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Abstract

Abstract

Optical fibers have become a versatile and enabling technology for
development of various kinds of sensors because of their advantages such as
small size, low weight, immunity to electromagnetic interference, remote
sensing and multiplexing capabilities. Over the past decades, tremendous
efforts have been made to develop new fiber-optic sensors. Notably, optical
fiber-tip devices based on micromachined ferrule/fiber-top structures have
become a very unique technology for development of miniature fiber-optic
sensors. However, as the geometry of the ferrule/fiber-end surface is not
compatible with conventional micro/nano-fabrication technologies, it
remains challenges to fabricate 3D complex structures such as suspended
mirrors to develop high-performance fiber-tip sensors for applications where
miniaturization is critical. In this thesis, a novel optical 3D p-printing
platform established by our research team is introduced. With this printing
technology, three kinds of ultracompact optical ferrule/fiber-top sensors are
developed for measuring displacement, refractive index, and acoustic wave,
respectively.

Firstly, small optical fiber displacement sensors are fabricated by
directly printing polymer suspended mirrors on the end surface of fiber-optic

ferrules. With an own-established optical 3D p-printing platform, three kinds



Abstract

of ferrule-top suspended-mirror devices (SMDs) are rapidly fabricated by
using SU-8 photoresist. Optical reflection spectra of the fabricated SMDs are
measured and then analyzed by using fast Fourier transform. The application
of the ferrule-top SMD as a miniature displacement sensor is experimentally
demonstrated.

Secondly, ultrasmall optical fiber refractive-index sensors are
developed by directly printing polymer suspended microbeams on the end
surface of standard single-mode optical fibers. The reflection spectra of the
fabricated fiber-tip devices have been measured and used to analyze the
Fabry-Pérot (FP) cavities formed by suspended microbeams. The optical
fiber-tip sensors can detect the RI changes of both liquid and gas and can
also be used to measure the pressure of ambient environment via the
detection of pressure induced refractive-index change. High sensitivities of
917.3 nm/RIU to RI change and 4.29 nm/MPa to gas-pressure change have
been achieved experimentally. Such ultrasmall optical fiber-tip sensors with
remote sensing capability are promising in microfluidic biosensing and
environmental monitoring applications.

Lastly, ultracompact fiber-optic acoustic sensors are presented by
directly printing suspended optomechanical microresonator on the end-face
of standard single-mode optical fiber. The suspended optomechanical

microresonator acts as a reflection mirror and forms a Fabry-Pérot cavity
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Abstract

together with the end-face of optical fiber. The mechanical resonance of the
fiber-top optomechanical microresonator is analyzed by finite-element
method (FEM). The response of the sensor to both acoustic waves and
ultrasonic waves are experimentally tested and compared with simulation
results. The optical fiber-tip sensor shows a high sensitivity of 118.3 mV/Pa
and a corresponding noise equivalent acoustic signal level of 0.328 pPa/Hz'”
at audio frequencies. With a resonance-enhanced mechanism, the sensitivity
1s further enhanced at the frequency of fundamental vibration resonance of

the optomechanical resonator.
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Chapter 1

Introduction

1.1 Background

Nowadays information is generated, processed, stored, presented and
transmitted in ever-increasing amounts [1]. As the key means of acquiring
information, sensors are in high demand on efficient collection of many types
of information, especially under the scheme of Internet of Things.
Particularly, high-performance photonic sensors play a vital role in many
application fields such as medicine, biotechnology, chemistry, food quality
control, automotive, aerospace, and homeland security [2].

A photonic sensor is a miniature system in which the measurand induces
modulations on the probe light in the form of amplitude, frequency or/and
phase. The sensor will then output a signal which contains the information
of the measurand after light-matter interaction and signal processing [3].
Compared with other sensing technologies, the advantages of photonic
sensors include high sensitivity, wide dynamic range, low detection limit,
electromagnetic immunities, biocompatibility, and multiplexing capacity.
Because of these advantages, photonic sensors have become an active

research area in the past decades. Different types of sensor have been



proposed, such as surface plasmon resonance sensors [4], interferometer-
based sensors [5], optical waveguide sensors [6], optical resonator sensors
[7], optical fiber sensors [8], and photonic crystal sensors [9].

Optical fiber has become one of the promising technologies to
develop new photonic sensors. Many optical fiber technologies, such as fiber
Bragg gratings [10], long-period gratings [11], fiber Fabry-Pérot cavities
[12], nanofibers based optical resonators [13], photonic crystal fibers [14]
and other specialty optical fibers [15], have been demonstrated to develop
various kind of sensors for sensing a great many of measurands. In particular,
fiber-based photonic sensors have been widely applied in ‘high performance’
sensing applications where large dynamic range, wide bandwidth, and low
noise are required simultaneously [16]. For example, in under water acoustic
detection, high sensitivity and large dynamic range are simultaneously
required because the background noise pressure can be 11 orders higher than
the threshold detection level. Researchers took advantages of interferometric
techniques to develop fiber-optic hydrophone whose dynamic strains is as
low as ~107'° in the presence of static strains over 1% [17].

Notably, the flat end-surface of optical fiber provides a unique platform
for developing miniature photonic sensors. The small size and large aspect
ratio of optical fibers make it a promising candidate for in vivo and in situ

sensing as a highly integrated photonic sensor device [18]. Because of its



remote sensing capability of fiber-optic sensors, fiber-tip devices have
applications in which the probe light is modulated by measurand at the fiber
tip and the same fiber provides an easy access for signal retrieval and
propagation. What is more, in biomedicine field, the small size of optical
fibers allows minimally intrusive in situ and in vivo sensing of organisms
[19]. Fiber tip devices have also been used for beam shaping. For example,
polymer micro-tip with adaptable radius of curvature has been fabricated on
the end surface of a single-mode fiber for efficient light coupling between a
submicron size SOI-waveguide and the fiber [20]. Moreover,
optomechanical devices have been demonstrated for pressure sensing [21],
near-field probes [22], and atomic-force microscopy [23]. Finally,
nanostructures have also been fabricated on fiber end-surface to investigate
plasmonics [24] and surface-enhanced Raman scattering (SERS) [25].
Many fabrication techniques have been applied to pattern the flat end-
surface of an optical fiber, for example photolithography [26],
nanoimprinting [27], interference lithography [28], electron-beam
lithography [29], focused ion-beam milling [30], two-photon polymerization
[31], femtosecond laser ablation [32], and thin-film deposition [33]. Each
fabrication technique has its advantages and drawbacks. For example,
current photolithography systems are capable of patterning arbitrary 2D

geometries at nanoscale. The resolution is sufficient for most applications



and the cost is reasonable, however, alignment is a significant problem
because the aspect ratio of optical fibers is too large to operate under contact
mask aligner [19]. Moreover, conventional photolithography lacks 3D
fabrication capability. Electron-beam lithography offers a resolution as high
as sub-10 nm. However, the high costs and low throughput limit its use in
many experiments. The resolution of focused ion-beam milling is
comparable with electron-beam lithography, but only a small number of

materials can be patterned.

1.2 Motivations and objectives of research

Though optical fiber-based photonic sensors have been intensively
investigated in the past decades and a variety of micro/nano-fabrication
techniques have been proposed to fabricate optical fiber sensors, the research
and development of ultracompact optical fiber sensors based on fiber-top
microstructures are still rare because of fabrication challenges. This research
project aims to develop new photonic sensors based on 3D microstructures
printed on the end surfaces of fiber-optic ferrule or optical fiber. Small-size
high-performance optical fiber-tip sensors are highly desired in many
sensing applications where the space is highly restricted. For instances, in
many endoscopy devices, the sensors need to be small enough to be inserted

into human body, while in microfluidic devices, the sensors need integrated



within narrow microchannels. Moreover, the geometries of the fiber-top 3D
microstructures are designed and optimized to improve the sensing
performance of the fiber-tip sensors. For example, the mechanical resonance
of microresonators has been employed to enhance the acoustic pressure
sensitivity by printing spirally suspended mirrors on the end surface of
optical fiber.

In this thesis, three different kinds of optical fiber sensors are developed
by using the own-established optical p-printing technologies based on
maskless exposure approaches. Firstly, suspended mirror devices are
successfully printed on the end-surface of ceramic ferrule and the
displacement sensing application is demonstrated. Secondly, a suspended
micro-beam is directly printed on the end-face of a standard single mode
fiber and the device can work as refractive index sensor and pressure sensor.
Lastly, fiber-tip acoustic sensors are fabricated by printing spirally-

suspended optomechanical microresonators on the end surface of optical

fiber.

1.3 Qutline of Thesis

The chapters of this thesis are organized as below:
Chapter 1: Introduction. In this chapter, the background of optical fiber

sensors is reviewed. The objectives of the research project are described, and



the outline of the thesis is presented.

Chapter 2: Overview of optical fiber-tip sensors. In this chapter, the
sensing mechanisms, fabrication techniques, and applications of optical fiber
sensors are review. The optical 3D p-printing technology and the testing of
its microfabrication ability are presented in detail.

Chapter 3: Miniature optical fiber displacement sensors based on
optically 3D p-printed ferrule-Top suspended mirrors. In this chapter, an
optical fiber displacement sensor has been presented by direct printing of
different kinds of SMDs on the end-faces of optical fiber ferrules. The
reflection spectra of the ferrule-top SMDs have been measured and then
numerical analyzed by using fast Fourier transform to characterize the SMDs.
The performance of the fabricated ferrule-top SMD-based displacement
microsensor has been experimentally tested.

Chapter 4: Ultrasmall optical fiber refractive-index sensors based on in-
situ p-printed fiber-top suspended-microbeams. In this chapter, a miniature
optical fiber refractive index sensor based on directly printed polymer
suspended microbeams on the end-face of standard single-mode optical fiber
is presented. The optical fiber-tip sensors have been demonstrated to detect
the RI change of liquid and the air pressure, respectively. High sensitivities
0f917.3 nm/RIU to RI change and 4.29 nm/MPa to gas-pressure change have

been achieved.



Chapter 5: Ultracompact optical fiber acoustic sensors based on in situ
u-printed fiber-top optomechnical microresonators. In this chapter, optical
fiber-tip acoustic sensors are developed by design and fabrication of a
spirally-suspended optomechanical microresonator on the end surface of
optical fiber. The mechanical resonance of the fiber tip sensor is analyzed by
finite-element method (FEM). The response of the sensor to both acoustic
waves and ultrasonic waves are measured. Its frequency response has been
experimentally characterized and compared with theoretical analysis. The
fabricated optical fiber acoustic sensor shows a high sensitivity of 118.3
mV/Pa at audio frequency and a corresponding noise equivalent acoustic
signal level of 0.328 pPa/Hz!2.

Chapter 6: Conclusions and future outlook. In this chapter, a summary of

this thesis is given and future work on fiber tip sensors is presented.



Chapter 2

Overview of Optical Fiber-Tip Sensors

2.1 Introduction

The first optical fiber sensor can date back to the first half of the twentieth
century when the flexible endoscopes were developed and widely used,
which created a revolution in medicine that continues to today. The invention
of low-loss optical fibers in the late 1970s paved the way for the development
of modern fiber optic sensors.

Fiber optic gyroscopes based on the Sagnac effect and fiber optic
hydrophones based on Mach—Zehnder interferometers were the most
successful sensor of the first generation of fiber optic sensors development.
Then Fabry-Pérot (FP) interferometers, either extrinsic or intrinsic, led the
second wave of fiber optic sensors. The development of in-line Bragg grating
optical filters originally designed for optical communication purposes started
the third wave of fiber optic sensors development.

With the development of micro/nano-fabrication techniques, the
integration of functional materials and structural modification on optical

fibers has become a hot research area to investigate novel optical fiber



sensors. The decoration of optical fibers with functional materials for
specific sensing applications has been the main driving force to increase the
number of measurable parameters and, to decrease the limits of detection
(LODs) during the last decades. However, the small cross section, ultra-large
aspect ratio and curved surfaces of optical fibers make them difficult to be
surface micromachine by conventional micro/nano-fabrication strategies. In
most cases, the poor control and the modest technological readiness of the
integration methodologies, posed severe limitations in their applicability in
real scenarios. As a consequence, although optical fibers provide ideal
platforms for novel photonic sensors development, a great amount of work
was required to set the first milestones related to the identification of suitable
fabrication strategies able to correctly operate onto not conventional
substrates as the case of optical fibers.

The flat end-face of an optical fiber is a uniquely unconventional
substrate for sensor development. Its microscopic cross section and large
aspect ratio provide unobtrusive access to remote and confined environments,
while its biocompatibility, all-optical interrogation, and mechanical
robustness provide access to hostile environments that feature extremes of

temperature, pressure and electromagnetic interference.



2.2 Conventional optical fiber-tip thin-film FP cavity sensors

In this section, the working principles of optical fiber-tip sensors, especially
for fiber-tip sensors based on thin-film FP cavity, are introduced and the
fabrication techniques for conventional fiber-tip sensors are briefly reviewed.
Here conventional sensors refer to devices whose sensing elements are
generally entities with simple geometry such as diaphragms or semispherical
cap. The manufacture technologies are commonly straightforward and
inexpensive, whereas the micromachining precision, geometrical control
ability and processing capability for complicated 3D microstructures are
limited. Nevertheless, various types of conventional optical fiber-tip sensors
have been developed, which show versatile sensing abilities with high

performance.

2.2.1 Sensing principles

The foundation of the innovation and development of optical fiber-tip
sensors 1s the physical or chemical mechanism underneath. Over the past
decades, a number of operation principles have been exploited to investigate
optical fiber-tip sensors and devices, including interferometers, optical
microresonators, plasmonic resonances [24, 34-37], surface enhanced
Raman scattering (SERS) [25, 27, 38-40], optical tweezers [41-43],

metasurface [44-46], etc. In this section, we focus on Fabry-Pérot
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interferometers (FPIs) because it’s closely related to my work presented in
chapter 3-5. Detailed reviews about the sensing principles of fiber-tip sensor
can be found in the literature [18, 47].

Fiber-optic interferometers have been extensively investigated and
widely used in the past decades for various sensing applications. Among
different kinds of interferometers, Fabry-Pérot interferometers (FPIs) are
particularly attractive for the development of optical fiber-tip sensors
because they can provide competitive sensitivities without the need of a long
length of optical fiber compared with Mach-Zehnder interferometer and
Michelson interferometer [48]. As shown in Figure 2.1 (a), FPIs consist of
two reflective surfaces, which can be the end-face of an optical fiber and a
diaphragm. The round-trip propagation phase shift in the Fabry-Pérot cavity

1s given by

¢= , 2.1)

where 7, is the refractive index of the medium between the two reflective
surfaces, L is the cavity length, and A is the optical wavelength in free
space.

From Equation 2.1, the wavelength of the resonance dips in the

reflection spectrum should satisfy the condition

AznL

2mr, (2.2)

m
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where m is an integer. Thus the resonance wavelength can be expressed as

2n,L
1
A, =1 (2.3)
m
. Cavity length L
(a) Dlaphra\:gﬂ (b) “_.‘
Optical fiber
Incident light Pressure
. — >
Reflected light R, R,
Sleeve ‘
() (D

-45

th
=
L

||I| finl \|I |||“

(e

Output
signal

Intensity (dBm)
Output intensity

=)
=
1

[ External 1
/ . 1
g stimulus
I

L1
T * T ¥ T

Optical path difference

T T T T
1510 1515 1520 1525 1530
Wavelength (nm)

Figure 2.1 (a) Schematic diagram of a typical diaphragm-based fiber-optic FPI sensor.
(b) Deformation of the membrane under external pressure. (c) Shift of the resonant dip
when the cavity length or the refractive index of the medium changes. Inset shows the
typical reflection spectrum of a FPI sensor. (d) Relationship between the intensity of

reflected light and the variation of optical path difference of a FP cavity.

Equation 2.3 shows the peak/valley wavelength is related to the cavity
length of the FPI and the refractive index of the medium filled in the FP
cavity. One can monitor the shift of the resonant wavelength to determine
the change in cavity length or refractive index of the medium induced by
external stimulus. For example, elastic diaphragms are commonly used to

develop fiber-tip pressure sensors. As illustrated in Figure 2.1 (b), when the
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pressure applied to the diaphragm changes, the diaphragm will deform and
as a result, the cavity length changes and the resonant wavelength shifts.
Assuming the refractive index of the medium doesn’t change when the
diaphragm deflects, the change of the cavity length can be calculated as

2+ ad = (LrAL
m

2.4
LDV 9
2n, A

where A\, is the peak wavelength shift.

Similarly, the linear relationship between the change in refractive index

of the medium and peak wavelength shift can be expressed as

An=an =Thag
2L

m

(2.5)

This signal demodulation approach is called peak/valley-tracking
method. Figure 2.1 (¢) shows the shift of a resonant dip under circumstances
where the cavity length or the refractive index of the medium filled in the FP
cavity changes. Since commercially available optical spectrum analyzer can
offer high spectrum resolution, this wavelength tracking method can achieve
high resolution. However, the free spectrum range of the reflection spectrum
limits the dynamic range of detection. what’s more, the response time of
sensors based on this demodulation method is limited by the scanning speed
of optical spectrum analyzer, which makes it difficult to detect fast varying

signals. Besides, the cavity length cannot be directly calculated by this
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method.
Instead of tracking a certain peak/valley wavelength, two adjacent
peak/valley wavelengths in the reflection spectrum can be used to interrogate

the FP cavity. By using Equation 2.2, the cavity length can be derived as

Lo Ah A
2n (4, —4,) 2nFSR’

(2.6)

where 4, and A, are two adjacent resonance peaks or dips in the reflection
spectrum. FSR denotes free spectrum range of the reflection spectrum.
Assuming the FSR is significantly smaller than the peak/valley wavelength,

Equation 2.6 can be simplified as

/112
L= :
2n,FSR 27
The change of cavity length can be deduced as
2 L
AL-N2% L, 2.8)

A

When comparing Equation 2.8 with Equation 2.4, one can see that the
traceable resolution of two adjacent peaks/valleys method is worse than that
of peak/valley-tracking method.

Besides the reflection spectra of Fabry-Pérot interferometers, the
intensity of the reflected light can also be explored to obtain FP cavity
information and demodulate the signals.

Assuming [, is the incident light intensity, R; is the reflectivity of one

reflective surface, R, is the reflectivity of another reflective surface, the
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reflected light intensity of the FP cavity is given by [49]

R +7R, - 24\/77R1R2 cos(4zn,L/ A) I

| =« :
"1+7RR, -2 7R R, cos(4zn,L/ 1) °

(2.9)

where « is a constant describing the optical loss owing to the lead in/out
fiber and 7 is a coefficient of the intensity loss in the FP cavity.

The finesse of an optical resonator is an important factor which is
defined as its free spectral range divided by its bandwidth (full width at half-
maximum). The finesse factor is determined by the losses of the resonator

and it can be defined as

F= - ~—= (2.10)
2arcsin(1_J;) 1-Jp '
oo

where p is the fraction of the left circulating power after one round-trip,
and the condition for the approximation is that the round-trip loss of the
optical cavity is low.

The finesse factor a FP cavity can be expressed as

F=——. (2.11)

Equation 2.11 indicates that FP cavities with higher reflectivities of the
reflective surfaces will have higher finesse values. In case a FP cavity has
reflective interfaces with low reflectivities, the intensity of high order

reflected light beams from each reflective surface become negligible and
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the a two-beam interference model can be adopted. The reflected light
intensity of a so called low-finesse FP cavity is given by
| =a,| R +7R, ~2[nRR, cos(dzn,L1 2) |1, (2.12)
From Equation 2.12, it can be seen that the reflection spectra of low-
finesse FPIs present sinusoidal waveforms as shown in Figure 2.1 (d). For a
certain wavelength, the reflected light intensity depends on the cavity length
of the FPI and the refractive index of the medium filled in the cavity. As a
result, external stimulus which either alter the cavity length or change the
refractive index of the medium can be detected by monitoring the intensity
of reflected light of a FPI. Take a diaphragm-based FPI acoustic sensor for
example, the acoustic pressure applied on the sensor induces deflection of
the diaphragm, thus changing the cavity length of the FPI. The reflected light

intensity for weak sinusoidal acoustic pressure can be expressed as [50]
4 .
Al :2I077AL5|n(a)t), (2.13)

where v is the fringe visibility of the FPI, AL is the amplitude of pressure
induced cavity length variation, and ® is the angular frequency of the
excitation sound wave. Equation 2.13 shows that the variation of reflected
light intensity has a linear relationship with the change of cavity length.
Acoustic pressure can be detected by interrogating the alternating current
(AC) components of the output signal from a photodiode (PD), which can

convert light signals to electric signals. Since the response time of
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commercially available PD can be very short (in the range of nanoseconds),
intensity-based demodulation method is suitable for the detection of rapidly

changing signals such as ultrasonic waves.

2.2.2 Fabrication techniques

a) Transfer and assembly

Transferring microscopic sensing elements to the optical fiber tip and
then assembling is an effective and versatile technique which inherits the
benefits of fabricating on planar substrates, and meanwhile avoids the
problems caused by the special geometry of fiber tip. This technique is
widely used in the development of optical fiber-tip pressure sensors based
on Fabry-Pérot interferometers, which consist of an air cavity and an elastic
diaphragm transferred to the end-face of an optical fiber. Sleeves such as
capillary tubes and ceramic ferrules are usually employed to support the
reflective membrane and define the Fabry-Pérot cavity. Besides, sleeves
provide both protection for the optical fiber and path for alignment. Optical
fibers are carefully inserted into the sleeves and the gap distance between
fiber tip and the diaphragm is precisely controlled. As shown in Figure 2.2
(a), the first tip mounted fiber-optic pressure sensor was demonstrated by
Wolthuis et al. via transferring a pressure sensitive silicon diaphragm to a
glass tube in 1991 [51]. In 1999, a ceramic ferrule was used as the sleeve and

a cooper diaphragm was transferred as the sensing element [52]. Since then
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various kinds of membranes have been transferred to the fiber tip for
pressure/acoustic sensing, including silica [48, 53], silicon [54], silver [55-

59], stainless steel [50], chitosan [60], Parylene-C [61], graphene [62-65],
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Figure 2.2 (a) The first fiber-optic pressure and temperature sensors based on tip
mounted thin film. (al) depicts the schematic of the FPI based pressure sensor. The
sensor configurations for pressure and temperature detection are illustrated in (a2) and
(a3), respectively. Adapted from Ref[51]. (b) Highly sensitive fiber tip pressure sensor
based on graphene diaphragm. (b1) shows the microscope image of a standard single
mode fiber with a capillary fusion spliced to its tip. A nanometer-thick graphene was
transferred to the fiber tip as shown in (b2) by the method illustrated in (b3). Adapted
from Ref [65].

graphene oxide [66], MoS; [67], silk fibroin [68], and so on. It’s known that
the pressure sensitivity of a FPI sensor with edge fixed circular diaphragm
can be expressed as [69]

_ AL _3(1-v) D'
AP 256 Et*’

S (2.14)

where AL is the deflection of the central point of the diaphragm, AP is

the applied pressure, D is the diameter of the circular diaphragm and ¢ is its
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thickness, v and E represent the Poisson ratio and Young’s modulus of the
diaphragm, respectively. Equation 2.14 indicates that for a fiber-tip
diaphragm-based pressure sensor where the dimeter of the diaphragm is
limited, the mechanical property and thickness of the diaphragm are vitally
important for enhancing the sensitivity, i.e., a diaphragm with smaller
thickness and higher Young’s modulus will result in higher pressure
sensitivity. In 2012, Jin et al. transferred a nanometer-thick few-layer
graphene diaphragm to the fiber-capillary tip [65], as shown in Figure 2.2
(b), and achieved ultrahigh pressure sensitivity of 39.4 nm/KPa owing to that
the Young’s modulus is as high as 1 TPa [70] whereas the thickness of a
single layer graphene is merely about 0.355 nm [71]. In the next year, the
same group demonstrated an ultrasensitive ferrule-top acoustic sensor by the
adoption of ~100-nm-thick multilayer graphene diaphragm with a pressure
sensitivity of 1100 nm/KPa and a noise equivalent signal level of ~60
uPa/Hz!? [62]. The improved pressure sensitivity is due to the increasement
of diaphragm’s diameter.

Despite that commercially available capillary tubes and ceramic
ferrules are convenient and low-cost, the feature size of these sleeves is still
too large for miniature fiber-tip sensors, e.g., the diameter of a ceramic
ferrule is about 3 mm. Hill et al. reported a FPI pressure sensor consisting of

a photolithographically patterned SU-8 cap mounted to the tip of an optical
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fiber [72]. By utilization of multiple photolithography, the polymer sleeve
and deformable membrane are integrated together, as a result, the outer
diameter of the sensor is reduced to 300 um. Methods for fabrication of
miniature fiber-top cavity have been reported by using commercial fusion
splicers [55, 65, 73, 74]. By fusion splicing a section of capillary tube with a
single-mode fiber and then cleaving a certain length of the capillary, a cavity
with desired length can be readily fabricated as shown in Figure 2.2 (b1).
b) Conformal coating of polymer films

Spin coating is a well-established and widely used deposition technique
in micro/nano-fabrication where planar substrates such as silica wafer are the
targets to be coated. When it comes to the fiber tip, the quality of the polymer
film prepared by spin coating degrades, i.e., curved surface and nonuniform
coatings will occur because centrifugal forces produced by the spinning of
substrate are insufficient to overcome the viscosity of the polymer solution
on the small area of fiber tip where surface tension dominate the profile of
the droplet. Efforts have been made to modify the spin coating process for
the adoption of this technique on the fiber tip [75-77]. With a specially
designed chuck which vertically fixed the optical fiber, Prasciolu et al.
realized the deposition of poly methyl methacrylate (PMMA) thin film on
the fiber tip via spin coating [76]. Uniform thin film with thickness around

several hundred nanometers have been achieved by using spin coating [77-
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79]. Sleeves such as ceramic ferrule are usually adopted to increase the area
of the end-face, which can improve the quality of the film. Other deposition
techniques such as dip coating [26, 80, 81], spray coating [82], dip and
vibration coating [83], and thermal evaporation [84] have been proposed for
conformal coating of polymer films on the fiber tip.

Dip coating is a simple and cost efficiency method for the deposition of
thin polymer film on fiber tips. By immersing the fiber tip into polymer
solution and then evaporating the extra solvent, polymer film with uniform
thickness on the fiber tip can be obtained. The profile of the film is
determined by surface tension and viscosity of the liquid polymer. By the
adoption of polymer solution with lower concentration, which has lower
viscosity, one can get films with smaller thickness and curvature. In addition,
with the help of sleeves, the area of the end-face increases, resulting in better
planarization of the polymer film. Normally films of thickness around
several micrometers can be acquired via this method [80, 81]. Thicker films
with larger curvature or even spherical cap can be realized by either
increasing the viscosity of the polymer solution or multiple implementation
of dip coating method. A spherical cap was fabricated on the end-face of a
standard single-mode fiber by dip coating UV-curable polymer followed
with UV polymerization [85]. The fiber-tip polymer cap can play a role as a

plano-concave optical microresonator with high quality factor over 10°, as a
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2 and a broad

consequence, an ultrahigh sensitivity of 1.6 mPa/Hz
bandwidth of 40 MHz have been achieved. The strong confinement is due to
the curvature of the spherical cap, which refocuses the diverging beam back
into the FP cavity and prevents the light from lateral leaking, and the high
reflectivity of the mirrors. This case indicates that dip coating method is
capable of producing smooth polymer surface with high reflectivity.

Based on dip coating method, the dip and vibration technique can
dramatically reduce the thickness of the polymer film to ~100 nm with good
repeatability [83]. After dip coating process, a vibration of the fiber tip is
introduced to remove the redundant polymer solution, which significantly
reduce the thickness and curvature of the eventual film. The distance
between the free fiber tip and the clamping point is controlled, meanwhile
the initial displacement of the fiber tip to trigger vibration is fixed, thus
guaranteeing the repeatability of the film thickness.

Spray coating is a novel deposition technique with remarkable
advantages such as high utilization efficiency of materials, wide applicability
to substrates with various size and geometry, which is especially suitable for
coating the fiber tip. A nozzle is employed to atomise the polymer solution
and then deposit it on the substrate uniformly. It has been demonstrated that

thin film with thickness of around 5 um was deposited on the fiber tip

through spray coating [82].
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c) Thermal reflow

Thermal reflow is a process in which initial patterns are reshaped into
destination profiles by heating up the material to a threshold temperature.
Surface tension will drive the melt material to relocate into a certain shape
determined by surface energy, wettability and adhesion of the material, and
finally define the shape of the solidified material after cooling down [86].

Polymeric materials are often processed by thermal reflow to develop
fiber-tip sensors. Gang et al. demonstrated a fiber-tip FPI ultrasonic sensor
with a semispherical cap fabricated by thermal reflow of polyvinyl chloride
(PVC) diaphragm [87]. A plastic welder with temperature control was used
to heat the polymer thin film, and the optimized heating temperature and time
1s 300 °C and 20 seconds, respectively.

The native material of optical fibers, i.e., silica, can also be treated with
thermal reflow to create simple 3D topographies such as microspheres.
Compared with polymer, the glass transition temperature of silica is much
higher (~1200 °C), thus CO; laser, arc discharge or microburner is chosen to
melt the fiber tip. Surface tension will relocate the melt silica into a sphere,
as a result, silica microsphere on the fiber tip can be readily obtained after
cooling. Bulb-lens for emitted light collimation have been fabricated on the
fiber tip by using thermal reflow and the device can work as a vibration

sensor [88]. Silica microspheres has also been implemented on the fiber tip
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as a WGM resonator with high quality factor [89], which indicates the
surface of the microsphere fabricated by thermal reflow is very smooth.
d) Chemical etching

Chemical etching can be employed to either intrinsically pattern the
material of fiber tip or extrinsically process sensing elements. Microwells
have been fabricated on the fiber tip by etching doped glass for fluorescence
and SERS sensing [90, 91]. In the fabrication of all-silica diaphragm-based
FPI sensors, hydrofluoric acid is used to etch the diaphragm so as to reduce
the thickness of the film [48]. Moreover, a 750 nm-thick silica diaphragm
originated from the thermal oxide layer of a silicon wafer can be obtained by
etching away the silicon [53].
e) Through fiber pattering

A polymer tip can be readily fabricated by simply immersing the optical
fiber tip into photosensitive polymer solution and then launching light with
proper wavelength into the fiber. Polymer cured by the guided light can
extend to several hundred micrometers due to self-guiding effect of the
polymer, i.e., the refractive index of the photosensitive material increases as
it’s polymerized, thus contributing to the collimation of the light beam [92].
The topography of the polymer tip, to a certain degree, can be tuned by
tailoring exposure conditions, properties of the guided light and

photosensitive material [93-95].
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Since the first demonstration of through fiber pattering in 1974 [96],
this technique has been developed over the decades and found applications
ranging from light coupling [97, 98] to sensing [99-101]. Polymer tips with
flat end-face can be fabricated by imposing a boundary to restrict the self-
guiding photopolymerization process, which have been used to from FP

cavities for distance measurement [99] and refractive index sensing [100].

2.2.3 Sensing applications

Conventional optical fiber-tip FPIs fabricated by techniques described above
have been widely employed in various sensing applications including the
detection of temperature [102-104], pressure [53, 57, 61, 65, 68, 72, 85], RI
[100, 105, 106], humidity [107-109] and biochemical measurands [110-112].
Ultrasonic sensors based on fiber-tip FPIs can date back to 1996 when a
polymer thin film was transferred to the end-face of an optical fiber to form
a FP cavity, and the diaphragm’s thickness change induced by acoustic waves
was interferometrically detected [113]. The sensor showed a comparable
sensitivity with that of polyvinylidene difluoride (PVDF) membrane-based
ultrasound sensor, and the noise floor was 2.3 KPa with 25 MHz bandwidth.
With the development of material science, thinner diaphragms with
enhanced mechanical strength have been adopted to improve the pressure
sensitivity, e.g., graphene diaphragm based acoustic sensor exhibits noise

equivalent signal level of ~60 uPa/Hz"? [62]. By the adoption of functional
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material, Polyvinyl alcohol (PVA) film, whose effective RI decreases and
thickness increases when absorbing water, Su et al. demonstrated fiber-tip
humidity sensor with a sensitivity of 0.07 nm per 1% relative humidity [109].
In addition, a polyvinyl alcohol (PVA)/poly-acrylic acid (PAA) film was
coated on the fiber tip to form a miniature pH sensor [111], which made use
of the swelling effect of the responsive film, i.e., the optical path of the FPI
changes when the film is immersed in solutions with different RI values.
Moreover, Tierney et al. proposed fiber-optic glucose probes by coating the
fiber tips with carbohydrate sensitive hydrogels [110]. Owing to the
incorporation of novel functional materials as the sensitive diaphragms,
optical fiber-tip sensors based on FPIs with new functionality and improved

performance have been developed.

2.3 Optical fiber-tip sensors based on fiber-top microstructures

With the rapid development of modern micro/nano-fabrication technology,
unprecedented manufacturing resolution and 3D fabrication capability have
been achieved, which provides exciting opportunities for the development
novel optical fiber-tip sensors based on sophisticated microstructures
requiring high processing accuracy. The sensing mechanisms of these
sensors are consistent with those discussed in section 2.2.1. The fabrication

techniques are emphasized in this section, meanwhile the applications of
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optical sensors based on fiber-top microstructures are reviewed.

2.3.1 Fabrication techniques

Many micro/nano-fabrication techniques have been employed to implement
microstructures on the fiber tip. Several representative techniques are
introduced as below, and a brief discussion about the advantages and
drawbacks of each method is given. Detailed reviews on the fabrication
techniques for fiber-top sensors and devices can be found in the literature
[18, 47].

a) Focused ion beam milling

Focused ion-beam (FIB) milling makes use of a high-energy focused beam
of ions such as gallium to strike the target sample, ablating and machining
materials at micro- and nanoscale according to predesigned path. Modern
FIB systems can provide spot sizes of less than 5 nm, which guarantees
ultrahigh resolution. FIB milling is capable of carving the native material of
optical fibers, i.e., silica. Lenses have been directly engraved on the fiber tips
by carefully controlling the processing conditions [30, 114-116], and a
smooth surface with 3.6 nm roughness has been achieved [114]. Microprisms
have also been fabricated on the cores of optical fibers via this technique to
alter the light beams for optical trapping and manipulation [43]. Besides
silica, metallic materials can also be patterned by the adoption of FIB milling,

which allows for the development of fiber-tip resonant plasmonic sensors
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and devices based on metallic nanostructures. The demonstrations of fiber-
tip plasmonic sensors or SERS probes fabricated by FIB milling can be found
in the literature [37, 40, 117, 118].

[annuzzi et al. have demonstrated that silica cantilevers can be directly
fabricated on the fiber tips by FIB milling for monolithic sensors [23, 119,
120]. Figure 2.3 (a) depicts the main steps for the carving of a fiber-top
cantilever. A bridge with both ends clamped was fabricated at first as shown
in Figure 2.3 (al)—(a3), followed by the reduction of the beam’s thickness
as depicted in Figure 2.3 (a4). Then a pyramid tip, as shown in Figure 2.3
(a5), was carved on the cantilever for applications such as atomic force
microscope (AFM) where the tip would scan the surface of the targets as a
probe. Finally, the supporting anchor under the pyramid tip was removed as
shown in Figure 2.3 (a6). As the cantilever is right above the fiber core,
deflection of the cantilever beam induced by external stimulus, or the
vibration in cavity length, can be readily interrogated by interferometry as
illustrated in Figure 2.3 (b). The implementation of AFM has been
demonstrated by the adoption of such fiber-top cantilevers [119], and
performance comparable to that of commercial AFM systems has been
achieved when the fiber-top AFMs are working in contact mode. Output
signal acquired from a fiber-top AFM scanning a calibration grating is shown

in Figure 2.3 (¢). Based on similar fiber-top microstructures and readout
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apparatus, a variety of applications including refractive index sensing [121],
hydrogen detection [122], pressure and humidity sensing [123], and
biosensing [124] etc. have been reported.

The major drawbacks of FIB milling include inevitable ion doping into
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top AFM measuring a calibration grating in contact mode. Adapted from Ref [119].
the substrate and angled sidewalls of the etched wells [47]. Besides, the

ultrasmall spot size results in time consuming fabrication processes and
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limited area which can be processed in one step, which restrict the potential
for mass production. Moreover, the 3D fabrication capability of FIB milling
is limited by the etching manner, which makes it difficult to process
sophisticated microstructures such as sealed cavities. Last but not least, the
expensive apparatus prevents the wide application of this technique.

b) Femtosecond laser ablation

Similar to FIB milling, femtosecond laser ablation takes advantage of
focused femtosecond laser pulses with high energy instead of ion beams to
micromachine surface materials. The cost is generally lower and processing
speed is faster than those of FIB milling, whereas the surface of the processed
areas are usually rougher [125]. This technique has been employed to
fabricate Fresnel zone plate lens [126], surface gratings [127] and SERS
probes [32, 128].

lannuzzi et al. has utilized femtosecond laser to fabricate fiber-top
cantilevers in a two-step process [125]. Firstly, femtosecond laser scanned
the area to be etched of the fiber in a predefined pattern. The laser energy at
the focal volume was optimized to alter the chemical property of glass
without ablating it. After exposure, the fiber tip was immersed into HF with
low concentration for chemical etching. The patterned area had higher
reactivity to acid due to femtosecond laser illumination, thus it was etched

faster than the rest part of the fiber.
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Compared with FIB milling, femtosecond laser ablation provides a
cheaper, faster and more convenient method to micromachine fiber tips.
However, the surface quality of the patterned area and fabrication precision
degrade.

c) Photo lithography

Photo lithography is a well-established and widely used technique to
pattern arbitrary 2D micro-/nano-structures in both industry and research
community. A photomask is usually employed to modulate ultraviolet (UV)
light into predefined pattern, subsequently the pattern is transferred to the
photosensitive materials through UV exposure. State of art photolithography
apparatus can offer nanoscale resolution. Problems occur when the flat tip of
an optical fiber becomes the substrate because the large aspect ratio of optical
fibers is not suitable to the commonly used contact mask aligners, which is
originally designed for planar substrates such as silica wafer.

Attempts have been made to overcome the incompatibility. Fiber wafers
have been created by binding a cluster of optical fibers with epoxy, followed
by cleaving and polishing [129]. Sasaki et al. proposed a self-aligning
method where conventional mask aligner was abandoned [82]. A specially
designed mask with mechanical alignment guide was fabricated by
electroplating and utilized for both alignment and pattern transfer.

Commercial fusion splicers have been employed to assist the alignment [26].
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Two optical fibers are mounted in a fusion splicer, while one fiber is coated
with photoresist on its tip, and another UV transparent fiber with metallic 2D
microstructures patterned by FIB milling plays a role as a photomask. The
alignment and approaching are completed automatically by the fusion splicer
and then UV light is launched into the mask fiber for pattern transfer.
Although techniques described above have solved certain issues in the
adoption of photolithograph on the fiber tip, inconvenient procedures such
as the fabrication of fiber wafers and customized photomasks still limit the
application of photolithography on directly patterning the fiber tip.

d) Interference lithography

The inference patterns created by multiple coherent light waves have
been utilized to produce large areas of regular arrays of periodic features with
naonoscale resolution. Interference lithography allows nano-fabrication of
periodic structures in all three dimensions without the need for expensive
apparatus and photomasks. The resolution of interference lithography is
limited by the diffraction limit of the laser beam, which becomes the major
shortcoming of this technique.

The adoption of interference lithography for fiber-tip patterning can
trace back to 1999 when Tibuleac et al. fabricated diffraction gratings with
submicrometer period on the fiber endface [130]. Waveguide grating-

structures has been implemented on the fiber tip [28], where a layer of ZnO
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deposited on the polished fiber endface functioned as the waveguide while a
photoresist grating with 425 nm period was fabricated on the waveguide by
using interference lithography. Besides gratings, two-dimensional
interference patterns have been employed to fabricate fiber-top nanopillars
array for SERS sensing [75]. Firstly, A two-dimensional photoresist
nanopillar array with 317 nm pitch and 160 nm diameter was patterned by
interference lithography, which would serve as a shadowmask in the
following etching process. Then a deep reactive ion etching method was
adopted to carve the silica material of optical fiber into periodical nanopillars
array. Finally, the residual photoresist was removed, and a layer of silver was
deposited onto the nanopillars.

Different from conventional interference lithography where bulk optics
are usually employed to generate interference patterns, Kim et al. proposed
a compact optical fiber device to generate concentric interference patterns
and further utilized the patterns to engrave surface relief gratings on the fiber
tip [78]. A short section of coreless silica fiber was fusion spliced to a
standard single-mode fiber, which would expand the fundamental mode
exiting from the single-mode fiber. A portion of the beam propagating in the
coreless fiber encounters the silica/air interface and reflects back into the
fiber, whereas the other part reaches the endface of the core less fiber directly,

thus inducing interference patterns. By adjusting the length of the core less
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fiber, the pitches of the concentric interference patterns can be tuned.

e) Electron beam lithography

In contrast to photolithography, a focused beam of electrons instead of light
is employed to pattern electro-sensitive resist which can be selectively
dissolved by the developer after exposure. Arbitrary two-dimensional
geometries can be realized as electron beam lithography (EBL) works in a
serial writing manner. The main advantage of EBL over photolithography
lays on its ultrahigh resolution, i.e., sub-10 nm, whereas the diffraction limit
of light restricts the smallest feature size photolithography or interference
lithography can achieve. The ultrasmall beam width and direct-writing
manner decide that the throughput of EBL is low. Besides, the cost of
establishing an EBL system is very high, for example, the price for a
dedicated EBL system is over 1 million US dollars and a cheaper system
reformed from an electron microscope for research and development can still
cost 100,000 US dollars. Both the large costs and low throughput limit the
usage of EBL to areas such as the fabrication of photomask, prototype
devices and research.

The fiber tip micro- and nanostructures patterned by EBL have been
exploited to develop photonic sensors and devices. Multilevel phase
diffractive elements with 3D profiles fabricated by EBL have been

implemented on the fiber tip to realize efficient fiber-waveguide coupling
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[76]. A gray-scale exposure manner has been adopted to create 3D feature,
i.e., the exposure dose for each pixel of the pattern is calculated and precisely
controlled, which results in different cured depths for corresponding unit
areas. By depositing metallic materials to nanostructure fabricated by EBL,
fiber-top localized surface plasmon resonance (LSPR) devices have been
developed for refractive index and acoustic sensing [79].

The patterned resist is more often utilized as a sacrificial layer which
will serve as a shadowmask in the following processes and be removed
eventually, whereas the nanostructures are transferred to the substrate
materials by means of etching or deposition. The selective deposition is
usually accomplished by the lift-off technique which originates from
conventional microelectromechanical systems (MEMS) technology. In brief,
materials are deposited onto the EBL defined resist patterns and then the
resist is removed by proper solvent together with the materials deposited on
it, leaving behind materials deposited directly on the substrate. The etching
method works in an inverse manner where resist patterns are fabricated on a
film of the target material and protect the covered region in the following
etching process, as a consequence, the target material exposed to the
corrosives is removed whereas the other part underneath the resist pattern
remains. Nanoholes array in metallic coatings with diameters ranging from

100 nm to 700 nm have been fabricated via EBL and lift-off technique to
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investigate the behavior of light transmission through these arrays [77]. With
an etching process following EBL, nanostructures such as gold nano-grids
[83], nanodots [29, 34], and concentric rings [131] have been produced on
the fiber tips for various applications from ultra-wideband polarizers to
refractive index sensors.

It’s noteworthy that unlike silicon wafer, the material of optical fibers,
i.e., silica, is an electric insulator which prevents electrons from dissipation,
thus leading to an issue of electrostatic charging of the fiber. To solve this
problem, an additional conductive layer consisting of conductive polymer
[83] or metal [76, 79] is deposited onto the resist, which will guide the
charges to ground during the EBL process.

f) Two-photon direct laser writing

In the past few decades, direct laser writing (DLW) technique based on
multi-photon absorption process has attracted remarkable attention due to its
superior 3D micro- and nanofabrication capability over techniques described
above such as FIB milling, femtosecond lase ablation and EBL. In this
section we focus on two-photon polymerization (TPP) based direct laser
writing technique which has been widely employed in 3D micro- and
nanostructures fabrication.

Two-photon absorption is a non-linear process which requires high light

intensity so that a pulsed laser with high peak power is usually focused onto
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the photosensitive materials. The photoresist and the wavelength of laser
source are carefully selected according to a general rule that the photoresist
1s transparent to the laser source’s wavelength A whereas it absorbs light at
the wavelength at A/2. As a consequence, only the photoresist located at the

focal spot of the laser beam will undergo polymerization during illumination.

() (b)

Figure 2.4 (a) SEM images of convergent lens (al), axicon lens (a2), and ring (a3)
fabricated on the fiber tips by two-photon DLW. Adapted from Ref [145]. (b) False
color SEM images of fiber-top micro-optics systems and three-dimensional photonic
crystals fabricated by DLW. Adapted from Ref [31]. (c) Fabrication processes of a
fiber tip acoustic sensor consists of a suspended diaphragm fabricated by DLW.

Adapted from Ref [148].
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By scanning the focal spot in three-dimensional space, arbitrary 3D
geometries can be created after subsequent development. Resolution beyond
the diffraction limit, i.e., 100 nm or even better, can be achieved due to the
nonlinear two-photon absorption process and the threshold behavior [132].
More content about the origin and development of two-photon
polymerization can be found in the literature [133-135].

Two-photon DLW’s capability of fabricating complicated 3D structures
has enabled the development of all kinds of fiber-top devices including a
diversity of lens [136-138], free-form optics [139], micro-photonic systems
[31], suspended beams with both ends fixed [140], Fabry-Pérot cavities [141-
143], 3D radar-like SERS probe [144], and springs [145]. Figure 2.4 (a)
shows the scanning electron microscope (SEM) images of several fiber-top
microstructures fabricated by two-photon DLW including (al) convergent
lens, (a2) axicon lens and (a3) ring which can be used as a phase mask. More
sophisticated fiber-top microstructures constituting micro-optic systems are
shown in Figure 2.4 (b). A plano-concave lens was fabricated on the fiber
tip while another plano-convex lens with larger radius was suspended right
above it, as shown in Figure 2.4 (b1)—(b2). A well-known three-dimensional
photonic crystals structure, “woodpile”, was also demonstrated as shown in
Figure 2.4 (b3)—(b4). The fabrication process for a fiber-top suspended

diaphragm with both ends mounted is shown in Figure 2.4 (¢), which clearly
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illustrates the serial writing manner of two-photon DLW. The deformable
diaphragm was employed as an acoustic sensor in a similar approach with
those elastic diaphragm-based sensors described in Section 2.2, however, the
geometries of the suspended membrane can be precisely tailored through
DLW and there is no need for an additional sleeve, which contributes to the
implementation and miniaturization of fiber-top sensors.

g) Nano-transferring

The basic idea of nano-transferring is similar to the micro-transferring
technique introduced in Section 2.2.2, i.e., fabricating nanostructures on
planar substrates first with regular nanofabrication platforms and then
transferring them to the fiber tips. The transferring step is vitally important
for the quality and overall yield of the final devices because flaws or damage
can be easily introduced to the well patterned nanostructures during this
process due to improper operation [47].

Nano-transferring is commonly accomplished by stripping off the film
containing nanostructures from the planar substrate and then attaching the
film to the fiber tip with the help of a micropositioner or by pressing the fiber
tip into the film floating on water. With the deposition of metallic
nanostructures upon fiber end-surface, optical probes based on SPR or SERS
can be developed for sensing applications. Smythe et al. has demonstrated

the adoption of nano-transferring technique to relocate metallic
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nanostructures patterned by EBL to the fiber tip where a sacrificial polymer
film is employed to strip the nanostructures from silica wafer [146]. The
sacrificial layer that supports the nanostructures during the transfer process
is finally removed by oxygen plasma, leaving behind metallic nanostructures
on the fiber tip, which is subsequently employed as a SERS probe. A
limitation exists in this approach that the adhesion between nanostructures
and the substrate cannot be too strong to strip. To eliminate this limitation,
the same group proposed a more convenient and universal method by
incorporating a process called nanoskiving, where an ultramicrotome was
utilized to slice epoxy nanopost array coated with gold [147]. The nanopost
array was embedded in epoxy before sectioning, and then slabs containing
nanostructures was transferred by dipping the fiber tip in water. After the
removal of epoxy, several types of metallic nanostructures were successfully
transferred to the fiber end-face.

In another approach, a drop of epoxy is delivered to the fiber tip as an
adhesive layer which will release the nanostructures from substrate after the
epoxy cures [24, 148-151]. More strategies about nano-transferring can be
found in the literature [152, 153].

h) Self-assembly

Self-assembly (SA) is a powerful bottom-up nanofabrication technology

which provides an easy and cost-effective access to the nano-regime [154].
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Although the manufacturing precision and geometrical control capability of
SA method are limited, it’s suitable to unusual substrates such as fiber tips.
Besides, high vertical resolution can be achieved in layer-by-layer SA. The
first application of SA on fiber tips can date back to 1998 when the end-face
of optical fiber was decorated by SA for the investigation of SERS
performance [38]. Over the past few decades, new sensor designs with more
complicated structures and enhanced performance have emerged and can be

found in the literature [155-159].

2.3.2 Sensing applications

A variety of sensing applications based on fiber-top micro- and
nanostructures have already been introduced during the review of fabrication
techniques. To summarize, physical sensors which detect parameters such as
pressure [123], refractive index [160], force [124], velocity [161], etc. have
been implemented on the fiber tips. Miniature fiber-tip sensors have also
found applications in biomedicine where in vivo interrogations of cells and
organisms with minimal damage are guaranteed [19, 162]. In addition,
various fiber-tip sensors based on plasmonic resonance or SERS have been
developed [24, 25, 35, 38, 163, 164]. The incorporation of micro- and
nanostructures not only offer opportunities for novel sensor designs, but also

contribute to the improvement of sensing performance.
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2.4 Optical 3D p-printing technology

In Section 2.3, several micro- and nanofabrication techniques commonly
used to pattern the end surface of optical fiber for the development of sensors
have been reviewed. Each technique has its advantages and shortcomings.
Besides the incompatibilities between fiber tips and some fabrication
platforms and the fact that certain techniques lack for 3D fabrication
capability, there is always a tradeoff between precision and throughput. To
overcome the limitations in current fabrication technologies, we develop an
optical 3D p-printing technology which suits microfabrication on the fiber
tip. The manufacturing speed is fast compared with EBL or FIB milling,
while a considerable resolution can be achieved. Fiber-top microstructures
have been fabricated via this own-developed technology for sensing

applications.

2.4.1 DMD-based optical maskless lithography

Photolithography is a mature and widely used micro-nano fabrication
technique in both industry and research. Selective exposure of photosensitive
polymers allows arbitrary 2D geometries to be defined in parallel and on the
wafer-scale. State of the art photolithography systems are capable of
nanoscale patterning. In large-scale integrated circuit manufacturing,

photolithography technology is a key step which determines the smallest
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feature size and transistor density of the IC chip. The long evolution of the
semiconductor industry has made the original contact-photolithography a
ubiquitous and affordable technology, and therefore a mainstay of research
laboratories around the world. Photolithography has been used to develop
photonic sensors, especially fiber-tip sensors, however, there are some issues
in employing this technique on optical fibers.

In typical photolithography processes, firstly a special mask is designed
and fabricated, then UV exposure is used to transfer the pattern on the mask
to the photoresist on the substrate after carefully alignment. Unfortunately,
when then substrate becomes an optical fiber instead of silicon wafer, contact
mask aligners are not compatible with the large aspect ratio of optical fibers.
Although some strategies have been proposed to overcome this problem, it’s
still inconvenient to directly use contact photolithography to pattern optical
fiber tip or the curved surface. What’s more, the expensive fabrication cost
of the mask and pollution problem in contact exposure manner also prevent
the utilization of photolithography in the development of optical fiber
Sensors.

Proximity exposure and projection exposure technologies are
developed to provide an alternative route to overcome the mask pollution
problem of contact exposure. A step further leads to the so called maskless

lithography technology, in which spatial light modulators (SLM) are usually
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employed to generate optical patterns. Gray-scale exposure is available by
using maskless lithography since SLM can refresh the patterns at a high
speed. A more exciting optical 3D u-printing technology can be developed
based on optical maskless lithography. Here we focus on DMD based optical

3D p-printing technology.

2.4.2 Optical 3D |kprinting technology for fiber-top

microstructures

Figure 2.5 shows the schematic of the optical 3D p-Printing system. UV
(365nm) beam coming from light source passes through the illumination
optics and then illuminates onto the DMD chip. The light reflected from the
DMD chip is modulated to an optical pattern which is previously uploaded
to the DMD chip. After passing through the projection optics, the image on
the DMD chip is finally projected onto the photoresist on the substrate.

UV lasers, UV lamps or UV LEDs can be used as the light source. We
choose non-coherent light source (UV lamps) or partly coherent light source
(UV LEDs) to avoid interference. A high-pressure mercury lamp,
OmniCure® S2000 from Lumen Dynamics, whose emission light cover both
UV (190 nm ~380 nm) and visible bands (380 nm ~770 nm), is used in our
system. UV LED is another option for the light source due to its advantages
of long lifetime and low power consumption. A UV LED, LC-C2, from

Hamamatsu Photonics is also used in one of our systems Compared with UV
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lasers, the interference speckle effect is not obvious since light emitted by
the UV LED is partly coherent.

The key component of the 3D p-Printing system is the spatial light
modulater (SLM). Liquid crystal display (LCD) was firstly used as the SLM
in maskless exposure system, however, several drawbacks such as large pixel
size, low filling rate, long response time and strong absorption in UV band
limit its application. DMD, which is invent by Dr. Larry J. Hornbeck from
Texas Instruments in 1987, has been widely used in digital light processing
(DLP) systems because of its miniature size and high resolution. A DMD
chip consist of millions of micron-sized micromirror, and currently the
commercially available DMD chips have resolutions of 640 x 480, 800 x
600, 1024 x 768, 1280 x 1024, 1920 x 1080, 1920 x 1200 and 2560 x 1600.
The arrangement of these micromirrors follows a two-dimensional matrix
pattern, i.e., in rows and columns. The filling rate of a DMD chip can is
typically more than 90%, which is significant to the improvement of optical
efficiency and quality of the generated patterns. Each individual micromirror
can be addressed and controlled independently by the control unit, which is
usually implemented by a Field Programmable Gate Array (FPGA) for
research and development. In general, the micromirrors are driven by
electrostatic force generated by the input voltage signal from the addressing

electrodes, resulting in three possible states, i.e., on state, off state, and reset
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Figure 2.5 Schematic diagram of the optical 3D p-Printing technology.

state, which are determined by the rotation of the micromirrors. The on state
of a micromirror defined by high voltage (binary signal of “17) is
implemented by a 12° rotation from the optical axis, where the light beam
reflected from this micromirror propagates along the axis of the projection
optics and thus can be collected by the projection optics. On the contrast,
when a micromirror is turned into off state by low voltage (binary signal of
“0”) from the addressing electrode, the angle of its rotation is -12°, thus the

light beam reflected by this micromirror walks off the accepting angle of the
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objective lens’s aperture and can not be collected by the projection optics.
The reset state is defined by the circumstance where no signal voltage is
applied on the electrode. Based on the three states described above, arbitrary
two-dimensional pattern can be generated by the DMD chip via controlling
millions of micromirrors independently. The pitch sizes of commercially
available DMD chips include 7.6 um, 10.8 um, and 13.7 um, such small
pixel size guarantees the fidelity of the patterns displayed by the DMD chip.
After being scaled down by the projection optics, the size of smallest feature
of the images generated by the DMD chip can be further reduced, which is
competitive with photo masks. Besides resolution, accuracy and pixel size,
another important parameter is the optical efficiency of the DMD chip, which
1s generally determined by factors such as reflectivity at the operation
wavelength, filling rate of the micromirrors and response time. For our
optical 3D p-printing technology, the wavelength of the light source is 365
nm. DMD chips with reflectivity promotion layers for UV light are chosen,
and the reflectivity for 365 nm is more than 90%. The filling ratio of
micromirrors for commercial DMD is can reach up to 98%, which exceeds
56% of LCD and other types of SLMs. Owing to the light weight of
micromirrors and the actuation method, the response time of DMD chip is
typically shorter than 1 ms, which meets the demand of our application.

Moreover, the contrast ratio is also an important factor which affects the
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accuracy of UV exposure dose distribution. Typical contrast ratio of DMD
chip is 1000 : 1 and a high ratio of 2000 : 1 can be achieved through
optimization of pixel structure, whereas the contrast ratio of LCD is below

700 : 1.

2.4.3 Fabrication process

The fabrication processes can be generally divided into three parts. Firstly,
commercial software solidworks is used to design the 3D models of the
structures to be printed. An own-developed add-on software is then used to
slice the CAD model into layers of image data which will be uploaded to the
DMD chip. Secondly, the substrate is deposited by photoresist. Thirdly,
dynamic UV exposure of the photoresist and followed with develop. These

processes will be introduced in detail as below.
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2.4.3.1 3D modeling and data to graphic converting

3D models are firstly designed by using solidworks and saved as a common
data format STL. Figure 2.6 (a) shows the 3D model of an array of cones
deigned by solidworks. Then a commercial software Tecplot is used to open
the 3D models for further processing. As shown in Figure 2.6 (b), a cone is

(@) (b)

b d D A
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b D D D

Figure 2.6 (a) 3D models of the micro cones to be printed. (b) A cone sliced into 50

layers by Tecplot. (¢) BMP image generated by the add-on software.

sliced into 50 layers by using the Tecplot software. The add-on software
based on Tecplot Application Programming Interface (API) is developed

under visual C++ environment.
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Firstly, a function provide by Tecplot is used to slice the 3D model into
several layers and the coordinates of points which consist of the outline of
each layer are provided. Interpolation is utilized to fill in the gap between the
discrete points. Then the interior of each layer’s outline is filled by using the
so-called flood-fill algorithm. Each layer of the processed data corresponds
to a 2D matrix, which eventually become one frame image uploaded to the
DMD chip. Finally, the data matrix is exported either as gray-scale bitmap

picture for visualization or own-defined data format, as shown in Figure 2.6

().

2.4.3.2 Deposition of photoresist

In order to ensure the quality of micro/nano-fabrication, it is a vitally
important step to deposit uniform thin layer of photoresist with well
controlled thickness on the substrate. Spinning coating is a reliable
deposition method for wafer scale substrates, where centrifugal forces
compete with the viscosity of the liquid polymer. However, when the
substrate is the flat tip of an optical fiber, surface tension can dominate to
create curved and non-planar coatings. New deposition techniques are in
demand to coat the fiber tip with high quality photoresist film.

Dip coating is a simple and effectively method when the desired

thickness of the film is small (several micrometers to tens of micrometers).
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Firstly, insert the cleaved optical fiber into ceramic ferrule. By simply
immersing the ferrule tip into photoresist solution and then evaporate the
solvent, a uniform layer of photoresist can be obtained. Since the diameter
of the single mode fiber (125 um) is much smaller than that of the ceramic
ferrule (~3 mm), the curvature of the thin film on the fiber tip is sufficiently
small. The thickness of the photoresist film can be controlled by adjusting
the concentration of the photoresist solution.

The dip coating method can be further modified to improve the quality
of the photoresist film. After the end-face of fiber ferrule is dip coated with
photoresist solution, a glass slide coated with anti-adhesion layer made in
polydimethylsiloxane (PDMS) is used to press the photoresist droplet, where
a polymer spacer with specific thickness is employed to precisely control the
thickness. Then the whole device is soft baked to remove the solvent, finally
the photoresist coated fiber ferrule can be peeled oft from the glass slide after
cooling down to room temperature.

Compared with dip coating, spray coating is a more flexible and

versatile method for photoresist deposition. An ultrasonic nozzle was utilized
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Figure 2.7 Optimization of the exposure conditions on planar substrates. (a) Optical
image of the fabricated test pattern. Topography obtained by a confocal microscope is
shown in (a2) and (a3) shows thee surface profile. (b) and (c) illustrate the relationship

between cure depth and exposure doze. The size of the rectangular is also considered.
to integrate the spray coating process with the optical maskless exposure
technology to establish an optical 3D p-printing technology. The thickness
of the single-layer photoresist film can be tailored by adjusting the pumping

rate of the syringe pump and the scanning velocity as well as the gas pressure
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associated with ultrasonic nozzle and the distance between the nozzle and
substrate. In order to evaporate the solution after spray coating, ceramic
heaters and thermal-couple were embedded in the mount of optical fiber to

form a miniature integrated digital microheater.

2.4.3.3 Dynamic optical exposure

The optical fiber is firstly moved to a position below the ultrasonic nozzle
for spray coating of a thin layer of photoresist. Then the film is in situ soft-
baked to remove solvent. The soft-bake time is optimized according to the
concentration of photoresist solution and the film thickness. After soft bake,
the sample is moved to the pre-aligned position for optical exposure, with
the assistance of the digital camera-based machine vision metrology.
Thereafter, the image data that sliced from the CAD model of the 3D
microstructure by own-developed add-on software 1s used to generate optical
patterns to irradiate the photoresist film on the optical fiber end-face. A
typical exposure time is about 10 seconds under the power density of 35.86
mw/cm?. After exposure, the sample is in situ post-baked by using the
integrated digital micro-heater. The processes are automatically repeated for
the fabrication of the next layer of 3D microstructure. Finally, the sample is
developed by using suitable developer.

It’s notable that the optimization of fabrication conditions is necessary
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before p-printing on the end-face of optical fiber. A series of squares with
different sizes are employed as test patterns. The fabrication is conducted on
planar substrate for simplification, and an optical image of the fabricated
micropads is shown in Figure 2.7 (a). The exposure dose has been varied to
investigate its influence on cure depth and the relationship is summarized in
Figure 2.7 (b) and (c¢). We not only test the exposure dose versus cure depth
relationship, but also examine the influence of pattern size. The profile of the
micropads marked by red line in Figure 2.7 (al) is illustrated in (a2). The
exposure dose for these squares are the same, which should have resulted in
similar cure depth. However, the height of micropads with smaller size
breaks the uniformity. It’s interesting to find out that for squares with side
lengths larger than 30 pum, the exposure dose vs. cure depth curves are
identical; while for patterns with smaller feature size, the cure depth under
certain exposure dose tends to be reduced. We believe this phenomenon is
due to the proximity effect, which also indicates that the ideal exposure dose
for microstructures with distinguishing feature sizes need to be optimized
individually.

The exposure dose vs. cure depth relationship can be used as a reference
for p-printing on the end-face of optical fiber. Further optimization based on
fabrication results is required to produce microstructures identical to the

design.
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2.5 Summary

In summary, a DMD-based optical 3D p-printing technology for the
development of novel fiber-tip sensors is introduced in detail in this chapter.
Firstly, conventional optical fiber-tip sensors based on FP cavities are
reviewed. We illustrate and analyze the sensing mechanisms of these fiber-
tip FPI sensors in detail, which lays the foundation of sensors to be presented
in the following chapters. Then a variety of state of art micro/nano-
fabrication techniques enabling the implementation of micro/nano-structures
on the end-face of optical fiber for sensor development are introduced.
Meanwhile, a number of sensing application based on these fiber-top
microstructures are reviewed. In the following section, we introduce a DMD-
based optical 3D p-printing technology for fiber-top microstructures in the
aspects of system components and general fabrication procedure, which
starts with the 3D models design and data converting, then followed with the
deposition of photoresist thin film onto the end-face of optical fiber, and

finally a dynamic UV exposure process and development.
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Chapter 3

Miniature Optical Fiber Displacement
Sensors Based on Optically 3D p-Printed
Ferrule-Top Suspended Mirrors

3.1 Introduction

A Suspended mirror is a typical resonant component widely employed in
optomechanics [165]. With one of the mirrors in the optical cavity suspended,
optomechanical resonant interactions can be observed and investigated in the
resonant cavity. The cavity has been called a “rubber cavity” [166] because
the mechanical motion directly modulates the cavity length which will shift
the resonant frequency. The first experimental implementation of suspended
mirrors was a Fabry-Pérot (FP) cavity with moving mirrors for detection of
gravitational waves through laser interferometry [167]. Later on,
demonstrations of optical bistability [168], optical spring effect [169], and
optical cooling [170] with suspended mirrors on the gram scale have also
been made.

A suspended mirror not only works as a mechanical resonator but also
intrinsically plays the role of an optical reflector. Besides investigations of

optomechanical coupling in a cavity, a more straightforward application is to
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interrogate the displacement of the suspended mirror through monitoring the
FP cavity. Olcum S et al. [171] demonstrated mass measurement of
nanoparticles at the attogram scale using suspended nanochannel resonators.
The system uses the resonant frequency of a microcantilever suspended in
vacuum to detect the motion of the cantilever. The displacement of the
suspended mirror is converted into electric signal acquired from the
photodetector. High sensitivity can be achieved because the mechanical
resonant frequency of the suspended microcantilever is highly sensitive to
the change of mass. Moreover, such suspended mirror devices, especially for
micromachined cantilevers, have been used for the detection of small forces
[172, 173] and biochemical molecular molecules [174].

Although suspended mirror devices can achieve ultrahigh sensitivity, a
major problem which prevents the wide usage of these sensors outside
laboratories is the requirement for sophisticated readout apparatus that can
precisely detect the suspended mirror’s position. Optical readout methods
have advantages of high accuracy and immunity to EMI over electronic ones,
however, the alignment of the light beam with the suspended mirror is
complicated and time consuming.

Since the end surface of optical fiber is an inherently light-coupled
substrate, it’s very attractive for the development of compact and highly

integrated fiber-top suspended mirror devices which can be easily
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interrogated without the necessity of alignment procedure. If a suspended
mirror is printed on the end surface of an optical fiber, light can be directly
coupled into this FP cavity and the reflected signal can be easily collected
for the interrogation of the suspended mirror through the same fiber. The
deflection of the suspended mirror can be monitored to detect displacement
induced by external force, which can be further employed as a miniature
fiber-optic displacement sensor. Such displacement sensors can be further
explored and employed for applications like atomic force microscope,
biological and chemical sensors.

However, the small cross-section and large aspect-ratio of optical fibers
make it difficult to be processed by using conventional micro/nano-
fabrication platforms as described in Chapter 2. lannuzzi’s group has made
significant contributions to the development of optical fiber sensors based
on fiber-top cantilevers via carving a suspended beam from the cleaved edge
of optical fiber by FIB [120]. Other techniques such as photolithography [26],
nanoimprinting [27], interference lithography [28], electron-beam
lithography [29] and two-photo polymerization [136] have also been
proposed to overcome the challenges existing in fabricating micro/nano-
structures on the end-face of optical fiber. However, these methods have
some drawbacks such as time consuming, inconvenient fabrication process,

and generally low throughput.
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Figure 3.1 (a) Schematic diagram of the optical 3D p-Printing technology. (b) The

deposition of SU-8 photoresist thin film on the end-face of a ceramic ferrule of optical

fiber.

In this chapter, a novel 3D optical microfabrication method is
introduced to directly print SMDs on the end surface of an optical fiber
ferrule. The ceramic ferrule is temporarily employed to increase the area of
the substrate, thus reducing the degree of difficulty in deposition of
photoresist and optical 3D p-printing process. In the following two chapters,

owing to the improvement of the microfabrication technology, the ferrule of
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optical fiber connector is removed, and the p-printed structures are scaled
down to the end-face of optical fiber. As shown in Figure 3.1 (a), an optical
3D p-printing platform is established by using a UV grade digital-mirror
device (DMD) and a high-power UV source at wavelength of 365 nm [175,
176]. Three kinds of SMDs with different geometries are designed by using
a commercial CAD software, as shown in the right side of Figure 3.1 (a).
These three types of SMDs differ not only in geometries, but also in
mechanical resonance properties, which will be presented in next section.
Then, an in-house developed add-on software is used to slice the 3D model
into 200 layers to generate the image data. For this kind of gray scale pattern,
the image data can be stored and presented in a bitmap format. With another
in-house developed control software, the image data is loaded to the DMD
chip frame-by-frame to dynamically generate the optical patterns. Since the
switching speed of the DMD chip is very high (less than 1 ms), accurate
control of the exposure dose can be achieved. After passing through
projection optics, UV light patterns are projected upon the photoresist coated
on the end surface of an optical fiber ferrule. Motorized XY-stage with high
precision is employed to move the optical fiber to the position for UV
exposure. Based on the monotonically additive light-penetration property in
photoresist, i.e., the optical pattern used for the exposure of the top layer

affects the other layers below to be fabricated in an additive manner [177],
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the predefined SMD with 3D features can be fabricated in a layer-by-layer

cxposure scheme.

3.2 Design and analysis of polymer suspended-mirror devices
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Figure 3.2 (a) Theoretical modelling of a suspended-mirror device. (b) Calculated

dependence of dimensionless frequency on mass ratio.

3.2.1 Theoretical modeling of suspended-mirror devices

As shown in Figure 3.2 (a), the two ends clamped suspended mirror is
considered as a uniform cantilever beam with length L and a tip mass m, for
simplification. The governing equation of the vibration of an Euler beam is

given by [178]

o'w  o'w
E|W+p¥=0, (3.1)
where E, I and p are Young’s modulus and the second moment of the cross-
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sectional area and linear density, respectively, x is the coordinate measured
from the clamped end and w is the deflection which is a function of x and
time ¢.
The boundary conditions are
w(0,t) =0, w'(0,t) =0, w'(L,t) =0, Elw"(L,t) =mWi(L,t), (3.2)
where w' = dw/dx, w = dw/0t.
Solving Equation 3.2, the resonant frequency of the cantilever beam is

o n |El

Tor 2z ol

(3.3)

where # is a coefficient related to the tip mass and is plotted in Figure 3.2
(b).
3.2.1 Finite element analysis of suspended-mirror devices

Finite element method (FEM) has also been used to calculate the
fundamental resonance frequency of the suspended mirrors. Figure 3.3
shows the fundamental mode’s shapes of three different types of suspended
mirror devices and the values of fundamental frequency are marked in the
figure, respectively. The results indicate that the eigenfrequency will
decrease if we increase the weight of the suspended mirror. Meanwhile, the
geometry of the suspended mirror has significant influence on its
fundamental frequency. For instance, a cantilever-like suspended mirror with

one end clamped has lower fundamental resonance frequency than that of a
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suspended mirror with both ends clamped when they have same beam length
and thickness. The value of the resonance frequency matches the result
obtained from Equation 3.3. The length, width and thickness of the
suspended beams used for simulation is 430 um, 30 um and 10 um,
respectively. The diameter and thickness of the mass block is 60 um and 40
um, respectively. The Young’s modulus and Poisson ratio of SU-8 used in

simulation are 4.0 GPa and 0.22, respectively.

6.2KHz 90KHz

bt it Lo

Figure 3.3 FEM simulation results for mechanical resonance of the suspended mirrors.

3.3 Fabrication of polymer suspended-mirror devices

SU-8 is a well-known epoxy-based negative photoresist which has been
widely used in the fields of MEMS and bio-MEMS. SU-8 is often employed
to fabricate polymer optical devices due to its favorable properties such as
good mechanical strength, highly transparent in both visible and near
infrared band range and chemical resistance.

EPON resin SU-8 from Momentive Ltd. was used in the fabrication of
SMDs. The photoacid generator was octoxyphenylphenyliodonium

hexafluoroantimonate (OPPI) (Hampford Research Inc.), and tributylamine
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(Meryer Chemical Technology Co., Ltd.) was used as the inhibitor to
improve lateral resolution. A UV-absorbing agent, 2-(2H-Benzotriazol-2-yl)-
4,6-bis(1-methyl-1-phenylethyl)phenol (also known as Tinuvin 234)
(Sigma-Aldrich Inc.), was used to suppress light penetration depth and
enhance the vertical resolution in the UV exposure process. Cyclopentanone
(Sigma-Aldrich Inc.) was utilized to dissolve these compositions in a weight
ratio of OPPI/tributylamine/Tinuvin 234/SU-8 = 2:0.014:0.2:100. The
concentration of inhibitor and UV dye can be tuned to optimize the fabricated
results but there is always a tradeoff between resolution and fabrication speed.
Higher concentration of UV dye and inhibitor tends to yield subtle 3D
features at the cost of longer fabrication time. The developer used in the
experiments was propyleneglycol monomethylether acetate (PGMEA)
(Sigma-Aldrich Inc.).

As discussed in Section 2.4.3, a challenge in micro/nano-fabrication on
the end-face of optical fiber is to deposit this unconventional substrate with
a uniform layer of photoresist. Similarly, coating the end-face of ceramic
ferrules with a flat layer of SU-8 photoresist with accurate thickness is vitally
important for critical dimension control of SMDs. For wafer scale substrates,
spinning coating is commonly used for the deposition of photoresist,
however, due to the limited area and large aspect ratio of ferrule end-face,

it’s not suitable to directly employ spinning coating on ferrule end-face.
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Instead of spinning coating, a simple method is used to coat a uniform layer
of SU-8 on the ferrule end-face. As shown in Figure 3.1 (b), firstly, a small
amount of SU-8 solution with given volume is dropped upon the end-face of
the fiber ferrule by using a pipettor. Then, the SU-8 droplet is pressed by a
glass slide which is coated with a thin layer of polydimethylsiloxane (PDMS)
for anti-adhesion. The thickness of the SU-8 film can be precisely controlled
with the assistance of a polymer spacer with specific thickness.

Thereafter, a digital hotplate is employed for the so-called soft bake
process to remove the extra solvent. Both the concentration of SU-8 solution
and the target thickness of SU-8 film depend the optimal soft bake time. For
example, the sample is soft baked at 65 °C for 5 minutes, and then gradually
increase the temperature to 95 °C and hold on for 20 minutes when the
concentration of SU-8 solution is 70% (in weight ratio) and the designed film
thickness is 70 um. After cooling down to room temperature, the fiber ferrule
can be easily peeled off from the glass slide with a uniform SU-8 film coated
on its end-face. This simple but effective method is particularly suitable for
the preparation of relatively thick film (from ~10 pm to ~500 um) when
compared with other methods such as spinning coating, spray coating and
thermal evaporation. Spacers with customized thicknesses are needed if the
heights of the SMDs to be fabricated are various. A more convenient and

universal method is to mount the glass slide with anti-adhesion layer on a
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high-precision motorized vertical stage to press the SU-8 droplet and thereby
precisely define the thickness of the SU-8 film.

After soft bake process, the sample is precisely aligned to the target
location for optical exposure with the digital camera-based machine vision
metrology. A red laser light is launched into the optical fiber for illumination
and the light spot above the fiber core is captured by the digital camera for
alignment. The projection optics is then moved to a specific vertical position
by using a motorized Z stage for UV exposure so that a clear pattern is
projected upon the SU-8 thin film. With the sliced image data of the SMD
models, a dynamic optical exposure process is then applied to the SU-8
photoresist on the ferrule top, which typically takes about 15~20 seconds
under the power density of 35.86 mW/cm?. The vertical position of the
projection optics is a critical parameter which needs to be optimized before
optical exposure. A calibration pattern is usually employed to illuminate the
substrate and the image is captured by the CCD camera. A rough tuning can
be performed by scanning the vertical position of the projection optics until
a clear image of the predefined pattern is obtained. The vertical position
acquired from rough tuning is then used as a baseline, and a finer tuning is
accomplished by p-printing target microstructures with a series of vertical
positions around the baseline. The optimized vertical position for the

projection optics is then determined by evaluating the fabrication results.
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After dynamic UV exposure, a post bake process where the sample is

baked at 65 °C for 5 minutes and 95 °C for 15 minutes is conducted to
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Figure 3.4 (a), (c) and (e) Optical images of three ferrule-top SMDs with different cavity
lengths. (b), (d) and (f) FFT results of the reflection spectra of the corresponding SMDs

shown in (a), (c) and (e), respectively. The insets are their measured reflection spectra.

provide energy for the cross-link reaction. Both the increasing and
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decreasing of baking temperature are slow and gradual to avoid crack.

Finally, the sample is immersed in PGMEA and the developing time is about

08 50 SE1

Figure 3.5 Scanning electron microscope images of the suspended mirrors on the

end surface of ferrule of optical fiber connector.
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15 minutes, followed by a rinse process by using isopropanol to minimize
the risk of collapse of the 3D microstructures induced by stiction issue.
Another key parameter for the fabrication of SMDs is the optical
exposure dose. The fabrication conditions for the supporting pillar and the
suspended parts of the designed SMD need to be optimized, respectively.
Sufficient exposure dose is preferred for the supporting pillars to guarantee
good adhesion with the substrate while the exposure dose for the suspended
beams need to be precisely controlled. As introduced in Section 2.4.3, test
patterns are firstly fabricated on planar substrates such as silica wafer to
figure out the relationship between cure depth and UV exposure dose for the
specific photoresist, which provides guidance for the exposure dose of the
SMDs to be printed. Further optimization based on the fabrication results if
needed for SMDs with different thicknesses of mirrors. By changing the
thicknesses of polymer spacers, the total height of the device can be tailored.
Optical images of three fabricated ferrule-top SMDs with different
thicknesses are shown in Figure 3.4 (a), (¢) and (e). A broadband light source,
a circulator and an optical spectrum analyzer (OSA) are used to measure their
reflection spectra for the characterization of the optical properties of the
devices. Fast Fourier transform (FFT) is widely used to analyze the reflection
spectra of FPIs. From Equation 2.12, we can see that the period/frequency of

the cosine function, which can be determined by the location of peaks in the
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frequency domain spectra, is related to the cavity length. In our experiments,
we adopted FFT to retrieve the cavity information, i.e. cavity length, from
the measured optical reflection spectra. The FFT’s results of the reflection
spectra of the SMDs with different cavity lengths are depicted in Figure 3.4
(b), (d) and (f), respectively. Inset figures show the corresponding reflection
spectra. Since the refractive indices of glass and SU-8 at the wavelength
around 1550 nm are 1.46 and 1.57, respectively, the reflectivities of light at
the fiber end-face/air and air/suspended-mirror interfaces calculated by
Fresnel's equation are 3.5 % and 4.9 %, respectively. It’s notable that there
are three major peaks in each FFT spectrum, which indicates the
interferences occur between the light waves reflected from three interfaces,
i.e. the interface between fiber end surface and air, the interface between air
and bottom face of the suspended mirror, and the interface between air and
top face of the suspended mirror. The reflection at each interface is marked
by arrow in Figure 3.4 (a), (¢) and (e). The locations of the peaks are in
accordance with the cavity lengths of the SMDs measured by using optical
microscope. It’s noteworthy that in real application, the resolution of FFT is
limited by the spectra width of the light source, the detectable spectra range
of the optical spectra analyzer and its resolution. The resolution of cavity

length acquired from FFT’s result can be estimated by

Sk, oc1/ (4 —A), (3.4)
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where A and 4, are the start and stop wavelength of the measured reflection
spectrum.

Three kinds of SMDs with different geometries as shown in Figure 3.1
(a) are fabricated based on the optimized fabrication conditions. Figure 3.5
illustrate the scanning electron microscope (SEM) images of the fabricated
SMDs on the end surfaces of optical fiber ferrules. One can see that the

geometries of these fabricated SMDs agree well with the pre-designed 3D
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Figure 3.6 (a) Optical microscope image of the cantilever-beam SMDs for

displacement sensing. (b) The measured reflection spectra of the SMD.

models, and the alignment between the suspended mirror and the fiber core
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is good. Moreover, the surfaces of these suspended mirrors are very smooth
judging by the SEM images, which is significant for enhancing the
reflectivity of the suspended mirror. The root-mean-square surface
roughness is measured to be about 5.11 nm by using an atomic force

microscope (MultiMode 8, Bruker, Germany).

3.4 Testing of the polymer suspended-mirror devices

3.4.1 Measured reflection spectra

The optical microscope image and the reflection spectrum of the
cantilever-beam like SMD as shown in Figure 3.5 (a) are depicted in Figure
3.6. The cantilever beam’s length, width, and thickness are measured to be
about 430, 84, and 62 um, respectively. The fundamental resonant frequency
of the cantilever-beam device is estimated as 98.9 kHz by using the finite-
element analysis with the measured geometric parameters. By tailoring the
geometric parameters such as beam length, width and thickness, the resonant
frequency can be tuned flexibly. Since the Young’s modulus of SU-8 is
relatively low when compared with inorganic materials commonly used for
MEMS such as silicon (around 20% of that of silicon), SMDs fabricated by
our optical 3D p-printing technology have generally lower resonant
frequencies when compared to devices made from inorganic materials with
same geometric parameters.
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3.4.2 Displacement sensing

We have experimentally demonstrated that the cantilever-beam SMD can be
employed as a displacement sensor. As discussed in Section 2.2.1, the
wavelength of a resonance dip in the reflection spectrum of two-beam
interference can be expressed as

A,=2nL./m (3.5)

where n, is the refractive index of the medium filled in the FP cavity, L. is
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Figure 3.7 (a, b) Microscopic images of a ferrule-top SMD under test. (c) Spectral

response of the ferrule-top SMD under pressing. Inset shows the measured reflection

spectra under different displacements.
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the cavity length and m is the order of the resonant dip. When the free-
standing end of the SMD experiences a small displacement dz induced by
external force, the spectral shift a resonant dip/peak can be estimated by

AL = (4, 1L )K(X)Az, (3.6)
where K(x) is a coefficient describing the ratio of the cavity length change
AL to the displacement Az, which is closely related to the relative position
of the SMD over the optical fiber core. By using the profile of cantilever-
beam under deflection, K(x) can be numerically calculated.

Optical 1mages of SMD displacement sensor under testing are
illustrated in Figure 3.7 (a) and (b). The free-standing end of the SMD was
pressed by the cleaved tip of a section of optical fiber which was mounted
on a PZT nanopositioner. The displacement could be precisely controlled by
the nanopositioner while the reflection spectra of the sensor under a series of
displacements were recorded, which are shown in the inset of Figure 3.7 (c).
We observed a blue shift of the spectra when the displacement increased. A
linear relationship between the wavelength of a tracked resonant dip and
displacement is depicted in Figure 3.7 (c¢), which yields a measured spectral
sensitivity of 2.98 nm/um over a small displacement. The theoretically
predicted sensitivity is 2.61 nm/um by using Equation 3.6, which is similar
with the experimental result. Table. 1 summarize several optical fiber

displacement/indentation sensors based on different mechanisms including
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interferometers [179-181], intensity-modulated sensors [182], fiber Bragg

gratings [183], and ferrule/fiber-top microcantilevers [119, 184].

Table. 1 Performance summary of different types of optical fiber displacement sensors.

Ref.
Ne Types Operation mode Sensitivity Resolution Dynamic range
0.
179 M.ichelson and FP maovable reflector, ) 245 nm 140 ym
interferometer non-contact
fiber-optic FP rable reflector,
180 [ Derophe movanie fefectorn - 0.005 nm 0.005 ~ 3200 nm
interferometer non-contact
181 in-line Mach-Zehnder movable optical 0.660 dB/ 0-30
interferometer fiber, contact s Hm ) pm
182 intensity modulated movable reflector, 77 uVinm 1 i 140 ~ 220 pm
sensor non-contact
. bedded FBG,
183 fiber Bragg grating e é © ’ 0.6234 nm/mm - 0~7mm
physical contact
. ferrule-top )
184 ferrule-top indenter . 300 nm/V 0.6 nm 5 um
cantilever, contact
119 fiber-top cantilever physical contact -148 nm/V
ferrule-t ded ferrule-t ,
work s OF.' suspende .ert'u etop 2.98 nm/um 0.3 nm 20 pum
Mirror cantilever, contact i

The fabricated SMD shows both good adhesion with the end-face of
fiber ferrule and mechanical strength in the experiments. No detachment nor
collapse have been observed during the test in which the suspended mirror
was pressed forward and back repeatedly. It’s confirmed by thermal testing
experiments that the device can stand high temperature up to 170 °C, which
is actually the hard bake temperature. Moreover, although the reflection
spectrum shifts during the heating or cooling process, it can finally recover
back to the original state after thermal cycling tests. Since temperature also
has influence on the spectra shift of the SMD, which has shown a
temperature sensitivity of 0.135 nm/°C in the test of thermal response, the
device is kept in room temperature during the displacement test. The long-

term stability of the sensor is yet to be investigated, which is crucial for
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practical use. It’s notable that such displacement sensors can be further
employed for applications like atomic force microscope and miniature force

SCNSOors.

3.5 Summary

The optical 3D p-printing technology described in Section 2.4.2 has been
employed to directly print different kinds of SMDs on the end-faces of
optical fiber ferrules for displacement sensing. The reflection spectra of the
ferrule-top SMDs have been measured to characterize the SMDs and fast
Fourier transform has been adopted to numerically analyze the cavity
information of the FPI. Moreover, we have experimentally demonstrated the
application of the fabricated ferrule-top SMD as a displacement microsensor
and a sensitivity of 2.98 nm/um has been achieved. Such displacement
sensors pave way for the development of miniature fiber-top atomic force
microscope, micro force sensor, and biological and chemical sensors. Last
but not least, the optical microfabrication technology has capability of rapid
printing complex 3D SMDs on the end-faces of optical fiber ferrules, which
provides an attractive platform for the development of miniature optical

fiber-tip sensors.
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Chapter 4

Ultrasmall Optical Fiber Refractive-Index
Sensors based on In-Situ p-Printed Fiber-
Top Suspended Microbeams

4.1 Introduction

As discussed in Chapter 2, due to their favorable characteristics of small size,
electromagnetic interference immunity, high sensitivity, remote sensing and
multiplexing capabilities, optical fiber sensors have been widely employed
in a variety of applications including inertial navigational systems,
environmental and structural monitoring, biochemical sensing, healthcare,
food industry and homeland security [185-187]. With the development of
micro/nano-fabrication technology, microscale components and functional
materials have been recently integrated on the end surface of optical fiber to
develop miniature optical fiber-tip sensors with remarkable performance for
various sensing applications [18, 47, 188]. As an inherently light-coupled
substrate [18], the flat end surface of optical fiber provides an ideal platform
for development of compact photonic devices and sensors with high degree

of integration, thus paving the way for a new horizon of “lab-on-fiber”.
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A great many of optical fiber-tip sensors based on various working
principles and distinguishing structures have been proposed. As discussed in
Chapter 2, optical fiber-tip sensors based on Fabry-Pérot (FP)
interferometers is one of the commonly used structures, which typically
consist of a thin diaphragm suspended over the end surface of optical fiber
to form an open air cavity. Optical Fiber-tip sensors based on FP cavity have
become a research hotspot for the detection of various physical and
biological measurands including pressure [65, 102, 123], temperature [103],
acoustic wave [48] and refractive index (RI) [121] because of their simple
structure and high sensitivity. Optical microresonators with high quality
factor have been implemented on the end-face of optical fiber for
ultrasensitive ultrasound sensing via increasing the reflectivity of the mirrors
of such FP cavities [85]. Moreover, miniature localized surface plasmon
resonance (LSPR) biochemical probes have been realized by patterning
periodic gold nanodot arrays [34], and high-performance surface-enhanced
Raman scattering (SERS) sensors have been demonstrated by fabricating
multilayer silver nanoparticles on the end-face of optical fiber [189]. Among
all these sensing applications, the accurate measurement of refractive-index
of liquid or gas is of high importance and in demand from a variety of fields
such as homeland security, food safety, industry and medicine. Several

schemes including optical fiber gratings [190-192], interferometers [193,
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194], evanescent field [195], surface plasmon resonance [196, 197] have
been proposed for refractive-index sensing. Here, fiber-top FP micro-
interferometers are employed to detect refractive-index change.

A challenge existing in the fabrication of optical fiber-tip sensors by
utilization of conventional microfabrication technologies is that the small
size and large aspect-ratio of optical fiber tip is incompatible with
commercially available fabrication platforms originally designed for planar
substrates. In Section 2.3.1, we have introduced a diversity of fabrication
techniques including photolithography [26], nanoimprinting [27],
interference lithography [28], electron-beam lithography [29], focused 1on-
beam milling [30], multiphoton polymerization [31, 136, 141-143], which
have been reported to solve the fabrication issue, however, there are some
common drawbacks such as time consuming and low throughput,
insufficient of flexibility and limited choices of processable materials.

In Chapter 3, we introduce that suspended-mirror devices (SMDs) can
be in situ fabricated on the end-face of optical fiber ferrules by using an
optical 3D p-printing technology, and the application of the SMDs as
miniature optical fiber displacement sensor has been experimentally
demonstrated. However, such ferrule-top SMD sensors which have outer
diameter of about 3 mm are still too large for scenarios where the

miniaturization of the probe is crucial. For instance, in applications such as
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endoscopy and microfluidic chip, the sensors need to be small enough to be
inserted into blood vessels and microfluidic channels where the space is
highly limited. In this chapter, an improved optical p-printing technology is
presented to directly fabricate suspended-microbeams on the end-face of a
standard single-mode optical fiber instead of the end-face of optical fiber
ferrule. Real fiber-top devices rather than ferrule-top ones have been realized

for the implementation of ultrasmall optical fiber-tip sensors.

4.2 Design and analysis of fiber-top suspended-microbeams

The structural design and working mechanism of the optical fiber refractive-
index sensor based on fiber-top suspended-microbeams are depicted in
Figure 4.1. Similar to the suspended-mirror devices introduced in Chapter 3,
a hanging microbeam suspended over the end-face of optical fiber is clamped
by supporting pillars. The cleaved end-face of standard single-mode fiber
together with the suspended microbeam form an open air cavity. As a
consequence, reflections occur at the interface between fiber end-face and
air, and the two interfaces between air and the bottom/top surfaces of the
microbeam. Optical interference happens among these reflected light beams,
thus inducing an interference fringe in the reflection spectrum, as shown in
Figure 4.1 (a). It’s known that the refractive-index of the medium filled in a

FP cavity has influence on the optical path difference of two-beam
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Figure 4.1. (a) Schematic of an optical fiber-tip sensor and its working principle. (b)
Schematics of the other two optical fiber-tip sensors with different structures of

suspended microbeams.

interference, thus variations in the medium’s refractive-index will induce
shift of the interference fringe. Based on this principle, when the fiber-top
microbeam is immersed into a liquid or gas whose refractive index is
different from the indices of optical fiber core and the polymer used to print
the microbeam, the change of the refractive index of the liquid or gas can be
detected through monitoring the shift of the interference fringe in the
reflection spectrum. As shown in Figure 4.1 (b), different kinds of
suspended microbeams with distinguishing geometries have been designed

to suit diverse sensing applications.
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4.3 Fabrication of fiber-top suspended-microbeams

The material used to fabricate the suspended-microbeams was EPON resin
SU-8 (Momentive Ltd.) due to its favorable properties such as highly
transparent in both visible and near infrared band range, good mechanical
strength, capability of serving as permanent components, biocompatibility,
and chemical resistance. The refractive index of SU-8 after
photopolymerization is around 1.57 at the wavelength of 1550 nm [198].
Octoxyphenylphenyliodoniumhexafluoroantimonate (OPPI)
(Hampford Research Inc.) was used as photoacid generator and
tributylamine (Meryer Chemical Technology Co., Ltd.) was employed as
inhibitor which could improve the lateral resolution of the optical exposure.
2-(2H-Benzotriazol-2-yl)-4,6-bis  (1-methyl-1-phenylethyl)phenol (also
known as Tinuvin 234) (Sigma-Aldrich Inc.), which can absorb and block
the UV light, was adopted to enhance the vertical resolution of the optical
3D p-printing through controlling the penetration depth of UV light. It’s
notable that the UV absorption agent is used to roughly tune the property of
the photosensitive material so as to enhance the vertical distinguishability,
while a refined control of the vertical features of the microstructures depends
on the UV exposure dose distribution defined by the dynamic exposure
process. Cyclopentanone (Sigma-Aldrich Inc.) was employed as the solvent

to dissolve these compositions. A typical weight ratio is
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OPPl/tributylamine/Tinuvin  234/SU-8 = 2:0.014:0.2:100, and the
concentration of each component can be adjusted according to the demands.
For example, a lower weight ratio of Tinuvin 234 will lead to shorter
exposure time at the cost of degraded vertical resolution. The developer used
in the experiment was propyleneglycol monomethylether acetate (PGMEA)
(Sigma-Aldrich Inc.).

An improved optical exposure setup, as shown in Figure 4.2 (a), was
utilized to fabricate the optical fiber-tip sensors based on suspended
microbeams. The setup is similar to the one introduced in Chapter 3, while
several modifications and upgrades have been made to enhance its
performance and fabrication capability. A high-power UV LED (365 nm)

instead of UV lamp is employed as the light source, and a UV-grade digital
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Figure 4.2. (a) Schematic diagram of the optical 3D tPrinting technology. (b) Flow

chart for printing the optical fiber-tip sensors.
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mirror device (DMD), which has a reflectivity higher than 90% at the
wavelength of 365 nm, is used to generate target optical patterns. Projection
optics with larger magnification factor are utilized to scale down, yielding a
193 nm feature size corresponding to one pixel on the DMD chip. Machine
vision metrology with richer features such as mark recognition has been
developed based on a digital camera [199-201]. Compared with the
deposition method presented in Chapter 3, an improved spray coating
technique based on ultrasonic nozzle has been adopted to deposit uniform
thin layers of SU-8 on the end-face of a standard single-mode fiber. The
spray coating process was integrated with the dynamic optical maskless
exposure technology for the establishment of an improved optical 3D p-
printing technology. The optical fiber tip was mounted on a XY-axis
motorized stage with the assistance of a ceramic ferrule and customized
adapter, while the alignment of the optical fiber to the positions for UV
exposure and SU-8 film deposition was accomplished by the high precision
stage. SU-8 solution was injected into the ultrasonic nozzle by a
programmable syringe pump and compressed nitrogen was employed as the
driving force for spray coating. Factors that determine the thickness of SU-
8 film obtained by one time spray coating process include the pumping rate
of the syringe pump, the pressure of nitrogen associated with the ultrasonic

nozzle, the distance between the nozzle and the end-face of optical fiber, and
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the scanning velocity of the stage during spray coating. A scanning manner
was adopted to further improve the quality of the film, where the nozzle was
fixed while the substrate was moved through the spray region at a constant
speed. Experimental results confirmed that the quality of the SU-8 film
prepared by our spray coating method was as good as that obtained by
spinning coating process, meanwhile the thickness of the SU-8 film on the
end-face of optical fiber could be as thin as hundreds of nanometers. Since
multiple parameters have influences on the thickness of the film, the
thickness of the single-layer SU-8 film can be flexibly tailored by this
versatile spray coating technique. Customized ceramic heaters with feed-
back loop provide by thermal couple were integrated with the mount of
optical fiber to establish a miniature digital microheater which could in situ
evaporate extra solvent after spray coating.

The flow chart for the optical 3D p-printing of fiber-top suspended
beams is depicted in Figure 4.2 (b). Firstly, the motorized stage moved the
optical fiber to a position below the ultrasonic nozzle waiting for spray
coating. The nozzle started to spray atomized SU-8 solution, after the spray
flow became steady, the optical fiber passed through the spray area for the
coating of one layer of SU-8 film. Then a in situ soft-bake process was
accomplished by the embedded digital microheater to remove extra solvent.

The optimized soft-bake time was determined by the concentration of SU-8
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solution and the thickness of the film, and the temperature for soft-bake was
95 °C. After soft-bake procedure, the optical fiber was moved to a pre-
aligned position below the objective lens for the UV exposure. The
alignment was completed by launching a red laser into the optical fiber from
the other end and capturing the light spot on the end-face coated with SU-8
through the digital camera-based machine vision metrology. Thereafter, the
3D model of the fiber-top suspended microbeam to be printed was converted
to image flow by slicing the CAD model via own-developed add-on software.
The image was loaded into the DMD chip for the generation optical patterns
which would be projected onto the SU-8 photoresist on the end-face of
optical fiber. A typical exposure dose was about 10 seconds under the power
density of 35.86 mw/cm?. The post exposure bake process, which would
provide energy for the crosslink reaction, was in situ conducted under the
temperature of 95°C after UV exposure by the utilization of the customized
digital microheater. Then the procedures described above, i.e., spray coating,
soft bake, UV exposure, post exposure bake, were automatically repeated
with the assistance of control software to fabricate the next layer of the target
3D microstructures. After all layers of the suspended microbeam were
irradiated and baked, a final develop procedure was accomplished by
immersing the sample into PGMEA for about 15 minutes, followed by a rinse

process using IPA to avoid stiction issue. A hard-bake process could be
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Figure 4.3. (a), (b) and (c) Scanning electron microscope (SEM) image of SU-8
suspended-microbeams printed on the end-face of optical fibers. All scale bars are 20
um. (d), (e) and (f) FFT’s results of the corresponding reflection spectra of optical
fiber-tip sensors shown in (a), (b) and (c). Insets are the reflection spectra measured

in air.
adopted for permanent devices. A temperature exceeded the highest
temperature during the usage was recommended. In our experiment, the

device was baked for 1 hour under 170°C to further improve its mechanical

strength and chemical stability.
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The scanning electron microscope (SEM) images of three types of fiber-
top suspended-microbeams as designed in Figure 4.1 are shown in Figure
4.3 (a), (b) and (c), respectively. From the SEM images one can see that the
geometries of the fabricated suspended microbeams are in accordance with
the original design, and the microstructures are well aligned with the optical
fiber. The thicknesses of the three types of suspended microbeams are
measured to be 2.2, 1.0 and 6.9 um, respectively. Cavities lengths of these
FP cavities formed by the suspended-microbeams and the end-face of optical
fiber are measured to be 30.9, 15.6, and 40.4 um according to the SEM

1mages.

4.4 Testing of the optical fiber-top refractive-index sesnors

4.4.1 Measured reflection spectrum

The reflection spectra of the fabricated fiber-top suspended microbeams
were measured firstly for the characterization of the optical fiber-tip FP
micro-interferometers by using a broadband light source, a circulator and an
optical spectrum analyzer (OSA), as shown in Figure 4.4. Fast Fourier
transform (FFT) was applied to acquire the cavity information such as cavity
length of the fiber-top micro-interferometers from their reflection spectra.
Figure 4.3 (d), (e) and (f) depict the FFT’s results of the optical fiber-top FP
micro-interferometers and inset figures show the corresponding reflection
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Figure 4.4. Schematic of the experimental setup for testing the optical fiber-tip sensors.
(a) refractive index sensing; (b) gas-pressure sensing.

spectra. One can see that the locations of the major peaks in the FFT spectra
agree well with the air cavity lengths obtained from the SEM images. There
are three major peaks in the FFT spectra, as shown in Figure 4.3 (d) and (f),
when the FP micro-interferometers have relatively thick microbeams. This
phenomenon is in accordance with the SU-8 FP cavities fabricated on fiber-
optic ferrules which has been presented in Chapter 3 [202]. When the
thickness of the suspended microbeam is sufficiently small, for instance, the
FP cavity shown in Figure 4.3 (b) has a beam thickness of 1 um, thus
resulting in a merged single peak in the FFT’s result as shown in Figure 4.3
(e). A single major peak in the FFT spectrum indicates that only a two-beam

interference 1s dominant in the FP micro-interferometers, which contributes

89



to the suppression of fluctuation of the inference fringe in the reflection
spectrum. From the positions of the major peaks in the FFT spectra, we can
deduce the cavity lengths of the fiber-top micro-interferometers to be 29.3,
14.7,and 39.1 um, respectively, which match the values measured from SEM

images.
4.4.2 Refractive index sensing

The sensing of the refractive index of liquids filled in the FP cavity is
demonstrated as one of the promising applications of the optical fiber-tip
sensors. As discussed in Chapter 2, the wavelength of a resonance

valley/peak in a FP cavity’s interference spectrum can be calculated by using
A =2nL/K, 4.1)

where 7 is the refractive index of the medium filled in cavity, L is the cavity
length and £ is the order of the spectral valley/peak. From this equation, one
can see that if the refractive index of the liquid filled in the FP cavity
increases, the monitored resonant valley/peak will shift to longer wavelength.
Assuming the change of refractive index An is small, the shift of a tracked

spectral valley/peak is
AL = (A In)An. (4.2)
Figure 4.4 (a) shows the setup used to measure the fabricated optical

fiber-tip sensor’s response to the change of the refractive-index of
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Figure 4.5. Measured reflection spectra of the optical fiber-tip sensor immersed into

liquids with different refractive indices.

surrounding liquids. A series of CaCl, solutions with different refractive
indices were used as the testing liquids by varying their concentrations. A
commercial refractometer was employed to calibrate the refractive indices
of these CaCl, solutions before test. The refractive indices of the CaCl,
solutions used in the experiment ranged from 1.3351 to 1.3806. The fiber-tip

sensor was immersed into CaCl, solutions with different refractive indices,
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of surrounding liquid. Inset shows the spectrum evolution of the spectral dip under

monitoring.
after the interference fringe became stable, the reflection spectra were
recorded. The fiber-tip sensor was kept still during the test to suppress
possible displacement of the suspended microbeam induced by flowing
liquid. After the measurement of each CaCl, solution, deionized water was
used to rinse the fiber-tip sensor and then nitrogen flow was employed to dry
out the sensor. During the test, the experimental setup was kept at room
temperature to avoid interference induced by temperature fluctuation.
Figure 4.5 summarize the measured reflection spectra of the sensor when
immersed in CaCl, solutions with different refractive indices. When the

refractive index of the CaCl, solution was 1.3351, there was a resonant valley
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located at the wavelength of 1553.7 nm. This dip was tracked by a dash line
in the reflection spectra and shifted to longer wavelength with increment of
the refractive indices of the CaCl, solutions.
The relationship between the wavelength of the tracked resonant valley
and the refractive index of the CaCl, solutions is plotted in Figure 4.6. A
sensitivity of 917.3 nm/RIU estimated by linear regression was achieved,
which is similar with the theoretically predicted sensitivity of 1159.4
nm/RIU by using Equation 4.2. Our optical fiber-tip RI sensor based on an
open cavity has much higher sensitivity when compared with other optical
refractive index sensors based on evanescent field [203, 204]. Table. 2
summarize several types of optical fiber refractive index sensors. It’s
noteworthy that with the increase of the refractive index of the test liquid
samples, the spectral valley gradually becomes shallower. It is because the
decrease of the difference of their refractive indexes leads to the decay of
Fresnel reflection at the interface between liquid and microbeam/fiber.
Consequently, both the visibility of the interference fringe and the intensity
of reflected light decrease.
Notably, there are multiple resonant peaks and valleys in the reflection
spectrum, and the wavelengths of all these peaks/valleys shift when the
refractive index of the test liquid changes, which makes it difficult to track a

specific peak/valley. A wavelength-track method can be adopted to solve this
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issue. The effective cavity length L.scan be calculated by using the FFT’s
result of the reflection spectrum, thus the order of the target resonant
peak/valley to be tracked can be estimated by using k=2 L.y / Ar. When the
reflection spectrum shifts due to the change of the medium’s refractive index,
the wavelength of the tracked resonant peak/valley can be calculated as
Ak new calculated = 2 Legr new | k, Where Leg new 15 the effective cavity length
deduced from the FFT’s result of the shifted reflection spectrum. Then an
optical spectrum analyzer or other spectrometric methods can be adopted to
measure the wavelength Ax .. of the specific resonant peak/valley. In this
way, the wavelength of the target resonant peak/valley can be tracked in real

time when the reflection spectrum shifts.
4.4.3 Gas pressure sensing

The remote monitoring the gas pressure in tiny space has also been

experimentally demonstrated as another promising application of the optical

Table. 2 Performance summary of different types of optical fiber RI sensors.

Ref.

No Types Principle Sensitivity Dynamic range
190 fiber Bragg grating evanescent field 300 nm/RTU 1.450 ~ 1.456

. . LPG Michelson
191 long period grating . 160 nm/RTU 1.3~1.45
interferometer
LPG Mach-Zehnd
192 fiber-taper seeded LPG pair o rach-aehnder 176 ne/RIU 1.33 ~ 1.36
interferometer
thin-core fiber modal .
193 . mode mismatch 138 nm/RIU 1.33~1.39
interferometer
194 Fabry Perot cavity optical path 1130.887 nm/RIU 1.333 ~ 1.395
195 tapered optical fiber evanescent field 6008 nm/RIU 1.337 ~ 1.347
localized surface plasmon collective
197 oy s 914 nm/RIU 133~14
resonance oscillation
fiber-t ded
work toer-iop suspence optical path 917.3 nm/RTU 1.33 ~ 1.38
microbeams
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fiber-tip sensor. It’s known that at room temperature (20 °C-25 °C), the
refractive index of air can be related to pressure p (Pa) and temperature ¢ (°C)

as [205-207]

1+107°(0.601—0.00972 xt) x p

n, =1+2.8756x10° x p
1+0.003661xt

(4.3)

When the air pressure is below 1 MPa, the quadratic term p? is negligible.
Assuming the cavity length is a constant, the air pressure change induced
wavelength shift of the k" order spectral valley/peak in the interference

fringe can be expressed as

AL ;aniAp, (4.4)

where the coefficient a can be calculated by

28756 x10°°
& 110.003661xt " (4.5)

The coefficient o is calculated to be 2.679x107° /Pa at room temperature.
From the equations described above one can see that an approximately linear
relationship exists between the wavelength shift of the optical fiber-tip
sensor’s interference fringe and air pressure under the circumstance that the
temperature remains the same.

Figure 4.4 (b) shows the setup used to measure the optical fiber-tip
sensor’s response to the change of gas pressure. A gas chamber whose gas

pressure was controlled by a high-pressure nitrogen cylinder in association
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with a gas flow regulator, was employed to provide a series of gas pressure
from 0 to 700 KPa with a step of 50 KPa. A commercial pressure meter
located in the chamber was utilized as a reference to calibrate the gas
pressure. During the test, the ambient temperature was kept at room
temperature to avoid interference induced by temperature fluctuation. The
response of the optical fiber-tip pressure sensor to the change of gas pressure
1s experimentally measured and depicted in Figure 4.7. As shown in the inset
figure, the tracked valley shifted to longer wavelength when the gas pressure
in the chamber increased. Indeed, the increase of the refractive index of the
nitrogen gas induced by pressure change resulted in the red shift of the
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Figure 4.7. Response of a dip wavelength to the pressure change of the chamber where
a fiber-tip suspended-microbeam sensor is placed. Inset shows the spectra evolution

of the tracked resonance dip.
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resonant valley in the reflection spectrum. The fiber-tip pressure sensor was
tested with both increasement and decrease of gas pressure, the results
showed good linearity and reversibility. The pressure sensitivity of the
optical fiber-tip sensor is calculated to be 4.29 nm/MPa by linear regression,
which is in accordance with the theoretically predicted value of 4.17 nm/MPa
obtained by using Equation 4.4. Assuming the signal-to-noise ratio is 3, the
detection limit of the optical fiber-tip gas-pressure sensor is estimated to be
about 22.2KPa with a calculated noise level 0of 0.031 nm [208]. The pressure
sensitivity of our open-cavity optical fiber-tip sensor is relatively low when
compared with other diaphragm-based fiber-tip sensors due to different
mechanisms, however, our sensor has a larger measurement range, which is
favorable for applications where the air pressure is high. What’s more, the
open-cavity structure is more robust than cavity sealed by diaphragm under

large pressure and fast variation of pressure.

4.5 Summary

In summary, we have managed to scale down the feature size of the 3D
microstructures to fit the end-face of standard single-mode fiber via
improving the optical 3D p-printing technology. Ultrasmall fiber-top
refractive-index sensor have been implemented by directly printing SU-8

suspended microbeams on the end-face of optical fiber to form FP micro-
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interferometers. The fiber-top FP cavities have been characterized by
measuring their reflection spectra, and FFT has been adopted to analyze the
reflection spectra to retrieve cavity information. The detection of refractive-
index change of liquid and gas pressure have been experimentally
demonstrated, respectively. The miniature fiber-tip sensor has shown a high
sensitivity of 917.3 nm/RIU to refractive-index change, which surpasses
other optical fiber refractive-index sensor based on other mechanisms such
as evanescent field. The sensitivity to gas-pressure change is 4.29 nm/MPa,
which is relatively low due to the pressure induced refractive index change
of gas is small. Nevertheless, larger dynamic range and robustness are the
advantages of our sensor. The tiny size, high sensitivity to refractive-index
change, and remote detection capability of our optical fiber-tip sensor have
made it a promising candidate for applications such as microfluidic
biochemical-sensing where miniaturization is crucial. Moreover, due to the
advantages of fiber-optic sensors such as electromagnetic immunity, our

device is suitable for sensing applications in harsh environment.
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Chapter 5

Ultracompact Optical Fiber Acoustic Sensors
Based on In Situ p-Printed Fiber-Top
Optomechanical Microresonator

5.1 Introduction

Acoustic waves are mechanical waves with the frequencies ranging from
infrasound (lower than 20 Hz) to ultrasound (above 20 kHz). Acoustic
sensors working at different bands are usually designed and optimized for
specific applications. A miniature acoustic sensor with broad bandwidth is
usually desired, especially for ultrasonic detectors employed in industrial
non-destructive testing and imaging. Ultrasonic waves have features such as
good directionality, deep-penetration capability and long propagation
distance [209]. For example, in photoacoustic imaging, the irradiation of
modulated laser pulses onto biological tissues or organs will generate weak
ultrasonic waves with broad bandwidth, which can be acquired by ultrasonic
transducers for the reconstruction of the tissue’s or organ’s tomography [210].
Piezoelectric transducers are commonly used for the detection of ultrasonic
waves. However, the high-sensitivity requirement leads to a centimeter-scale
element size, which results in not only low lateral resolution but also poor

signal-to-noise ratio and fidelity. What’s more, the frequency response of
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piezoceramic materials-based transducers is typically not flat over the
bandwidth of acoustic waves, thereby hindering the reconstruction of images
[85]. Optical fiber-tip acoustic sensors are very attractive because of their
miniature size and potential of ultrahigh sensitivity. The unique geometry of
fiber tips, i.e., tiny diameter with large aspect ratio, perfectly suits the
applications where minimization is important, such as blood vessels and
endoscopic photoacoustic imaging. Moreover, optical fibers are natural
waveguides and can be easily connected with excitation light source and
retrieve back the light-wave signal from fiber-tip acoustic sensor.
Fiber-optic acoustic sensors have been extensively investigated for
various applications including homeland security [17, 211, 212],
photoacoustic imaging [213, 214], photoacoustic spectroscopy [215, 216],
photoacoustic endoscope [217] etc. because of their favorable features such
as immunity to electromagnetic interference, light weight, remote sensing
capability and multiplexing. Various schemes have been proposed to
fabricate optical fiber acoustic wave sensors such as fiber-optic
interferometers, fiber lasers [218], tapers [219], couplers [220] and long-
period gratings [221]. Among these designs, fiber-optic interferometers have
received remarkable attention owing to their simple structures and high
sensitivity. In particular, optical fiber acoustic sensors based on fiber-tip

Fabry-Pérot interferometers (FPIs) that are without the need of a long piece
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of optical fiber as required by Mach-Zehnder [222] and Michelson
interferometers [223], have great potential in applications where
minimization is crucial.

Conventional fiber-tip FPI acoustic sensors use an elastic diaphragm to
form an air cavity together with the fiber end surface. Acoustic pressure
deforms the thin film and changes the cavity length, which can be read out
interferometrically. Various kinds of membranes ranging from polymer films
to metallic diaphragms have been employed to fabricate acoustic transducers
[56,224-229]. Remarkably, two-dimensional material such as graphene [62]
and molybdenum disulfide (MoS;) [67] have shown impressive performance
because of their ultrathin thickness and excellent mechanical strength. For a
FPI acoustic sensor using circular diaphragm, the factors determining its
sensitivity include the diameter, thickness and mechanical properties of the
diaphragm. For a diaphragm with specific thickness and made from given
material, the sensitivity of FPI acoustic sensor depends on the diameter of
the diaphragm. One has to increase the diameter of the diaphragm if high
sensitivity 1s demanded. However, the increase of the diaphragm’s diameter
will bring a negative influence on the miniaturization of the sensor. Here, we
propose to solve the tradeoff by wusing fiber-top optomechanical
microresonators with spirally suspended microbeams, as shown in Figure

5.1 (a). The spiral structure can not only save space but also increase the
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effective length of the cantilever suspending the mirror in the center and

thereby increase sensitivity of the acoustic sensor.

5.2 Design and analysis of SU-8 FPI acoutic sensor

5.2.1 Mechanical properties of SU-8 micromechanical resonator

As shown in Figure 5.1 (a), a mirror that suspended with spiral microbeam
1s devised on the end surface of a standard single-mode optical fiber. An open
air-cavity FP interferometer is formed by the suspended mirror and the end
surface of optical fiber. The suspended microbeam will deform when
acoustic pressure is applied on its surface, thus changing the length of FP
cavity. The variation of the cavity length can be interferometrically
demodulated to interrogate the incident acoustic pressure. Compared with
diaphragm-based FPI acoustic sensor, the deflection of the center of the
suspended mirror under given acoustic pressure will be much larger because
of the structure of relatively long spiral micro-beam. As a consequence,

higher sensitivity can be achieved on such an ultra-small fiber-end surface.

5.2.2 Frequency response of the micromechanical resonator under

acoustic wave

The frequency response of such fiber-top spirally suspended mirrors has

been numerically analyzed. The fundamental frequencies of the sensors are
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Figure 5.1. (a) Schematic diagram of the fiber-optic acoustic sensor. (b) Frequency

response of the sensor shown in (a). Inset shows the mode shapes of fundamental mode.

(c) Defection of the two types of spirally suspended mirrors under different acoustic

pressure at the fundamental frequencies of the microstructures: (i) and (ii) 3D models

of two types of fiber-tip spirally suspended mirrors with different geometries.

at ultrasonic band, the theoretical analysis is focused on the response to high

frequencies (from 100 kHz to 1 MHz).

To understand the frequency response of the device, one can consider the

fiber-top cantilever with beam length L, width b, and thickness 4, and its

response to acoustic waves. Since the loss of ultrasonic waves in air is higher

than that in water, we consider the response of the fiber-top cantilever

immersed in water. The deflection of the beam w(x, ) can then be described

by [230]
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Figure 5.2. (a), (b) and (c) show the 3D models of three fiber-top spiral-shape
suspended mirrors with different beam lengths and widths. (d), (e), and (f) depict the
first three modes of the microstructure’s mechanical resonance, respectively. The
frequency response showing two resonance frequencies is plotted in (g). The
eigenfrequencies of the three microstructures shown in (a), (b) and (c) are plotted in
(h). (i) shows the shift of fundamental frequency when the microstructure is immersed

in water.
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El
ox*

F(x,1), (5.1)

where E represents Young’s modulus and / is the moment of inertial of the
beam’s cross section. u is the mass per unit length of the beam and F(x, ¢)
represent the external force applied on the cantilever beam. ¢ and x are the
time and spatial variable, respectively.

The boundary conditions for the cantilever beam include: (a) the
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displacement of the fixed point is zero, i.e., w(0, £) = 0; (b) the derivative of

the displacement of the fixed point is zero; (c¢) the second-order derivative of

the free end is zero; (d) the third order derivative of the free end is zero.
Scaling the spatial variable x with the beam length L and then applying

Fourier transform to Equation 5.1, we can obtain

El d*W(x,0)

— ua”W _F , 52
E—— 1w’ W (X, @) = F(X, @) (5.2)

The external force can be decomposed into two parts

Ay

F (X, ) = Fyygro (% @) + Foe (X, ), (5.3)

ydro

where F,._(x,w)is the excitation acoustic force. Assuming the diving force

drive

has a single frequency and the distribution of this force on the cantilever

A

beam is uniform, it can be simplified as F,, (x,0)=A, where 4 is the

rive

amplitude of the exciting force. FhA (x,w) represents the hydrodynamic

ydro
resistance described as

o (%) = 7 P DT (@)W (x, ), (5.4)
where p is the density of water and I'(®w) is the hydrodynamic function.

Substituting Equation 5.3 and 5.4 into Equation 5.2, the deflection W(x,w)

can be solved as
A L AL*
W y = G y ' _d I! .
(X, ®) jo (x, X' @) Z-a¢ (5.5)

where G(x,x'|w) 1s Green’s function.

Considering the geometric complexity of the spiral microstructures,
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FEM is adopted to analyze the eigenfrequency and frequency response of the
polymer optomechanical resonator. Figure 5.2 (a), (b) and (c) illustrate the
3D models of three spirally suspended optomechanical resonators with
different lengths and widths of the suspending beam. The sketch of the spiral

curves can be represented by the following parametric equations

X=a-(t+f)-sin(y-t+6)
{y=a-(t+,8)~cos(y~t+9)

(5.5
where a, f, y, and 0 are parameters defining the shape of the spiral curve.

The geometric structures and stress distributions of the first three mechanical

resonance modes of the microstructure shown in Figure 5.2 (b) are

illustrated in Figure 5.2 (d), (e) and (f), respectively. For the fundamental

2
4 )\{

L@

Figure 5.3. (a), (b) and (c) show the patterns used for the printing of different types of
spiral-shape suspended mirrors. (d), (e) and (f) shows the SEM images of the fabricated

fiber-tip sensors as the design shown in Figure 5.2 (a), (b) and (c), respectively.
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mode, the central part vibrates vertically while twists occur in the second and
third modes. The frequency response with the first two resonance peaks is
plotted in Figure 5.2 (g). The amplitude of the fundamental mode is much
larger than that of the high order mode. The eigenfrequencies of the three
microstructures shown in Figure 5.2 (a), (b) and (c) are plotted in Figure
5.2 (h), which shows that the fundamental frequency decreases with the
increase of the effective length of the spiral beam. Figure 5.2 (i) shows a
blue shift of the fundamental frequency when the optomechanical resonator
1s moved from air to water. As expected, the simulation results show that the
frequency response of such a device can be tailored by changing the
geometries of microstructure without changing the outer diameter of the
device. The Young’s modulus and Poisson ratio of SU-8 used for FEM
simulation 1s 4.0 GPa and 0.22, respectively. The thickness of the
microbeams and micro-disk of the microresonators is about 10 um and the
lengths of microbeams shown in Figure 5.2 (a), (b) and (c¢) are 77, 106, and

198 um, respectively.

5.3 Fabrication of the fiber-tip SU-8 FPI acoustic sensor

SU-8 2100 (Microchem Corp.) was diluted by cyclopentanone to the
concentration of 15 %. Tributylamine was mixed into the SU-8 solutions as

inhibitor at a weight ratio of 0.056 % which can improve the spatial
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resolution of the optical p-printing process. 2-(2H-Benzotriazol-2-yl)-4,6-
bis (1-methyl-1-phenylethyl)phenol, also known as Tinuvin 234, which is a
widely used UV absorption agent to limit the light penetration, was added
into the solutions for enhancement of the vertical resolution of the optical 3D
L-printing process.

The fabrication processes of optical 3D p-printing technology is similar
to that described in Section 4.2, as shown in Figure 4.2 (a). In brief, a
uniform thin layer of SU-8 was spray coated to the cleaved end-face of a
standard single-mode optical fiber mounted on a XY-axis motorized
translation stage. To obtain high quality films with precise thickness control,
an ultrasonic nozzle was employed to perform the spray coating. A scanning
process, i.e., the fiber tip was moved forth and back by the motorized stage
at a certain velocity, was adopted to achieve uniform coating. The thickness
of an individual layer of SU-8 film can be customized by the concentration
of the solution, the pumping rate of the syringe pump which pumps SU-8
solutions to the nozzle, the scanning velocity and the distance between the
nozzle and the fiber tip, and the gas pressure applied to the ultrasonic nozzle.
Good repeatability and precise thickness control have been achieved in the
experiments. After coating of a layer of SU-8, extra solvent was in situ
evaporated by a ceramic heater embedded in the customized mount of optical

fiber. After baking, the sample was moved by using motorized stage to the

108



pre-aligned position for exposure process, with the assistance of the digital
camera-based machine vision metrology. Thereafter, the image data sliced
from the CAD model of the 3D microstructure by own-developed add-on
software was used to generate optical patterns to irradiate the SU-8 film on
the optical fiber end-face. The patterns for the exposure of the top layer of
optomechanical resonator are shown in Figure 5.3 (a), (b) and (c¢). The
typical exposure time for the mirrors was about 10 seconds which is
associated with the power density of 25.28 mw/cm?. After exposure, the
sample was in situ post-baked by using the integrated digital micro-heater.
The processes were automatically repeated for the fabrication of the next
layer of 3D microstructure. Finally, the sample was developed by using
propyleneglycol monomethylether acetate (PGMEA). The development time
was about 15 minutes. The SEM images of the fabricated structures are

shown in Figure 5.3 (d), (e) and (f). The scale bar is 50 um.

5.4 Testing of the fabricated optical fiber-tip acoustic sensor

5.4.1 Spectra of the optical fiber-tip acoustic sensors

The refection spectra of the fabricated fiber-top optomechanical resonator
were measured in air by using an own-established experimental setup with a
broadband light source, a circulator and an optical spectrum analyzer. FFT is
used to analyze the reflection spectra. The FFT’s results show two typical
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Figure 5.4. (a) Reflection spectrum of the fiber-tip acoustic sensor. (b) FFT’s results

of the reflection spectrum.

fiber-top FPIs cavities with distinguishing lengths, as shown in Figure 5.4,

while the corresponding refection spectra are shown in the inset figures. To
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Figure 5.5. Schematic diagram of experimental setup for acoustic pressure measurement.
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achieve larger dynamic range of measurement and higher sensitivity, the
quadrature point of the interference fringe with sharpest slope was chosen as

the operation point in the following test.
5.4.1 Testing results

The experimental setup for testing of the fiber-tip acoustic sensor’s
response to acoustic wave is shown in Figure 5.5. A speaker driven by an
arbitrary waveform generator is used to generate the excitation acoustic

waves. A tunable laser is used as the interrogation light source and its
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Figure 5.6 (a) and (c) shows the raw data representing the time domain response of the
fiber-tip sensor to 3000 Hz and 5000 Hz excitation, respectively. (b) and (d) shows the
FFT’s results of the time-domain signal.
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wavelength is set to the quadrature point so as to maximum the sensitivity of
the sensor. The reflected light is coupled to a photodiode (PD) via a circulator
and the light intensity variation is converted to an electric signal which is
analyzed by an oscillator. A commercial microphone (B&K4189) was
mounted to place near the fiber-tip sensor to calibrate the acoustic waves.
The output signal from the calibration microphone is amplified by a
conditioning amplifier and then detected by the oscillator. During the test,

the speaker, fiber-tip sensor and calibration microphone all are putted in an
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Figure 5.7 (a) and (b) Power densities spectra of the output voltage signals acquired
form the PD when acoustic waves with frequencies of 3 kHz and 5 kHz are applied to
the sensor. (d) Relationships between output voltage signals and applied acoustic
pressure of four sensors. The time domain signals under different excitation acoustic
pressures of sensor 4 is shown in (c).
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acoustic isolation box to depress the influence from external environment.

Figure 5.6 (a) and (c¢) depicts the raw data acquired from the PD when
sinusoidal acoustic waves with frequency of 3000 Hz and 5000 Hz are
applied, respectively. The corresponding frequency domain spectra are
shown in Figure 5.6 (b) and (d). It can be seen that the frequencies of the
major peaks are in accordance with the excitation frequencies, which verify
that the measured signals resulted from the excitation signals and can be
demodulated to quantitatively analyze the acoustic waves. Slow-varying
noises are observed in Figure 5.6 (¢), which may result from the disturbance
in laser power. A band-pass filter can be utilized to eliminate the noise to
increase signal-noise-ratio.

The power density spectra of the filtered output signals under the
excitation of 3000 Hz and 5000 kHz are shown in Figure 5.7 (a) and (b),
respectively. Inset figures depict the corresponding measured time-domain
signals. Acoustic waves of different intensities have been used to test the
optical fiber-tip acoustic sensors and the corresponding output signals were
recorded. Four optical fiber-tip acoustic sensors with different beam
thicknesses have been tested and the measured signal vs. acoustic pressure
plots are shown in Figure 5.7 (d). All these four sensors belong to type C as
shown in Figure 5.2 (c¢). The length of microbeams is about 198 pum, while

the thicknesses their microbeams and micro-disk are 15.2 um, 13.5 pm, 10.3
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um and 7.1 um, respectively. The output signals of sensor-4 under different
acoustic pressures are plotted in Figure 5.7 (¢). A band-pass filter was used
to suppress noises. Compared with the raw data shown in Figure 5.6 (a) and
(), the measured data has higher quality of sinusoidal waveform. A linear
relationship has been measured between the amplitude of output signal and
the acoustic pressure, which is in line with the theoretical analysis under the
condition that the induced deflection of the microstructure is small. Four
sensors with different thicknesses showed different sensitivities, and the
highest acoustic pressure sensitivity is determined to be 118.3 mV/Pa and
the corresponding noise equivalent acoustic signal level is estimated to be

0.328 pPa/Hz"2. Table. 3 summarize several types of optical fiber acoustic
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Figure 5.8 Experimental setup for the measurement of the fiber-tip sensor’s frequency

response.
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Table. 3 Performance summary of different types of optical fiber acoustic sensors.

Ref.
N::) Material Geometry Frequency Sensitivity Detection limit
56 silver diaphragm 4 kHz 160000 pm/MPa 14.5 uPa/Hz!?
1til: . ;
62 muttrayer diaphragm 10 kHz 1100 pm/Mpa 60 uPa/Hz!?
graphene
66 graphene oxide diaphragm 20 kHz - 1.8 uPa/H7?
140 polymer diaphragm 1 kHz 50.8 pm/Mpa
225 UV adhesive diaphragm 1 kHz 573 mV/Pa 52.4 uPa/Hz?
228 polymer diaphragm 40 kHz 10.4 wm/Mpa -
1 - -
85 polymer P Iano coneare 1 ~40 MHz - 1.6 mPa/Hz!?
microresonator
50 stainless steel cantilever 1 kHz 364000 pm/MPa 8.5 uPa/Hz!"2
229 fused silica cantilever 0.74 MHz 9.75 um/MPa 491.2 Pa
irally- ded 0.1 ~ 100 n
work SU-8 polymer sprratly-suspende 182 um/MPa 0.328 pPa/Hz!?
microresonator kHz

The frequency response of an acoustic sensor is an important property
which determines its sensing performance and applicable frequency range
for acoustic measurement. According to the FEM simulation results, the
fundamental frequencies of the optical fiber-tip sensors are between several
hundred kHz to 1 MHz. As speakers designed for audio frequency are not
able to generate ultrasonic waves with sufficient amplitude, a broadband
ultrasonic transducer whose resonance frequency is 1 MHz is employed to
generate ultrasound waves to excite the fiber-tip sensors. Since the
attenuation of ultrasonic waves in air is high, the test was conducted in water.
The experimental setup for the measurement of frequency response is shown
in Figure 5.8. The sensor under test was immersed in a water tank and an
ultrasonic transducer was placed close to it. Sinusoidal signals from a signal

generator are used to drive the ultrasonic transducer after radio frequency
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(RF) amplification. The ultrasonic waves propagate in water for a short
distance and then hit against optomechanical resonator. The ultrasonic
transducer is aligned with the axis of the fiber and the distance between the
surface of the transducer and the optical fiber-tip sensor can be adjusted.
Similar to the readout apparatus used for audio acoustic wave detection, the
intensity variation of reflected light is converted to electric signal as shown
in Figure 5.9 (a). The frequency of the ultrasonic wave is 500 kHz, which

matches the frequency of the output signal as shown in Figure 5.9 (b). The
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Figure 5.9 (a) The output signal corresponding to 500 kHz ultrasonic wave excitation.
The filtered result is shown in (c). (b) and (d) show the FFT’s results of the signals in
(@) and (c), respectively.

output signals can be improved by using a band-pass filter with central
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frequencies and equal pressure are applied to the sensor.

frequency of 500 kHz, and the results are shown in Figure 5.9 (¢) and (d).

The sensor under test belongs to type B, as shown in Figure 5.2 (b). Its beam

length is 106 um and the thickness of its microbeams and micro-disk is 10.1

um. The relatively heavy noise may result from laser power fluctuation, PZT

transducer used for the generation of ultrasonic waves, the imperfection of
the microresonator microstructure and so on.

To obtain the frequency response of the optical fiber-tip sensor, a serial
of ultrasonic waves with different frequencies but same intensities are used
to test the sensor. The frequency was swept from 20 kHz to 1 MHz with a
step of 50 kHz. A finer step of 10 kHz is used around the resonant frequency.
The measured frequency response normalized by the frequency spectrum of

the transducer is shown in Figure 5.10 (a). A resonant peak was observed at
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700 kHz, which matches well the FEM simulation result, i.e., 724 kHz. The
relationship between the acoustic pressure and amplitude of output signal
was measured as plotted in Figure 5.10 (b) at three different excitation
frequencies. One can see that the sensitivity of the optomechanical resonator
to acoustic waves can be greatly enhanced when its frequency of acoustic
wave 1s the same as the fundamental resonant frequency of the
optomechanical resonator. It is because the acoustic wave excited resonance
of the resonator can greatly increase the amplitude of the induced vibration.
The inset figures show the measured time-domain signals when the sensor
was excited by the acoustic wave at the three frequencies. The frequency

response of three optomechanical resonators with different geometries have
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Figure 5.11 Frequency response of three fiber-tip acoustic sensors with different

geometries.
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been measured and the measured results are shown in Figure 5.11. The
fundamental frequency of these three sensors are measured to be 230 kHz,
560 kHz and 700 kHz, respectively. The results indicate that the frequency
response of the optomechanical resonators can be flexibly tuned by

customizing the geometry of the spiral beams.

5.5 Summary

Novel optical fiber-tip acoustic sensors based on fiber-top optomechanical
microresonators have been designed and fabricated by using optical 3D p-
printing technology. The structure of spiral microbeams has been adopted to
overcome the limitations existing in conventional diaphragm-based fiber-tip
FPI acoustic sensors, i.e., the small area of optical fiber-end surface is fully
used to enhance the sensitivity without increasing the size of the sensor. A
high sensitivity of 118.3 mV/Pa at audio frequency has been achieved and
the corresponding noise equivalent acoustic signal level is estimated to be
0.328 pPa/Hz!?. Moreover, the frequency response of the optical fiber-tip
sensors has been theoretically analyzed and experimentally measured.
Fundamental resonance has been observed and the enhanced sensitivity has
been demonstrated by setting the frequency of the excitation acoustic wave
to the fundamental frequency of optomechanical resonators. Such an

optomechanical resonator sensor provides a new pathway for development
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of high-sensitivity ultrasmall optical fiber acoustic sensors for various

applications.
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Chapter 6

Conclusions and Future Outlook

6.1 Conclusions

In this thesis, with an in-house optical 3D p-printing technology, different
kinds of optical fiber sensors based on the microstructures that are fabricated
on the end surface of fiber-optic ceramic ferrule and standard single-mode
fiber are developed. This technology can overcome the limitations of
conventional micro/nano-fabrication technique on micromachining optical
fibers and enables flexibly 3D microengineering of optical fiber end-surfaces
to harness the magic power of lightwave technology at micrometer scale for
development of small-size & high-performance optical fiber-tip sensors. The
optical 3D p-printing technology has programmable virtual ‘photomask’,
which spares expensive photomasks and shortens development cycle. What’s
more, the system has favorable in situ microfabrication capability, which is
crucial for the implementation of 3D microstructures on the end-surface of
optical fibers. However, there is still space for further improvement of the
optical 3D p-printing technology. For instance, the resolution can be further
improved towards nanofabrication.

Three types of miniature optical fiber/ferrule-top sensors have been

fabricated by using the optical 3D p-printing technology. First of all,
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different kinds of suspended-mirror devices (SMDs) are directly printed on
the end-faces of optical fiber ferrules by using the optical 3D p-printing
technology. The reflection spectra of the ferrule-top SMDs have been
measured and then numerical analyzed by using fast Fourier transform to
characterize the SMDs. The application of the fabricated ferrule-top SMD as
a displacement microsensor has been experimentally demonstrated. The
optical microfabrication technology can rapidly print complex 3D SMDs on
the end-faces of optical fiber ferrules, which is promising for the
development of miniature photonic sensors and applications.

Then efforts have been made to scale down the microstructures from
ferrule-top to fiber-top. By incorporating an ultrasonic nozzle-based spray
coating system, suspended diaphragms are successfully printed on the flat
tip of a standard single-mode optical fiber. The reflection spectra of the fiber-
tip devices have been measured and used to analyze the Fabry-Pérot cavities
formed by suspended microbeams. The optical fiber-tip sensors have been
demonstrated to detect the RI change of liquid and the gas pressure of
ambient environment, respectively. High sensitivities of 917.3 nm/RIU to RI
change and 4.29 nm/MPa to gas-pressure change have been achieved. Such
ultra-small optical fiber-tip sensors with remote sensing capability are very
promising in microfluidic biosensing and environmental monitoring

applications
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Moreover, optomechanical microresonators have been designed and
directly printed on the end-face of optical fibers. Ultracompact optical fiber
acoustic sensors are experimentally demonstrated based on the mechanism
that the spiral-shape microbeams deform under acoustic pressure, thus
changing the cavity length of the Fabry-Pérot cavity formed by the fiber end-
face and suspended mirror which can be interferometrically readout. The
mechanical resonance of the fiber tip sensor is analyzed by FEM method.
The response of the sensor to both acoustic waves and ultrasonic waves are
measured. Frequency response is also measured, and fundamental resonance
1s observed. The fabricated sensor shows a high sensitivity of 118.3 mV/Pa
at audio frequency and a corresponding noise equivalent acoustic signal level

of 0.328 puPa/Hz!?,

6.2 Future Outlook

SMDs are useful tools to study the optomechanical resonant
interactions. However, the fabricated SMDs suffer from low finesse due to
the low reflectivity of the interfaces between fiber/air and suspended SU-8
diaphragm/air. By depositing metal to the interfaces, the reflectivity can be
enhanced as well as the Q-factor of the cavity. Another approach is to
fabricate suspended plano-concave mirrors instead of planar ones to improve

the confinement of light by refocusing the diverging beam back into the
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optical cavity. It’s very attractive to fabricated high Q SMDs on the fiber tip
since the same optical fiber can be used to guide the probe light and the
reflected light, which provide a compact platform to investigate
optomechanical phenomena.

Suspended SU-8 diaphragm has already been printed on the endface
of single-mode optical fiber. If the diaphragm is coated with functional
materials, a lot of miniature sensors can be developed. For example,
hydrogen sensor can be made by depositing the SI-8 diaphragm with Pd
because Pd expands when absorbing hydrogen, which will induce deflection
of the suspended diaphragm. What’s more, biosensor can be fabricated by
modifying the diaphragm. The integration of the fiber-tip suspended
diaphragm with microfluidic chips is another interesting research topic,
which fully take advantage of the miniature size and remote sensing ability
of optical fiber.

Although the sensitivity of the fiber-tip acoustic sensor is high
compared with others, the detection limit is still relatively large because the
thickness of the spiral-like beam is high. The sensitivity and detection limit
of the sensor can be further enhanced by decreasing the thickness of the beam.
Besides optimization of the exposure doze and UV dye concentration, the
mechanical strength of SU-8 need to be improved by filling the photoresist

solution with nanoparticles, e.g., silica nanoparticle. The Young’s modulus

124



of SU-8 is much smaller than that of metal or inorganic materials such as
silica and silicon, which make SU-8 suspended beam more sensitive to
pressure. However, current printing process is not able to fabricate ultrathin
SU-8 structures, which restricts further improvement of sensitivity. Fiber-top
suspended microstructures which vibrate at their resonant frequencies can be
employed to develop highly sensitive sensors by tracking the shift of
resonant frequency introduced by the attachment of small weight objects

such as molecules and cells.
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