vicinity of the pressure sensor to control the temperature locally, while
minimizing the heating time and the temperature effect on the reference pressure
sensor. To measure its temperature sensitivity, the sensor was first heated from 26 °C
to 50 °C with an increment of 3 °C under a constant pressure of 1.9 psi. The cavity
length was measured at each temperature step. The obtained cavity length change as a
function of temperature is shown in Figure 3.14(a). According to the result, a linear
relationship can be observed with R>=0.9983 and the temperature sensitivity of the FP
pressure sensor can be obtained as 0.0158 um/°C. To compensate for the temperature
effects, the temperature at the vicinity of the pressure sensing area can be measured
with the FBG embedded in the sensor to relate the temperature to cavity length
variations. Figure 3.14(b) shows the measured FBG Bragg wavelengths at a constant
pressure level by using the same optical interrogation system and the LabVIEW code.
The measurement was performed simultaneously with the temperature sensitivity
measurement of the pressure sensor. The temperature sensitivity and the resolution of
the FBG sensor was obtained as 0.0120 nm/°C and 0.12 °C, respectively. By using

the pressure sensitivity and temperature sensitivity of the FP pressure sensor and
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temperature sensitivity of the FBG, temperature compensation as well as

simultaneous temperature and pressure measurements can be achieved.
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Figure 3.14: (a) Temperature sensitivity of the pressure sensor. (b) Temperature sensitivity of the FBG

embedded in the pressure sensor.

Even though there is a small variation in the pressure sensitivity of the sensor at
different temperatures (<5.4%), it was shown that the cavity length of the pressure
sensor changes linearly with respect to both pressure and temperature, and the Bragg
wavelength of the FBG also shifts linearly with respect to temperature. Therefore, in
the working temperature range (24~50 °C), these linear relationships can be

expressed in a matrix form as the following [81] [73]:

Adpgs | 0 0.0120m /°C[AP] _ [AP (52)
AL | [10.6nm/ psi  158nm/°C ||AT| ~|AT| '

where Alrpg i1s Bragg wavelength shift of the FBG, AL is cavity length change of the
pressure sensor, AP and AT is the pressure change and temperature change, S is the

sensitivity matrix, respectively. The pressure sensitivity of the FBG can be neglected
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since the nominal pressure sensitivity value of the FBG (2.02x10° MPa™) is three
orders of magnitude smaller than that of the optical pressure sensor. By taking inverse

of the sensitivity matrix S, Eq. (3.2) can be rewritten as:

{AP} . {MFBG}
=S . (3.3)
AT AL

Based on Eq. (3.3), by using an optical system (e.g., the system shown in Figure
3.12(b)) that can measure both the Bragg wavelength shift and the cavity length
change of the FP pressure sensor, the temperature and pressure values can be
retrieved simultaneously. Note that in an application that requires high accuracy
pressure measurements, the measurement error due to the pressure sensitivity
variation with respect to temperature changes can be reduced by using an formula
based on Taylor expansion with nonlinear terms [58]. Another way of reducing this
error is to use the support vector regression (SVR) method to obtain an approximate
non-linear function in the whole region through a statistical machine learning
process [92]. Therefore, by adding an inherently embedded FBG that can be used to
monitor the temperature change during pressure measurements, the temperature effect

of the pressure sensor can be compensated.
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3.4. Pressure Measurements in Biomedical Applications Using

Fabricated Sensors

3.4.1 In-Vivo Blood Pressure Measurement in a Swine Study
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Figure 3.15: (a) Schematic of the experimental arrangement for blood pressure measurement and (b) a

photograph of swine under blood pressure measurement.

An in-vivo swine study was performed to demonstrate the feasibility of using the
polymer based FP pressure sensor for blood pressure measurement. In the experiment,
the fabricated sensor was connected to a broadband optical interrogation system
(SM130, Micron Optics), which provides a spectrum range of 1510 nm to 1590 nm
with a sampling rate of 8 Hz. A commercially available invasive blood pressure
measurement system (Transpac IV from Braun Medical) was used as the reference for
measuring and monitoring the arterial pressure in the right artery. The polymer-based
fiber optic pressure sensor was used to measure pressure in the left artery. A catheter

was inserted into the left artery first to make a way for insertion of the optical fiber
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sensor. The fiber optic sensor was then inserted through the catheter for a depth of 15
cm. The experimental setup and a photograph of the swine under the test are shown in

Figure 3.15.

As shown in Figure 3.16, blood pressure pulse (Figure 3.16(b)) was clearly seen
in the fiber optic sensor reading, which was consistent with the pressure measurement

result obtained from the reference sensor (see Figure 3.16(a)).
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Figure 3.16: Blood pressure readings from (a) the reference sensor (Transpac IV) and (b) fiber optic

se€nsor.
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Figure 3.17: Blood pressure readings from (a) the reference sensor after injecting Beuthanasia and (b)

the fiber optic sensor before and after injecting Beuthanasia.

At the end of the swine study, Beuthanasia was administered to the swine through
an IV in the ear vein. Consequently, a blood pressure drop was clearly observed along
with pulse deceasing from both the fiber optic sensor and the reference sensor, as
shown in Figure 3.17. Based on these measurement results, it has been demonstrated
that the polymer based fiber optic pressure sensor is highly promising for blood
pressure measurements. During the experiment, sensitivity alteration of the sensor
was observed. It was possibly due to the force applied on the sensor head while
inserting the sensor through the catheter. In order to improve the sensor performance,
temperature compensation and sensor protection procedure during insertion can be
implemented in the future studies. In addition, an interrogation system with a higher
sampling rate can be used to improve the temporal resolution so that a, smoother

pressure waveform can be acquired.
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3.4.1 In-Vitro Intradiscal Pressure Measurement of a Swine

Here, a UV-molded pressure sensor is used in an in-vitro study for intradiscal
pressure measurements of a swine disc. In the experiment, a broadband optical
interrogation system (SM130, Micron Optics) was used, which is identical to the one
used for the previously described blood pressure measurement. A segment of
intervertebral disc harvested from a swine was mounted under a material testing

system to apply controlled load (or pressure) to the disc, as illustrated in Figure 3.18.
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Figure 3.18: Experimental arrangement for swine intervertebral disc pressure measurement.

An UV molded fiber optic pressure sensor was inserted through the disc by using
a hollow needle of gauge 29 (outer diameter: 337 um, inner diameter: 184 pm). A
photograph of the disc with the inserted pressure sensor is shown in Figure 3.19(a).
After the fiber was inserted, the needle was retracted so that only the sensor was left
in the disc. During loading experiment, the disc was initially compressed with a load
of 390 N by lowering the upper lam of the material testing system (MTS). The load
was then reduced to 195 N and kept for 15 minutes. The same load cycle was
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repeated 5 times and the intradiscal pressure was monitored through the sensor inside
the disc. In order to mimic the actual load condition in a spin a steel rod was inserted
through the upper part of the disc and the load was applied through the rod. Figure
3.19(b) shows the pressure measurement result throughout the load cycles. This result
demonstrates that the intradiscal pressure with respect to the load applied to the disc
can be successfully measured. It is also noted that due to water absorption of the
polymer structure, the polymer cavity of the sensor increases even without applied
pressure or under a constant pressure. To improve the performance of the sensor for
intradiscal pressure sensing, in the future work, the water absorption issue should be
addressed and the sensitivity of the sensor should be properly designed according to

the maximum pressure level of the testing.
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Figure 3.19: (a) A photograph of the swine intervertebral disc with an inserted fiber optic sensor. (b)

Intradiscal pressure measurement result.
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3.5 Summary

In this chapter, a miniature FP pressure sensor fabricated with a UV-molding
process is presented. The sensor is composed of a UV-molded optical cavity and a
polymer-metal composite diaphragm, which is fabricated at the end of a SMF with a
pre-written FBG, rendering the sensor the capability of temperature compensation
and simultaneous measurement of pressure and temperature. The mold used for UV-
molding process is built by assembling a polished ferrule and a cleaved optical fiber,
which eliminates the need for a costly semiconductor or direct machining process and
enables high accuracy optical alignment of the mold and the sensing fiber. The sensor
fabrication follows simple, repeatable processes and safe procedures, and uses less
expensive materials and equipment. This fabrication method can also be used for
batch fabrication or wafer scale fabrication with minor modifications to the processes.
Due to the relatively low stiffness of the polymer-metal composite diaphragm,
sensors with extra miniature sizes but a high sensitivity can be obtained. The
experimental study of this sensor has shown that the sensor has a good linearity in the
designed pressure range. Effective temperature compensation by using the built-in
FBG has also been demonstrated. Since the materials used for the sensor housing and
diaphragm have good biocompatibility, this sensor will become a favorable choice for
biomedical applications such as arterial, intracranial, urethral, or intradiscal pressure
measurements. In this work, in-vivo blood pressure measurement in an artery of the

swine and in-vitro intradiscal pressure measurement by using the fabricated sensor
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have been carried out, which demonstrate that these sensors hold great promise for

biomedical applications.
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Chapter 4 Hybrid Miniature Fabry-Perot Temperature
and Pressure Sensor with Dual Optical Cavities for

Simultaneous Pressure and Temperature Measurements

4.1. Introduction

As it is mentioned in the previous chapters, one of the most significant drawbacks
of polymer based optical pressure sensors is their relatively large thermal sensitivity
compared with silicon/glass based sensors. In the previous chapters, the temperature
effect of the pressure sensing cavity was compensated by using a FBG temperature
sensor. This method requires an extra temperature sensor, which would be placed at
the same location as the pressure sensing region. However, since the embedded FBG
has to be positioned at least several millimeters away from the pressure sensing FP
cavity to avoid interference effect between the two sensors, it is difficult to obtain the
exact temperature at the pressure sensing location. Moreover, adding a FBG sensor to

the pressure sensor can be costly due to the fabrication cost of the FBG.

In this chapter, design, fabrication, and experimental study of a hybrid miniature
dual-cavity fiber-optic pressure sensor with temperature sensing and temperature
compensation capability is presented. As illustrated in Figure 4.1, the sensor employs
an intrinsic FP cavity that is adjacent to the pressure sensing cavity to measure
temperature selectively. The intrinsic FP cavity is made of SMF and dielectric optical

coatings, which is fabricated by using E-beam evaporation, fiber splicing, and
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cleaving processes. This design eliminates the need for an additional temperature
sensor and enables accurate temperature measurement in the vicinity of the pressure
sensing structure. To retrieve both temperature and pressure from the dual cavities, a
frequency based demodulation scheme that is capable of acquiring the multiple cavity

lengths separately from the spectrum signal is required.

Optical Polymer
coating diaphragm

Optical fiber UV molded Metal
(SMF-28) polymer cavities diaphragm

Figure 4.1: Schematic of the hybrid temperature/pressure sensor.

4.2. Sensor Design and Fabrication

In this work, a dual-cavity FP pressure sensor with built-in temperature
measurement and compensation capability is designed. One of the cavities was
formed between two internal mirrors: one mirror generated from evaporated dielectric
films (M) and the other being the endface of a short segment of optical fiber (M), as
shown in Figure 4.1. Since the spliced silica cavity is only sensitivity to temperature,
this cavity is used to measure temperature. The other cavity is an air cavity formed

between the end surface of the UV-molded cavity (M;) and a polymer/metal
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composite diaphragm (Ms3), which is sensitive to both pressure and temperature

change.

In order to acquire a good temperature sensing capability, the silica cavity has to
be properly designed. The temperature sensitivity of the silica cavity length can be

expressed as

an silica
=(——+CTE

silica

N

silica

YL =(7.36us/°C)L (4.1)

silica silica

silica

where TSiica 1S the temperature sensitivity of the silica cavity, a,, giic, 15 the thermo-
optic coefficient, CTE;;., is the CTE of silica, and Ly, 1s the length of the silica
cavity. Since the thermo-optic coefficient (1x10#/°C) and the CTE of silica (0.55
ue/°C) are relatively low, in order to get a reasonable temperature sensitivity, the
silica cavity length has to be as long as 1 mm to 3 mm [59,74]. However, a long
cavity is not desirable in the design of a miniature fiber-optic sensor. To increase the
temperature sensitivity of the sensor without increasing the length of the silica cavity
a thin polymer layer (OP-4-20632 UV curable polymer, Dymax), which has a CTE
that is 98 times larger (the CTE of the polymer: 54 pe/°C) than that of silica and a
thermo-optic coefficient of around -4x107/°C. Therefore, the overall temperature

sensitivity of the sensor can be rewritten as
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where TS,.eran 1s the overall temperature sensitivity of the sensor, 7:S,opmer 1S the
temperature sensitivity of the polymer cavity, o, siica and @, popmer are the thermo-
optic coefficients of silica and the UV curable polymer, respectively, CTE;;;., and
CTEoiymer are the CTE of silica and the polymer material, respectively, L, and
Lyoymer 18 the length of the polymer cavity, respectively. In this work, the silica cavity
length and the added polymer thickness was chosen to be 250 um and 35 pm,
respectively, which enables a good temperature sensitivity of 2.8 nm/°C and a good
temperature measurement resolution of less than 0.1 °C. In this fiber cavity, the light

is guided mostly in a single mode, so that the beam divergence loss is negligible.

In order to obtain accurate measurement with the two optical cavities, the two
cavities should also be carefully designed to ensure a good visibility of the multi-
frequency interference fringes. Reflected intensities from the two internal mirrors that
form the silica FP cavity can be tuned by changing the number of alternating layers of
Ti0; and Si0O,. Furthermore, the parameters used for splicing should be well chosen
to obtain proper reflectivity of the first mirror (M;) for a good spectrum visibility. In
this work, the reflectivity of the first mirror was chosen to be 4%, the same as that of

the second mirror (M) due to the Fresnel reflection between polymer and air. The
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reflection between the fiber endface and the UV-curable polymer is negligible

because of the small reflective index difference of those two materials.

The sensor is fabricated by using dielectric optical coating, fiber fusion splicing,
fiber cleaving, UV-molding process, and metal-polymer composite thin film
fabrication. Fabrication of the fiber cavity is very simple, which is composed of
evaporation of alternating layers of titanium dioxide and silicon dioxide, splicing a
short segment of SMF, and cleaving the fiber endface. The pressure sensing cavity
was fabricated by using the UV-molding and metal-polymer composite diaphragm

covering processes, which have been described in Section 3.2.
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Figure 4.2: Fabrication process of the hybrid UV-molded temperature/pressure sensor.

The sensor fabrication is composed of three steps. The first step is to fabricate the
silica optical cavity that is used for temperature measurement and compensation. The

second step is to perform cavity molding. Finally, in the third step, a metal-polymer
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composite diaphragm is covered over the molded cavity. The detailed fabrication
process is shown in Figure 4.2. After a batch of SMFs (Corning, SMF-28¢) were
prepared by cleaving and cleaning, the fiber endfaces are coated with five alternating
layers of TiO, and SiO,, each with a quarter wavelength thickness (at A = 1550 nm),
by using electron beam evaporation. Another optical fiber was then spliced to the
fiber with the optical coatings with empirically found conditions to get the designed
reflectivity (= 5 %). The splicing was performed with a commercial fusion splicer
(Hamamatsu, Type-36) with 2 arc count and 0.5s arc duration (a normal condition for
SMF: 40 arc and 1.5s arc duration) in order to get desired reflectivity from the
fabricated internal mirror [93-95]. The fiber was then cleaved under a microscope
around 250 um away from the spliced plane to form the silica FP cavity. After this,
the sensor fabrication follows the exactly same processes as those described in the
Chapter 3 for fabricating the UV-molded sensor, which includes adhesion chemical
treatment, aligning mold, UV molding of cavity, and deposition of polymer/metal

composite diaphragm.

4.3 Calibration and Evaluation of Sensors

4.3.1 Optical Interrogation System

In the experiment, the fabricated sensor was connected to a broadband optical
interrogation system, which is consisted of a 2x2 coupler (Gould Fiber Optics), a
broadband spectrometer (USB4000, Ocean Optics), and a broadband light source

(HL-2000, Ocean Optics). The broadband spectrometer has a large wavelength
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bandwidth from 700 nm to 1000 nm, which ensures a good optical frequency
resolution during the initial data processing using FFT. The experimental
arrangement for pressure and temperature calibration is identical to that described in
the previous chapters [Figure 3.12(b)]. The spectrum of the multi-cavity sensor has a
combination of distinctive optical frequencies, which are defined by the silica cavity,
the air cavity, and the combination of those two cavities. The total intensity of

interference can be written as [51]

2
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where A4, A,, and A3 are the amplitudes of the reflected electric fields from the
internal mirrors, the air cavity bottom, and the composite diaphragm, respectively,
Nsitica AN Npopmer are the refractive indiecs of the SMF core, the UV-curable polymer,
respectively, Lgiica, Lpotmer, and Lg;, are the lengths of the intrinsic silica cavity, the

intrinsic polymer cavity, and the air cavity, respectively, and 4 is the wavelength.

Representative interference spectra obtained from the sensor using an optical
interrogation system (HL-2000 broadband light source and USB4000 spectrometer
from Ocean Optics) are shown in Figure 4.3. The lower frequency in the spectra
corresponds to the air cavity and the higher frequencies in the spectra are due to the

silica cavity and the combination of silica and air cavities.
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Figure 4.3: An interference spectrum of the fabricated sensor obtained with Ocean Optics USB4000.

In order to retrieve the two cavities independently, optical frequency spectrum
based signal processing was adopted. The acquired wavelength spectrum was first
converted to the wavenumber domain. Since the obtained wavenumber spectrum is
not evenly spaced, cubic spline interpolation and resampling were performed. FFT
was then applied to the resampled spectrum and the optical frequencies were
determined. The relationship between the measured optical frequency and actual

optical cavity length can be described as

L=-", (4.4)

where f'is the optical frequency, L is the optical cavity length, and » is the refractive
index of the FP cavity. Figure 4.4 shows FFT result of a sensor wavenumber
spectrum. The three peaks shown in the figure correspond to the three optical cavities
of the sensor. The cavity lengths obtained from the FFT result are 56.621, 286.069,

and 343.265 um, respectively. These measured optical frequencies are then chosen as
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the center frequencies of band-pass Butterworth filters to extract the single frequency
signal at the frequency of interest. Figure 4.5 shows the filtered wavelength spectra
by using two different band-pass filters whose center frequencies are corresponding
to the two peaks (f; and f3) in the FFT result shown in Figure 4.4. After obtaining the
spectrum with a single frequency matching to each cavity length, one peak tracing

method is used to retrieve the value of the cavity length.

In order to calculate the peak constant to be used in one peak tracing method, the
cavity length was calculated from two adjacent peak-wavelengths based on Equation
1.9. By using the one peak tracing method, the cavity length can be measured with a
high resolution (0.2 nm with USB4000 spectrometer), which is much higher than that

obtained directly from the FFT method (845.1 nm with the same spectrometer).
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Figure 4.4: FFT result from the wavenumber spectrum of the sensor.
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Figure 4.5: Filtered wavelength spectrum for (a) the air cavity and (b) the combined cavity of air and

silica fiber.

In literature, a method that uses curve fitting to the filtered spectrum in order to
increase the accuracy for determining the cavity length has been reported [70].
However, this method is computationally costly since it needs to utilize the entire
spectrum to get a fitted curve and requires iterative calculations. In this work, a novel
signal processing scheme is developed, which makes use of selective curve fitting to
the filter spectrum and the one peak tracing method. By using this method, the
calculation time can be reduced significantly (around 20 times faster according to the
simulation) because the curve fitting is only performed at the vicinity of each peak
and iteration is not required. Moreover, high resolution measurement can be achieved
due to the nature of the one peak tracking method [69]. A detailed description of the

one peak tracing method has been described in Section 1.2.3.

A parametric study was carried out to compare the performance of the

demodulation scheme developed in this work with that reported in literature in terms
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of calculation time and linearity of the fitted curve. In the simulations, a sensor with
two cavities with initial cavity lengths of 60 pum and 100 um were used. In each
iteration, both of the two cavity lengths were varied by 0.05 pum with a step of 0.001
um (i.e., 60.000 um cavity was increased to 60.050 um and 100.000 um cavity to
100.050 pum with 0.001 um step). The cavity length changes were retrieved from the
simulated spectrum by using the conventional spectrum curve fitting and the method
developed in this work. R* values were calculated as functions of SNR using the two
different method. Figure 4.6 shows the comparison of the calculated R? values with
two different demodulation methods for determination of the two cavities. Both of the
methods were able to retrieve the cavity length change very well while the SNR is
high. However, when the SNR is low, the one-peak-tracing with band-pass filtering
method shows a better resilience to noise over the conventional spectrum curve fitting
method. Moreover, it is also noted that the method developed in this work was about
20 times faster than the conventional spectrum curve fitting method; for the one peak
tracking with band-pass filtering method, the calculation speed was 0.43s per data
point, while for the conventional spectrum curve fitting method, it was 8.46s per data

point.
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Figure 4.6: Comparison of R? values as a function of SNR by using two different demodulation
schemes (spectrum curve fitting and one peak tracking of the filtered spectrum) for cavity lengths: (a)

60 pm and (b) 100 um.

4.3.2 Sensor Calibration

The calibration of the sensor for pressure measurement was performed in a
pressure chamber with a reference pressure sensor, as shown in Figure 4.7. A
conventional pressure sensor (LL-080-35A, Kulite Semiconductor) was used as the
reference. The internal chamber pressure was controlled by using a pressure regulator
(Pressure Regulator Type 70, Marsh Bellofram), which has a pressure range of 0 to
30 psi. Temperature control was achieved by using a thermo controller (Omega
Engineering Inc., CN77333), a polyimide-insulated flexible thermocouple (Omega
Engineering Inc., CO1-K), and two polyimide-insulated flexible heaters (Omega
Engineering Inc., KH 103/10). The heaters were place above and below the pressure
sensor to control the temperature locally, while minimizing the heating time and the

temperature effect of the reference pressure sensor.
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Figure 4.7: Pressure and temperature calibration setup.

In the experiments, the pressure in the chamber was first increased and then
decreased with a step of 0.2 psi within a range of 1.0 psi to 4.0 psi at a room
temperature of 26 °C. The calibration result of the sensor is shown in Figure 4.8. It
can be seen that the sensor exhibits a good linearity (R? = 0.9993) over the entire
tested pressure range. Based on linear regression analysis of the measured data, the
pressure sensitivities were calculated to be 0.084 pm/psi. This result is slightly
smaller than the value obtained from the numerical simulations (0.100 pm/psi).
Residual stresses generated during the polymerization and metallization process of
the diaphragm are the possible reasons for the lower measured sensitivity.
Furthermore, the sputtering process induced a curvature in the diaphragm, which
further reduces the pressure sensitivity. The hysteresis error of the sensor is obtained

to be 2.3 %. In the calibrations, the small zero drift and non-linearity of the
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calibration curves are believed to be due to temperature variations from the

temperature controller and random errors from the interrogation system.
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Figure 4.8: Pressure calibration curves of the sensor at 26.0 °C.

To evaluate the temperature effect, the pressure sensitivity calibration for both
the air cavity and the silica cavity was performed at different temperatures (e.g.,
26 °C, 34 °C, 42 °C, and 50 °C) by using the experimental setup shown in Figure 4.7.
The pressure calibration result of the air cavity is shown in Figure 4.9(a). In all four
cases, the measurement results show good linearity (R* > 0.9994) over the measured
pressure range. However, it is noted that there is temperature dependency of the
pressure sensitivities. This deviation of the sensitivity value is believed to be due to
the property change of the polymer layer in the polymer/metal composite diaphragm.
In Figure 4.9(b), the pressure sensitivities of the silica cavity at the four different
temperatures are shown. It can be seen that due to the high elastic modulus of silica

(71.7 GPa), the cavity length change of the temperature sensing cavity with respect to
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pressure was negligible in the pressure range of 1.0 psi to 4.0 psi at all four
temperatures. The slight fluctuations of the cavity length are believed to be due to the
random noise from the measurement system and temperature fluctuations from the

temperature controller.
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Figure 4.9: Pressure calibration curves: (a) air cavity and (b) silica cavity at four different temperatures

(26.0 °C, 34.0 °C, 42.0 °C, and 50.0 °C).

4.3.3 Temperature Sensitivity and Temperature Compensation

As discussed previously, the silica FP cavity in the fabricated sensor can be used
as a temperature sensor due to its linear response to temperature change and low
pressure sensitivity. On the other hand, the temperature reading from the silica cavity
can be used to compensate for the relatively large temperature drift of the pressure
sensing cavity due to the large CTE of polymer material and air expansion in the
polymer cavity. To evaluate the temperature sensing performance of the silica cavity

and the temperature compensation capability of the sensor, temperature calibration of
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the two cavities was performed in the pressure chamber with a temperature controller,

as shown in Figure 4.7.

First, the temperature sensitivity of the air cavity was evaluated. In the experiment,
the temperature sensitivity of the cavity was measured by monitoring the cavity
length change of the air FP cavity with respect to the temperature change. To
measure the temperature sensitivity, the sensor was heated from 26 °C to 50 °C with
an increment of 2 °C under four different pressure levels (1.0 psi, 2.0 psi, 3.0 psi, and
4.0 psi). The cavity lengths were recorded as a function of temperature at each
pressure level. The obtained temperature calibration results of the air FP cavity are
shown in Figure 4.10(a). According to the result, a linear relationship between the air

cavity length and temperature can be observed with a good linearity ( R’

verage = 0.9939).
The temperature sensitivity of the silica FP cavity was found to be almost the same at

different pressure levels, which was measured to be 0.0137 um/°C.

Next, the temperature sensitivity and temperature resolution of the silica FP cavity
were investigated. Using the same experimental arrangement and method, the
temperature calibration results for the silica cavity at several different pressures are

obtained, as shown in Figure 4.10(b). The calibration results exhibit a good linearity

(R

average

=0.9990 ) and the silica cavity is found again to be not sensitive to the

pressure change. The temperature sensitivity and resolution of the FP pressure sensor
were obtained as 0.0028 um/°C and 0.10 °C, respectively. The sensitivity of the silica

cavity is 26 times larger than that of the dual cavity sensor reported by Pevec and
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Donlagic [74], even though the silica FP cavity length used in this work (276.5 um) is
much smaller than that of the previous work ( ~1 mm). By using the polymer material,
a high temperature sensitivity (as well as a high resolution) was achieved with a

smaller form factor compared to a sensor with a pure silica material.
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Figure 4.10: Temperature calibration curves: (a) air cavity and (b) silica cavity at four different
pressure levels of 1.0 psi, 2.0 psi, 3.0 psi, and 4.0 psi.

In order to compensate for the temperature effect of the pressure sensing cavity,
temperature readings from the silica cavity are used along with the temperature
sensitivity of the pressure sensing cavity. It is noted that the pressure sensitivity of the
sensor varies from 84.0 nm/psi to 150.0 nm/psi in the temperature range of 26 °C to
50 °C. This large sensitivity change is believed to be due to softening of the polymer
layer in the polymer/metal composite diaphragm. Since in this sensor, the portion of
the polymer layer in the composite diaphragm is larger than that in the sensor

developed in Chapter 3, the temperature induced pressure sensitivity change also
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becomes larger than that in the previous sensor. The pressure sensitivity as a function

of the temperature is shown in Figure 4.11.
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Figure 4.11: Pressure sensitivity of the pressure sensing cavity as a function of temperature.

By using the relationship between the pressure sensitivity and the temperature, the

pressure sensitivity can be measured at any temperature, which can be obtained as

PS =—(0.00269T +0.01265)um / psi , 4.5)

air cavity ~

where PSgir caviry 18 the pressure sensitivity of the air cavity and T is the temperature.
The measured pressure sensitivity can then be used to compensate the temperature
effect at each measurement. As shown in Figures 4.9 and 4.10, the lengths of the air
and the silica cavities change linearly with respect to both pressure and temperature

(R,

average

=0.994). Therefore, these linear relationships can be expressed in a matrix

form as the following [81] [73]:
AL, 0 0.0028 um /°C || AP AP
: = =S , (4.6)
AL . PS 13.6nm/°C || AT AT

air air cavity
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where ALy, 1s cavity length change of the silica cavity, AL, is cavity length change
of the air cavity, AP and AT is the pressure change and temperature change,
respectively. Pressure sensitivity of the silica cavity can be ignored, according to the
results shown in Figure 4.9 (b). By taking the inverse of the sensitivity matrix S, Eq.

(4.6) can be rewritten as:

{AP} . {MFBG}
=S 4.7)
AT AL

Based on Eq. (4.7), by using an optical system (e.g., the system shown in Figure
4.7), which can measure both FP cavity length changes, temperature and pressure

values can be retrieved simultaneously.

4.4 Summary

In this chapter, a hybrid dual optical cavity fiber optic pressure and temperature
sensor is presented. The sensor, which is made at the end of a SMF, is composed of
an E-beam deposited dielectric coating, a segment of an optical fiber, a UV-molded
optical cavity, and a polymer-metal composite diaphragm. The intrinsic silica cavity
formed between several layers of dielectric optical coating and an optical fiber
endface renders the sensor the capability of temperature compensation and
simultaneous pressure and temperature measurement. The fabrication of the extrinsic
air cavity was performed by using a UV molding process. It was found that the large
thermal expansion of the polymer material contributes to the high temperature

sensitivity of the sensor. Experimental studies of this sensor have shown that the
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sensor has good linearity for pressure measurement in the designed pressure range.
Effective temperature compensation by using the embedded intrinsic silica cavity has
also been demonstrated. Furthermore, a signal processing method has been developed,
which enables to resolve multiple cavity lengths for multiplexed FP sensors or a FP
sensor with multiple cavities. Compared with the methods reported in literature, this
method renders much shorter calculation time, higher resolution, and better resilience

to noise.
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Chapter 5 Summary and Future Work

5.1 Summary of Dissertation Work

Optical pressure sensors have been widely used in many applications due to their
inherent advantages over conventional sensors. Most of current fiber optic pressure
sensors are built with glass/silicon materials due to the good chemical and thermal
stability of the materials. However, the fabrication of these sensors is usually costly
and involves strong acid based etching and high temperature fusion bonding. Further,
the high modulus of elasticity of glass/silicon materials can limit the sensitivity of the
sensors since it is difficult to obtain a thin diaphragm (< 1um) with these materials.
On the other hand, a polymer based fiber optic pressure sensor is easy to fabricate by
using conventional polymer processing (e.g., photolithography and imprinting
lithography). A sensor diaphragm made of polymer or polymer-metal composite has
much smaller stiffness than a silicon diaphragm. A high sensitivity can thus be
obtained easily with a diaphragm of the same thickness and size. Moreover, there is a
large variety of polymer materials that can be selected based on specific requirements
of applications, which include temperature stability, chemical stability, and
biocompatibility. However, one of the most significant drawbacks of polymer-based
sensors is its large temperature dependency. Therefore, temperature compensation

becomes critical for achieving accurate pressure measurements with those sensors.

In this dissertation work, three types of polymer based FP fiber-optic pressure

sensors for a static or quasistatic measurement with temperature compensation
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capability have been designed, fabricated, and studied. The first type of sensor is
based on self-aligned and maskless photolithography, the second is based on a unique
UV-molding process with an optical fiber based mold, and the third is based on a UV-
molding and silica fusion bonding processes. The performance of all three types of
sensors has been characterized through extensive experimental studies. The first type
of sensor has been studied under both static and dynamic pressures. The second type
of sensor has been successfully demonstrated for in-vivo blood pressure measurement
and intradiscal pressure measurement. All three sensors have temperature
compensation capability. The two types of sensors employ a FBG as a temperature
sensor to simultaneously measure pressure and temperature as well as provide
temperature compensation. The third type of sensor employs a hybrid dual FP cavity
structure for simultaneous temperature and pressure measurement and temperature
compensation. All three types of sensors discussed in this dissertation have the water
absorption issue due to the polymer cavity structure. This phenomenon results in
drifts of pressure reading especially in a water-rich environment. Therefore, this issue
should be handled correctly by using a polymer material with low water absorption or

a hydrophobic material coating.

The original contributions in this dissertation work are summarized as follows.

Contribution 1: A polymer fiber optic pressure sensor based on self-aligned
photolithography with temperature sensing/compensation capability has been

developed.
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The sensor makes use of a unique fabrication method, in which the optical fiber is
used as a waveguide for a photolithography. This fabrication method eliminates a
need for an expensive UV exposure and alignment system and enables a high
accuracy self-aligned process. Based on this fabrication method, two types of
miniature fiber optic pressure sensors with a built-in FBG for temperature
compensation have been developed: one being a co-axial sensor and the other being a
cross-axial sensor. The experimental results have successfully demonstrated that the
fabricated sensors can be used for static and dynamic pressure measurements with

temperature sensing/compensation capabilities.

Contribution 2: Enhance understanding of a Fabry-Perot cavity fabricated on

the sidewall of an optical fiber has been achieved.

Optical analysis on a co-axial sensor has been performed by using the transfer
matrix method and the generalized Collins integral. The effect of the curvature in one
of the partial mirror on the optical intensity and the visibility of the interference have
been investigated for achieving a better understanding of the co-axial FP sensor. This
optical analysis can help develop design guidelines for a co-axial FP sensor to obtain

better performance.

Contribution 3: Polymer based fiber optic pressure sensors fabricated by using a
UV molding process with temperature sensing/compensation capability have

been developed.
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A UV molding method has been used to fabricate a fiber optic FP pressure sensor
for the first time. An optical fiber based mold for the cavity replication has been
developed, which enables high accuracy alignment between the fabricated mold and
the sensing optical fiber. This fabrication method renders a low cost, repeatable, and
eco-friendly process, which can be further adapted to achieve batch fabrication of
high performance polymer based fiber optic pressure sensors. The sensor has been
demonstrated to have a good linearity and resolution in the designed pressure range.
Temperature compensation has also been demonstrated successfully by using a built-
in FBG. In-vivo blood pressure measurement and in-vitro intradiscal pressure
measurement of a swine with the fabricated sensor have been carried out, which

demonstrate that these sensors hold great promise for biomedical applications.

Contribution 4: A hybrid dual cavity FP pressure sensor with temperature

sensing/compensation capability has been developed.

The sensor employs a unique dual cavity structure, which includes an intrinsic
silica cavity formed between a dielectric coating and the endface of a short optical
fiber segment, and a UV-molded pressure sensing cavity. The silica cavity is located
adjacent to the pressure sensing cavity and used as a temperature sensor. By using the
dual cavity design, the overall length of the sensor is only around 300 um, which is
much smaller than the other two types of sensors with a FBG temperature sensor (~

Icm). Experimental studies of the sensor have shown that a high temperature
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sensitivity and a high pressure sensitivity can be obtained owing to low elastic

modulus and high thermal expansion of the polymer material.

Contribution 5: An optical demodulation method has been developed, which
enables fast and high accuracy signal interrogation for multiplexed FP sensors

or a multi-cavity FP sensor.

This demodulation method is based on combination of frequency filtering,
selective curve fitting, and one peak tracing. Based on simulation results, this method
has been demonstrated to be able to effectively resolve multiple FP cavity lengths
with a much better accuracy, a shorter calculation time, and less noise dependency,
compared with the method reported in literature. This demodulation method has been
successfully applied in the experiments for interrogation of the hybrid fiber optic

pressure sensor with dual FP cavities.

5.2 Future Work

Upon the completion of this dissertation work, the future work is suggested as

follows.

1) Develop a surface mountable sensor with distributed sensing capability by

using the UV molding process.

The UV molding method can be used to fabricate a surface mountable co-axial
sensor by using the optical alignment scheme discussed in Chapter 3. Multiple

surface mountable sensors can be connected in series by using the 45° partial mirrors
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in the sensors. Therefore, a surface mountable FP sensor array, which can be used for
distributed pressure sensing can be designed and fabricated. To the best knowledge of
the author, a distributed pressure sensor array with multiple FP cavities and surface
mountable capability has never been reported. The interrogation of the sensor array
can be performed by using demodulation method developed in Chapter 4. This future
study will open the door for new applications of FP fiber optic pressure sensors in

biomedical and industrial fields.

2) Carry out studies to address the water absorption problem of the polymer

structure.

The water absorption of the polymer structure is one of the most significant
drawbacks of the polymer based pressure/temperature sensor, which affects pressure
reading while the polymer based sensors are in a water-based solution or a water-rich
environment. However, this issue has not been addressed in this dissertation since the
issue requires a good amount of research effort by itself. The issue can be resolved or
alleviated by covering the polymer structure with a metal or a dielectric material. In
order to prevent the water absorption, the polymer surface should be completely
coated with a suitable material. Therefore, it is recommended to use plating or
dipping method to achieve the desired waterproof condition. Electro/electroless
plating of metal or solution based hydrophobic dielectric coating can be good

candidates to achieve the prevention of water absorption.

3) Develop a wafer scale batch fabrication method for polymer based sensors.

125



In this dissertation work, three different types of sensors were developed.
However, in order to push these sensors for commercialization, not only the
performance of the sensors should be comparable to the commercial available
counterparts but also the fabrication cost should be much lower. A low cost
fabrication process can enable the sensors to be disposable, which can be a great
advantage for sensors used in biomedical applications. Wafer scale batch fabrication
of the sensors will significantly reduce the fabrication cost of the sensors, improve the
uniformity of the sensors, and enable the technology to be used as disposable sensors
for medical application. To achieve the wafer scale batch fabrication, investigation
into the mounting method of fibers in a wafer, wafer-to-wafer alignment schemes,

and modification of processes for wafer scale process.

4) Develop a statistical sensor calibration model based on machine learning

process for simultaneous temperature and pressure measurement.

It was shown that the hybrid temperature/pressure sensor has large sensitivity
variations over the measured temperature range. In order to reduce overall
measurement error, a statistical sensor calibration model should be developed, which
can accommodate nonlinear behaviors of the sensor. A regression based model can be
used with a measured data set to obtain a model with a better accuracy. It is expected
that these models can predict temperature and pressure with a better accuracy than the
linear model, especially when a sensor exhibits a large deviation from the linear

approximation.
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Appendix A: Matlab codes and LabView code

A.l. Matlab codes for intensity calculation of the surface mountable sensor

File name: FirstBeam Reflected Intensity Profile along x axis.m

clc
clear all
close all

%$Parameters

R = 62.5;

D = 30;
nl=1.4682;
n2=1.0003;

lamdal = 1.55/nl;
lamda?2 = 1.55/n2;
wx= 4.6;

wy= 4.6;

kl = 2*pi/lamdal;
Rl = ((nl-n2)/(nl+n2))"2;
Tl = 1-R;

Ll = 62.499999999999;
L2 = 62.499999999999;

x2 = =-20:0.001:20;
y2 = 0;

Al = -li*exp(1li*k1l*(L1+L2))*sqgrt(R)/lamdal/ ((L1*R-
2*L1*L2+L2*R) * (L1+L2))~0.5;

Bl = li*pi/lamdal* (R-2*L2)/ (L1*R-2*L1*L2+L2*R) -1/wx"2;
Cl = li*pi/lamdal/ (L1+L2)-1/wy"2;

D1 = li*pi/lamdal/ (R-2*L1)/2*L1/(R-L1);

El = li*pi/lamdal/2/L1;

Fl = -1li*pi*R/lamdal/L1l/ (R-L1);

Gl = -1li*pi/lamdal/L1l;

E 2 = pi*Al/(B1*Cl1)"0.5%exp((D1-F172/4/B1l)*x2.72+(El-
G1"2/4/Cl)*y2.72);

I 2 = Rl*abs(E 2)."2;

max_intensity = max (I 2);

disp(['Maximum intensity: ' num2str(max intensity)])
figure('Position', [20 50 600 3501]);

plot(x2,I 2,'-r', 'linewidth', 3)
xlabel ('Position along x axis (um)')
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ylabel ('Normalized intensity')

File name: FirstBeam Reflected Intensity Profile along y axis.m

clc
clear all
close all

$Parameters

R = 62.5;

D = 30;
nl=1.4682;
n2=1.0003;

lamdal = 1.55/nl;
lamda2 = 1.55/n2;
wx=4.6;

wy=4.6;

kl = 2*pi/lamdal;
Rl = ((nl-n2)/(nl+n2))"2;
T1 1-R;

o oo
= e
|

= 62.499999999999;
= 62.499999999999;
62.499999999999;
L2 = 62.499999999999;

=
iy

x2

0;
y2 = -20:0.001:20;

Al = -li*exp(1li*kl* (L1+L2)) *sqgrt(R)/lamdal/ ((L1*R-
2*L1*L2+L2.*R) * (L1+L2))"0.5;

Bl = li*pi/lamdal* (R-2*L2)/ (L1*R-2*L1*L2+L2*R) -1/wx"2;
Cl = li*pi/lamdal/ (L1+L2)-1/wy"2;

D1 = 1li*pi*(R-2*L1)/2/lamdal/L1l/ (R-L1);

El = li*pi/2/lamdal/Ll;

Fl1 = -1i*pi*R/lamdal/L1l/ (R-L1);

Gl = -li*pi/lamdal/L1l;

E 2 = pi*Al/(B1*C1l)"0.5%exp ((D1-F172/4/B1l)*x2.%2+(El-
G1"2/4/Cl)*y2."2);

I 2 = Rl*abs(E 2)."2;

max_intensity = max (I 2);

disp(['Maximum intensity: ' num2str(max_intensity)])

figure ('Position', [20 50 600 3507);
plot(y2,I _2,'-b', 'linewidth', 3)
xlabel ('Position along y axis (um)')
ylabel ('Normalized intensity')
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File name: FirstBeam Intensity analysis z axis R.m

clc
clear
close

all
all

$Parameters

r = 62.5;

D = 30;

nl=1.4682;

n2=1.0003;

lamdal = 1.55/nl;

lamda2 = 1.55/n2;

wx=4.6;

wy=4.6;

kl = 2*pi/lamdal;

R = ((nl-n2)/ (nl+n2))"2;

T = 1-R;

11 = 62.499999999999;

12 = 0:0.1:70;

x2 = 0;

y2 = 0;

sy2 = =-20:0.005:20;

% First beam - Cylindrical mirror
A2 = —i*exp(i*k1l.* (11+12))*sqgrt(r)/lamdal./ ((1l1*r-

)
2*%11.*%12+12.*r) .*(11+12)) .70.5;
B2 = i*pi/lamdal* (r-2*12)./(11*r-2*11*124+12*r)-1/wx"2;
C2 = i*pi/lamdal./ (11+12)-1/wy"2;

D2 = i*pi*(r-2*11)/2/lamdal/11/ (r-11);
E2 = i*pi/2/lamdal/11;

F2 = —-i*pi*r/lamdal/11/(r-11);

G2 = -i*pi/lamdal/1l1;

EF2 = pi.*A2./(B2.*C2).70.5.%exp ((D2-F2"2/4./B2) .*x2"2+ (E2-
G272/4./C2) .*y2"2);

I2 = R*abs (EF2) ."2;

max (I12)

figure ('Position', [300 360 600 310]);
hold on
plot(12,1I2,'-m', 'linewidth', 3)

% First beam - Flat mirror
A3 = —-i*exp(i*kl.*(11+12))/lamdal./ (11+12);
B3 = i*pi/lamdal./ (11+12)-1/wx"2;

C3

i*pi/lamdal./ (11+12)-1/wy"2;
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D3 = i*pi/lamdal./ (11+12);

E3 = i*pi/lamdal./ (11+12);
F3 = -i*pi/lamdal./ (11+12);
G3 = —-i*pi/lamdal./ (11+12);

EF3 = pi.*A3./(B3.*C3).70.5.*%exp ((D3-F3.72/4./B3) .*x2"2+ (E3-
G3.72/4./C3) .*y2°2);

I3 = R*abs (EF3)."2;

max (I3)

plot(12,13,'--g', 'linewidth', 3)

[o)

% First beam - Spherical mirror

A4 = —-i*exp(i*kl.*(11+12))/lamdal./ ((1-2.*12/r)*11+12);

B4 = (i*pi/lamdal) .* (-1*(1-2.*12/r) ./ (-11*r+2*11.*12-r.*12) *r—
(1/wx"2));

C4 = (i*pi/lamdal)*-1.*(1-2.*12/r)*r./(-11*r+2*11.*%12-12.*r) -

(1/wy”™2)

D4 = (i*pi/lamdal)*-1*(-2/r*11+1)./(-11*r+2*11.*12-r.*12) *r;
E4 = (i*pi/lamdal)*-1*(-2/r*11+1)*r./(-11*r+2*11.*12-12.*r) ;
F4 = (i*pi/lamdal) *2. / -11*r+2*11.*12-12.*r) *r;

G4 = (i*pi/lamdal)*2*r./(-11*r+2*11.*12-12.*r);

EF4 = pi.*A4./(B4.*C4).70.5.%exp ((D4-F4."2/4./B4) .*x2"2+ (B4~
4.72/4./Ch) .*y2°2);

I4 = R*abs (EF4)."2;

max (I4)

plot (12,14, '--b', 'linewidth', 3)
xlabel ('Position along z axis (um)')
ylabel ('Normalized intensity')

vline (0, '-.b', 'mirror surface');
vline (31.25,'-.b', "focus of mirror');
vline (62.5,'-.b', '"center of fiber');
$hline(1,'-.x");

legend ('Curved mirror', 'Flat mirror', 'Spherical mirror',1)

A.2. Matlab codes for one peak tracing to retrieve cavity length from a single

optical cavity

File name: Best R2 main_code.m

clear; close all; clc;

pressure list = [685 725 765 805 845 885 925 965 1005 1045 1085 1125
1165]"

file ext '"ProcSpec'

span_arr = 60:1:90; % Span for curve fitting to find a peak
wavelength from each peak
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for k = l:length(span_arr)
[cavity(:,k),R2 arr(k)] =

calCavityLength Ver2 7 up total (pressure list,file ext,span_arr(k));
clc;
disp(['Percentage completed: ' num2str(100*k/length (span arr))
'S'1)
end
figure ('Position', [700 300 400 300])
plot(span_arr,R2 arr, 'bo', 'MarkerSize',4)
xlabel ('Span')
ylabel ('R sgaured')

[R2 max,index] = max(R2_arr);
cavity opt = cavity(:,index);
hold on

plot(span_arr(index),R2 arr(index), 'rx', 'MarkersSize', 8, 'MarkerFaceCo
lor','r")
text (span_arr (index),R2 arr (index),num2str (R2 max));

disp(['Cavity length having the best R2 (' num2str(R2 max) '):'])
for k = l:length(pressure list);

fprintf (1, '$10.4£\t%10.5f\t\n',pressure list (k),cavity opt (k) *1le6);
end

figure ('Position', [200 300 400 300])

plot (pressure list,cavity opt, 'bo', '"MarkerSize',5)

hold on

p_res = polyfit(pressure list,cavity opt,1);

plot (pressure list,polyval (p_res,pressure list), 'r-','LineWidth', 2)
xlabel ('Pressure')

ylabel ('Cavity length')

File name: calCavityLength Ver2 7 total

function [cavity,R2] =

calCav1tyLength Ver2 7 (pressure list,file ext, span,output file)
Calculate the cavity length of a Fabry Perot sensor based on the
spectrum analyzer results. For trasmitting type, double the
returned value.

o 00 o oe

o\

The responses of the sensor to various pressures are stored in
an ascii file with the file name of ###.ext, where ### is the
pressure value and ext is the file extension name, e.g.
100.ProcSpec. It's assumed the first and second columns in this
file are the wavelengths and intensity, respectively. The
calculated cavity length along with the corresponding pressure
value will be exported to an external file for post processing,
if a third argument is provided.

A 0P o© o° o° o° o

o
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o\

Syntax: cavity =
calCavityLength (pressure list,file ext,output file)

pressure list is a vector of pressure values, file ext is
theextension name of the stored data, and output file is the
file for exporting the resulls.

o 0P d° 0P oe

o\

Upon execution, this program displays the raw data, asks the
user to specified two points defining the usable wavelength
range, and calculates the cavity length from the identified

o

o

% peaks.
tol = 3/100; % Tolerance used for identifying the peaks,
% which is a percentage of the range (max-min)
correction factor lower = -0.25;
correction factor upper = -0.15;
scorrection factor upper = -0.2;
pressure list = pressure list(:);
n _press = length (pressure list);
pref fixed range = 'Yes';
$pause_time = 0;

for k = 1:n press
% load the raw data

file name = [num2str (pressure list(k)) '.' file ext];

data = load(file name);

wavelength = data(:,1);

intensity = data(:,2);

[o)

% Specify the wavelength range

if (~strcmp(pref fixed range, 'Yes') || (k == 1))
x (1) = 724.34;
x(2) = 970.11;
xmin = min(x);
xmax = max (x);
lambda min = find(wavelength>=xmin,1,'first');

lambda max find(wavelength>=xmax, 1, 'first');
wavelength = wavelength (lambda min:lambda max) ;
intensity = intensity(lambda min:lambda max) ;

else
x (1) = x(l)+correction factor lower;
x(2) = x(2)+correction factor upper;
xmin = min (x);
xmax = max (x);
lambda min = find(wavelength>=xmin,1,'first');
lambda max = find(wavelength>=xmax,1,'first');
wavelength = wavelength (lambda min:lambda max) ;
intensity = intensity(lambda min:lambda max);
end
delta = (max(intensity)-min(intensity)) *tol;
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[peaks index,valleys] = peakdet (intensity,delta);
peaks = wavelength (peaks index(:,1));
n _peaks = size(peaks,1);
for kk = 1:n peaks
index min = max(peaks_index(kk,1)-span,1);
index max = min(peaks index (kk,1)+span, length(wavelength));
lambda = wavelength (index min:index max);
amp = intensity(index min:index max) ;
peak rough = peaks(kk,1);
p = polyfit(lambda-peak rough,amp, 2);
peak offset = -p(2)/2/p(1);
peaks (kk,1) = peak rough+peak offset;
peaks (kk, 2) polyval (p, peak offset);
end

% calculate the cavity length
n _peaks = size(peaks,1);
L sum = 0O;
for m = 1:n peaks-1
L sum = L sum+l/(1/peaks(m,1)-1/peaks(m+1l,1))/2/10"9;

end

cavity(k) = L sum/(n peaks-1);
end
cavity = cavity(:);

p_res = polyfit(pressure list,cavity,1);

% Calcualte R-squared

cavity fitted = polyval(p_ res,pressure list);

cavity = cavity(:);

cavity fitted = cavity fitted(:);

R2 = 1 - sum((cavity-cavity fitted).”2) / sum((cavity-

mean (cavity)) .”2);

% Write the calculation results to an external file
if (nargin > 3)
fid = fopen (output file, 'w');
for k = 1:n press
fprintf (fid, '$10.4£\t%10.5f\t\n"',pressure list (k),cavity (k) *1le6);
end
fclose (fid) ;
end

end

A.3. Matlab codes for one peak tracing to retrieve cavity lengths from multi-cavity

optical sensor

File name: USB4000 one peak method code Ver8.m
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clc; clear all; close all

tic
%% General parameters

pressure list = 1:16;

FFT peak tolerance = 0.12; % Tolerance for peak finding
from FFT result

added _points = 100; % Number of added point for interpolation

o)

% Short cavity - parameters

tolerancel = 0.3; % Tolerance for peak finding from the
shoter cavity spectrum

bandwidthl = 12e3;

spanl = 45; Peak finding span for the shorter cavity

pause timel = 0.0; % Pause after showing fitting curve for
the shorter cavity

lambda minl ini = 704.01;
shorter cavity

lambda maxl ini = 995.01;
shorter cavity

lambda minl fin = 704.01;
shorter cavity

lambda maxl fin = 995.01;
shorter cavity
estimated peakl

o

o\

Lower bound of wavelength for the

o

Upper bound of wavelength for the

o\

Lower bound of wavelength for the

o

Upper bound of wavelength for the

104790;

o)

% Long cavity - parameters

tolerance2 = 0.2; % Tolerance for peak finding from the
longer cavity spectrum
bandwidth2 = 11.75e3;

span2 = 20; % Peak finding span for the longer cavity

pause time2 = 0.0; % Pause after showing fitting curve for
longer cavity

lambda min2 ini = 704.01; % Lower bound of wavelength for the
longer cavity

lambda max2 ini = 995.01; % Upper bound of wavelength for the

longer cavity

lambda min2 fin = 704.01;
longer cavity

lambda max2 fin = 995.01;
longer cavity

estimated peak2 = 954943;

o

Lower bound of wavelength for the

o\

Upper bound of wavelength for the

% List of data set
L1 = transpose(pressure list);
L2 = transpose (pressure_ list);
number pressure list = length(pressure list);
file ext = 'ProcSpec';

%% Km finding process

% Import spectrum from the first data set for choosing a km
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file name = [num2str(pressure list(5)) '.' file ext];
data = load(file name);
wavelength = data(:,1);
intensity = data(:,2);

% Plot the data
fig hl = figure('Position', [10 425 600 295]);
figure(fig hl)
plot (wavelength,intensity, 'b-', '"LineWidth', 2);
xlabel ('Wavelength (nm)")
ylabel ('Intensity"')
title('Original data')

% Interpolation of the signal

wavenumber = 1./wavelength;

intensity = intensity-mean (intensity); % Eliminating DC
component from the spectrum

wavenumber max = max (wavenumber) ;
wavenumber min = min (wavenumber) ;
number point = (added points+l).* (length (wavenumber)-1)+1;

wavenumber interpolated =
linspace (wavenumber max,wavenumber min,number point); % many X
values for plotting
intensity interpolated =
spline (wavenumber, intensity, wavenumber interpolated); % generate y
values based on spline interpolation
wavenumber delta = wavenumber interpolated(l)-
wavenumber interpolated(2);
Fs = 1/wavenumber delta;
% Plotting of the interpolated spectrum
fig h2 = figure('Position', [10 425 600 295]);
figure (fig h2)
plot (wavenumber interpolated, intensity interpolated, 'g-
', 'LinewWidth', 2);
xlabel ("Wavenumber (nm-1)")
ylabel ('Intensity"')
title('Interpolated data')

%% Applying pre-filter to removed the first peak

f pre = 2.437e4/2 + 10e+3; % Cutoff frequency
[b,al] = butter(2,f pre/(Fs/2),'high'); % Applying butterworth
filter

intensity interpolated = filtfilt (b, a,intensity interpolated);

% FEFT of the signal to find frequences from the spectrum

WN_ITP = length(wavenumber interpolated); % Length
of signal
NFFT1 = 2”nextpow2 (WN_ITP); % Next

power of 2 from length of y
Yl = fft(intensity_interpolated,NFFTl)/WN_ITP;
Yl amp = (2*abs (Y1 (1:NFFT1/2)));
Fs = WN_ITP/(wavenumber max-wavenumber min);
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fl = Fs/2*linspace(0,1,NFFT1/2);

% Plot FFT result
fig h3 = figure('Position', [630 425 600 295]);

figure (fig h3)
plot (f1,Y1 amp)

set(gca, 'xlim', [0 1leb6])

set (gca, 'xlim', [0 1le6], 'yscale','log'")
title ('Amplitude Spectrum of wavenumber spectrum')
xlabel ('Optical frequency')
ylabel ("[Y(f) ")

o

hold on
% Find peaks from FFT result and plot them
delta = (max (Yl amp)-min (Y1l amp))*FFT peak tolerance;

peaks = peakdet (Yl amp,delta);
index = peaks(:,1);
fl peaks = fl(index);

[cst peakl cst indexl] = min(abs(fl peaks - estimated peakl));
[cst peak2 cst index2] min (abs (f1 peaks - estimated peak2));

FFT peaksl (

1) = f1 peaks(cst indexl);
FFT peaks2 (1

(

Y

)
) = fl1 peaks(cst index2);
k) = fl peaks(3);

1 amp (index) ;

$FFT peaks?2
Y1l peaks =

plot (f1 peaks, Y1l peaks, 'rs', 'MarkerSize', 4, 'MarkerFaceColor','r")
for n = 1l:length (index)
text (f1_peaks (n),Yl peaks(n),num2str (f1 peaks(n)))
end

%% Applying filter to the spectrum
f0 = f1 peaks(cst _indexl)/2;
f 1b0 = £0*2 - bandwidthl/2;
f ub0 = £0*2 + bandwidthl/2;
f1 = f1 peaks(cst_index2)/2;
f 1bl = f1*2 - bandwidth2/2;
f ubl = f1*2 + bandwidth2/2;

% Butterworth filter

[20,p0,k0] = butter (2, [f 1b0 £ ub0]/(Fs/2));

[s0s0,g0] = zp2so0s(z0,p0,k0);

INT filteredl = filtfilt(sos0,1,intensity interpolated);
[z1,pl,k1] = butter (2, [f 1bl £ ubl]/(Fs/2));

[sosl,gl] = zp2sos(zl,pl,kl);
INT filtered2 = filtfilt(sosl,l,intensity interpolated);

o9

% Short cavity - Plot of filtered spectrum, peak finding, cavity
length calculation, and km calculation

wavelengthl = 1./wavenumber interpolated;
intensityl = INT filteredl;
wavelength minl = find(wavelengthl>=lambda minl ini,1, 'first'");
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wavelength maxl = find(wavelengthl>=lambda maxl ini,1, 'first');
wavelengthl = wavelengthl (wavelength minl:wavelength maxl);
intensityl = intensityl (wavelength minl:wavelength maxl);

deltal = (max(intensityl)-min(intensityl))*tolerancel;
[peaks indexl,valleys indexl] = peakdet (intensityl,deltal);
peaksl = wavelengthl (peaks indexl(:,1));

peak intensityl =intensityl (peaks indexl(:,1));

n peaksl = size(peaksl,2);

fig h6 = figure('Position', [10 45 600 295]);
figure (fig ho)

plot (wavelengthl, intensityl, "b-"', 'LineWidth', 2)
xlabel ('Wavelength (nm) ")

ylabel ('Intensity"')

hold on

plot (peaksl,peak intensityl, 'rs', 'MarkerSize', 4, '"MarkerFaceColor','r
|l

)

pre L suml = O;
for pp = 1:n peaksl-1
pre L suml = pre L suml+l/(l/peaksl(1l,pp)-
1/peaksl (1,pp+l))/2/10"3;
end
pre measured L1 = pre L suml/(n_peaksl-1);

kml initial = pre measured Ll./peaksl*1000;
n kml initial = length(kml initial);
kml final = kml initial(floor(n kml initial/2));

%% Long cavity - Plot of filtered spectrum, peak finding, cavity
length calculation, and km calculation
wavelength2 = 1./wavenumber interpolated;
intensity2 = INT filtered2;
wavelength min2 = find(wavelength2>=lambda min2 ini,1, 'first');
wavelength max2 = find(wavelength2>=lambda max2 ini,1, 'first');
wavelength2 = wavelength2 (wavelength min2:wavelength max2);
intensity2 = intensity2 (wavelength min2:wavelength max2);

delta2 = (max(intensity2)-min (intensity2))*tolerance?2;
[peaks index2,valleys index2] = peakdet (intensity2,delta2);
peaks2 = wavelength2 (peaks index2(:,1));

peak intensity2 =intensity2(peaks index2(:,1));

n _peaks2 = size(peaks2,2);

fig h9 = figure('Position', [630 45 600 295]);
figure (fig h9)

plot (wavelength2, intensity2, 'g-"', 'LineWidth', 2)
xlabel ('Wavelength (nm) ")

ylabel ('Intensity")
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hold on

plot (peaks2,peak intensity2, 'rs', 'MarkerSize', 4, 'MarkerFaceColor','r

")

pre L sum2 = O;
for gg = 1:n peaks2-1
pre L sum2 = pre L sum2+1/(1l/peaks2(1l,qq)-
1/peaks2(1,qg+l))/2/10"3;
end
pre measured L2 = pre L sum2/(n_peaks2-1);

km2 initial = pre measured L2./peaks2*1000;
n km2 initial = length(km2 initial);
km2 final = km27initial(floor(nikm27initial/2));

%% One-peak tracking for caivity length tracing
for k = l:number pressure list
% Importing spectrum data from measured files
file name = [num2str (pressure list(k)) '.' file ext];
data = load(file name);
wavelength = data(:,1);
intensity = data(:,2);

fig hl = figure('Position', [10 425 600 295]);
figure (fig hl)

plot (wavelength, intensity, 'b-", 'LineWidth', 2);
xlabel ('Wavelength (nm) ")

ylabel ('Intensity"')

title('Original data')

%% Interpolation of the signal and plot

wavenumber = 1./wavelength;

intensity = intensity-mean (intensity); % Eliminating DC
component from the spectrum

wavenumber max = max (wavenumber) ;

wavenumber min = min (wavenumber) ;

number point = (added points+l).* (length (wavenumber)-1)+1;

wavenumber interpolated =
linspace (wavenumber max,wavenumber min,number point); % many x
values for plotting

intensity interpolated =
spline (wavenumber, intensity, wavenumber interpolated); % generate y
values based on spline interpolation

wavenumber delta = wavenumber interpolated(l)-
wavenumber interpolated(2);

Fs = 1/wavenumber delta;

%% Plot the interpolated data (interpolated wavenumber vs.
intensity)
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fig h2 = figure('Position', [10 425 600 295]);

figure (fig h2)

plot (wavenumber interpolated,intensity interpolated, 'g-
', 'LinewWidth', 2);

xlabel ('"Wavenumber (nm-1)")

ylabel ('Intensity")

title('Interpolated data')

o\°
o\°

Applying pre-filter to removed the first peak

f pre = 2.437e4/2 + 10e+3; % Cutoff frequency
[b,al] = butter(2,f pre/(Fs/2),'high'); % Butterworth filter
intensity interpolated = filtfilt (b, a,intensity interpolated);

%% FFT of the signal to find frequences from the spectrum

WN ITP = length(wavenumber interpolated); % Length
of signal
NFFT1 = 2”nextpow2 (WN_ITP); % Next

power of 2 from length of y
Yl = fft(intensity_interpolated,NFFTl)/WN_ITP;
Yl amp = (2*abs (Y1 (1:NFFT1/2)));
Fs = WN_ITP/(wavenumber max-wavenumber min);
f1l = Fs/2*1linspace(0,1,NFFT1/2);

%% Plot FFT result
fig h3 = figure('Position', [630 425 600 295]);
figure (fig h3)
plot (fl,Y1l amp)
set(gca, 'xlim', [0 1le6], 'yscale','log")
title ('"Amplitude Spectrum of wavenumber spectrum')
xlabel ('Optical frequency')
ylabel ("[Y (f) ")
hold on

%% Find peaks from FFT result & plot peaks
delta = (max (Yl amp)-min (Y1l amp))*FFT peak tolerance;
peaks = peakdet (Yl amp,delta);
index = peaks(:,1);
fl peaks = fl(index);
[cst peakl cst indexl] = min(abs(fl peaks - estimated peakl));
[cst peak2 cst index2] min (abs (f1 peaks - estimated peak2));

FFT peaksl (k
FFT peaks2(k
(
Y

) fl peaks(cst indexl);
) = f1 peaks(cst index2);
k) = fl peaks(3);

1 amp (index) ;

$FFT peaks?2
Y1l peaks =

plot (fl1 peaks, Yl peaks,'rs', 'MarkerSize', 4, 'MarkerFaceColor','r")
for n = 1l:length (index)
text (f1 peaks(n),Yl peaks(n),num2str (f1 peaks(n)))
end
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%% Applying filter to the spectrum
f0 = f1 peaks(cst _indexl)/2;
f 1b0 = £f0*2 - bandwidthl/2;
f ub0 = £f0*2 + bandwidthl/2;
f1 = f1 peaks(cst_index2)/2;
f 1bl = f1*2 - bandwidthl/2;
f ubl = f1*2 + bandwidthl/2;

o\°

[z0,p0,k0] = butter (2, [f 1b0 f ub0]/(Fs/2));
Applying Butterworth filter

[sos0,g0] = zp2sos(z0,p0,k0);

INT filteredl = filtfilt(sos0,1,intensity interpolated);

[z1,pl,k1] = butter(2,[f 1bl f ubl]/(Fs/2)); %
Applying Butterworth filter

[sosl,gl] = zp2sos(zl,pl,kl);

INT filtered2 = filtfilt(sosl,1l,intensity interpolated);

%% Short cavity - finding rough cavity length and km using two-peak
method

wavelength3 = 1./wavenumber interpolated;

intensityl = INT filteredl;

wavelength minl = find(wavelength3>=lambda minl fin,1, 'first');
wavelength maxl = find(wavelength3>=lambda maxl fin,1,'first');
wavelength3 = wavelength3 (wavelength minl:wavelength maxl) ;
intensityl = intensityl (wavelength minl:wavelength maxl);
deltal = (max(intensityl)-min (intensityl)) *tolerancel;

[peaks indexl,valleys indexl] = peakdet (intensityl,deltal);

peaksl = wavelength3 (peaks indexl(:,1));
peak intensityl =intensityl (peaks indexl(:,1));
n _peaksl = size(peaksl, 2);

fig h6 = figure('Position', [10 45 600 295]);
figure (fig he)

plot (wavelength3, intensityl, "b-"', 'LineWidth', 2)
xlabel ('Wavelength (nm)")

ylabel ('Intensity")

hold on

plot (peaksl, peak intensityl, 'rs', 'MarkerSize',4, 'MarkerFaceColor','r

")

L suml = 0;
for ppp = 1:n peaksl-1
L suml = L suml+l/(1/peaksl(1l,ppp)-
1/peaksl (1,ppp+l))/2/10"3;
end
pre measured L1 = L suml/(n peaksl-1);

kml = pre measured Ll./peaksl1*1000;
[min diffl, closest kml index] = min(abs(kml-kml final));
kk (k) = closest kml index;
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%% Short cavity - Curve fitting to a chosen peak
index p minl = max(peaks_ indexl (kk(k),1)-spanl,1);
index p maxl =

min (peaks indexl (kk(k),1)+spanl,length(wavelength3));
lambda p 1 = wavelength3(index p minl:index p maxl);
amp p 1 = intensityl(index p minl:index p maxl);
peak roughl = peaksl (1,kk(k));
pl = polyfit(lambda p l-peak roughl,amp p 1,2);
peak offsetl = -pl(2)/2/pl(1);
accu_peaksl (1l,k) = peak roughl+peak offsetl;
accu_peaksl (2,k) = polyval(pl,peak offsetl);

measured L1(k) = kml final*accu peaksl(l,k)/le3;
%% Short cavity - Ploting curve fitted curve with origianl data
points

fig h7 = figure('Position', [10 425 600 295]);

plot(lambda p 1,amp p 1,'bo', 'MarkerSize',6, 'MarkerFaceColor','b");

hold on

plot (lambda p 1,polyval (pl,lambda p l-peak roughl), 'm--
', '"LineWidth', 2)

xlabel ('Wavelength (nm) ")

ylabel ('Intensity"')

lhandlel = vline(accu peaksl(1l,k), 'r-
.'",num2str (accu peaksl(1l,k)));

set (lhandlel, 'LinewWidth', 2);

figure (fig ho)

hold on

plot (accu peaksl(1l,k),accu peaksl(2,k), 'rs', 'MarkerSize', 4, 'MarkerFa
ceColor','r")

text (accu_peaksl (1,k),accu peaksl (2,k),num2str (accu _peaksl (1l,k)))
pause (pause_timel)
fprintf (1, '$10.4f\n',accu peaksl(1l,k));
close (fig_h7)

%% Long cavity - finding rough cavity length using two-peak method
wavelength2 = 1./wavenumber interpolated;
intensity2 = INT filtered2;
wavelength min2 find(wavelength2>=lambda min2 fin,1, 'first');
wavelength max2 = find(wavelength2>=lambda max2 fin,1, 'first');
wavelength2 = wavelength2 (wavelength min2:wavelength max2);
intensity2 = intensity2 (wavelength min2:wavelength max2);
% Peak finding

delta2 = (max(intensity2)-min (intensity2))*tolerance?2;

[peaks index2,valleys index2] = peakdet (intensity2,delta2);

peaks2 = wavelength2 (peaks index2(:,1));

peak intensity2 =intensity2(peaks index2(:,1));

n _peaks2 = size(peaks2,2);

% Plotting

fig h9 = figure('Position', [630 45 600 295]);

figure (fig h9)

plot (wavelength2, intensity2, 'g-"', 'LineWidth', 2)
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xlabel ('Wavelength (nm)")
ylabel ('Intensity"')
hold on

plot (peaks2,peak intensity?2, 'rs', 'MarkerSize', 4, '"MarkerFaceColor','r
")
L sum2 = 0;
for ggg = 1l:n peaks2-1
L sum2 = L sum2+1/(1/peaks2(1,qqq) -
1/peaks2(1,gqag+l))/2/10"3;

end
pre measured L2 = L sum2/(n peaks2-1);

km2 = pre measured L2./peaks2*1000;

[min diff2, closest km2 index] = min (abs(km2-km2 final));
rr (k) = closest km2 index;
%% Long cavity - Curve fitting to a chosen peak

index p min2 = max(peaks index2(rr(k),1l)-span2,1);

index p max2
min (peaks index2 (rr(k),1)+span2,length(wavelength2));

lambda p 2 = wavelength2 (index p min2:index p max2);

amp p 2 = intensity2(index p min2:index p max2);

peak rough2 = peaks2(l,rr(k));

p2 = polyfit(lambda p 2-peak rough2,amp p 2,2);

peak offset2 = -p2(2)/2/p2(1);

accu_peaks2(1l,k) = peak roughZ+peak offset2;
accu_peaks2(2,k) = polyval (p2,peak offset2);
measured L2 (k) = (km2 final*accu peaks2(1l,k)/le3-

measured L1 (k))/1.52;

%% Ploting curve fitted curve with origianl data points
fig hl0 = figure('Position', [630 425 600 295]);

plot(lambda p 2,amp p 2,'bo', 'MarkerSize',6, 'MarkerFaceColor','b");
hold on
plot (lambda p 2,polyval (p2,lambda p 2-peak rough2), 'm--
', '"Linewidth', 2)
xlabel ('Wavelength (nm) ")
ylabel ('Intensity"')
lhandlel = vline(accu _peaks2(1l,k), 'r-
.",num2str (accu_peaks2(1l,k)));
set (lhandlel, 'LineWidth', 2);
figure (fig h9)
hold on

plot (accu _peaks2(1l,k),accu peaks2(2,k),'rs', '"MarkerSize', 4, 'MarkerFa
ceColor','r'")

text (accu_peaks2 (1,k),accu _peaks2(2,k),num2str (accu_peaks2(1,k)))
pause (pause_time2)
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fprintf (1, '$10.4f\n',accu_peaks2(1l,k));
close (fig_hl0)
close all

clc

disp(['Percentage completed: '
num2str (100* (k/number pressure list)) '%']);
end

%% Short cavity - cavity length plot
fig hll = figure('Position', [10 320 600 295]);
figure (fig hll)
plot(L1l/1le3,measured L1, 'bo', 'MarkerSize',5)
hold on
L1 = transpose(Ll):;
fit line s = polyfit(Ll/le3,measured L1,1);
plot(Ll/1le3,polyval (fit line s,Ll1/1le3), 'r-', 'LineWidth',2)
xlabel ('Input cavity length (micron)')
ylabel ('Calculated cavity length (micron) ')
measured L1 T = measured L1(:);
fitted L1 = polyval(fit line s,L1/1e3);
fitted L1 fitted L1(:);
R2 value s = 1 - sum((measured L1 T-

fitted L1).72)/sum((measured L1 T-mean (measured L1 T))."2);

%% Long cavity - cavity length plot
fig hl2 = figure('Position', [630 320 600 295]);
figure (fig hl2)
plot (L2/1le3,measured L2, 'bo', 'MarkerSize',5)
hold on
L2 = transpose(L2);
fit line 1 = polyfit(L2/1le3,measured L2,1);
plot (L2/1le3,polyval (fit line 1,L2/1e3),'r-', 'LinewWidth',2)
xlabel ('Input cavity length (micron)')
ylabel ('Calculated cavity length (micron)')
measured L2 T = measured L2(:);
fitted L2 = polyval(fit line 1,L2/1e3);
fitted L2 = fitted L2(:);
R2 value 1 = 1 - sum((measured L2 T-
fitted L2).72)/sum( (measured L2 T-mean (measured L2 T))."2);
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A.4. LabView code for one-peak-tracing from SM130 spectrum
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