DYNAMIC MICROMECHANICAL

FABRY-PEROT CAVITY SENSORS

FABRICATED BY MULTIPHOTON
ABSORPTION ONTO OPTICAL FIBER TIPS

THESIS

Jeremiah C. Williams, 2d Lt, USAF
AFIT-ENG-MS-20-M-074

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



The views expressed in this document are those of the author and do not reflect the
official policy or position of the United States Air Force, the United States Department
of Defense or the United States Government. This material is declared a work of the
U.S. Government and is not subject to copyright protection in the United States.



AFIT-ENG-MS-20-M-074

DYNAMIC MICROMECHANICAL FABRY-PEROT CAVITY SENSORS
FABRICATED BY MULTIPHOTON ABSORPTION ONTO OPTICAL FIBER
TIPS

THESIS

Presented to the Faculty
Department of Electrical and Computer Engineering
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
in Partial Fulfillment of the Requirements for the

Degree of Master of Science in Electrical Engineering

Jeremiah C. Williams, B.S.M.E.
2d Lt, USAF

March 26, 2020

DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



AFIT-ENG-MS-20-M-074

DYNAMIC MICROMECHANICAL FABRY-PEROT CAVITY SENSORS
FABRICATED BY MULTIPHOTON ABSORPTION ONTO OPTICAL FIBER
TIPS

THESIS

Jeremiah C. Williams, B.S.M.E.
2d Lt, USAF

Committee Membership:

Dr. Hengky Chandrahalim, Ph.D
Chair

Maj. Tod V. Laurvick, Ph.D
Member

Dr. Michael A. Marciniak, Ph.D
Member

Dr. Nicholas G. Usechak, Ph.D
Member

Dr. Joseph S. Suelzer, Ph.D
Member



AFIT-ENG-MS-20-M-074

Abstract

This thesis presents research into low size, weight, and power (SWAP) sensors fab-
ricated by two-photon polymerization (2PP) micro-fabrication onto the cleaved ends
of optical fibers. The 3D freedom afforded by this technique is leveraged to create de-
vices with dynamic mechanical features. Integration with low-loss optical fibers allows
these devices to be conveniently operated remotely from any analytical equipment by
long distances. Three monolithically integrated devices are included in this work: a
mechanically enabled Fabry—Pérot (FP) cavity refractive index (RI) sensor, a high-
deflection spring-body pressure sensor, and a micro-anemometer flow sensor. The
RI sensor utilized a multi-position hemispherical mirror to enable reflective coating
deposition by traditional micro-fabrication techniques. It also demonstrated multi-
purpose sensing of liquid RI, air temperature, and vacuum pressure. The spring-body
pressure sensor demonstrated a measurable deflection in response to ambient pres-
sure, and achieved a high sensitivity. It also realized complex geometries in the spring
body, multi-positional mirror cap, and adhesive retaining features that can only be
fabricated at this scale with 2PP micro-fabrication. The micro-anemometer flow sen-
sor showcased a spinning rotor with three integrated mirrors and a speed determined
by incident flow. The device demonstrated a wide range and fine resolution, and high-
lighted the iterative design process enabled by 2PP micro-fabrication. These devices
represent successful technology demonstrates for future work in low-SWAP optical

SEensors.
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DYNAMIC MICROMECHANICAL FABRY-PEROT CAVITY SENSORS
FABRICATED BY MULTIPHOTON ABSORPTION ONTO OPTICAL FIBER
TIPS

I. Introduction

1.1 Motivation

Modern technology has been spurred foreword by the advancement and minia-
turization of sensors. It is paramount to observe and quantify environmental phe-
nomenon for automation and intelligent decision making. Sensors are the eyes and
ears of a mechanical system, and the more information they can gather, the better.
Automation can only be achieved safely if there is sufficient data and feedback to cor-
rect errors, and the more data that can be gathered for decision makers, the greater
their situational awareness. Like all components, sensors must carefully balance their
size, weight, and power (SWAP) with their performance. Lowering the SWAP of
sensors without sacrificing utility and accuracy can free up power and weight on
sensitive platforms such as aircraft and satellites for other hardware. Furthermore,
smaller sensors can interrogate more individual points before overlapping with one
another. An array of small, inexpensive sensors can provide a more complete picture
of a situation than a single, large, high-quality sensor. Developing low SWAP sensors
can bring these benefits to defense technology.

This research explores one promising fabrication technique for creating low SWAP
sensors, two-photon polymerization (2PP) micro-fabrication. This process is able

to create unprecedented sub-micron resolution 3D mechanical structures easily and



quickly. Capt John Smith, a previous Air Force Institute of Technology (AFIT)
graduate, was able to integrate 2PP micro-fabrication with low loss optical fibers at
the Air Force Research Laboratory (AFRL) located at Wright-Patterson Air Force
Base (WPAFB). This work aims to expand upon Capt Smith’s success to further
leverage the 3D freedom afforded by this process to create low SWAP sensors for
defense applications.

The first potential application of this work is a mysterious challenge currently fac-
ing the Air Force. At the time of writing, a number of pilots across several different
high-performance aircraft have experienced symptoms of hypoxia (oxygen depriva-
tion) for unknown reasons. A sensor could be integrated to the breathing mask or
cockpit of affected aircraft to monitor the gas composition in real time to help dis-
cover the cause of this problem, such as the device discussed in [30]. This device
is promising, but requires a large bundle of fiber optic cables and a significant hole
in the pilot’s mask. The first device discussed in this reserach could lead to such a
sensor that could be easily integrated with current systems. The chemical make-up of
air determines its refractive index (RI), so changes in RI could be evaluated to deter-
mine the composition of air. A small, single-fiber device could also be integrated with
existing architecture with very little modification. In a complex system like combat
aircraft, every ounce must be accounted for, so a micron-scale sensor would require
very little re-design for the new weight. The device would also need a low detection
limit, able to distinguish between the very similar refractive indices of atmospheric
gasses. Chapter III presents a micron-scale optical fiber tip refractive index sensor
that could be further explored to meet these requirements.

The Air Force also has an interest in miniaturizing aircraft and their components.
A ubiquitous parameter to monitor on an aircraft is pressure. For one, the altitude of

an aircraft can be determined by the pressure of the atmosphere around it. Miniatur-



ized aircraft could self-reference their altitude with a miniaturized barometric pressure
sensor to increase their autonomy. Additionally, it is critical to understand the pres-
sure at specific points inside a jet turbine to ensure its optimal performance. Minia-
turized pressure sensors could provide multiple data points inside a turbine without
seriously altering the overall geometry. An improved understanding of the pressure
situation inside a turbine during its operation can inform operators on how to improve
its efficiency and performance. Furthermore, the extreme temperatures inside a jet
engine pose a continuing challenge that warrants examining different sensing schemes.
Chapter IV presents a micron-scale optical fiber environmental pressure sensor that
could be explored for various pressure-sensor applications that would benefit from
miniaturization.

There has also been a push in the Air Force towards in-situ monitoring of flow
fields around airfoils and unmanned aerial vehicles (UAVs). For UAVs in particular,
“smart wings” have been proposed that would communicate with arrays of small
flow sensors to automatically adjust to gusts of wind. For this, sensors consisting of
carbon nanotube forests grown onto glass fibers and inserted into a capillary tube
with electrodes have been developed by AFRL [26]. While impressive devices, they
require several precise fabrication steps, are currently limited to sensing low speeds,
and need electrical routing. The 3D freedom of 2PP micro-fabrication could be used
create a superior geometry with a wider operating range that maintains a small
footprint. The number of fabrication steps could also be reduced. Additionally, a
fiber optic sensor would require no electrical connections, and remain immune to EM
interference. Chapter V presents a micro-anemometer that provides many of these

advantages and could potentially be integrated into future smart-wings.



1.2 Assumptions/Limitations

The main limitation of this work was choosing a single fabrication technique to
investigate. Several methods have been demonstrated to produce optical fiber-tip sen-
sors, as discussed in Chapter II, but this work only considers 2PP micro-fabrication.
This method requires devices be fabricated from the bottom up, and must be sup-
ported during polymerization. This greatly influenced the design of each device. Ad-
ditionally, only one 2PP lithography system was used, the Nanoscribe GT Photonic
Professional [31].

Testing was also limited by the timeline of this research, with the vast majority
taking place at AFIT to ensure completion. The variable wavelength laser utilized had
two issues that were overcome with software: its wavelength-dependent output power
and the mechanical vibrations caused by its motor during a sweep. The software
solutions are discussed in section 3.2. Upgrades to testing equipment such as the flow
meter, vacuum chamber, and hotplate may also provide superior data, but were not
implemented in the scope of this work.

General assumptions were made regarding environmental properties of the test
lab, including relative humidity, ambient temperature, and atmospheric pressure.
The refractive index of each test is also assumed to be constant over the bandwidth
of interest. Calculations for optical properties when a specific wavelength was not
known, or to generalize over a bandwidth were made at 1550 nm. This is a common
telecommunications wavelength at which most of the hardware was built to operate.

It is also near the center of the available bandwidth of the variable-wavelength laser.

1.3 Contributions

Contributions from this work to the defense-focused research of AFIT include:



e Demonstrated advanced capabilities of 2PP micro-fabrication, an emerging field

offering unparalleled design freedom at the sub-micron scale.

e Developed a low SWAP multi-purpose mechanically enabled Fabry—Pérot (FP)
cavity RI sensor with a multi-positional mirror that enables high quality thin-

film depositions on complex geometries.

e Realized a microscopic high-deflection spring-body on the tip of an optical fiber

that deflections in response to external ambient pressure.

e Integrated a dynamic flow sensor on the tip of an optical fiber that could be

integrated with rigid air-frames for high resolution flow-field analysis.

1.4 Thesis Overview

This thesis is organized into five chapters. The second chapter presents a litera-
ture review of the primary physics utilized in this work and previously demonstrated
devices comparable to those presented here. Chapters three, four, and five each
describe a prototype device: a hinged FP cavity RI sensor, a hinged spring-body
pressure sensor, and a rotating, micro-anemometer flow sensor. Each chapter con-
tains the methodology of design, fabrication, and testing the device, the results of the
experiments, and concluding remarks with potential future work. Figure 1 presents

false-color scanning electron microscope (SEM) images of the three devices.



Figure 1: False color SEM images of each device. (a) Hinged FP Cavity RI sensor.
(b) Hinged spring-body pressure sensor. (c¢) Micro-anemometer flow sensor.



II. Background and Literature Review

This chapter first explores the fundamental physics utilized in this work. These
devices rely on two fundamental optical elements, the Fabry—Pérot (FP) cavity and
the optical fiber. This chapter then presents the current state of the art in dual-photon
stereo-lithography, the fabrication method integral to this research. This chapter also

surveys examples of successful on-fiber sensors that can be compared to this work.

2.1 Optics and Physics

2.1.1 Fabry—Pérot Cavity

The FP cavity is an important optical element consisting of two optical surfaces
parallel to one other, separated by some interstitial medium such as air. A portion
of light incident onto the cavity transmits through the first optical element into the
interstitial medium. This light is reflected multiple times inside the cavity between the
two elements. The output of an FP cavity is modelled by integrating the intensity
of the multiple reflections. This follows the Airy distribution, and is included in

equation 1.

Iin(1— R)?

(1 — R)2+4Rsin?(6/2) (1)

[out =
where ¢ is the phase shift experienced by one of the reflected beams on a round trip
through the cavity. This is dependant on the wavelength as well as the refractive
index (RI), and length of the cavity:

d=—nlL (2)

When this phase shift is a multiple of 27, the output intensity defined by equation 1



will be its maximum, corresponding to peak transmission through the cavity. This is
due to constructive interference among the reflected beams, that results in a coherent
output from the cavity. This event is also known as resonance, and the constructive
interference between the multiple internal reflections along the optical axis is known
as the longitudinal resonance mode. The wavelengths at which this occurs can be

determined by:

Am = — (3)

where m is the integer longitudinal mode order, n is the RI of the interstitial medium,
and [ is the length of the FP cavity [32]. Non-resonant wavelengths are reflected by
the cavity. This leads to the traditional wavelength-dependent transmission spectrum
seen in figure 3. A FP laser cavity is made by inserting a gain medium such as
a gas, semiconductor, or opto-fluidic dye, into an FP cavity. Input light excites
optical resonance inside the gain medium which constructively interferes with its own
emissions to create a coherent transmission out of the cavity in the form of a laser
beam [33].

The FP cavity has several key aspects that make it a powerful tool for micro-optics.
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Figure 2: Graphic depicting the optical behavior of a FP cavity resonator, (a) a 3D
rendering with important features annotated, (b) a 2D representation of the first
three resonant modes.



The longitudinal resonance mode is tightly confined and particularly prominent, lead-
ing to a small mode volume compared to other optical resonators such as photonic
crystals, distributed feedback gratings, and whispering gallery mode (WGM) ring
resonators [34]. Very high quality factors have also been reported with micro-FP

cavities. The quality factor of an FP cavity’s response is defined as,

Ao

B A/\FWHM

Q (4)

where )\g is the resonant wavelength of interest and AApw gy full-width half-max
(FWHM) of the peak feature. The FWHM is related to another figure of merit often

used for FP cavities, the finesse. This is defined as,

f AXpsg
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()
where A\pgg is the distance between two resonant wavelengths, or the free spectral
range (FSR). For a given resonant wavelength at normal incidence, the FSR can be
predicted from the cavity properties,

A5

A)\FSR — 2_nl (6)

where ) is the resonant wavelength, [ is the length of the cavity, and n is the RI of
the cavity. The finesse of a cavity, and therefore the FWHM and quality factor, is

related to the reflectance of the two optical elements through the coefficient of finesse:
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2
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where f is the finesse, F' is the coefficient of finesse, and R is the reflectance of the
cavity’s optical elements [32]. Taking advantage of this relationship, highly reflective
surfaces such as mirrors are desired to increase the finesse of a cavity. Auality factors
as high as 10° have been achieved on micro-FP cavities by using stacked dielectric
mirrors [35].

The cavity of a FP resonator can also be open to the environment. This allows
different interstitial media to be interrogated or used as a gain medium. Additionally,
the FP cavity does not require a different RI inside and outside the cavity, as is
required in the ring resonator [36]. While an open cavity increases the utility of a

device, it also leads to losses due to poor lateral confinement. Since it is impossible
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Figure 3: Generic FP Cavity Reflection Spectrum Modelled with an Airy Distribution.
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to perfectly align a physical device, after several reflections resonant light eventually
walks off the edge of the mirror and is lost. This problem is exacerbated when the
two mirrors are misaligned. Even a few degrees of misalignment has been shown to
have detrimental impact on the quality factor of a device [35]. One popular way
to reduce misalignment sensitivity and improve lateral confinement is to use curved
mirrors [37, 38, 36], although this usually makes fabrication more complicated. The
manufacturing technique investigated in this research, two-photon polymerization
(2PP) micro-fabrication, makes creating such features very simple.

These advantageous qualities have made the FP cavity the cornerstone of many
exciting applications. Used as a laser cavity, researchers have examined several ex-
otic gain mediums such as biological tissues [39], optical fluids [35, 36], and silicon
nanowires [40]. Micro-Electro-Mechanical Systems (MEMS) have been integrated
with an FP cavity to create both tunable optical filters [41], and miniaturized tunable
lasers [42, 43]. Open FP cavities are also powerful tools for spectroscopy. They have
been used in human breath analysis [44], microfluidic interrogation on a microchip
[45], compact imaging spectrometers [46], and the interrogation of living cells [47].
The FP cavity is also key to cavity quantum electrodynamics (CQED), the physics
behind quantum computing. It has been used to couple to a trapped atom [48], for
frequency splitting of polarization eigenmodes [49, 50], and as a highly controlled pho-
ton emission source [51, 37]. Finally, the response of a FP cavity can be used to sense
any phenomenon that affects the RI or length of the cavity. As shown in equations 3
and 13, both the resonant wavelengths and the FSR of the response will be affected by
changes in RI and cavity length. This relationship has been used to sense many phe-
nomenon including force [52, 8|, temperature [53, 54, 11, 55, 56, 57, 58, 7, 59, 60, 61],
liquid RI [62, 63], pressure [63, 18, 18, 19, 63, 59, 64, 65, 66, 56, 61|, gravitational

waves [67], acceleration [68], and gas composition [69]. One powerful platform for
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micro-FP sensors is the optical fiber due to its low optical losses, small form factor,

and well known mode structure [70].

2.1.2 Optical fibers

The optical fiber is an integral component of modern photonics. Since the late
1800s, the controlled propagation of light by total internal refraction has been demon-
strated through streams of water or glass “light pipes” [33]. These early demonstra-
tions have evolved into modern optical fibers. With the invention of the laser, guiding
light has become a high priority research area for both commercial and defense ap-
plications.

To guide light, an optical fiber relies on the phenomenon of total internal reflection.
This occurs when light originating inside a medium of higher RI reflects off of an
interface with a medium of lower RI at an angle beyond its critical angle. Optical
fibers consist of two layers of glass, a core and a cladding. The core has slightly higher
RI than the cladding, thus trapping and propagating light incident to the cladding at
an angle beyond its critical angle. This angle is determined by the RI of the cladding

ne and the RI of the core n,, [70],

sinf, = (n?, — n?)Y? (9)

co C

Light entering the fiber below this angle is propagated within the fiber by total
internal reflection between the core and the cladding. Typically, this glass is covered
in a protective polymer jacket to prevent the fiber from breaking when bent. Figure
4 shows a cutaway view of a typical optical fiber with the dimensions of the fiber used
in this research.

There are several types of optical fiber, defined by the properties of the light

they propagate [71]. The most common commercial fibers are multimode stepped-
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Figure 4: (a) Typical single mode fiber (SMF). The scale and dimensions represent
the fiber used in this research. (b) An example of the fiber used in this research
compared to a penny.

index, multimode graded-index, and single mode step index. The output and general
internal geometry of these is included in figure 5. Maxwell’s equations in cylindrical
coordinates show that only specific modes will propagate based on the geometry of the

fiber as shown in [70]. The number of propagated optical modes, the mode volume,

is found to be [70]:

V= %jnm (10)
ngo —”z
A=Te"Ta (1)

where a is the diameter of the fiber core, and A is the wavelength of incident light.
Step indexed fibers simply feature a different RI in the core and cladding. If the core
is large enough to allow many modes, as is the case in multi-mode fiber, some will
propagate at a slightly different angle based on their angle of incidence. This leads
to different optical path lengths for different modes, resulting in a time delay upon

exiting the fiber. This is a problem for data transfer, which relies on precise timing to

13



discern each bit of a transmission. To combat this, graded index fibers change index
more gradually. This reduces the number of allowed modes by occasionally focusing
the propagating light with a series of gradual refractions. The highest information
bandwidth can be achieved with single mode fiber (SMF). This fiber uses a small
core on the order of the wavelength of the incident light, typically 9um for 1550nm
light, to constrain the number of allowed modes. The geometry only allows light to
propagate down the axis of the fiber. The conditions for single mode operation occur
when equation 10 is less than 2.405 [70]. When only a single mode is present, all light
exiting can be precisely timed to hold the most data. This also greatly reduces the
noise from the different reactions of multiple modes when optical fibers are used as
sensors [70]. This work uses SMF.

Optical fibers can achieve very low losses, which is demonstrated in their domi-
nance of long distance telecommunications. Signals carried on ordinary copper wires

must be re-amplified about every kilometer, and coaxial cables about every 2-6km.
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Figure 5: The three common types of commercial optical fibers [1].
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Modern optical fibers require re-amplification only after 80km [33]. For fiber based
sensors, this opens the possibility of extremely remote operation. The expensive
and bulky analysis equipment could be centrally located kilometers away from the
sensors themselves. Additionally, this efficiency leads to less bulky re-amplification
hardware, giving optical fiber communications lower size, weight, and power (SWAP)
than traditional wired connections. The related hardware requirement combined with
the small, light, micron-scale dimensions of most fibers make them attractive for the
military’s low SWAP platforms such as aircraft and satellites [71].

Fiber optics are also capable of carrying more information than electrical, radio,
or even microwave communications. This is because the available bandwidth of a
communication system increases with the frequency of the carrier signal. The high
frequency (small wavelength) light used for optical fibers can, in theory, exceed the
information capacity of microwave communications by a factor of 10° [71]. The Pacific
Light Cable Network Fiber, a submarine transpacific data link, transmits 144 tera-
bits/s using six pairs of commercial fiber optic cables [72]. In the state of the art,
researchers have been able to reach a record 10 peta-bits/s over 11.3km using a single
highly customized multi-core fiber [73].

Fiber optics are also immune to electromagnetic (EM) interference and the effects
of EM pulses, making them more robust than electrical signal carrying wires [71]. This
is particularly valuable to military applications, where communication lines may be
targeted by EM attacks. Fiber optic communication is also highly secure. While
radio and microwave signals can be intercepted passively and discretely, the light
propagated by an optical fiber is entirely contained. The line would need to be cut
into by an eavesdropper, immediately notifying the intended recipient the communi-
cation was being tampered with when they failed to receive the message [71]. This

is beneficial to military systems where the security of real-time data can be key to
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battlefield success. Such benefits make fiber optics an attractive possible compliment

to wireless communication for secure military communications.

2.1.3 Two-Photon Polymerization (2PP) Microfabrication

An important enabling technology for this work is 2PP microfabrication. This
technique begins with a drop of photosensitive resin placed on a substrate. The
chemical make-up of the resin allows it to polymerize into a solid, but only when
exposed to a high threshold energy. Single photon absorption is often achieved in
stereolithography 3D printing with ultraviolet (UV) light. Any resin in contact with
the beam absorbs enough energy to crosslink and solidify. Thus structures can be
built layer-by-layer by scanning a UV laser through the resin. The same energy can
be imparted to the resin with two photons from a high intensity visible light source,
at double the wavelength of the UV light. The power distribution inside the beam
capable of initiating this reaction is a nonlinear function of the distance from the focal
point. Thus, only the very center of the beam’s focal point will have enough energy
to initiate 2PP and crosslink the resin [74]. A graphic depicting the reduced size of
the reaction site is included in figure 6. Advances in femtosecond laser technology
provided an ideal laser source which can be focused to small diameter beams at high
intensity and pulsed with precise timing. The three-dimensional reaction site is called
the “voxel,” a 3D equivalent of the pixel. The voxel size represents the resolution of
a 2PP microfarication system. The equipment used in this work, the Nanoscribe GT
Photonic Professional, could achieve a voxel size of 200nm x 200nm x 200nm with
the recommended settings.

To guide the laser, software known as a slicer deconstructs a 3D model into layers,
which are polymerized one at a time to construct the desired structure surrounded

by undeveloped liquid resin. This resin is rinsed away in solvents, leaving behind
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Figure 6: A graphic depicting (a) the energy imparted by traditional UV light and
by two-photon polymerization and (b) the significantly smaller reaction site during
2PP microfabrication [2]

the solidified structure. This technique allows for true 3D freedom compared to
the planar semiconductor fabrication techniques often used in MEMS fabrication.
Previously impossible models and mechanical parts have been demonstrated on a sub-
micron scale. Arbitrary curved geometries such as statues and figurines are shown
in [4] and [75]. Meta-materials can be made with new shapes, not achievable with
any other method. Recent examples are collected in [76]. Devices made by 2PP
have demonstrated high optical quality and can be integrated with complementary
metal oxide semiconductor (CMOS) technology as demonstrated by the compound
microlenses in [5]. There have even been impressive demonstrations of remote control
of moving parts such as gears and levers by optical force [3], and magnetically by
polymerizing a ferrofluid resin [77]. Figure 7 includes reproduced images of several of

these impressive devices.

2.1.4 Two-Photon Polymerization onto Optical Fibers

Optical fibers present a natural and powerful platform for 2PP micro-fabrication.

A fiber’s optical signal can easily interact with the polymer structures, the end of
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Figure 7: Reproduced images of devices utilizing 2PP micro-fabrication.(a) Optically
driven micro-gear [3] (b) Statue demonstrating curvature [4] (¢) Compound micro-lens
integrated with a CMOS optical sensor [5]

a fiber can be precisely cleaved to provide a flat substrate, and the standard fiber
dimensions encourage device geometry that is fabricated in a matter of minutes. A
range of optical and mechanical devices have been fabricated onto optical fibers,
showcasing their natural synergy with 2PP micro-fabrication.

The immediate access to the guided light output by an optical fiber makes fabricat-
ing optical elements a natural choice. Anti-reflective metamaterials can be integrated
directly onto an optical fiber as shown by [78] and [79]. Lenses are also a promis-

ing component, with successful demonstrations of imaging multi-lens objectives [80],
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increased numerical aperture lenses [81], and collimators [82]. Other devices include
WGM resonators [83, 7], photonic crystal strutures [9, 80], a polarization controller
[84], Mach-Zehnder Interferometers [21, 22], optical tweezers [85], and Bragg gratings
[86]. Some devices take great advantage of the 3D freedom afforded by 2PP micro-
fabrication to build impressive mechanically enabled structures. Examples include a
force-sensitive microgripper [8], and a miniature microphone [64]. This work strives
to similarly leverage 2PP micro-fabrication to mechanically enable sensors.

The FP resonator, of particular importance to this work, is another popular op-
tical device for 2PP micro-fabrication onto fiber tips. It provides all the benefits
as a resonator discussed in subsection 2.1.1, conveniently located on top of a highly
versatile light source. A FP cavity can be polymerized with liquid resin still inside
of the cavity [60], but the resin will slowly polymerize if exposed to ultraviolet light,
and the cavity is closed off to the environment. Several open resonators, very com-
parable to this work, were fabricated onto conventional substrates, then attached to
an optical fiber with optical adhesive as shown in [66] and [86]. While an impressive
fabrication feat, this additional step and possible misalignment can be avoided by
fabricating directly onto the fiber. On-fiber FP resonators comparable to this thesis
are presented in [87] and [6]. Images of select on-fiber 2PP micro-fabrication devices

are reproduced in figure 8.
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Figure 8: Scanning electron micrographs of several devices fabricated by 2PP onto
optical fibers. (a) Open FP Cavity RI Sensor [6]. (b) Whispering gallery mode
resonator [7]. (c) Force-sensitive microgripper [8]. (d) Woodpile photonic crystal
structure [9].

2.2 Fiber Optic Sensors

2.2.1 Bragg Gratings

Fiber Bragg gratings (FBGs) have been made since the 1990s by creating a pattern
of lines with different RI inside the core of an optical fiber. This grating pattern is

transparent to most wavelengths, but reflects a certain wavelength whose optical path
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interacts with the dimensions of the grating to interfere coherently, much as in a FP

cavity. This wavelength is determined by Bragg’s law [88]:

)\B = 2neffA (12)

where n. sy is the grating’s effective RI, and A is the spacing between grating elements.
This wavelength will shift when the fiber housing is exposed to various stimuli, most
notably strain and temperature. A variable wavelength laser source is coupled to a
fiber containing a grating through an optical circulator, a device discussed later in
section 3.2. The grating reflects one wavelength based on its strain and temperature,
and changes in these factors change the wavelength that is reflected. This resonant
wavelength is monitored to determine a change in the sensed parameter. Considerable
work has been done to characterize and improve these sensors.

Being contained within their optical fiber, FBGs are particularly robust without
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Figure 9: fiber Bragg grating (FBG) and Transmission Spectrum [10].
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requiring additional packaging. This, in addition to the EM immunity experienced
by all fibers, allows them to be used in hostile environments where other sensors may
not survive or function properly. The additional protection limits direct interaction
with the environment, limiting the parameters that can be sensed by FBGs. Creative
engineering has been able to transduce some external factors into temperature or
strain, such as the coating used by [88] to introduce strain when exposed to hydrogen,
but such solutions are rare. Further reading on FBGs sensors can be found in [89,
88, 54, 15, 90]. While important devices, this work utilizes FP cavity and simple

reflectors for sensing as opposed to FBGs.

2.2.2 Spliced Fibers

One method for creating a microscale FP cavity on an optical fiber is to splice
together different fibers. Precise and repeatable fiber splicing is achieved by first
cleaving the end face of each fiber, carefully aligning these faces, and effectively arc-
welding them together. Researchers have built FP cavities by splicing a traditional
fiber to a hollow core fiber (HCF') with some kind of membrane or cap on the end. This
technique has been demonstrated as an airflow sensor, capped with another length
of SMF [91]. Sensors have also been made that can interact with the environment
such as a moisture-sensitive cap of chitosan used as a humidity sensor [92]. Spliced
fibers coated with sensitive materials have also measured volatile organic compounds
in polluted soil [93]. A sensor has even been reported utilizing three types of fiber
spliced together. A SMF is spliced to a HCF which acts as the cavity body and is
spliced to a perforated photonic crystal fiber (PCF). The small waveguide holes of air
in the PCF allow gas to enter the cavity, changing its RI and reflection response [13].
Another creative use of fiber splices used an intentional defect on the surface of the

fiber caused by a femtosecond laser to create a bubble during the splice [11]. This
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also created a curved mirror surface in the FP cavity, gaining the benefits discussed in
subsection 2.1.1. This device was able to sense RI and temperature change. Another
technique involved splicing off the end of an attached HCF to create a closed bubble
of air inside the glass [12]. Examples of spliced fiber sensors are included in figure 10.

The main problem with splicing multiple types of fibers is repeatability. The
process often involves time-consuming setups, and the splice may be different ev-
ery time. Thisleads to changes in device geometry and/or cause failures. The 2PP
micro-fabrication used in this research is highly repeatable and allows for arbitrary

geometries not limited by the functional dimensions of fiber splices.

Lead-irtv SMF Cavit§ 1 Cgvity 2

Figure 10: Examples of Spliced Fiber Sensors. (a) Glass bubble by splicing around
a defect caused by a femtosecond laser [11] (b) Glass bubble by splicing the end of a
HCF [12] (c) RI sensor with three different fiber types spliced together [13]
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2.2.3 Subtractive Manufacturing

Another promising method for fabricating fiber tip sensors is subtractive manu-
facturing by removing portions of the fiber. This technique enables high precision FP
cavities that are open to the environment. It is possible to simply remove part of the
fiber with a femtosecond laser, and create an opening to serve as a cavity and sense
temperature [16, 57| as well as RI changes of an interstitial medium [94]. A similar
technique uses a focussed ion beam (FIB) to remove material. Cavities formed by a
FIB have been demonstrated on a 10-um tapered fiber [58, 15], and combined with a
bi-metalic coating [55] to produce temperatures sensors. A more complicated fabrica-
tion scheme used hydroflouric acid (HF) to selectively etch the cores of two different
fibers to achieve smaller cavities in a dual temperature and pressure sensor [56]. A
very promising method uses a femtosecond laser to degrade part of the fiber, which
is then etched away with HF [14]. The degraded portion of the laser beam can be
scanned through the fiber at any height to achieve 3D freedom. The size of features
made with this process is still limited, as the HF etches selectively, not exclusively.
Precise timing and careful planning is necessary to account for the etching into the
unexposed features. The surface finish of the etch is also rather poor. Lack of precise
control is the main constraint on subtractive manufacturing. Glass also presents some
problematic material properties, being brittle and rigid compared to most 2PP pho-
toactive resins. Images of sensors made with subtractive manufacturing are included

in figure 11.

2.2.4 Additive Manufacturing

The final fabrication technique to be discussed is additive manufacturing. The
2PP micro-fabrication used in this work is additive manufacturing in the purest sense,

but other notable techniques have been demonstrated. The simplest method care-
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Figure 11: Devices made with subtractive manufacturing. (a) Femtosecond laser and
HF to create a free cantilever [14]. (b) Bragg grating on a tapered fiber made with
FIB milling [15]. (c) A groove FP cavity made with femtosecond laser micromachining
[16].

fully places a droplet of UV-curable optical adhesive onto a cleaved fiber to create a
dual temperature and pressure sensing FP cavity [59]. While very limited in possible
geometries, this work establishes a precedent for the precise application of optical

adhesive, which is used in this research and discussed in subsection 4.2.3. Other

demonstrations of optical adhesive use another fiber to mold an adhesive cavity [19],
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glue a capillary tube around a cleaved fiber to build a pressure sensor [18], create a
domed cover to a spliced HCF for another pressures sensor [17], and adhere a fiber
to a silicon-based photonic crystal mirror to make an acoustic sensor [95]. Incorpo-
rating silicon chips is particularly interesting for integrating with CMOS technology
and leveraging standard semiconductor fabrication processes. Specifically, deposition
techniques such as magnetron plasma sputtering [19, 18, 96], thermal evaporation
[20], e-beam evaporation [95], chemical vapor deposition (CVD), and atomic layer
deposition (ALD) can deposit reflective materials to increase the quality of an FP
cavity’s response as discussed in subsection 2.1.1. The popularity of sputtering is
likely due to its conformal coverage, rapid deposition, and relative ease of operation.
Sputtering was also used in this work, with specific settings included for each device
in their respective fabrication sections. Several adhesive-based devices are pictured
in figure 12

Adhesive-based sensors are primarily limited in their geometry. The glue is either
molded, or another part is attached, both of which constrain the shape of any device.
True 3D freedom is achieved by using some form of sterolithography to solidify a
photoactive polymer resin layer-by-layer. One group was able to create a custom
system that sprays a layer of photoresist, selectively exposes the layer, and repeats
the process to construct impressive 3D features [61]. The process is rather time
consuming, and limits on the x, y, and z resolution are set by the quality of the
exposure and layer deposition. The purpose-built solution is a 2PP micro-fabrication
system as described in subsection 3.2.3. An innovative method for integrating 2PP
micro-fabrication with optical fibers is to create a device on a planar substrate and
adhere it to a fiber as a seperate step [66, 22]. This allows the 2PP system to be
used without modification, but adds considerable complexity to the fabrication and

limits the possible features at the face of the fiber. With some minor modifications,
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Figure 12: Adhesive-based fiber tip sensors. (a) A polymer droplet cap to a spliced
fiber [17]. (b) A capillary tube adhered around an optical fiber [18]. (c) An adhesive
molded cavity [19].

it is possible to perform 2PP micro-fabrication directly onto the cleaved face of an
optical fiber [27]. Fiber tip sensors utilizing this technique include an open FP cavity
RI sensor [6], a “radar-like surface enhanced Raman scattering sensor” [20], a WGM
resonators for vapor interrogation [83] and temperature sensing [7], a Mach-Zehnder
interferometer RI sensor [21], a fluid filled cavity temperature sensor [60], and a
micro-scale microphone with spring bodies [64]. Several of these devices are pictured
in figure 13. This research aims to expand on this work to take full advantage of

the 3D freedom afforded by 2PP micro-fabrication to enable low-SWAP fiber optic

SENSOors.
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Figure 13: Fiber tip sensors made with 2PP micro-fabrication. (a) Surface Enhanced
Raman scattering sensor [20]. (b) Mach-Zehnder interferometer RI sensor [21]. (c) A
Mach-Zehnder interferometer fabricated on a planar substrate and adhered to a fiber
[22].

2.2.5 Fiber Optic Flow Sensors

Several different flow sensors have been demonstrated on or using optical fibers.
One popular method is to heat a FP cavity, immerse it in a flowing media, and
monitor the shift in resonant wavelength caused by the subsequent cooling. This has
been done with a polymer cap of optical adhesive fixed to a resistance heater, [97],
silicon cylinders adhered to an array of fibers in a multi-bore micro tube and heated
with a laser [25, 98], and fiber Bragg grating mirrors placed inside [99] and alongside
[100] flow channels. This is an effective method, but requires a source of heat, either
from a resistance heater or by a powerful laser down the fiber which would add to

the bulk of any final product. They are also sensitive to changes in flow temperature,

28



which would need to be calibrated and held constant to make reliable readings.

Another fiber based flow sensor simply monitors the deflection caused on a FP
cavity by incident flow [101, 102]. These sensors will also be vulnerable to the effects
of thermal expansion and the thermo-optic effect that will change their cavity length
and interstitial medium RI respectively. The flow must also be powerful enough to
cause a noticeable deflection, limiting the device’s operating regime. Two such sensors
can be integrated to compensate for temperature changes as shown in [102], but this
increases the size and complexity of the device.

A very simple sensing mechanism is to place a fiber in a flow stream and monitor
the bending loss as the flow around the fiber increases [103]. This type of device has
a limited operating range defined by the maximum bending of the fiber, and occupied
a large volume of the flow channel. A similar deflection-response device utilized an
artificial hair consisting of a fiber coated in carbon nanotubes (CNTs) placed into
a flow field [26]. The deflection of the fiber pressed the CNTs into electrodes to
produce an electrical signal. This device must be extended relatively far into the
flow field, and is again limited to measuring strong flows able to produce a deflection,
but not too strong to reach maximum deflection. It also requires electrical routing
to communicate with the electrodes and several precise fabrication steps. Another
creative technique has been demonstrated to monitor the vibration of a fiber caused
by flow [24]. This method would struggle to monitor flow from different directions,
and must be monitored by a charge coupled device (CCD) placed near the fiber. This
greatly increased the footprint of the device. One very promising device introduced a
dual FP cavity miniature pitot-tube into a fiber optic [23]. This device showed a good
operating range and resolution, but required complicated fabrication consisting of two
fiber splices, HF etching, and femtosecond (fs) laser machining. Some examples of

these alternate fiber flow sensors are included in figure 14. The flow sensor presented
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in this work features safe, a simple fabrication which is safe and offers low-power

optical operation, and an advanced geometry with range-scaling potential.
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Figure 14: Reproduced images of several optical fiber flow sensors. (a) Miniature
pitot tube [23]. (b) Flow-induced vibration monitor [24]. (c) Laser-heated FP Cavity
array [25]. (d) Artificial hair CNT coated fiber [26].
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III. Mechanically Enabled Fabry—Pérot Cavity Refractive
Index Sensor

3.1 Chapter Overview

This first device we studied was a mechanically enabled Fabry-Pérot (FP) cavity
refractive index (RI) sensor constructed by two-photon polymerization (2PP) micro-
fabrication on the tip of a low-loss single mode fiber (SMF). The device features
a mechanically enabled mirror that can be maneuvered into several positions: half-
open, fully open, and closed. An SEM image of the device showing two of the mirror’s
positions is included in figure 15. The device is fabricated in the half-open position,
which requires minimum support material. The fully open position enables the precise
application of reflective coatings with common semiconductor fabrication techniques
such as plasma sputtering onto features that would otherwise be covered. A locking
mechanism holds the arm in the closed position to maintain alignment in both vapor
and liquid environments. The reflection spectrum of the device aligns well with the
response predicted by FP resonator theory, and changes in response to the intersti-
tial medium of the open cavity. This enables the device to sense liquid composition,
gas composition, temperature, and pressure. Integration with SMF enables remote
sensing potentially over several kilometers, allowing the analytical equipment and op-
tical sources to be conveniently located away from the sensor. The hinge and locking
features highlight the potential of 2PP microfabrication, and represent an enabling

technology for future devices.
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Figure 15: SEM image of the mechanically enabled FP cavity RI sensor. (a) The
half-open position it is fabricated in. This image was taken after metal deposition so
the hinge is slightly ajar. (b) The closed, operational position. The shadow caused
by the open device during metal deposition can be seen underneath the pin housing.

3.2 Methodology

3.2.1 Operating Principle

The reflection response of a FP cavity, as discussed in 2.1.1, is determined by
the physical properties of the cavity and the wavelength of the incident light. An
important and easily measured metric is a cavity’s free spectral range (FSR), which
is the wavelength shift between two resonance features. Figure 3 contained an example
reflection spectrum, and figure 16 shows the FP resonator interaction occurring inside

the device. The FSR of a cavity is [33],

AG
AAFSR - ﬁ (13)

where )\ is the central resonant wavelength, n is the RI of the medium inside the
cavity, and [ is the length of the cavity. While changes in the FSR are informative,

they must be measured over a large bandwidth, containing as many peaks as possible
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Figure 16: The optical response of the mechanically enabled FP cavity sensor.

to be accurate. Smaller changes in cavity length and RI can be determined by taking

the derivative of equation 3,

2nl

A = — 14

0= (14
2 21

dho = —dl + =dn, (15)
m m

rearranging equation 14 to produce m = 2/\—’;1 and substituting this into equation 15,

A A

dX\o = TOdl + Zdn. (16)
n

Collecting terms and assuming the linear approximation dx ~ Ax yields,
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A)\_z\o ~ % + %, (17)
thus if the other is assumed to be constant, any environmental factor that changes
in cavity length and RI can be extracted from changes in the resonant wavelength.
This device focused on measuring changes in RI, and the phenomenon that cause
them, and was fabricated with two open sides so the cavity could interact with the
environment. Liquids or gasses with various compositions and known RIs could be
identified by cross-referencing with accepted data.

It is also known that the RI of air is dependent on both its temperature and
pressure. Assuming the other properties of the air are constant, changes and tem-
perature or pressure can be extracted from changes in RI. The National Institute of
Standards and Technology (NIST) provides a program to estimate the RI of air based
on pressure, temperature, wavelength, and relative humidity based on the modified
Edlén equation in their metrology database [28]. This was the source of the RI values
compared with the measured results in section 3.3.

If the device is used to sense temperature, the FSR of the device will also change
as the cavity length changes due to thermal expansion of the polymer. This expansion
is based on the material’s coefficient of thermal expansion «, the original length [y,
and the change in temperature AT. Since the device contains two mechanically de-
coupled features, the mirror and the base, there are two competing expansion events
to consider: the base expanding upward to reduce the cavity length, and the mirror
expanding outward to reduce the cavity length. The total change in length can be

expressed as:

Altotal = Albase - Almir‘ror = <10base - lOmirror)@AT- (18)
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Thus, temperature can be determined if pressure and cavity geometry are known,

and pressure can be determined if temperature is known.

3.2.2 Device Design

The mechanically enabled FP cavity was designed to enable metal deposition onto
three faces of a dual-cavity device like those created by Air Force Institute of Technol-
ogy (AFIT)’s Capt John Smith [27]. A dual FP cavity sensor could simultaneously
measure temperature and other RI changes by referencing a polymer cavity that only
experiences thermal expansion. Most reflective-coating deposition systems, includ-
ing sputtering and evaporation, have directional deposition. This made it difficult
to deposit evenly on all three surfaces due to shading from the other features. A
reflective coating was highly desired to improve the quality of the reflection response
as described in subsection 2.1.1.

Initiially, atomic layer deposition (ALD) was considered initially because the self-
limiting reactions are fully conformal to any geometry. Despite this impressive ad-
vantage, ALD is a very time consuming and offers a limited selection of materials. A
more accessible deposition method was desired. An initial study was performed eval-
uating plasma sputtering and plasma-enhanced chemical vapor deposition (PECVD).
Glass slides (76mm x 24mm x lmm) were coated on each side with four metals and

five dielectrics of various thicknesses as described in table 1.

Table 1: Reflective coating evaluation on 76mm x 24mm x 1mm glass slides

Material Deposition Method | Thickness Series
Aluminum Oxide | plasma Sputtering 50 nm, 100 nm, 150 nm
Zinc Oxide plasma Sputtering 50 nm, 100 nm, 150 nm
Silicon Nitride PECVD 50 nm, 100 nm, 150 nm
Gold plasma Sputtering 20 nm, 40 nm, 80 nm
Aluminum plasma Sputtering 20 nm, 40 nm, 80 nm
Platinum plasma Sputtering 20 nm, 40 nm, 80 nm
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Figure 17: Reflective coating study. (a) Selected reflection responses. (b) Experi-
mental setup.

Gold provided the highest quality factor during this study. It was also easily
available in the AFIT cleanroom and could be deposited quickly with plasma sput-
tering, so gold was used as the reflective coating for the rest of this research. The

transmission responses of several reflective coatings from this experiment are included
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in figuer 17 (a). The measurement setup used is described in subsection 3.2.4, and
a graphic is included in figure 17 (b). To confirm an improvement in the reflection
response, a reflective gold coating was deposited onto one of Capt Smith’s flat mirror
devices as described in [27]. The results were very promising, significantly improving
the quality factor of the resonance. This is pictured in figure 18.

Successful deposition parameters proved challenging to determine. The 20-nm
deposition that was successful on glass slides was too thick for the fiber-tip devices.
All resonance features were washed out by a constant reflection. The deposition rate
was also highly dependent on the orientation and location of the device inside the
sputtering process chamber. The most successful positioning for the flat mirror device
was centered in the chamber, lying on its side with all three faces perpendicular to
the sputtering target. The most successful power and time was 100 W for 120 sec.

While the reflective coating appeared to function as intended, the measured FSR
corresponds to only one cavity between the top of the polymer and the fiber face. This

eliminates the self-referencing ability of the sensor as there is no reflection feature
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Figure 18: Flat mirror FP cavity device improved with a gold reflective coating.
(a) SEM image of the device taken by Capt Smith [27] (b) Original and improved
reflection response.
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that changes only with temperature. The hinge, as seen in figures 15 and 16, was
introduced to enable more consistent deposition accessible to all three mirrors.

There were also difficulties sputtering onto confocal devices. The benefits of a
confocal FP cavity include improved alignment insensitivity and lateral confinement.
Capt Smith successfully demonstrated a confocal device made by 2PP microfabrica-
tion in his thesis research [27], but it was difficult to add a reflective coating to this
design. Various confocal geometries were attempted, with only one success in a large,
60-pm cavity. The other designs performed significantly worse after gold deposition,
most likely because the fiber face received gold while the inner face was shaded by
the curve of the mirror. The successful confocal device is pictured in figure 19. The
confocal device successfully measured the RI of air and of liquid TPA, as observed
by a change in FSR. The reflection response, and FSR between subsequent peaks
is plotted in figure 20. The method for extracting resonant peak locations and the
measurement uncertainty plotted as error bars is described later in subsection 3.2.4,
and was used for this devices as well. The theoretical FSR was calculated using the
measured locations of each pair of resonant peaks and an RI of 1.0003 for air and
1.3776 for IPA with equation 13.

The small FSR of the 60-um cavity makes it difficult to distinguish changes in
resonant wavelength. It also limits the detectable range of RI to one FSR if not
measuring a lengthy spectrum with many resonant wavelengths. The hinge enabled
equal deposition, ignoring shading based on curved features. Smaller cavities were
also possible with the hinged device since shading within the cavity was not present
during deposition. A smaller cavity was less sensitive to misalignment, provided a
larger FSR, and experienced less thermal expansion.

The mechanically enabled FP cavity underwent several design iterations, some

of which are included in figure 21. The 2PP microfabrication technique allowed
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Figure 19: The successful confocal design with a 60-pum cavity length. (a) Isometric
render. (b) Section view.
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Figure 20: Measurement results of the confocal device. (a) Reflection spectrum in
air and IPA. (b) Theoretical and measured FSR of the peak wavelengths. Error bars
represent the uncertainty of the measurements, discussed later in subsection 3.2.4

for an iterative design process that would be very difficult to achieve with planar
semiconductor fabrication. Each design was reproduced only a handful of times, and
each iteration offered valuable design lessons that could be immediately implemented.
Early devices struggled greatly from misalignment. As a result, a free hinge, depicted

in figure 21 (b), was built to explore different alignment angles. This device also
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performed poorly, indicating some kind of latch was necessary to control the variation
allowed by the hinge pin clearance.

The latching feature was also extended over the entire depth of the rotating face,
and a shelf was added to further align the mirror once closed. A curved mirror was
added and the cavity length was reduced to 22um to further improve misalignment
sensitivity and lateral confinement. The pin was connected to the housing during
fabrication by a thin, breakable support. The most successful support design was
a series of five 1-um diameter columns. The pin was 10um in diameter, and had
a 2.5-um clearance from the housing. Holes were included in the housing to allow
developer to penetrate between the tight clearances when washing away undeveloped
resin as discussed in subsection 3.2.3. The clearance between the pin and its hous-
ing caused some variability since the device moved when placed in liquids or after
experiencing a shock. The shorter 22-um cavity length greatly reduced this problem
since, geometrically, light has less opportunity to walk-off from a slightly misaligned
top mirror in a short cavity. All of these physical features contributed to the most
stable hinged FP cavity produced in this research. A graphic depicting the primary

features of the final device is included in figure 22.

()

(b)

Figure 21: Earlier designs of the mechanically enabled FP cavity sensor. (a) Initial
concept. (b) A non-latching, free hinge to explore alignment sensitivity. (c¢) The most
successful flat cavity device.
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Figure 22: A render of the mechanically enabled FP resonator device with a 22-um
cavity used for testing. (a) The half-open position. (b) The closed, operating position.

Before the shorter cavity was attempted, a very similar hinged device was evalu-
ated with a longer, 33-um cavity. A graphic depicting this device and its reflection
response is included in figure 23. It is important to observe the resonant peak enve-
lope from this device, as these features are more separated in the final, 22-pm device.
This envelope occurs because the curved mirror allows multiple resonant modes in
addition to the primary logitudinal resonant mode which occur at slightly different
but related wavelengths [104]. In a curved-mirror FP resonator, the FSR is measured
from one peak to the corresponding peak in the next envelope. The distance between
resonant modes within an envelope also related to the length of the cavity, but based
on the location of the beam waist [104]. These features are not of particular interest
to this work, but are noticeable in the reflection spectrum of the final device. They
are not as easily visible in the static confocal device because the 60-um cavity is so
long that they blend in with the primary resonance feature.

New settings were needed to deposit a reflective coating that was not too reflective,
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Figure 23: Taller hinged FP resonator device with a 33-um cavity highlighting the
resonance envelope created with a curved mirror. (a) The device as fabricated in the
half-open position. (b) The closed device. (c¢) The reflection response in air with the
power floor subtracted out and smoothed in MATLAB®.

but improved the Q-factor. The most successful placement of the device was centered
in the process chamber, held vertically so each face is parallel to the sputtering target.
The hinge was opened to its fully-open position, shadowing the top of the polymer
cavity and encouraging equal deposition on both the fiber face and the bottom of
the polymer cavity. A gold coating deposited at 100W for 52sec proved to be the
most successful, and the key features of the recipe are included in table 3. The final
hinged FP cavity sensor featured easily breakable supports, consistent alignment, and

an improved quality factor.

3.2.3 Fabrication

The devices in this work were fabricated by 2PP microfabrication with the Nano-

scribe GmbH Photonic Professional GT sterolithography system. First, the optical

42



fibers were cleaved with a Fujikura CT-30 high-precision fiber cleaver. They were
mounted into a Newport FPH-S side-loading fiber chuck with approximately 1 mm
extended from the end. This was mounted into a custom 3D-printed jig designed by
Capt Smith and detailed in [27]. A drop of the Nanoscribe’s IP-Dip photo-resin was
then deposited onto the face of the fiber chuck, surrounding the fiber in resin. The jig
was fastened to the 2”7 wafer plate provided with the Nanoscribe. This plate was used
because it had three accessible threaded holes for mounting. To access the plate, the
top light of the Nanoscribe was unscrewed and set aside. A picture of the Nanoscribe
and several steps of this loading procedure is included in figure 24.

The laser aperture, a custom 63x objective lens, was raised manually to the fiber.
The fiber was initially located by following the groove of the fiber chuck. Subsequently,
the fiber was mounted in nearly the same location, so it could be approached directly
based off of its last known location. A laser employing ultra-short pulses scanned
through the resin layer-by-layer according to a computer aided design (CAD) file. The
laser used a wavelength of 780 nm, a 80-MHz repetition rate, and a 120-femtosecond
(fs) pulse duration. The CAD file was first generated in Solidworks, then partitioned
into vertical layers by the DeScribe slicer software. Red light from a flashlight was
coupled to the fiber to identify the core. A small disk on each device was used as
an alignment mark to line up with the core, thus centering the device on the fiber.
This was done by focusing the laser inside the fiber where it was still visible, but not
polymerizing resin.

To ensure adhesion to the fiber face, each print was started approximately 5um
beneath the surface of the fiber such that the 5um thick base pad would be traced
inside the fiber, not the resin. Thus, it was only necessary to approximately locate
the face of the fiber vertically, which had previously caused issues with adhesion.

Since the interface was located manually by the operator for each device, the length
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Figure 24: Important features of the fabrication process. (a) The Nanoscribe GmbH
Photonic Professional GT microfabrication system. (b) A close-up of the fiber loaded
in the machine. (c) The fiber chuck and custom jig. (d) IP-Dip resin deposited on
the fiber chuck. Please note that while one of the corners of the jig is damaged, it
was still able to screw securely into the substrate-plate and did not seem to influence
fabrication.

of the cavity has a theoretical range of +5um with this process. The Nanoscribe was
operated with the NanoWrite user interface. The key settings used for this device

are included in table 2. Screen capture images of the Nanowrite software during
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fabrication are included in figure 25.

The resin was specially formatted to only solidify after absorbing two-photons of
a high energy threshold. This condition only occurred in a small portion of the laser
beam, called the voxel (3D equivalent of a pixel). The minimum voxel size advertised

by Nanoscribe was 150nm wide by 150nm long by 200nm tall. The voxel size used

(2)

Figure 25: Screen capture images of the NanoWrite software during fabrication. (a)
The fiber was located by raising the objective into the resin. (b) The of the fiber was
used as an alignment mark. (c) The laser was scanned through the resin layer-by-layer
according to the 3D model, in this case a spring-body pressure sensor was fabricated.

Table 2: Primary 2PP fabrication settings input to the Nanoscribe software.

XY Resolution | 0.2 | pm
Z Resolution | 0.2 | pm
Laser Power | 40 | %
Scan Time | 10 | mm/s
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to fabricate the mechanically enabled FP cavity was 200nm wide by 200nm long by
200nm tall. The voxel traced through the design one layer at a time to produce
a polymerized structure surrounded by resin. A graphic depicting this process is
included in figure 26. This unexposed resin was developed away by soaking the fiber
chuck inpropylene glycol methyl ether acetate (PGMEA), also called SU-8 developer.
Halfway through the development, the fiber was extended several millimeters for the
remaining 10 minutes to ensure no droplets of resin formed around the device. The
device was bathed in Isopropyl Alcohol (IPA) for 10 min to remove the PGMEA.
The device was then ready for manipulation or experimentation. Starting with a
cleaved fiber, a single device took approximately 45 min to fabricate. Approximately
6 devices could be made in a 3-hour time block by running the Nanoscribe while other
devices were bathed in the solvent.

The hinged FP cavity required three post-polymerization processes. First, the
supports were broken and the hinged cavity was moved to the fully open position
with a 5-um diameter semiconductor analysis probe. This was performed under a
microscope at 200x magnification, and required manual dexterity roughly equivalent
to precise wire-bonding.

Next, a gold thin film was deposited onto the device to create the semi-reflective
mirrors for the resonator. A small window of thicknesses existed for a successful
device. A coating that was too thin would not improve the quality factor of the
device, while a coating that was too thick would wash out all resonance features,
reflecting all wavelengths. The most successful deposition for the final hinged device
was performed at 100W for 52sec. The important recipe settings are included in
table 3. Another deposition was attempted on the very top of the device in an effort
to create a dual-cavity response. Unfortunately, this did not work as planned, and

the device continued to exhibit a single-cavity response. This was because the third
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Figure 26: Graphic depicting the 2PP fabrication process. (a) Photoresin deposited
onto a cleaved optical fiber loaded into a fiber chuck. The microscope objective of the
Nanoscribe was lowered into the resin. (b) The laser was scanned through layer by
layer to polymerize the desired structure. (¢) The remaining photoresin was developed
away to release the device.
mirror was flat, which scattered the reflections from the inner curved mirror. Future
work could explore different sputtering settings and device geometries to achieve this,
but there was not time to explore different options within the scope of this work.
Finally, the hinged portion was locked into the closed position. This was done in
the same manner as opening the hinge. Best practice was to press one side of the

hinge into the latch first, then press the rest into the stretched latch. The natural

flexibility of the IP-Dip made such aggressive manipulations possible without damag-
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Table 3: Plasma sputtering deposition settings used for the hinged FP cavity RI
sensor reflective coating.
Gold in Lesker Plasma Sputtering System Cathode 1

Cathode Power 100 Watt
Cathode Mode DC
Burn-in Time 30  Sec
Burn-in Pressure 10 mTorr
Deposition Time 52 Sec
Deposition Pressure 5 mTorr
Stage Rotation 5 RPM
Fiber Placement | Center Stage
Fiber Orientation Vertical

ing the device. Figure 27 shows optical microscope images of the post-polymerization

manipulations. The device was then ready for RI sensing.
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Figure 27: Optical microscope images of manipulating the hinged FP cavity with a
probe. (a) Probe and fiber under a microscope. (b) Device as fabricated in half-
open position (c¢) Device in fully-open position, ready for gold deposition (d) Device
being closed after gold deposition (e) Device latched in place. Please note the device
pictured is the slightly taller 33-pm device.

The variability in device geometry due to fabrication was dominated by the

operator-dependant fabrication steps and various design choices. Most other un-

certainty introduced by the fabrication equipment was assumed to be comparatively
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negligible to maintain the scope of this work. Known sources of variability due to

fabrication and their subsequent assumptions are:

e Adhesion pad scanned beneath the fiber face as located by the operator; +5um

variation in cavity length.

e Alignment of the device to the core was performed manually by the operator;
variation in lateral position was not included in the analysis of the results, but

could be included in future, more robust analysis.

e Potential alignment error introduced during fabrication due to uneven tighten-
ing of the fiber-chuck jig onto the substrate plate; devices were visually inspected

and thrown out if they contained a significant slant.

e The pin in its housing retained its clearance from fabrication; a variability in the
cavity length of +1.25um from movement of the pin could exist after the hinged
mirror was latched in place. Angular misalignment caused by this clearance was

not included in the analysis of the results.

e Uncertainty of the Nanoscribe’s galvanometric and piezoelectric positioning sys-
tem was +bnm according to the operating manual; the subsequent +5nm vari-
ability in height and lateral position were not included in the analysis of the

results as they were significantly smaller than the other sources of variability.

e The reflective coating may have deposited differently to the slightly angled,
polymer mirror compared to the flat, glass, fiber face; the reflective coating was

assumed to be constant and uniform for this analysis.
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3.2.4 Experiment Setup

The device fiber was spliced to an FC/APC patch cable from Fiber Instrument
Sales (FIS) using a 3M Fibrlock II universal fiber splice. This enabled simple inte-
gration with optical equipment. A Sacher LaserTecnik TEC 520 variable wavelength
laser and Pilot PZ 500 laserdiode controller was used as a light source. This was
swept from 1460 - 1580nm at a rate of 1.6 nm per second using its internal stepper
motor controlled by a LabView® virtual instrument (VI) on a laptop computer. On
the same laptop computer, a function generator and the 3.5mm headphone jack were
used to create a trigger to identify the start of the sweep. This functionality was not
built into the Sacher laser. A mouse macro was used to ensure repeatable timing for
each measurement. The sweep was inititated 6 ms after an impulse was sent by the
function generator using the macro. Details of this software are included in appendix
A.

The laser source was connected to the first port of a Thorlabs 6015-3-APC non-
polarization maintaining optical circulator designed to operate from 1525-1610 nm.
The optical circulator experiences low loss from port one to port two and from port
two to port three, and experiences high losses in the reverse from port three to port two
and from port two to port one. This creates a one-way device that allows the reflection
from port two to be isolated and analyzed. Port two of the optical circulator was
connected to a Thorlabs FPC025 two-paddle manual polarization controller, which
was connected to the device fiber. Constant polarization improved the quality of
the reflection response, but the specific polarization did not affect the results. Both
paddles of the polarization controller were left in the upright position throughout
testing. The other end of the polarization controller (port 2 of the optical circulator)
was connected to the device fiber. The sensor fiber was spliced to a FIS simplex

9/125 FC/APC patch cable with a 3M Fibrlok II universal fiber splice. The third
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port of the optical circulator was connected to a Newport model 1611 1-GHz low-noise
photoreceiver. The DC output of the photoreciever was read by an Agilent 54641D
mixed signal oscilloscope. This portion of the experimental setup was used in each
test, and is pictured in figures 28, 29, and 30.

To measure the RI change of the water-IPA solution, the fiber was immersed in
a vial containing a given mixture. The side-loading fiber chuck was mounted into
a Newport 561-FC fiber chuck holder, essentially a steel block with a hole and set-
screw. The holder made handling the device much easier, and was set on top of the
glass vial to immerse the sensor. Solutions of different concentration were prepared
by measuring the respective quantities of water and IPA. One graduation of the 5-ml
graduated cylinder, +0.1ml, was taken as the confidence of each measured quantity.
Multiple transfers were performed to create a final solution of 20ml. An uncertainty
of +0.1ml was added for each use of the graduated cylinder to produce the volumetric
concentration error bounds, which were carried into the % weight error bounds. The
solution was vigorously mixed with a stainless steel straw for 30 sec prior to inserting
the sensor. The fiber chuck was swirled through the solution for an additional 10 sec
to encourage liquid to enter the cavity. The wavelength sweep was then initiated.
After each test, the device was blown dry with compressed nitrogen for 30 seconds.
One series was performed with concentrations varying from 40% to 100% IPA by
volume at 10% intervals. The % weight of IPA in the solution was calculated using a
density of 1g/ml for water and 0.785g/ml for IPA to compare with RI values reported
in literature [105]. Three measurements were taken in each solution.

To measure temperature, the device was suspended above a hot plate by fixing a
fiber chuck to an optical equipment stand. A thermocouple to monitor the air tem-
perature was held at the same level fixed to another stand. The fiber chuck and device

were maintained in the same position for the entire experiment. To take a reading,
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Figure 28: Experimental setup used to measure solution composition with the me-
chanically enabled FP Cavity device.

the hotplate was allowed to reach a particular temperature. The thermocouple was
turned on as the wavelength sweep was started. The reading on the thermocouple
at the end of the sweep was taken as the air temperature experienced by the device.
The hotplate temperature was varied from room temperature to 250 °F at 50°F inter-
vals. A measurement was only taken if the hotplate was within 2°F of its set point.
The experiment was performed twice, once on the way up to 250°F and again on the
way back down to room temperature in order to explore any hysteresis effects and
gather more statistically significant data. The hotplate was brought to 300°C, but the
data from this measurement was unfortunately lost. The thermocouple’s operating
manual reported an accuracy of +(0.1%Reading +1°C), which was incorporated into
each reported temperature. A graphic depicting the temperature measurement setup

is included in figure 29.
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Figure 29: Experimental setup used to measure ambient temperature with the me-
chanically enabled FP Cavity device.

To measure pressure, the device was mounted inside a Best Value Vacs vacuum
chamber. The fiber chuck and holder were used to hold the device again, and placed
inside the chamber. A 1/4” hole was drilled into the acrylic top of the chamber to
pass the fiber through. A piece of high density foam was cut and placed around
the fiber to seal with the top of the chamber. A compression-fitting port on the
chamber was connected to a Thomas 607CA32C electric vacuum pump. A small leak
existed somewhere in the vacuum chamber, and a constant pressure was maintained
by slightly opening the valve to the vacuum pump, pulling vacuum back to the desired
level occasionally throughout a reading. This was done manually while observing the
vacuum gauge. To account for this variation, an uncertainty of two graduations on
the gauge above or below the desired reading was used, giving a confidence interval of
+0.68k Pa for each reported pressure level. The pressure experiment was performed

twice, once on the way down to 16.34 kPa and again on the way back to atmospheric
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pressure in order to explore any hysteresis effects and gather more statistically signif-
icant data. A graphic depicting the pressure measurement setup is included in figure
30.

The variable wavelength laser had two problematic features that were removed
from each measurement by processing the data in MATLAB®. First, the laser was
designed primarily to operate within close proximity of a single wavelength, not swept
over its entire operating range. Therefore, only the current could be controlled, so the
output power was highly dependent on wavelength. This manifested as the curve seen
in figure 31 (a). This wavelength-dependent floor was removed from the readings for
analysis by measuring the response of a blank, cleaved fiber coated in a thick layer
of gold, and subtracting this from each reading with a device. The laser’s motor
also introduced a high-frequency ringing as it moved the internal grating to sweep

wavelength. This can be seen in figure 31 (b). This high frequency was particularly
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Figure 30: Experimental setup used to measure vacuum pressure with the mechani-
cally enabled FP Cavity device.
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problematic as it added significant confusion to the peak value of a resonant feature..
The ringing was suppressed in the data by using a moving average filter in MATLAB®
using 20 points. This also reduced the quality factor of the resonant peaks, but
the increased clarity in peak wavelength location was considered worth the loss of
resolution. The same filter was applied to all measurements taken with this device.
A selection of this code is included in appendix A. An example of the final data
used for analysis can be seen in figure 31 (c). An alternative method for locating
the resonant peak in the presence of the high frequency noise is to fit an appropriate
distribution curve, which was not accomplished in the scope of this thesis, but would
make for promising future work.

Several sources of systematic measurement uncertainty were folded into the con-

fidence interval of each measurement. The accuracy of the laser was included in its
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Figure 31: Filters applied to the the reflection data for more accurate analysis. (a)
Raw output with power dependent on wavelength. (b) Spectrum after subtracting
the power floor. (c¢) Equipment-induced ringing filtered out by MATLAB®.
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operating manual as £0.05nm. The horizontal (time domain) accuracy of the oscillo-
scope was calculated as directed in its operating manual and converted to wavelength
by multiplying by the rate of the wavelength sweep. The documentation for the pho-
toreciever did not include accuracy information, so it was calculated in the same way
as the oscilloscope. Given that the photoreciever was at least 10 years newer than
the oscilloscope and designed to capture high frequency signals, this was assumed to
be a conservative estimate of its accuracy. To account for error introduced in the
MATLAB® post-processing, 25 resonant peaks from several measurements were ex-
amined. Each peak was isolated from the rest of the spectrum and normalized to its
minimum and maximum values, and the number of points above 0.95 (within 5% of
the peak) were counted. The greatest number of points observed above this threshold
was 12, with most peaks exhibiting between 6-10 points. The potential wavelength
range over 12 points was used as a conservative estimate of the error introduced by
the post-processing. These measurement-induced uncertainty values are collected in
table 4.

For repeated experimental measurements, the standard error of the mean was

calculated from the standard deviation, o, and the number of measurements n to be:

SE = % (19)

This statistically derived uncertainty obtained from the measured values, U,, was

Table 4: Collected measurement-induced wavelength location uncertainty

Source Uncertainty | Calculation

Variable Wavelength Laser | £ 0.05nm Provided in manual

Oscilloscope 4+ 0.16nm 0.1% Screen Width +1 Sample Period
Photoreciever + 0.12nm 0.1% Measurement Length +1 Rise Time
MATLAB® Post-Processing | + 0.48nm 1/2(12 points x 0.08nm/point)

Total from Measurement + 0.52 nm VU, + U2, + U2, + U2,
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combined with the uncertainty of the instruments, Ug, to yield the total uncertainty:

Utotal =\ Uf\ + Ué (20)

Several other sources of error could have impacted measurements, but were assumed
to be negligible to maintain the scope of this work. A non-exhaustive list of these

factors and their associated assumptions are:

e Variations in ambient temperature; assumed to be constant at 22°C.
e Variations in ambient relative humidity; assumed to be constant at 40%.

e Wavelength dependence of length, RI, and the speed of light; assumed to be

independent of wavelength over the bandwidth of interest.

3.3 Results

Before it was used as a sensor, the reflection spectrum of the mechanically enabled
FP cavity was compared to several popular models to determine device and signal
properties. The most common model for a Fabry—Pérot cavity is the Airy Distribution

1106],

L;,(1 — R)?

(1 — R)? + 4Rsin*(¢)’ (21)

Iout =

where R is the reflectance of the mirrors, assumed to be equal, and ¢ is half of the
round-trip phase shift at a given frequency in terms of its distance from the resonant

frequency vy at an FSR of Avpgg [106],

UV — g

(b_

=T .
Avpsr
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The Airy distribution was modeled over our available bandwidth, 1460 - 1580 nm,

and subtracted from 1 to simulate reflection,

Irefl =1- Iout- (23)

Since it was being used to estimate reflectively, several key factors were taken
from the measured spectrum. The resonant wavelength and FSR were taken from
the measured result, and both the reflection spectrum and Airy distribution was
normalized between zero and one to ensure matching magnitudes. The reflectance of
both mirrors was assumed to be the same since they experienced the same reflective
coating. The MATLAB® curve-fitting application using a trust-region algorithm was
used to extract a value of for reflectance, R in equation 21. The reflectance was found
to be 0.83+£0.0082 as the 95% confidence interval from the curve-fitting model.

Next, the quality factor of the resonance feature was estimated using the inverse
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Figure 32: Airy distribution fit to the reflection spectrum of the mechanically enabled
FP cavity RI sensor in air at room temperature to determine reflectance.
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Lorentzian line shape [107],

- w)?
S Y2 E

(24)

where v is the frequency of a given wavelength, vy is the frequency of the resonant

wavelength, and 7 is related to the quality factor Q by,

_

Vo

T

(25)

The model was compared to the second resonance feature of the mechanically enabled
FP cavity in air at room temperature. The curve fitting application from MATLAB®
was used again with a trust-region algorithm to fit equation 24 with a value of Q.
With a 95% confidence interval, the curve-fitting model predicted a quality factor of
492.3 £ 25.8, which is pictured in figure 33. The assymetry of the measured reflection
is likely due to a misalignment of the hinged cavity. Future work could explore the
physical meaning behind a skewed-Loretzian fit which would likely fit the data more
accurately.

The FSR of the response was also measured and compared to the theoretical value.
The first resonance occurred at 1495.8nm 4+ 0.52nm. This uncertainty stems from the
measurement techniques described in subsection 3.2.4. Using equation 13, 1.0003 for
the RI of air, and the cavity length of 22um, the FSR was predicted to be 50.84,
putting the second resonant peak at 1546.6. The second resonance was measured at
1546.2nm + 0.52nm for a FSR of 50.35 £ 1.04nm, agreeing closely with the predicted
values.

Liquid RI measurements were made in solutions of IPA and water at various
concentrations. The IPA component was varied from 40 to 100 percent by volume.

The % weight of IPA in the solution was calculated using a density of 1g/ml for
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Figure 33: Lorentzian fit normalized and fit to the second resonant peak of the
mechanically enabled FP cavity RI sensor in air at room temperature to determine
quality factor.

water and 0.785g/ml for IPA. A solution with more than 60% water by volume was
unable to enter the device. This was a downside of the small cavity, as liquids with
strong cohesion could not overcome the surface tension of the small opening. Since
IPA has a higher RI than water (n=1.3776 for IPA and n=1.333 for water) increasing
the concentration of IPA was expected to cause a red-shift in the resonant feature
according to equation 3. This can be seen in the selection of three measurements
included in figure 34.

The RI of TPA and water solutions has been shown experimentally to vary non-
linearly [105], which was captured in the results of this experiment. The measured
locations of the resonant features are plotted in figure 35. The error bars capture
both the uncertainty of the measurement equipment and 1 standard error from the
repeated readings as described in equation 20. They are compared with the results
of equation 3. The cavity length and mode orders for the calculations were chosen

within the length design tolerance of 22 + 5um to align as closely as possible with
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Figure 34: Three select reflection readings demonstrating the red-shift in resonant
wavelength as a function of solution composition.

the measured data, based on visual inspection. The extracted cavity length varied
between experiments, but falls well within the +1.25pum tolerance allowed by the
clearance of the pin within its housing.

A close-up view of a particular resonance event is pictured in figure 36. This also
includes a polynomial fit that could be used to extract the weight concentration of
liquid RI from the shift in resonant wavelength. This is included in equation 26. The
fit and its prediction band were calculated from repeated measurements only, not the

equipment measurement error:

Ao = (1.7140.20) [z 1C — (0.0089+0.0015)[—2m_ O+ (1479.77+£6.17)um] (26)

%Wt IPA %Wt IPA2

Taking the values from the experiments performed in [105] for each % weight mea-
sured, the actual RI value can also be determined. Figure 36 contains a plot of the
measured resonance feature locations in terms of the solution’s RI. These are com-

pared to the resonant wavelengths predicted by equation 3, with the same [ and m
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Figure 35: Resonant wavelength locations in different solutions of TPA and water.
The error bars represent both +1 standard error of the mean from the repeated
measurements combined with the instrument uncertainty, but are difficult to see on
this scale. The calculated resonant peaks were found with equation 3 at a length and
modes extracted to match measured data within the design tolerances.

values extracted from figure 35. A linear fit and 95% prediction band were calcu-
lated again based on the repeated measurements. The fit indicates a sensitivity of

1992.47 + 102.85 nm/RI, and is included in equation 27. A plot of the resonant

wavelength shift in terms of the solution RI is included in figure 37.

Ao = (1992.47 & 102.85) (22| RT — (1182.84 = 141.0)fnm] (27)

RI

The mechanically enabled FP cavity RI sensor also showed a linear response with
changes in its surrounding temperature. Figure 38 shows the measured resonant
wavelengths as the temperature was both raised and lowered. The error bars include

only the instrument induced measurement error, since these measurements were not
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Figure 36: Shift in resonant wavelength due to changes in concentration of IPA and
water solutions. The error bars represent both 41 standard error of the mean from
the repeated measurements and the instrument uncertainty. The calculated resonant
peaks were found with equation 3 at a length and modes extracted to match measured
data within the design tolerances. The horizontal error bars from the accuracy of the
graduated cylinder were too small to view at this scale. The polynomial fit and its
prediction band were calculated from on the repeated measurements only.

combined statistically due to the significant hysteresis. Equation 3 was again used to
extract values for [ and m that agree with the fabrication tolerance, the pin-clearance,
and the values extracted in the liquid RI sensing experiment. When both the thermal
expansion of the base and mirror are combined with the change in refractive index
of air in response to temperature, the linear fit between the two measurement series
aligns well with the resonant wavelengths predicted by equation 3. The fit is included

in equation 28, and was calculated with 95% prediction bounds based on the two

repeated measurements.

Ao = (0.20 £ 0.052) (2217 + (1549.19 = 1.86)fm] (28)
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Figure 37: Shift in resonant wavelength as a function of the RI change in the solutions.
The error bars represent both 41 standard error of the mean from the repeated
measurements and the instrument uncertainty. The calculated resonant peaks were
found with equation 3 at a length and modes extracted to match measured data within
the design tolerances. The horizontal error bars from the accuracy of the graduated
cylinder were too small to view at this scale. The linear fit and its prediction band
were calculated from the repeated measurements only.
Figure 39 contains a close-up plot of a resonance event and these equations. The
hysteresis is likely caused by a slow thermal response of the polymer when expanding
and contracting with temperature changes. Future work could evaluate and quantify
this time-dependence to improve the calibration of the device as a temperature sensor.
The pressure test showed another predominately linear response. The results rep-
resent two runs, one raising the pressure and one lowering the pressure. Equation 3
was used to extract a cavity length and mode orders that aligned with the measured
results and design tolerances. The RI of air at each pressure was predicted with

the NIST metrology database [28]. The measured resonant peaks compared to those

calculated with these parameters are included in figure 40. The vertical error bars
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Figure 38: Measured resonant wavelength locations compared to values calculated
with equation 3, and extracted values of [ and m that match known dimensions and
the measured results. Error bars include only the uncertainty estimated from the
measurement instruments, but are difficult to see on this scale.
represent the estimated measurement error from the equipment, as each point was
plotted separately to observe the hysteresis. The horizontal error bars represent the
accuracy of the thermocouple. They are not seen in the scale of figure 40, but can be
seen in the close-up image in figure 41. The hysteresis is likely caused by outgassing
from the polymer cavity slightly changing its length, and a drop in relative humidity
after the chamber was evacuated initially. Further experimentation in positive pres-
sure and repeated measurements at vacuum pressures are needed to further evaluate
the cause of the hysteresis.

A linear model was fit to the combined data, and plotted in figure 41. The fit
and its prediction band were calculated using the measured data, not the equipment
uncertainty. Calculations done in the NIST database were performed assuming a

constant relative humidity of 40%. The calculated resonant peaks per equation 3 fall
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Figure 39: Measured resonant wavelength locations compared to values calculated
with equation 3, and the extracted values of [ and m seen in figure 38. The vertical
error bars show only the measurement instrument uncertainty. The linear fit and its
prediction band were calculated from the repeated measurements only. The horizontal
error bars show the accuracy of the thermocouple.

within the 95% prediction band of the linear model, but outside of the measurement
uncertainty of the individual values. The steeper slope is again likely caused by initial
outgassing and change in relative humidity, which repeated testing could verify. The

model exhibited an R? value of only 0.46, due to the hysteresis difference, and is

included in equation 29.

Xo = (0.016 £ 0.0049)[ 2 | P + (1524.32 = 0.32) [nm] (29)

The results gathered from the mechanically enabled FP cavity device are compiled

in table 5.
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Figure 40: Locations of the resonance features at different pressure values inside a
vacuum chamber. The measured values are compared to the calculated resonant peaks
from equation 3 with a length extracted from the design tolerance and RI provided
by [28].
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Figure 41: Locations of one resonance features at different pressure values. The
measured values are compared to the calculated resonant peaks from equation 3
with a length extracted from the design tolerance and RI provided by [28]. The
vertical error bars represent the instrument uncertainty. The horizontal error bars
of the vacuum level uncertainty were not visible at this scale. The linear fit and its
prediction band were calculated from the repeated measurements only.
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Table 5: Mechanically enabled FP cavity RI sensor results.
FSR | 50.35 £ 1.04nm
Reflectance | 83%+0.82%
Quality Factor | 492.3 + 25.8
RI Sensitivity (Linear Fit) | 1992.47 £102.85 nm/ARI
Total Observed Shift from RI | 33.35 +1.36 nm/0.017 £1.79 x 107° ARI
Smallest ARI Measured | 8.63x1075 £2.32x1075
Temp. Sensitivity (Linear Fit) | 0.204+0.052 nm/°C
Total Observed Shift from Temp. | 8.0 £1.04 nm/28.4 +2.07°C
Smallest AT Measured | 2.6° £2.01°
Press. Sensitivity (Linear Fit) | 0.016£0.0049 nm/kPa
Total Observed Shift from Press. | 1.76 £1.04 nm/84.66 +1.35 kPa
Smallest AP Measured | 16.93+1.36kPa

3.4 Conclusion

The mechanically enabled FPcavity RI sensor successfully demonstrated a mono-
lithically integrated dynamic structure fabricated with extensive 3D freedom at the
micron scale. Selective and controllable thin film deposition with traditional semi-
conductor fabrication methods was realized with a multi-position hinged mirror. A
reflective coating of gold was deposited to create two semi-mirrors with a reflectance of
approximately 83%4:0.82%, a resonance quality factor of approximately 492.3425.8.
A curved surface and latching mechanism aided in stabilizing the reflection response
of the device, while a short, 22-um cavity length further improved alignment insen-
sitivity. The device successfully measured changes in liquid solution refractive index,
ambient temperature, and vacuum pressure by monitoring shifts in the cavity’s res-
onant wavelengths. Linear fits to experimental data indicate resonant wavelength
shift sensitivities of 1992.47 £102.85 nm/ARI, 0.204+0.052 nm/°C, and 0.0164-0.0049
nm/kPa. Sensing resolution could be improved by fitting an appropriate distribu-
tion to each peak and avoiding the filter, and by improving the repeatability of each

measurement, by mechanically fixing the hinge.
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Future work with the mechanically enabled FP cavity RI sensor could include,

Test all parameters more in-depth to determine absolute resolutions, response

times, and fatigue effects, and to explore the source of hysteresis effects.

Create of a self-referencing two-cavity device by adding a mirror with greater
curvature on the top of the polymer cavity and determining an appropriate

reflective coating.

Further increase reflectance and quality factor by exploring different materials

and recipes for reflective coatings.

Reduce variation in the cavity length by mechanically fixing the pin and im-

proving the consistency of the fabrication process.

Explore integration of 2PP microfabrication onto other substrates, such as com-
plementary metal oxide semiconductor (CMOS) integrated circuits or Micro-

Electro-Mechanical Systems (MEMS).
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IV. High-Deflection Spring-Body Pressure Sensor

4.1 Chapter Overview

The high deflection spring-body pressure sensor was intended to leverage the me-
chanical success of the mechanically enabled Fabry—Pérot (FP) cavity and the 3D
freedom afforded by the two-photon polymerization (2PP) microfabrication technique.
Instead of measuring pressure by refractive index (RI) change, this device changed
cavity length in response to differential pressure. This was achieved by capturing a
small pocket of atmosphere inside the cavity during fabrication. When placed in the
vacuum chamber, the pressure differential caused the pocket to expand. This tech-
nique is popular in Micro-Electro-Mechanical Systems (MEMS) pressure sensors, and
has been demonstrated on several fiber-tip sensors as well [17, 18, 19, 63, 59, 65]. This
device sought to use a spring-body to increase deflection from differential pressure.
The spring-body could not be fabricated with traditional semiconductor fabrication
techniques, and highlights the versatility of 2PP microfabrication. The expansion of

the cavity alters which wavelengths resonate and transmit through the device.
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Figure 42: SEM Images of the spring-body pressure sensor. (a) Hinged mirror and cap
open after metal deposition, before sealing. (b) After sealing with optical adhesive.
(c) A cross-sectional rendering of the device after sealing with optical adhesive.

4.2 Methodology

4.2.1 Operating Principle

The FP cavity functions the same as with the mechanically enabled RI sensor,
but instead of changing the RI of the cavity the bellows changes the cavity length by
expanding in response to a pressure differential. The force acting on the spring-body

will be,
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F == APAtop (30)

where only the top area will have a net effect. Pressure will be exerted on the entire
wall, but its symmetry will balance the other forces. The displacement caused by this

force is found with the spring equation,

§ = kF (31)

The geometry used for the spring-body is very similar to an assembly of Belleville
spring washers in series. This will be used to model the potential deflection. For a

single Belleville spring, the force F' is related to the deflection ¢ by [108],

Eo

F=— "
MR (1 — pi?)

[ﬁ+ﬂh—gxh—®] (32)

where R is the outer radius, F is the material’s modulus of elasticity, p is Poisson’s
ratio, t is the washer thickness, h is the inner washer height, and M is defined as

6 (A—1)

M = minA A2

(33)

where A is the ratio of the outer diameter to the inner diameter D/d. Most impor-
tantly, Belleville spring washers arranged top to bottom in a stack act in series. This
reduces the effective spring constant and increases the deflection such that,

1 1 1

Y . B 4
keyy [/ﬁ + " + ...+ kn] (34)

The spring-body of the pressure sensor contains five Belleville spring washers in series,

for greater deflections at lower forces. As the body expands or contracts with the
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pressure differential, the reflection response of the FP cavity changes. As discussed in
subsection 3.2.1, the resonant wavelength will shift with changes in the RI or cavity
length. Since the spring interior is a closed environment, the pressure inside remains
constant. The temperature is assumed to be constant as well, making the RI of the
air inside the cavity unchanged. This makes a shift in resonant wavelength due to
the expansion of the cavity, which can be calculated by equation 17, included again

here,

Ao Al  An

—_— 1+ — 35
o 1 (35)

Thus, by monitoring the change in resonant wavelength, one can determine the deflec-

tion of the bellows. The pressure differential can then be determined if the mechanical

properties of the device are known.

4.2.2 Device Design

The spring-body was designed to achieve high deflection with low forces by using
multiple springs in series. As shown in equation 30, the thickness of the spring-body
is an important design parameter with lower thicknesses leading to greater deflection
at a given force force. The spring was initially fabricated with a 4-pm thick body, but
this was successfully reduced to 2-um. The device was sturdy enough to withstand
fabrication at this thickness, and greater deflection was achieved. The circular profile
of the body was chosen to avoid stress concentrations that would exist at the corners
of a polygon-shaped bellows. The same successful hinge and curved mirror used in
the mechanically enabled RI sensor were utilized again. A small lip around the edge
of the spring opening provided a resting place for the cap. A latching mechanism
was added to improve stability during the sealing procedure. While the latching

mechanism did not work as intended, it still aided in aligning the top mirror. There
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was not enough clearance for the latch to spring back over the cap, but the latch bent
down and held the cap in place by providing tension against the pin housing. A cross
sectional render is presented in figure 43 that displays these design features and the
multiple internal reflection that occurs inside the cavity.

A brief finite element analysis (FEA) study was performed to estimate the de-
flection of the spring-body and confirm the mode of operation. This was done using
COMSOL® multiphysics. A simplified model of the device with the hinge and adhe-
sive retaining features removed was used to focus on the reaction of the spring-body.
Material properties of the polymerized IP-DIP were supplied by Nanoscribe and other
researchers [29]. The properties used are included in table 6. The mesh and simulated
deflection at -25 in-Hg are included in figure 44. The simulated deflection is greatly
exaggerated for visualization. The FEA analysis confirmed the mode of deflection,

but estimated higher deflections than were observed. This discrepancy is discussed

Resonant Wavelengths
Transmit Latching
Mechanism

Transparent surface

Hinge pin
and housing
‘ Adhesive
Retaining
Reflective Surfaces ’

Spring Body / Features

Multiple Internal
Reflection

Most Wavelengths
Reflect

Figure 43: Cross Section view of the sensor interior picturing the spring-body and
the multiple internal reflection between the two mirrored surfaces.
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in section 4.3.

The device was sealed and adhered to the fiber with Norland optical adhesive 68
(NOA 68). This provided an air-tight barrier to maintain the interior pressure, and
kept the device from peeling off of the fiber. Initial plans to paint the adhesive onto
the rim of the cap did not work. The adhesive formed beads instead of a thin film
when placed on a probe, making precise application difficult. Initial attempts covered
most of the spring elements with adhesive as well as the cap. To correct this, a cup
and a skirt were added to guide the adhesive around the spring elements. These
features functioned as intended, and successfully sealed the device without damaging
the spring elements in the body. A render of the device with the hinge in the open
and closed positions is included in figuer 45. Various phases of the adhesive sealing

process are included in figure 46.
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Figure 44: Model used for finite element analysis of the spring-body. (a) Generated
mesh. (b) Estimated displacement in pm.
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Table 6: Mechanical properties of polymerized IP-Dip used for FEA, gathered from
Nanoscribe and [29].
IP-Dip Mechanical Properties for FEA
Modulus of Elasticity | 2.91 GPa
Density 1.04 g/cm?
Poisson’s Ratio 0.3

(b)

Figure 45: Computer generated render of the spring-body pressure sensor at various
stages. (a) Device as fabricated. (b) Device with the top closed.

4.2.3 Fabrication

The body of the device was fabricated by 2PP microfabrication as described in
3.2.3. A slightly different Z resolution was used, and is included in table 7 with the
other settings. The hinged cap was opened and closed in the same way as the RI sen-
sor. The hinge allowed a curved mirror to be used in the cap to reduce misalignment
sensitivity. The fiber face could also be exposed to receive a similar reflective coating
to the top mirror. Fabricating in the open position also enabled the interior of the
device to easily cleared of undeveloped photoresin. A cavity could be made full of
undeveloped resin as seen in [60], but exposure to sunlight or other UV sources would
start to eventually polymerize this interior. The same 5um pad was used as in the

RI sensor, giving the cavity a length of 63.66 + bum.
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Table 7: Primary 2PP Fabrication settings input to the Nanoscribe software.
2PP Fabrication Settings
XY Resolution | 0.2 | pm
Z Resolution | 0.3 | pm
Laser Power | 40 | %
Scan Time | 10 | mm/s

Depositing a reflective coating onto the spring-body pressure sensor proved par-
ticularly challenging. The cap could be opened as with the RI sensor, but the tall
walls of the spring-body significantly shaded the core during sputtering. If placed in
the center of the process chamber, very little metal would be deposited on the fiber
face to make the first mirror. This was corrected by moving the device to the edge of
the stage, so that it passed directly under the sputtering target. With this orienta-
tion, a recipe was found that improved the reflectance of the cavity. The recipe was
not fine-tuned as extensively as with the RI sensor, so only moderate improvement
was achieved. Nevertheless, the reflective coating ensured that the dominant reso-
nance features were from the internal cavity. The settings used for the deposition are
included in table 8.

The pressure sensor required a unique post-processing step in applying the optical
adhesive. This was done by dipping a wire-style 10-um diameter probe into the
NOA 68, then running it along a lint-free paper towel to remove the majority of the
adhesive. The remaining beads were small enough to be maneuvered into the cup and
skirt features without affecting the spring-body of the device. Adhesive was placed
in the top cup by lowering the probe directly onto the cap of the device. The bottom
was sealed by placing a drop of adhesive on the fiber and guiding it up into the skirt
with the probe-tip. It then flowed around the skirt to encompass the entire bottom

of the device. The gluing process is pictured in figure 46.
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Table 8: Plasma sputtering deposition settings used for the spring-body pressure
sensor reflective coating.
Gold in Lesker Plasma Sputtering System Cathode 1

Cathode Power 100  Watt
Cathode Mode DC
Burn-in Time 30  Sec
Burn-in Pressure 10 mTorr
Deposition Time 30 Sec
Deposition Pressure 5 mTorr
Stage Rotation 5 RPM
Fiber Placement | Edge of Stage
Fiber Orientation Vertical

Figure 46: Optical microscope images of sealing the pressure sensor with optical
adhesive. (a) Cap closed and a bead of adhesive on a probe. (b) Top sealed with
adhesive. (c) Drop of adhesive on the fiber ready to be pushed onto the skirt.

4.2.4 Experiment Setup

The spring-body pressure sensor was tested with the same setup described in
subsection 3.2.4, and a graphic representing the setup is included in figure 28. The
vacuum inside the chamber was varied from atmospheric pressure to 16.34 kPa in
increments of 16.93 kPa. The same uncertainty of two graduations (£0.68kPa) was
applied to each desired pressure value. Three runs were performed, run one and
run two went from atmosphere to 16.34 kPa, where run three went from 16.34 kPa
to atmosphere in order to explore hysteresis effects, which did not appear to have

a significant impact on results. As with the mechanically enabled RI sensor, the
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motor that drives the variable-wavelength laser introduced a ringing into the reflection
response. Another MATLAB® smoothing function was used to filter out the ringing
and clarify the signal for analysis. Since the bellows achieved a lower reflectance than
the hinged FP cavity RI sensor, the peak location was more sensitive to misplacement
from the high frequency ringing. To locate the resonant wavelengths more accurately,
a moving average of 50 points was used instead of the 20 points described in subsection
3.2.4. Again, the quality factor was significantly reduced, but the noise from the
laser’s stepper motor was suppressed, which greatly reduced the confusion as to the

resonant wavelength’s location. Sources of error were assumed to be the same as the

RI sensor.
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Figure 47: Test setup used to test the spring-body pressure sensor in a vacuum
chamber.
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4.3 Results

The spring-body pressure sensor was a successful capability demonstrator for 2PP
microfabrication. The large aspect ratio spring-body and free-moving curved mirror
could not be made with traditional planar microfabrication techniques. It also demon-
strated a repeatable shift in resonant wavelength at different pressures. First, the re-
flection response of the cavity with gold was analyzed to determine the reflectance of
the cavity and the quality factor of the resonant peaks. This was done with equation
21, and equation 24 as discussed in section 3.3. Both distributions were fit to the mea-
sured spectrum by normalizing the magnitude and inputting the observed resonant
peak locations and free spectral range (FSR) wavelength shifts. This left only the
reflectance and quality factor to be determined by fitting the respective distribution.
The curve fitting application from MATLAB® was again utilized to extract values of
R and @ from each model. The Airy distribution fit indicated with a 95% confidence
interval that the gold coating achieved a reflectance of 17.8%+1.8%. The Lorentzian
distribution fit showed, with a 95% confidence interval, a resonance quality factor of
184.34+4.8. Both of these metrics were significantly lower than achieved in the me-
chanically enabled FP cavity RI sensor. Unfortunately the deposition recipe was not
thoroughly explored for the spring-body device in the timeline of this research, and
a different recipe may be able to improve the reflection response. Specifically, several
devices were lost before it was discovered they needed to be placed on the edge of
the stage during deposition to overcome the shadowing of the fiber face introduced
by the high aspect ratio walls. A slightly longer deposition on the edge would likely
improve the response. The results of the Airy and Lorentzian fits for the portions of
the reflection response evaluated are included in figure 48. The gold coating did serve
to isolate the internal cavity as the primary resonator by greatly reducing interference

from the top of the cap, which was un-coated polymer.
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Figure 48: Analysis of the spring-body pressure sensor’s reflection spectrum. (a) The
Airy distribution fit to an excerpt of the response to determine reflectance. (b) The
Lorentzian distribution fit to the inverse of the fourth resonant peak to determine the
quality factor.

The FSR of the cavity was calculated and compared with the values predicted by
equation 13. Using the measured peak locations as Ay and 1.0003 for the RI of air,
the cavity length was extracted to align with the observed FSR results and the known
length tolerance of 63.66 + 5um. This was found to be approximately 67.24 pm. This
is plotted with the measured wavelength difference between peaks and included in
figure 49. The vertical error bars were calculated using both instrument measurement
uncertainty and the standard error of the mean from repeated measurements. The
calculated FSR for the extracted cavity length can be seen to lie within the uncertainty
of the measured values.

The expansion of the cavity in response to the different external pressures shifted
the resonant wavelengths of the reflection spectrum as predicted by the optical and
mechanical properties of the device. This was confirmed by testing a glued device
against an un-glued device. The results of this confirmation experiment are included
in appendix B. Since the cavity contains air at atmospheric pressure, pulling greater
vacuum causes the cavity to expand. The observed red-shift follows with equation 3,

which implies a longer cavity would cause resonance to occur at longer wavelengths.
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Figure 49: The measured and calculated FSR values for the spring-body pressure
sensor. Error bars include both the instrument measurement error and the statistical
standard error of the mean from repeated measurements.
The reflection response of the second experimental run is included in figure 50, with
the third resonant wavelength highlighted. The location of this resonance at a given
vacuum pressure, as found with MATLAB®, is plotted in figure 51. The response of
the device was linear, but suffered from some variation between experimental runs and
was limited by the accuracy of the measurement technique. Some variation could be
caused by creep within the spring-body after repeated expansion, or slight variations
in the vacuum level between runs. As discussed in subsection 3.2.4, there was a slight
leak somewhere in the pressure setup that was compensated manually by opening the
valve to the vacuum at the desired level.

The vertical error bars on the measured values include both the instrument mea-

surement error and the 1 standard error of the mean calculated from the repeated
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measurements. The uncertainty of the vacuum level was too small to appear on this
scale. The uncertainty introduced by the measurement technique, particularly the
MATLAB® filters. As with the RI sensor, fitting an appropriate distribution to lo-
cate the peak wavelength could reduce this uncertainty in future work and improve
the accuracy of the sensor.

A linear model was fit to the results, and is pictured in figure 51. The confidence
intervals were calculated from the repeated measurements. The resonant wavelength

at a given pressure was fit to be,

Ao = (—0.027 + 0.0023) 2z 1P + (1514 =& 0.15) ). (36)

The deflection predicted by the finite element analysis (FEA) simulation was ap-
proximately three times larger than the deflection calculated by the linear model. The
values of each are included in table 9, with the 95% prediction band calculated from
the repeated measurements included on the values from the lineaer fit. Factors that
likely contribute to the FEA’s lack of agreement are: different material properties in

the actual device and different geometric considerations caused by the adhesive, par-
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Figure 50: Reflection spectrum from the second run of the pressure series. (a) The
entire spectrum. (b) The third resonance peak.
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Figure 51: Shifting location of the third resonant peak at different pressures. The
calculated resonance values use an initial cavity length and mode order extracted
from the measured values and equation 3. The vertical error bars include 1 standard
error from the repeated measurements and the instrument measurement uncertainty
described in subsection 3.2.4. The horizontal error bars from the uncertainty of the
vacuum level was too small to be viewed on this scale. The linear fit and its prediction
band were calculated from the repeated measurements only.

ticularly on top of the spring body. The mechanical properties of polymerized IP-Dip
have been shown to vary significantly with the laser power and scan time used during
fabrication [29], and this could play a significant role in altering the deflection. While
these devices were fabricated using the recommended settings, they were exposed
to additional UV to cure the adhesive, adding another potential change to material
properties. The adhesive itself was also a significant feature that was not included in
the model. The weight of the hinge, cup, and adhesive would tend to compress the
spring-body and work against the expansion of the cavity. Despite being lower than

anticipated, it is worth noting that the bellows deflection produced a resonance shift

significantly greater than the RI change due to pressure observed in the mechanically
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enabled FP cavity RI sensor.

Table 9: Spring-body deflection predicted by the FEA simulation and the linear
model fit to the measured results. The 95% confidence interval was established using
repeated measurements.
Pressure FEA Linear Model
-5 in-Hg | 0.056 pm | 0.017£0.062 pm
-10 in-Hg | 0.112 pm | 0.035£0.062 pm
-15 in-Hg | 0.168 pm | 0.052+£0.062 pm
-20 in-Hg | 0.225 pm | 0.069£0.062 pm
-25 in-Hg | 0.281 pm | 0.087£0.062 pm

To determine the expansion that actually occured, equation 3 was used to extract
the Al that aligned with the measured results. The force caused by the pressure
differential was determined with equation 30 and combined with the extracted de-
flection into equation 31 to determine the observed stiffness of the spring-body. This
is why the slope of the calculated resonant peaks in figure 51 matches the linear fit,
because it was extracted by matching the observed change in cavity length. The re-
sults regarding the reflection spectrum and pressure measurements of the spring-body
pressure sensor are compiled in table 10.

Table 10: Spring-body pressure sensor results.
FSR | 17.18 £ 1.04nm
Reflectance | 17.8%+1.8%
Quality Factor | 184.3+4.8
Press. Sensitivity (Linear Fit) | 0.02740.0023 nm/kPa

Total Observed Shift from Press. | 2.4 £1.06 nm/84.66 +1.35 kPa
Smallest AP Measured | 16.93+1.36kPa

4.4 Conclusion

The spring-body FP cavity pressure sensor successfully measured pressure changes

by altering its resonant frequency. The stiffness of the spring-body was extracted from
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the observed resonant wavelength shift, and could easily by modified by changing ge-
ometry of the spring. This exemplifies the 3D freedom capabilities of 2PP microfab-
rication over planar fabrication techniques. A reflective coating was achieved despite
the high aspect ratio, 360 degree side-walls, to utilize a curved mirror for improved
alignment insensitivity and isolate a single resonator from interference with top third
wall. Adhesive retaining features were successfully implemented to precisely guide UV
curable optical adhesive at the micron scale. A linear shift in the resonant wavelength
within the same order of magnitude as a COMSOL® FEA simulation was observed.
Deviation from the model was likely caused by different material properties altered
during fabrication and curing, and an incomplete model that ignored the weight of
the optical adhesive. A linear model fit to the data indicated a red shift of the reso-
nance feature by 0.027 £ 0.0023 nm/kPa. The deflection mechanism also produced a
169% greater shift in resonant wavelength than observed in the FP cavity RI sensor,
making it more sensitive to smaller pressure changes. The resolution was limited by
the poor quality factor and measurement uncertainty. This could easily be improved
by further refining the reflective coating deposition recipe and fitting an appropriate
distribution to locate the resonant wavelength. Overall, this proof-of-concept spring-
body pressure sensor presented a functional pressure sensor while exploring advanced
3D features made with 2PP microfabrication.

Future work to improve the spring-body pressure sensor could include:

e Perform more robust finite element analysis to optimize the spring-body geom-

etry and allowable wall thickness.

e Further test the device at higher vacuums, positive pressures, and finer steps to
explore the hysteresis, operational range, fatigue effects, and maximum resolu-

tion of the device.
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e Explore the spring-body’s response to high frequency, acoustic signals for use

as a micro-microphone.

e Optimize the reflective coating through adjusting the recipe or exploring new

materials to further improve the quality factor of the reflection response.
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V. Micro-Anemometer Flow Sensor

5.1 Chapter Overview

This chapter describes a micro-anemometer flow sensor constructed onto the
cleaved end of a low loss optical fiber by two-photon polymerization (2PP) micro-
fabrication. A dynamic structure was created featuring a rotor moving around a
stator powered by axial fluid flow impinging on three cup-like blades. The bottom
of each blade is a flat mirror featuring a high reflective gold coating that is parallel
to the fiber face. As the rotor spins, these mirrors pass over the center of the fiber.
Light is input to the fiber, and reflected back down the core when the blades pass
over it. These reflections are counted to determine the velocity of the incident flow,
and with the dimensions of the nozzle, the mass flow rate. This chapter discusses the
design of the device, the experiment used to evaluate the device, the results of this
experiment, and concluding remarks with possible future work. A scanning electron

microscope (SEM) image of the flow sensor used in this work is included in figure 52.
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Figure 52: SEM images of the final flow sensor.
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5.2 Methodology

5.2.1 Operating Principle

The flow sensor was designed to rotate in response to incident flow impinging on
the curved blades to create a reaction force with a component perpendicular to the
flow capable of producing torque around the stator. The aerodynamic forces acting
on each blade in this scenario are pictured in figure 53. The incident flow in this work
was directed out of a nozzle as described further in subsection 5.2.4. The velocity of

the flow exiting the nozzle can be calculated with,

V== (37)

where V is the mass flow rate and A is the area of the nozzle aperture. The device was
placed approximately 4mm away from the nozzle and aligned along the center axis of
the orifice. This analysis assumes the drop in velocity of the air while traveling to the
device is negligible because the device is located relatively close to the nozzle. The
flow is also considered to be in-compressible, because it has a Mach number less than
0.3, a common cutoff critera for compressible flow [109]. The largest Mach number,

the ratio of the flow to the speed of sound in the fluid, for this experiment was,

M == (38)

c=+/YRT (39)

Where v is the velocity of the flow, calculated to be 52.63m/s for a flow of 25LPM
and equation 37, v is the ratio of a gas’s heat capacity at constant pressure, Cj,, to

its heat capacity at constant volume, C,, which is 1.4 for nitrogen, R is the specific
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gas constant, 296.8Jkg 1 K~ for nitrogen. The largest Mach number experienced is
then,
v AJV 52.63[m/s]

M=== JART  353.07[m/s] 0-15. (40)

Assuming in-compressible flow greatly simplifies the aerodynamic situation at the

blades. The dynamic pressure exerted by the flow can then be estimated with,

U2

Py = % (41)

where p is the density of the flow and v is the velocity of the flow. The shape of
the blade, as seen in figure 53, causes a reaction force with both an axial and a

perpendicular component. The perpendicular, driving force would be,

Ffl = PﬂAtOpcos(Q) (42)

and the axial component would be,

Faz = PflAtopsin(Q). (43)

After accelerating to a given velocity, the sum of moments action on the rotor
is zero. The moments acting on the rotor at steady state are: the perpendicular
component of the flow pressure, the drag on each rotating blade, and the friction

between the rotor and the stator. The drag force on each blade is,

2
v,
Fdr = CdAfront% (44>

where Cy is the drag coefficient determined by the cross-sectional shape of the blade,

Vot 18 the instantaneous velocity of the blade, and p is the density of the low gas. The
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(b)

Flow Pressure

Figure 53: Graphical representation of the flow sensor dynamics. (a) Aerodynamic
forces acting on each blade. (b) Moments action on the rotor, only the forces of one
blade are pictured.

friction is caused by both the central shaft and contact with the hemisphere features
on the flat base of the stator. Assuming the same coefficient of dynamic friction puy,

and the weight of the device is small compared to the flow pressure, the friction force

acting on the rotor would be,

Frr = ue(F + For) = pPriAwop(sin(0) + cos(0)) (45)

The aerodynamic forces and the moments acting on the device are pictured in figure
53. The sum of moments is,

> M =My — My — My =0 (46)

The moment arms and corresponding forces acting on a blade can be seen in figure
53 as the distance of each force from the center of the device. Adding moment arms

and combining equations 42, 44, and 45 with equation 46 yields,
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2
PApcos0ly = pp(Fri+ Foz) = i PrAiop(sin(0)ls + cos(0)l3) + OdAfront%ll (47)

Equation 47 shows the relationship between the rotational velocity and the incident
flow pressure, which is driven by the flow rate. Unfortunately the experimental results,
discussed in section 5.3, were significantly different than the ideal calculations derived
from equation 47. Errors in the drag and friction coefficients likely contributed, but
the interaction of the fiber in the flow field likely had the greatest effect. The rotor was
suspended only 25um above the flat face of the fiber, which was also perpendicular
to the flow. The turbulence caused by the abrupt stop of the flow at the fiber
undoubtedly kicked back into the blades to contribute to the instability and variability
of the results. This was a complicated microfluidic situation that could be modelled
with computation fluid dynamics (CFD) to better understand the effects on the spin
of the rotor. The effects of the fiber could also be reduced by re-designing the blades
to operate in response to lateral flow. Both of these topics were beyond the scope of
this research to produce a technology demonstrator, but would make for informative

future work.

5.2.2 Device Design

The first iterations of the flow sensor attempted to utilize lifting airfoils at a low
angle of attack to drive the rotor. A rendering of this early design is included in
figure 54. Initial testing showed this mechanism to be ineffective. This was most
likely due to the short length of the wings. To visualize these different mechanisms,
consider a propeller-driven airplane. The wings are oriented toward the flow of the
air around the plane, and produce lift roughly orthogonal to this flow, but they

are long compared to the body of the plane. The propeller blades produce thrust
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perpendicular to their direction of travel as they spin with the motor, and they are
significantly shorter than the wings and body of the plane. This arrangement inspired
the next design iteration of the flow sensor, cup-like blades to produce rotation from
incident flow. Similar arrangements can be seen in vane anemometers, American
farm-style windmills, industrial fans, and even simple pinwheels.

Once the orientation of the blades was determined, a clear on-off condition was
needed. In early designs, a flat brick was included to provide a mirror. This was
abandoned in intermediate designs for using the blades themselves as mirrors because
the bricks reduced aerodynamic performance and made spinning more unbalanced.
Traditional, thin, angled blades were attempted, but they did not provide a clear
reflection while passing over the core. A flat bottom was used on the blades to reflect

more light down the core as they passed over it.

()

Figure 54: Previous iterations of the micro flow sensor.
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The retaining ring used in early designs was abandoned when the length of the
blades was extended. The ring began to fail during fabrication, and was no longer
needed to support the sturdier blade designs. The top of the flat-bottomed blades
was originally flat as well. The curve was added to increase the surface area in contact
with the incident flow, Ay, in equation 47, thus increasing the driving force. This
proved to be the most successful blade shape of this work.

A third blade was added to also improve the driving force. The polymerized
photoresin is very light, so the increase in friction was negligible compared to the
50% increase in top area. The front area was also significantly smaller than the
top area, so the increase in drag would be less than the increase in driving force.
Only three blades were used as too many blades could make it difficult to identify
individual passes over the core. Each additional blade also added to the complexity
of fabrication because it needed to be supported.

The longer blades used in later designs experienced delamination failures during
fabrication. The furthest unsupported portions of the blades appeared tapered up-
wards after developing. The initial polymerized layers were sinking through the resin
during the laser scan, and washing away during development. This altered the angle
of the bottom mirror and changed the profile of the top, reducing both the signal
and aerodynamic performance of the device. The delamination was stopped by sup-
porting the tips of each blade with break-away structures rooted to the face of the
fiber. The geometry that was chosen consists of a 10-um thick extrusion topped with
two rows of 10-um tall 1-um diameter pillars. These structures were removed with a
semiconductor analysis probe after development, releasing the properly shaped rotor.
The removal of the supports took approximately 20 minutes, and required similar
manual dexterity to precise wirebonding.

The center of the rotor was also supported above the stator by three, 1-um pillars.
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These broke away when the rotor was initially spun by a probe. Three hemispheric
protrusions were fabricated on the base of the stator to reduce friction with the rotor.
The stability of the device’s spinning was improved by reducing the clearance between
the rotor and stator from 4um to 2um. Holes were added in the rotor and the top
of the stator to allow the developer access to the small clearances around the center
shaft.

A masking brick was added to cover the core during metal deposition. It was a
successful masking technique, allowing light to exit and enter the fiber unimpeded by
the reflective coating covering the rest of the device. Gold was deposited by plasma
sputtering to make the reflective coating. A highly reflective surface was desired on
the blades, and the with the core entirely masked, a relatively thick coating was used.
The settings for the deposition are included in table 11. These settings deposited 60
nm onto a silicon wafer. The flow sensor was placed in the process chamber such that
the blades were orthogonal to the sputtering target. The exact deposition thickness
on this 90° surface is unknown, but examination with an SEM and optical microscope

showed a complete coating of the device.

5.2.3 Fabrication

The 2PP microfabrication was performed as described in subsection 4.2.3 with
the same Nanoscribe settings. Two additional steps were performed: removing the
support material and sputtering the reflective coating. The support material was
removed by mounting the fiber into a Newport FPH-S side loading fiber chuck, which
was loaded into a Newport 561-FC fiber chuck holder. This stainless steel block
was placed under a Micromanipulator probe station. A Jmicro Technology KRN-
09S magnetic probe arm was used with a Pacific Instruments ST-1 0.1-um diameter

semiconductor analysis probe to remove the support material. Ideally, the 1-pum
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diameter pillars were peeled off of the blade before disconnecting the base of the
support. The side-blade supports were removed before the blade over the core. Once
all of the supports were removed, the probe was used to spin the rotor and break the
inner support pillars.

The reflective coating was deposited with a Kurt J. Lesker company magnetron
plasma sputtering system. The deposition settings used are included in table 11. The
fiber was oriented perpendicular to the sputtering target, placing the bottoms of the
blades at a 90° angle. After sputtering, the masking brick was removed with the
0.1-pm diameter probe. This was best accomplished pushing high on the brick with
the very tip of the probe to peel it off of the fiber. After this, the flow sensor was

ready to test.

After being tested in its original state, a lubricant was applied to produce more

Figure 55: Flow sensor assembly process. (a) SEM image of the as-fabricated device.
(b) An angled support being removed with a probe. (c¢) The vertical support being
removed by a probe. (d) Top view of the device after sputtering. (e) Masking cap
being removed by a probe. (f) Top view of the device after the masking cap has been
removed, showing the core not coated with gold.
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Table 11: Plasma sputtering deposition settings used for the flow sensor reflective
coating.
Gold in Lesker Plasma Sputtering System Cathode 1

Cathode Power 100 Watt
Cathode Mode DC

Burn-in Time 30 Sec
Burn-in Pressure 10 mTorr
Deposition Time 300 Sec
Deposition Pressure | 5 mTorr
Stage Rotation 5 RPM
Fiber Placement Center Stage

Fiber Orientation Horizontal

consistent rotation. The common 3-IN-ONE all purpose silicone-oil was used. It
was applied by beading it onto a 10-um diameter wire style probe as described in
subsection 4.2.3. The initial application covered one blade and most of the rotor, but
was dried off with Nitrogen. The oil remained only in the area between the rotor and

the stator that was blocked during blow-drying.

5.2.4 Experiment Setup

The flow sensor was tested using the AFIT house nitrogen supply. The sensor
fiber was loaded into a Newport FPH-S side loading fiber chuck with about 1-2mm
protruding from the end. This was mounted into a Newport UPA-FC 17 fiber chuck
adapter, ensuring the set screw was aligned to press down on the slide of the fiber
chuck, securing the fiber further. The adapter was fixed into a Thorlabs KM100 kine-
matic mirror mount. The mirror mount was used to align the device perpendicular
to the flow nozzle. The small end of a Swagelock 1/8” to 1/4” compression fitting
reducer was used as a nozzle. This was mounted into a 3D printed frame and po-
sitioned onto a 1”7 pitch optical breadboard with the mirror mount. The flow was
controlled with a Brooks Instrument Sho-Rate flow meter calibrated to inert gasses,

including Nitrogen. The reported accuracy of the flow sensor was £5% of the full
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scale, or £1.21 LPM of Nitrogen. The reported repeatabilty of the flow meter was
+0.25% of the full scale, or +61 scem for Nitrogen.

A Sacher Lasertecnik TEC-520 laser and Pilot PZ 500 laser controller set at 1550
nm was used as the light source. This was fed into port one of a Thorlabs 6015-3-APC
non-polarization maintaining optical circulator designed to operate from 1525-1610
nm. A Thorlabs FPC025 two-paddle manual polarization controller was connected
to port two of the optical circulator. Adding the polarization improved the quality
of other test as discussed in sections 3.2.4 and 4.2.4, so it was included for the flow
sensor test. The polarization was maintained throughout all of the flow tests, with
both paddles oriented vertically. The sensor fiber was connected to the other end of
the polarization controller, and thus port two of the optical circulator. The sensor
fiber was spliced to a Fiber Instrument Sales simplex 9/125 FC/APC patch cable
with a 3M Fibrlok II universal fiber splice. The third port of the optical circulator
was connected to a Newport model 1611 1-GHz low noise photoreceiver. The DC
output of the photoreciever was read by a Agilent 54641D mixed signal oscilloscope.
This experiment setup is pictured in figure 56.

A test was initiated by opening the flow controller, and raising the flow to the
desired level. The flowmeter directly measures the height of the ball in millimeters,
which must be translated to a flow based on the gas being used. The flow was varied
from 60 - 150 mm, corresponding to (10.97 - 24.28) +1.21 LPM of Nitrogen. Readings
were taken at 60, 70, 90, 110, 130, and 150 mm. The static friction of the device was
higher than the dynamic friction, so it was often necessary to increase flow above
a desired reading to “kick start” the device. Once spinning, the flow was lowered
to the desired value. Device motion was monitored with an optical microscope also
mounted on the breadboard. As previously discussed, the spinning of the device was

too erratic to create an observable frequency due to the rotor sticking to the stator
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Figure 56: Experimental setup used to test the flow sensor.

and high turbulence at the fiber face flowing up into the blades. This inconsistency
was also observed with a high speed camera. Changes in flow could still be measured,
but by counting the number of reflection events over a small time period instead of
monitoring a constant frequency. The oscilloscope measured 1 sec of spinning for each
test.

MATLAB® was used to count the peaks over each reading. Counting criteria
including minimum peak width, minimum peak prominence, and minimum peak dis-
tance were chosen by observing a small segment of the output signal for each flow rate.
The parameters for the peak finding algorithm were varied and judged qualitatively
to determine a criteria that counted the majority of the reflection events once. The

same counting method was applied to each measurement. An excerpt of this count-

101



ing criteria and the raw reflection data from a test is included in figure 57. Future
work could further refine the algorithm or evaluate a different numerical method to
improve the peak counting accuracy. Each flow rate was tested three times, with the
test order randomized by Microsoft Excel. These results are plotted in figure 58 and
discussed in section 5.3. A small-adjustment experiment was also performed from a
float height of 70 - 75 mm, (10.97 - 11.95)%+1.21 LPM, to determine if the device could
match the finest resolution of the flow meter. These results are included in figure 59,

and discussed in section 5.3.
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Figure 57: Excerpt of MATLAB® peak counting results.
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5.3 Results

The flow sensor successfully demonstrated increased rotational velocity in response
to increases in flow rate. While the experimental results did not correspond well to the
theoretical results quantitatively, the qualitative response matches the aerodynamic
and frictional forces at work.

There was significant variation within the repeated measurement at lower rates,
with greater variability until 17.554+1.21LPM, corresponding to a speed of 36.944-2.55m /s.
This is most likely due to either the rotor reaching its maximum speed, where stronger
flow rate no longer overcame the drag, friction, and back-flow from the fiber face, or
a limit in the peak counting algorithm. Visually examining excerpts of the high flow
rates after applying the counting algorithm indicated that all the notable peaks were
being detected, so the rotor had liklely reached its maximum velocity. A dynamic al-
gorithm with different settings for each measurement could eliminate this possibility,
but was not examined in this work. The tighter grouping at higher speeds is likely
caused by the increased stability. At lower flows the rotor tended to stick to the stator
for short periods, causing variations in the spin speed. At higher flows the greater
force would overcome more of these sticking events and increase the consistency of
the rotation.

The coarse flow test indicates that the maximum operating flow for this device and
measurement method in Nitrogen is around 22.58+1.21 LPM (47.544+2.55 m/s). At
this point, the greater flow did not increase rotational velocity. At higher flows, both
the turbulence and the back-flow from the fiber face increased as well, dramatically
altering the fluid dynamic situation. If ever used beyond a technology demonstrator,
an in-depth calibration would be required to understand the expected reading and
confidence interval of any given device. The results of the course flow test are included

in figure 58. The vertical error bars represent 1 standard deviation of the repeated
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measurements. The repeatability of the flow meter was included with horizontal
error bars, but is too small to be seen on this scale. Parts of the lower-flow regime
did present a linear trend, which was explored in the next experiment.

A fine flow test was performed at the resolution limit of the flow meter in a linear
region of the response curve from (10.97 - 11.79)+1.21 LPM. The indicator was raised
Imm at a time, the smallest graduation on the flow meter, which corresponded to
a change in flow rate of 0.165 LPM (165 sccm, 0.347m/s). The repeatablity of any
measurement was reported to be £0.25% of the full scale, or £61sccm (£0.128m/s). A
linear model was fit to the repeated measurements of the experiment which produced
an R-squared value of 0.904 and a p-value of 5.7 x 10716, strongly rejecting the null
hypothesis. Each setting does contain significant variation, again likely caused by the

instability of the rotation. The linear fit produced the following relationship over this

2500 F { . * * o
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10 15 20 25
Nitrogen Flow Rate (LPM)

Figure 58: Large flow study results. Vertical error bars indicate 1 standard deviation
calculated from the measured results at each flow rate. The horizontal error bars
represent the repeatability of the flow meter, but are not visible at this scale.
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flow regime:

NCOUTLtS — (600 :l: 36>[count5}(v) — (5399 :l: 414)[Count8] (48)

LPM

The linearity of the response indicates 0.82 £0.061 LPM is a more realistic oper-
ating range for the device. Future testing could work to identify the largest possible
linear operating range. The results also show, when using average values, that the
device can detect changes as small as 165+61 scem (0.347£0.128m/s) consistently.
The linear model suggests a resolution of 600436, or 285417 counts/ms™! assum-
ing the velocity at the device matches the velocity at the nozzle. The uncertainty
of the linear model was derived from repeated measurements. The high-frequency
of the device’s rotation allows it to theoretically detect changes of 1.667 sccm and
0.0351 ms~! as a change of 1 count, but the observed variability would make these
readings inaccurate. The variability from the repeated measurements dominated the
uncertainty of the sensor and limited its resolution. Improving the consistency of the
rotation should be the target area for improving this device. The results of the fine
flow test are included in figure 59. The calculated results from these experiments are
included in table 12.

The vast majority of testing was performed with the dry device after depositing
the reflective coating and removing the supports. One series of measurements was
made with the silicone oil lubricant added to the device in an attempt to stabilize the
rotation. The results were very promising for future work. The rotational became
much more stable, at the cost of low-speed operation. The increased surface tension
from the oil meant the rotor would only start spinning very slowly at approximately
10.97+1.21 LPM (23.09£2.55m/s), and only spinning consistently around 14.24+1.21
LPM (29.98+2.55m/s). A 0.5sec sample of the periodic reflection spectrum for each

test is included in figure 60. Only four flows were tested, from (14.24 - 24.28)+1.21
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Figure 59: Fine flow study result. Vertical error bars were calculated from repeated
measurements and represent 1 standard deviation from the mean value. The hori-
zontal error bars represent the repeatability of the flow meter. The 95% prediction
band for the linear fit was calculated from the repeated measurements only.

LPM (29.98 - 51.114+2.55m/s). The results are plotted in figure 61, in rotations per
minute (RPM) instead of counts. The rotation was consistent enough to calculate
rotational speed by sampling a small portion of the response. A fine study was not
performed in the scope of this work, but the greatly increased stability may increase
the reliability and resolution of the device. The lubrication may also help the device
perform at even higher flow rates and velocities, as the rotation trended upward in
higher flows as the speed helps overcomes the friction between the rotor and stator
through the lubricant. The upward non-linear response is likely due to the new friction
coefficient and surface tension introduced with the liquid lubricant. The turbulence

introduced by the fiber face would continue to play a major role in the flow field as

well. Further study is required to fully characterize the effects of the lubricant on the
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nature and repeatability of the rotational response.

0.15F

Reflection Intensity (a.u.)

0.00

Reflection Intensity (a.u.)
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Figure 60: FExcerpt of the reflection response of the lubricated device over 0.5

seconds at four flows: (a) 14.24+£1.21 LPM (29.98+2.55m/s) (b) 17.55+1.21

LPM (36.954£2.55m/s) (c) 20.89+1.21 LPM (43.984+2.55m/s) (d) 24.28+1.21 LPM
(51.11+2.55m/s)
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Figure 61: Calculated RPM of the lubricated device at four different flow rates.
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Table 12: Micro flow sensor results.
Operating Range (9.35 - 24.28)+1.21 LPM

(19.68 - 51.11)% 2.55 m/s
Flow Sensitivity (Linear Fit) | 600£36 Counts/LPM
(285417 Counts/ms™!)
Smallest Measured 165161 sccm
(0.347-0.128m/s)

5.4 Conclusion

This device successfully demonstrated a microscale flow sensor fabricated onto a
fiber optic tip by two-photon polymerization. The device utilized an aerodynamic
geometry that can not be produced by traditional planar micro fabrication to create
a low size, weight, and power (SWAP) sensor. Integration onto an fiber optic enabled
remote sensing, potentially over kilometers, with a single cable. The sensor was shown
to operate at high gas flows at a resolution on-par with the commercial flow meter
used for testing. Moving parts with 2-um clearance, 0.1-um fabrication resolution,
and arbitrary curved geometries were demonstrated. The device showed a linear
response over a flow regime of 0.82 +£0.061 LPM, and appears to respond linearly
over a significant portion of its operating range. The operating speed could also
be adjusted by changing the geometry of the blades, a simple prospect for batch
fabrication with 2PP microfabrication. The resolution is currently limited by the
repeatability of each measurement, which could be improved with superior stability.
Initial tests were performed with a silicone-oil lubricant that greatly increased the
rotational stability and paved the way for future research.

Future work can look to this device as a demonstrator of the physical capabilities

of 2PP microfabrication. To improve this sensor, some specific ideas are to:

e Test the current sensor in liquid flow.
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Explore different lubrications, perform repeated measurements with a lubricated
device, determine the response profile of a lubricated device, and measure small

resolution changes with a lubricated device.

Improve the aerodynamics of the rotor with a curved front to reduce drag, and

a longer, taller blade to improve propulsive force.

Design and test an on-fiber cup-style anemometer for sensing lateral flow and

potentially improving rotational stability.

Model the complete flow scenario in CFD, including the turbulence induced by

the fiber face in order to predict rotational response and inform future designs.
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Appendix A. Software and MATLAB Code

Two nanoscribe programs were used during fabrication, the slicer DeScribe and
the machine Ul NanoWrite. The DeScribe files used for each device are included in
figures 66, 67, and 68. The NanoWrite screen is included in figure 69.

The variable wavelength laser sweep was controlled by a Labview-based VI from
Sacher Lasertecnik called Motor Motion Controller. This was implimented onto a PC
and used to determine the length, speed, and start time of the sweep. The operating
window and settings used during each measurement are included in figure 62.

Two free programs were used to create a trigger on the variable wavelength laser.
The first was called SoundArb, and it controlled the on-board sound card of a PC
to create a function generator. The operating window and settings used to create
the impulse is pictured in figure 63. The other program was a mouse-macro recorder

called Mini Mouse Macro. This was used to record the clicks necessary to start the

Motor Motion Centroller v2.1 —

File Options Tools - Information

Figure 62: Motor Motion Controller variable wavelength laser VI used to control the
sweep.
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wavelength sweep and the trigger from SoundArb and repeat them identically for
every measurement. The operating window and the macro used is pictured in figure
64.

To analyze data, MATLAB was used extensively. Each measurement required a
slight changes to the basic program that filtered out the high frequency noise from
the laser’s motor and located the resonant peaks. An example of the code used is

included in figure 65.

Created by David Sherman Engineering Co. www. wavebuilder. com
W aveform- ) ~ Trigger mode -
" Sine Amplitude; — J " Free run
" Square S ' * g
c.q Frequency: |200 Hz fest
" Triangle Tr— " Burst
& Samtooth Sample rate: 100000 /sec |
Burst count:]100
" Noise Length: {500 : r
" Table Trigger |
Device info... | I Right channel sync. Help | Close |

Figure 63: SoundArb software used to control a PC sound card as a function generator
and create the trigger impulse for each measurement.

8 ¥ =
@ 0 [ Mouse @ @ @ [JLloop

1| Left Click Down

1 | Left Click Release

1 | Left Click Down

3551190 | 1 | Left Click Release

113261 161 1 1 | Left Click Down

11326 1 161 1 1 | Left Click Release
563 1430 1 1 | Left Click Down

71563143011 | Left Click Release

[FE I S

[~ NS | I

D On TC‘[} H H ‘T
&2 GG 0202 (X=656,Y=680} ~

Figure 64: MiniMouseMacro used to record and repeat the clicks necessary to initiate
the sweep and impulse 7ms apart for each measurement.
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1 %Loading wavelength-dependent power floor from an average of three measurements
2 power=readtable ('AvgRefl.txt");
3 power=tableZarray (power) ;
4 power=power;
3
6 %Defining wvaraibles
7 Air=l;
8 LocsAir=>2;
9
10 %3Loading reflection spectrum
11 Air=readtable('Air.txt");
12 Air=tableZarray(Rir) ;
13
14 %Subtracting power floor
15 Air(:,2)=RAir(:,”)-power;
16 Bir(:,2)=RAir(:,2)*=1;
17
18 %Filtering to reduce noise from the laser motor vibration
19 Air(:,2)=smooth(Air(:,2),20);
20
21 %Finding the peaks with a minimum prominence of 1V on either side
22 [Q,LocsAir]=findpeaks(Air(:,2)*-1, 'MinPeakProminence',1) ;
23 LocsAir=Air (LocsAir,l):;
24
25 sOutput filtered reflection spectrum
26 Air=table (Air) :;
27 writetable (Air, '2ir Smooth and Flat.txzt', 'Delimitexr"," ");
28

29 FOutput resonant peak locations
30 LocsAir=table (LocsAir) ;
31 writetable (LocsAir, 'Air Peak Wavelengths.txt','Delimiter',' '");

Figure 65: Example MATLAB code used to filter noise from the vibration of the laser
motor and find the resonant peaks.
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Hinge 22 Assembled_job.gwl X | wave_springl_job.gwl i Hinge 22 Assembled_data.gwl X | Hinge 22 Assembled_job.gwl ¥

g 1.8

40
10000

include Hinge 22 Assembled_data.gwl

include Hinge 22 Assembled_files\Hinge 22 Assembled_0_0_8.gwlb

3D Preview - Hinge 22 Assembled_job.gwl

/ 00:09:50

Figure 66: DeScribe slicer files used to fabricate the hinged FP cavity RI sensor.
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Hinged Bellows 5 Assembled_job.gwl X = Hinged Bellows 5 Assembled_data.gwl X =

include Hinged Bellows 5 Assembled_data.gwl

include Hinged Bellows 5 Assembled_files\Hinged Bellows 5 Assembled |

m

3D Preview - Hinged Bellows 5 Assembled_job.gwl - X

00O

7 00:23:14

Figure 67: DeScribe slicer files used to fabricate the hinged spring-body pressure
Sensor.
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airfoil22_job.gwl X . . =
‘ -Jobg airfol22.data gwi X |jifol22sichiow] =
InvertZAxis 1
include airfoil?? data.gwl
include airfoil2? files\airfoil22 8 0 0.gulb
b
:
3D Preview - airoil22_job.qwl - X

/ 00:05:02

Figure 68: DeScribe slicer files used to fabricate the spinning flow sensor.
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body pressure sensor is being polymerized.

Figure 69: Screen capture of the NanoWrite VI used to operate the Nanoscribe system.

A spring
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Appendix B. Spring-Body Pressure Sensor Confirmation
Experiment

This test was performed to confirm that the cavity of the spring-body pressure
sensor was successfully sealed and not simply changing with the RI of air leaking into
the cavity. First, a device was measured with the cap in position but without cured
optical adhesive. A small amount of adhesive was placed on the hinge to prevent
the top falling open, as the latching mechanism of this device was broken. This
un-sealed device was exposed to the test described in subsection 4.2.4, but starting
measurements at -10 in-Hg of vacuum. The location of a resonant peak is included
in figure 70 (a). There is a large initial change as vacuum is applied and the top
opens to allow the air inside the cavity to escape. After this, there is no significant
trend observable on this scale. The reflection intensity also lowered significantly after
vacuum was applied, indicating the top had moved out of alignment.

Next the device was sealed with optical adhesive as described in subsection 4.2.3.
The same test was then repeated. The device exhibited a clearly linear response in the
opposite direction as the hinged FP cavity RI sensor, which is included in figure 70.
This was taken as confirmation that the spring body was sealed and expanding with
different pressures. Additionally, there was no significant loss in reflection intensity

at higher vacuum pressures.
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Fifth Resonant Wavelength (nm)

Figure 70: Resonant peak locations of the spring-body pressure sensor confirmation
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experiment. (a) The unglued device. (b) The glued and sealed device.
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Appendix C. Technical Drawings of Devices
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Figure 71: Technical drawing of the hinged FP cavity RI sensor, page 1.
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Figure 72: Technical drawing of the hinged FP cavity RI sensor, page 2.
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Figure 73: Technical drawing of the hinged FP cavity RI sensor, page 3.
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Figure 74: Technical drawing of the spring-body pressure sensor, page 1.
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Figure 75: Technical drawing of the spring-body pressure sensor, page 2.

124



€40 ¢ 133HS

AJd

|

SIHOIERE0S L I1VOS

\'/

'ON "OMad| 31IS

G SmO||=d

3L

SSININNOD
v
“AddY O
“dddv ONI
aIA2IHD
NAMYEa
va INTN

|

ONIMTIA T DS LON O

HEIN

I

334 ONIDNYIFIOL
o IElle=DNERELEIT]

F 1vAIDIA 30W1d 339HL
T OTWWIDIAIDVId OML
FANIT FHOYW HYINONY
FIYNOILDW IS
S$IDONWII0L
SNOJIDIAT NI 38 SNOISNIWIA

A3HID3dS ITMATHIO SSTINN

7
77

L

227

7 =4
s ———

i

| ]
/ &
N

4

NOILFDNddv "d319IHOdd
S <343H IWTN ANTIWOD LAISNI>

40 NOISSIVYEId NILUAM IHL INOHL M
JI0HM ¥ 87 4O 144 NI NOILDONAOH 434
ANY <3d3IH IWTN ANFIWOD LHSNI>
40 A14340dd 3108 FHL S ONIMYHA

SIHL NI J3NIYINOD NOILYWE O4 NI IHL

TWIINIAIENO D ANV AYV1INO¥d

NOa3sn ASSY LXIN

d-d NOILO3S

<

o

Figure 76: Technical drawing of the spring-body pressure sensor, page 3.
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Figure 77: Technical drawing of the spinning flow sensor device, page 1.
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Figure 78: Technical drawing of the spinning flow sensor device, page 2.
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Figure 79: Technical drawing of the spinning flow sensor device, page 3.
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Appendix D. Wavelength Dependent Power of the Variable
Wavelength Laser Source

The laser used in this work had wavelength dependent power, which was sub-
tracted from each measurement to flatten the result for more accurate analysis. The
value used for this “power floor” was obtained by replacing the device with a cleaved
fiber that had a thick reflective coating of gold. The reflection spectrum of this was
read three times. The mean was taken as the power floor to be subtracted from

subsequent measurements. This pure reflection is included in figure 80.

N———————"—

Reflection Intensity (a.u.)

= -

1460 1480 1500 1520 1540 1560 1580
Wavelength (nm)

Figure 80: Wavelength-dependent power of the laser that was subtracted from each
measurement to flatten the result and improve analysis.
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