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Abstract

The past few decades have seen a rapid rise in minimally invasive medical procedures
performed around the globe. These procedures have been made possible largely be-
cause of innovations in medical imaging and sensing to guide physicians in performing
the interventions safely. Ultrasound technology has remained highly popular through
this transition due to its safety and efficacy. However, the demand for miniature
flexible devices for increased accessibility has prompted a shift toward all-optical ul-
trasound devices. Additionally, photoacoustic imaging and sensing have emerged as
a promising technology with abilities to enhance diagnostic capabilities in several

clinical applications, most significantly in the imaging of atherosclerotic plaque.

The Fabry-perot ultrasound detector, being one of the more widespread optical
ultrasound detection technologies, has been explored significantly in this context.
This thesis presents a novel wave-guided configuration for fiber Fabry-Perot ultra-
sound detectors. This work demonstrates 16 times higher sensitivity than traditional
piezolelectric technology at comparable size scales. The chapters that follow present
the simulations and experiments conducted around (a) optimizing the fabrication of
the wave-guided fiber Fabry-Perot devices, (b) the complete optical and acoustic char-
acterization of the fabricated devices, and (c) the potential improvements that can
be made with incorporating dielectric mirrors. The thesis concludes with a discussion
on the possible configurations for creating a complete ultrasound and photoacoustic

probe for guiding minimally invasive interventions.
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Chapter 1

Introduction

Over the past few decades, health care has seen a paradigm shift toward minimally
invasive procedures, data-driven decisions and personalized medicine. This shift has
been made possible because of several crucial innovations which assist physicians in
gathering information about the anatomy at the region of interest, and tools which
help them perform interventions in precise and predictable ways. Several imaging
and sensing tools have evolved as a result of these efforts. In cardiology, it has now
become standard practice to use catheter based sensing tools to gauge the condition
of a lesion, and to use intravascular imaging to study the health of the vessel wall.
This thesis presents the work done towards filling a gap in the set of tools available
to navigate vascular occlusions. The device developed in this work is a fiber optic
tool to navigate complex vasculature by relying on a photoacoustic signal from the
tissue encountered by the device. Although developed to fill a need in cardiology, this
tool can be applied in any catheter /needle-based intervention in order to characterize
tissue, and is thus open to a wide range of applications. The following sections and
chapters elaborate on the state of the art in ultrasound technology, and present, in
this context, our concept solution: A single element, forward-viewing transducer for

all-optical ultrasound and photoacoustic sensing.



1.1 Intravascular Ultrasound (IVUS)

Intravascular imaging refers to the technique of introducing a catheter-based probe
into a blood vessel to visualize the region of clinical interest. Early evidence of the
use of high-frequency IVUS to image peripheral and coronary arteries appeared in
the 1980s [1]. Reports showing the correlation between histologic characteristics of a
vessel wall and the corresponding high frequency (40MHz) ultrasonic images estab-
lished the potential of the system for diagnostic imaging [2]. Advancements in the
development of such catheters (using various imaging modalities) have been driven by
the increasing understanding among physicians that detailed and reliable information
on the structure and composition of atherosclerotic lesions will help improve safety
and efficacy of the interventional techniques employed to address them. IVUS has
since been used in standard practice to evaluate atherosclerotic leasions. It has been
used to estimate percentage of arterial cross-sectional stenosis|3], lumen size and wall
morphology [4], to estimate flow [5], and plaque morphology [6][7], thus emerging as

the gold standard in vascular imaging [8].

Increasingly, interventional techniques such as balloon angioplasty and mechanical
atherectomy are being utilized to address vascular occlusions, and the risks of perfo-
ration and dissection associated with these techniques further emphasize the need for
reliable imaging techniques. Intravascular imaging can provide valuable information
regarding the size and shape of the lumen at the site of the lesion, as well as, in some
cases, the composition of the plaque(fatty, calcific or fibrous)[9]. This information can
assist physicians in choosing the correct tool for atherectomy or the appropriate stent
size, and also help in the assessment of treatment progression and the risk of resteno-
sis. Most importantly, IVUS has been explored as a way to guide and reduce risk of
adverse events during the course of intervention such as perforation and detection of

the arterial wall[10] |11] [12]. Current-day interventional cardiology is thus heavily



dependent on the availability of good intravascular imaging and sensing catheters.

1.1.1 IVUS Technology

Over the years, a variety of devices have been developed and explored for intravascu-
lar ultrasound imaging. These include single-element mechanical intravascular ultra-
sound devices with rotating transducers, muti-element phased array systems, forward
looking Capacitive Micromachined Ultrasound Transducers (CMUTs), and several
others [13]. This section presents an overview of the most commonly used configura-

tions with their advantages and limitations.

Rotating Single-element Transducers

A mechanical IVUS device consists of a single piezoelectric element located at the tip
of a flexible drive cable housed in a protective sheath|14] [15]. The drive cable rotates
the transducer about its axis, to form a cross-sectional image. This transducer can also
be moved longitudinally within its sheath during rotation, enabling side-view imaging
along with longitudinal pull-back. Therefore, it is possible to create a 2D image of
a section of the vessel wall to assess the distribution of plaque. This technology is
available commercially and has been used extensively in the clinic for the study of

atherosclerotic plaque and to guide interventions|16] [17] [18].

An advantage of the mechanical IVUS system is that they typically have a large
element size as compared to the elements on a array. Larger element sizes offer higher
signal to noise ratios, thus achieving better resolution. A significant disadvantage,
though, is that these systems can often suffer from uneven rotations due to the stress
accumulated in the catheter from tortuosity. This can lead to image distortions
called Nonuniform Rotational Distortions (NURD). Some efforts have been made to

overcome NURD by using elecromagnetic [19] or ultrasonic[20] micromotors but are



yet to be transferred to commercial catheters.

Phased Arrays

In addition to distortion, mechanically scanned transducers also imply fabrication
challenges and bulky devices that are not flexible. An approach to overcome this
is the use of phased array transducers. These devices use multiple (typically 64)
elements arranged around the circumference of a catheter which fire sequentially to
produce a beam. Such cylindrical phased arrays provide an alternative to radial
scanning, eliminating the need for rotational mechanism and providing more uniform
resolution through dynamic focusing. [21] The Volcano Eagle Eye is a widely used

commercial system that employs this configuration|22].

Forward-looking CMUT

While side-view IVUS has its uses, there is also a need for forward-viewing devices
in cases where penetration of occlusions is difficult /inadvisable. Of the developments
made to address this need, the most promising approach is the Capacitive Microma-
chined Ultrasound Transducers(CMUT). These devices have two concentric arrays of
capacitive elements for transmitting and receiving respectively[23]. Each element is
an air-filled capacitor formed using one fixed and one flexible electrode, which deflects
upon excitation. They are easy to fabricate using standard lithographic techniques
and provide wide bandwidths and high sensitivity [24]. This technology is now being
integrated onto catheters for imaging [25], however it is yet to gain widespread clinical
adoption. An alternative configuration is of linear arrays making use of the face of the
catheter [26]. However, these devices are frequency limited due to the small element
size required to fit on the face of the catheter. Additionally, their relatively large sizes
make both these configurations unsuitable for use in coronary arteries where their use

would be most beneficial.



1.2 Intravascular Photoacoustic (IVPA) Imaging

IVPA is an emerging technique that has the potential to be applied toward gath-
ering morphological information about plaque. This technique relies on the optical
absorption of tissue to generate acoustic waves. Early evidence of the utility of IVPA
emerged in 2006]27]. This study on tissue mimicking phantoms indicated that IVPA

could be useful in detecting structure and composition of atherosclerotic plaque.

Subsequently several studies from Emilianov et al. explored this idea further. In a
study in 2008, this group performed ex-vivo IVPA studies on healthy and atheroscle-
rotic rabbit aortas. To assess plaque composition, multi-wavelength (680-950 nm)
spectroscopic IVPA imaging studies were carried out to assess plaque composition.
They showed that combined IVUS and IVPA imaging could be useful in plaque char-
acterization|28]. In 2009, Beard et al. demonstrated that spectroscopic PA could
be used to differentiate arterial tissue and lipid rich plaque using the wavelength
range 740-1800 nm[29]. However, they acknowledge the need for a good intravascular
probe to be able to facilitate discrimination of a wider range of tissue types such
as calcified and fibrous tissues. The same group later extended this work by study-
ing post mortem human aortas at NIR wavelengths, and obtaining images through
blood, demonstrating that lipid rich atheromatous plaques could be identified using
spectroscopic photoacoustic imaging[30]. Over the next decade, several other works
have demonstrated the efficacy of PA imaging, and multimodal imaging techniques

including PA, in identifying vulnerable arterial plaque [31] [32] [33]]34].

In terms of the instrumentation required to advance this technique, these studies
almost unanimously indicate the need to shift towards all-optical detection. The

following section explains why all-optical probes would be most suitable.



1.2.1 Photoacoustic Detection

The detection of photoacoustic signals has a different set of requirements than the
detection of conventional ultrasound signals [35].

1. The magnitude of PA signals are generally in kPa, having been generated from
within the illuminated tissue. This is generally about 3 orders of magnitude less than
signals typically generated in ultrasound imaging. This implies the need for very high
sensitivity detection.

2. Photoacoustic signals span a much wider bandwidth (sub-MHz to hundreds of
MHz) as compared to the relatively narrowband ultrasound signals (generally in the
low MHz, spanning under 50% of the center frequency)

3. Collection of data over wider acceptance angles is usually required in photoacoustic
imaging to improve image quality and reduce artifacts.

4. While ultrasonography provides greater penetration depth, photoacoustics has
a significant advantage of inherent contrast due to the differences in tissue absorp-
tion. This also implies the potential impact of photoacoustics in interventional imag-

ing/sensing applications.

Thus the size of the photoacoustic transducer must be small, and the construction
suitable for integration into endoscopic/catheter-based devices. Piezoelectric trans-
ducers developed for conventional ultrasonography are therefore, not ideally suited
for photoacoustic detection. Thus there has been a shift toward the use of all-optical
transducers, which offer a higher signal-to-noise ratio per unit area as compared to
piezoelectric transducers. Additionally, they are resistant to electromagnetic noise
and offer wider detection bandwidths, which is desirable for photoacoustic signals.
The next section explores all the different optical detection mechanisms that have

been developed and discusses their use in photoacoustic detection.



1.3 Optical Ultrasound Detection

Optical methods of ultrasound detection may be broadly divided into refractometric
and interferometric methods. Refractometric detection relies on the fact that acoustic
waves incident on a medium induce mechanical stress in it, consequently changing
the refractive index. These changes are then detected at an interface between two
adjacent media by using an interrogating laser beam. Changes in intensity, deflection
angle or phase of the beam are recorded by an optical detector, and represent the
acoustic perturbations. Interferometric methods, on the other hand, detect changes
in interference patters induced by ultrasound. This could be due to vibrations of a
reflector or by altering the resonance frequency of the resonator. Below, the three
most widespread optical ultrasound detection methods are explained, along with the

merits and challenges of all-optical ultrasound detection.

1.3.1 Merits

There are several advantages to optical ultrasound detection over conventional piezo-
electric detection. Optical detectors can be constructed on optical fibers, usually
under 200 pgm in diameter. This small size allows a lot of flexibility in the applica-
tion. Moreover, optical detectors offer much higher sensitivities at these sizes than
piezoelectrics can. There is no electrical cross talk or interference, which is often
the case with electrical wiring for small elements. Perhaps most significantly, opti-
cal detection can be seamlessly combined with either optically generated ultrasound
excitation or direct illumination for photoacoustic excitation. Thus, it is possible to
create a complete probe on a single fiber. Details of possible transducer configurations
to achieve this are presented in chapter 5. As discussed, combined ultrasound and
photoacoustic imaging and sensing offer several diagnostic advantages over the indi-

vidual modalities, which makes it all the more appealing to pursue optical ultrasound



detectors.

1.3.2 Optical Ultrasound Technology
Microring Resonators

Polymer microring resonators are closed-loop waveguide structures (ring resonators)
along a straight waveguide such that light couples in and out of the resonator. The
coupling is confined to the small region where the light distributions overlap. When
an ultrasound wave is incident, on the structure, it applies stress deforming both
the ring waveguide and the coupling region, which in turn causes a change in the
effective refractive index. This translates to a wavelength shift in the resonance of
the structure. By choosing a wavelength of transmitted light which is on the steep
edge of the transmission spectrum, a modulated output corresponding to the acoustic
wave can be obtained. Thus, ultrasound detection with very high sensitivity can be
performed using such structures|36).

The fabrication of such sensors using a simple mechanical imprinting process has
been shown to repeatably produce high quality resonators [37] [38] [39]. Apart from
being reproducible, this type of detector has several advantages such as high acoustic
sensitivity (NEP as low as 10 Pa over 350 MHz), ultra-broad bandwidth(from DC to
upto 350 MHz at -3dB), wide angular response(-6 dB beam width over 40 degree for
rings of 40 um diameter) and compact size [40]. All of these features are particularly
helpful to perform photoacoustic sensing and imaging.

There have also been efforts to develop integrated US/PA all-optical scanheads[41].
The symmetrical, disc shaped geometry with diameters of around 100 gm makes these
micro-resonators ideal for optoacoustic tomography, however they typically provide
broad detection bandwidth only at narrow opening angles, which is less than ideal.
Although it has been investigated for applications in microscopy and tomography,

this technology has not been explored in the context of catheter based devices for



minimally invasive procedure guidance.

Fiber Bragg Gratings(FBG)

Another all-optical ultrasound sensing system is the Fiber Bragg Grating or FBG.
This is a type of sensor in which a distributed reflector is constructed within a segment
of an optical fiber. By creating a periodic variation in the refractive index of the fiber
core, some wavelegths are reflected while transmitting others. It can therefore be
used as a filter or a wavelength specific reflector|42|[43]. Recently, a special type
of FBG has attracted attention for its ultrasound-sensing capabilities[44]. The =-
phase shifted FBG, so called because of the m-phase discontinuity in the center of the
grating, is made by introducing a 7 phase shift into the refractive index modulation
of the FBG during its fabrication. Because of this, the spectral transmission has a
narrow bandpass resonance within the middle of the reflection lobe. Thus, it can be
described as a resonator cavity formed by two FBG mirrors which can be exploited for
high-sensitivity ultrasound detection. The higher the reflectivity of the two mirrors,
higher the quality of the resultant resonator.

m-FBG based sensing systems have been demonstrated as part of optoacoustic
and endoscopic microscopy systems. They can provide sensitivities of 100 Pa and
bandwidths upto 77 MHz[45][46]. They feature 1-D cavities on a size scale on the
order of 100 pm. Therefore, they are treated as line detectors. Although they can be
used for optoacoustic tomography, they provide lower resolution than point detectors.
The most ideal configuration is to create miniaturized m-FBGs in optical waveguides

which an generate higher refractive index contrast than optical fibers.

Fabry-Perot Resonators

A Fabry—Pérot interferometer/resonator is a cavity comprising two mirrors with a

optical medium in between. Light incident into the cavity through one of the mirrors is



reflected multiple times between the two mirrors, exhibiting a periodic resonance. By
tuning the wavelength of light to a point on the transfer function corresponding to high
slope, the movement of the spectrum (cause by perturbations such as acoustic waves)
can be tracked with high sensitivities. Thus, by exploiting the sharp resonances, this
device can be used as an all-optical ultrasound sensor. The detailed operation and
metrics used to assess performance are presented in the next chapter.

Fabry-Perot resonators can be constructed either as free-space coupled devices or
fiber coupled devices. This thesis concentrates on fiber Fabry-Perot cavities. These
can broadly be classified into intrinsic and extrinsic cavities|47]. Intrinsic cavities have
reflecting components within the fiber itself. This can be achieved by techniques such
as micromachining[48]|49] or chemical etching [50]. They are difficult to fabricate,
and hence, expensive to produce. Extrinsic cavities on the other hand are those
that rely on external structures[51]. They can utilize highly reflective mirrors[52],
thus reaching very high finesse(see Chapter 2). They are simpler to fabricate than
intrinsic cavities, but often suffer coupling losses, and require careful packaging[53].

Perhaps the most significant work in this direction has been by Beard et al. They
demonstrate a plano-concave polymer resonator cavity deposited on the tip of a single
mode optical fiber. The shape of the concave mirror is used to approximately match
the shape of the emerging wavefront front, thus effectively recoupling light back into
the fiber and achieving impressive sensitivities (acoustic response up to 40 MHz and
noise-equivalent pressures as low as 1.6 mPa per v/Hz)[54]. This work explores an
alternate approach to fiber Fabry-Perot resonators, by including a waveguide in a flat

cavity for light confinement.

1.3.3 Challenges

Although these are several advantages of using all-optical ultrasound detection, there

are also some significant challenges to be addressed. Arrays are well supported by
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piezoelectric devices, whereas optical fiber transducers each serve as only a single
element. In order to be able to do imaging, multiple fibers would need to be bundled
together, or a single element will have to be mechanically scanned. Either of these
cases implies the need for a space significantly larger than the fiber diameter, thus
losing the advantage of the small size and accessibility. Additionally, for applications
that could still benefit from the higher sensitivity offered by optical technologies,
and where size isn’t a major constraint (such as non-invasive PAI), there is still a
need to connect each fiber in the bundle to an optical source. Applications requiring
simultaneous use of all the fiber elements (such as flow imaging or any other dynamic
measurement) might also require tuning these individual sources to exactly the same
wavelength. While optical multiplexing can address some of these issues, it is still a

significant limitation.

Therefore, the question arises about where single-element ultrasound detection
technology can still be utilized. Given the tissue-discriminating ability of photoa-
coustics resulting from the inherent contrast due to the preferential absorption of
different optical wavelengths by different tissue absorbers, several use-cases are envis-

aged. Some of these are presented in the next section.

1.4 Clinical Applications

1.4.1 Chronic Total Occlusions(CTO)

A chronic total occlusion is defined as a greater than 3- month- old, total obstruction
of a coronary artery [55]. CTOs constitute a significant healthcare burden; literature
shows that CTOs are identified in up to one third of patients referred for coronary
angiography [56], yet CTO PCI is underutilized due to suboptimal success rates and

procedural complexity. Intravascular guidance to aid CTO recanalization can signif-
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icantly reduce risks of arterial dissection and perforation [57]. Several devices have
been developed to address this issue [58], however there is still a need for further
technical development to facilitate and simplify revascularization techniques. This
presents an opportunity for the use of the proposed device: to significantly shorten
procedure time and to reduce risk of dissection and perforation to improve the safety,
standardization, and predictability of CTO recanalization [55]. Described in greater
detail in chapters 5 and 6, the proposed device uses a sensing guidewire to identify the
luminal borders and alert the physician when the arterial wall is approached. It would
allow the physician to move quickly and safely through the occlusion without dissect-
ing or perforating the artery wall, thus reducing procedure time, and consequently

cost.

Often, since the risk of direct CTO crossing is very high, physicians employ the
dissection-reentry method. This procedures involve arterial wall dissection to move
the guidewire across the occluded portion of a vessel within the subintimal space. On
the far end, the guidewire is pushed back into the true lumen. Several approaches
have been developed to direct the guidewire back in the artery at a point distal
to the occlusion. This technique requires substantially longer time to complete in
comparison to crossing the CTO through the true lumen. additionally, the dissection-
re-entry strategy results in higher rates of restenosis which is treated with a second
PCI procedure [59]. Having a reliable signal from the device to tell the physician
when it is safe to continue pushing the guidewire, and when it is critical to pull back
and redirect the guidewire will help the physicians cross the occlusion safely using
just the true lumen. This will also enable standardization of the procedure, enabling
consensus among physicians and, consequently, wider availability of the procedure

across hospitals.
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1.4.2 Other Applications

Outside of cardiology applications, this technology could potentially be used in any
minimally invasive procedure where tissue differentiation is required. This could in-
clude monitoring laser ablation of tissue as is performed in the treatment of certain
types of cancer [60][61], or improving the yield of and reducing complications arising
from biopsies by identifying the correct samples based on their photoacoustic signa-
ture. Further exploration of the optical properties of these tissue types is required to

confirm the applicability of this technology in these areas.

1.5 Organization of Thesis

This thesis is organized into the following chapters: Chapter 2 presents the funda-
mentals of Fabry-Perot resonators, and describes the various metrics used to evaluate
their performance. Chapter 3 lays out the simulation studies performed to guide the
fabrication of the fiber-Fabry-Perot sensor. Chapter 4 presents the experiments done
around identifying a method to create waveguiding pillars within the resonator, and
the performance of the first iteration of the devices. This chapter also describes the
effect of temperature on the stability of the characteristic spectra of the device. Chap-
ter 5 then presents the fabrication and complete optical and acoustic characterization
of the device. The final chapter describes studies to be conducted to demonstrate the
capability of the device to perform photoacoustic sensing, and lays out the scope for

future work.
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Chapter 2

Fabry-Perot Interferometers for

Ultrasound detection

As described in the introduction, the Fabry-Perot Interferometer has been explored
for the detection of ultrasound waves. This chapter explains the mechanism of action,
defines the various performance metrics used to evaluate FP ultrasound detectors, and

highlights the main mechanisms of loss within such a FP cavity.

2.1 Working Principle

A Fabry—Pérot interferometer consists of a resonating cavity formed between two
mirrors and an optically transparent medium between them, as shown in (Figure
2.1). Part of the light incident on the mirror gets reflected repeatedly between the
two mirrors, thus forming a resonator. The Fabry-Perot ultrasound detector is con-
structed by depositing two mirrors on the tip of an optical fiber, with a waveguided
polymer layer in between. This resonator has a certain interferometer transfer func-
tion (ITF) with resonances at all wavelengths of interrogation laser light such that
the integral multiple of the effective half-wavelength is equal to the device thickness.

When an acoustic wave is incident on this resonator, the thickness of the resonator,
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Figure 2.1: Fabry—Pérot ultrasound detector: (a) structure of the device showing NIR,
wavelength interrogation and (b) shift in resonance upon ultrasound detection.

and therefore, its interferometer transfer function, changes.

To operate the device as an ultrasound detector, the interrogation laser is tuned to a
wavelength corresponding to the maximum slope of the ITF. When the acoustic pulse
hits the resonator, the ITF shifts, causing either increased or decreased reflection at
the tuned wavelength depending on the polarity of the acoustic pulse. Thus, over the
duration of the pulse, the reflected light from the resonator fluctuates in a manner
corresponding to the acoustic pulse. This fluctuation in reflected interrogation light

is recorded as the optically detected ultrasound pulse.

The Interferometer Transfer Function(ITF)

The ITF can be expressed by the Airy function. The reflected intensity of the res-

onator I can be written as

1
(2F /m)2sin?(¢/2)

Ir = [0(1 - )7 (21>

where

6= (22)
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where [ is the incident intensity of light of wavelength A, n is the refractive index of
the medium, [ is the resonator cavity length. F' is the finesse, which can be defined

by

W@(faT‘l/2)

F =T

(2.3)

where «, is the energy loss coefficient of the cavity.

Energy losses in the cavity result, most significantly, from imperfect reflection of
the mirrors, or from absorption/scattering within the resonator medium. In the case

where these two losses are predominant,

1 1
o, = o, + —1In

2l RiR,

(2.4)

where « is the absorption/scattering coefficient and R; and R, are the reflectivities
of the two mirrors(a value between 0 and 1). Therefore, combining the previous two

equations and setting a; = 0,

1/4
F— m(Bafy) 7 (2.5)
1—vVRiRy

and when R; = Ry = R, the finesse reaches its maximum attainable value given by

™R
F= (2.6)

2.1.1 Mechanisms of Loss

There are three mechanisms by which there could be a loss of power in the resonator.
1. Absorption losses within the resonator medium.
2. Non-ideal reflection at the mirrors of the resonator, and

3. Lateral losses resulting from multiple reflections at non-normal incidence (beam
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walk-away effect)

As seen above, the reflectivities of the mirrors of the resonator as well as the scatter-
ing/absorption of the medium affect the resonator finesse. In the work presented in
this thesis, gold mirrors of 30 nm thickness have been used for ease of fabrication and
to verify the performance improvement upon including a waveguide. However, these
gold mirrors only offer about 95% reflectivity. This could be significantly improved by
using dielectric mirrors, which offer reflectivities upto 99.9%. This is further discussed

in Chapter 5. The following section addresses the third loss mechanism.

Effect of Waveguide

For an ideal resonator, both resonator mirrors are unconfined and perfectly reflecting,
and no power is lost during the round trip. However, for a practical resonator with
small mirror areas, lateral losses due to multiple reflections at non-normal incidence
become significant[62]. These losses reduce the overall energy of the interferometer,
which is equivalent to reduced reflectivity of the mirrors, and also cause phase dis-
persion due to increased path lengths. Therefore, the Q-factor of the resonator is

significantly reduced.

In an optical resonator such as a Fabry-Perot cavity, these diffraction losses can be
restricted by matching the shape of the wave-front to that of the mirror. There are
two approaches to this: The first is to modify the shape of the mirror to exactly match
the wave-front of the light, while the second approach is to restrict the light within
the resonator to have a flat wavefront, while keeping the mirrors flat and parallel. In
either case, the emergent wavefront matches the mirror in shape, leading to efficient

recoupling of light, thus reducing losses.

In [54], the authors employ the approach of first approach; they demonstrate a

plano-concave fiber ultrasound detector with impressive sensitivity (NEP=10 Pa over
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20 MHz bandwidth). This device has a cavity thickness of 16 um. Its high sensitivity
is attained by a concave top mirror that is designed to match the curvature of the
wavefront of the resonating optical field in the cavity. In this work, we explore the
second approach where instead of matching the mirror to the shape of the wavefront,
we change the wavefront to be flat and thus matched to a flat top mirror. To do that
our cavity design includes a vertical waveguide that results with guided modes having

flat wavefront.

Avoiding concave mirrors in the cavity has some practical advantages. The pro-
posed fabrication method provides ease of reliable and consistent large-scale fabrica-
tion. Additionally, cavity thickness (and bandwidth) are independent of the lateral
dimensions of the device. The fabrication techniques utilized in this work can be
employed to scale the device to any desired thickness facilitating detection of higher
frequencies. In the case of the plano-concave device [54], changing the device thick-
ness while keeping the optimum mirror curvature would mean changing its width as
well. Moreover, the method presented here is more suitable for the design of detector
arrays using a fiber bundle. The sensitivity of the device reported herein is, how-
ever, significantly lower. We have measured an NEP of 350 Pa over a bandwidth of
25 MHz (see chapter 5). The lower sensitivity is mostly attributed to the fact that
metallic mirrors were used in our design whereas dielectric mirrors were used in the
plano-concave micro-resonator device. The potential improvement in the sensitivity
of our devices upon incorporating dielectric mirrors is addressed in the end of chapter

d.

2.1.2 Performance Metrics

This section defines several parameters used to evaluate the performance of the all-

optical ultrasound detectors.
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Free Spectral Range

The Free Spectral Range or FSR of an optical resonator is the inverse of the round

trip time (or delay) of an optical pulse. It is defined as

Av = ¢

= — 2.7
where Av is the FSR in Hz, c is the velocity of light, n, is the group index of the
resonator medium and L is the resonator length. The FSR can therefore be used as

a measure of the resonator length.

Finesse

The finesse of an optical resonator cavity is defined as its FSR divided by the full
width at half-maximum (FWHM) bandwidth of its resonances. Resonator Finesse is

dependent on cavity losses but independent of the resonator length.

_AV

==
ov’

Q-Factor

The Q-factor of a resonator is a measure of the strength of the damping of its os-
cillations. For an optical resonator, it can be defined as the ratio of the resonance

frequency to the Full-Width at Half-Maximum bandwidth of the resonator.

1y

Alternatively, the Q factor is 27 times the ratio of the stored energy to the energy
dissipated per oscillation cycle. Energy can be dissipated in one of many mechanisms
of loss, discussed in the next section. These include absorption and scattering losses

in the polymer medium of the resonator, as well as losses at the mirrors themselves.
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The Q-factor rises as the resonator length increases, as this results in the decrease
of optical losses per round trip. Very high Q resonators can be achieved by using

dielectric mirrors with reflectivity >99.5%.

Visibility
Fringe visibility is defined in terms of the observed maximum and minimum intensi-

ties, and is defined as

I — Li
Vo= e Tmn 210
]max +]min’ ( )

Visibility of the interference fringes determine the amplitude of the acoustic pulse

that can be detected without saturating the sensor.

Noise Equivalent Pressure

Noise Equivalent Pressure, or NEP, is the minimum detectable pressure over a certain
range of frequencies (acoustic detection bandwidth) and serves as a measure of the
sensitivity of an acoustic detector. The NEP of a Fabry-Perot ultrasound detector

improves with the finesse of the optical resonator. It can be defined as

[4qB A Y
Pacmin - IR 2.11
271,S Fn 1 ( )

where B is the acoustic bandwidth, ¢ is the electronic charge, A is the optical wave-

length, F'is the resonator finesse, Y is the Young’s modulus of the resonator medium,
n is the refractive index, S is the sensitivity of the photodetector and I is the incident

optical intensity.

While it is desirable to have the acoustic sensitivity of a detector be as high as
possible (NEP as low as possible), it is worthwhile to consider the acoustic noise

floor, beyond which an increase in sensitivity will not be reflected in the detected
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signal. A good approximation of the noise inherent to a fluid medium may be made
by using the generalized approach used by Callen and Welton [63]. This paper relates
the presence of acoustic radiation impedance in a medium to acoustic perturbations
caused by its thermodynamic properties. Using the high temperature approximation

in the paper, the mean square pressure can be expressed as
2 L 5 wey
< P?>= gm ¢ pkgT wdw, (2.12)
0

where w, is the bandwidth, p is the density of the medium, kg is the Boltzmann
constant, T is the absolute temperature, and ¢ is the velocity of sound in the medium.

Integrating, we obtain
B pkpTw?

< P?>
672c

(2.13)

and taking the square root give us the acoustic noise floor in Pa. For a 40MHz
bandwidth, which is reasonable for photoacoustic detection, this is about 25 Pa.
Therefore, it is reasonable to say that, for this detection bandwidth, an NEP of 25

Pa is a sufficient target.

2.2 Single-Mode Waveguide

As explained above, our device incorporates a vertical waveguide within the resonator
cavity to restrict lateral losses. The propagation along this waveguide can be described
in terms of a set of guided electromagnetic waves, or modes, of the waveguide. Each
guided mode is a pattern of electric and magnetic distributions that is repeated along
the axis at equal intervals. Only a certain number of modes are capable of propagating

along a waveguide, and this number is given by

M =V?/2 (2.14)
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for large values of V, where
2ma

is the V-number or V-parameter. a is the radius of the core of the waveguide, NA is

the numerical aperture given by

NA = V n12 - n22 (216)

where n; and ny are the refractive indices of the core and cladding, respectively.

For values of V below 2.405, there is only one guided mode supported by the fiber.
This single mode operation is desirable for high sensitivity operation of the ultrasound
detector. Thus, the materials chosen to fabricate the polymer waveguide will need to
have a refractive index difference that satisfies the condition for single-mode operation.

For monochromatic waves of frequency w, a mode traveling along the z axis is
given by

el Wt=F2) (2.17)

where [ is the z component of the wave propagation constant K = 27 /\. [ can
only take specific discrete values for guided modes, as the mode field must satisfy
Maxwell’s equations as well as the boundary conditions at the core-cladding interface

of the waveguide. A mode remains guided as long as

2.3 Fiber Fabry-Perot resonator with Waveguide

The novelty of this work lies in demonstrating an alternative approach to the design

of a small size, high Q-factor, polymer fiber Fabry-Perot resonator. The design in-
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corporates a waveguide in a Fabry-Perot cavity to control diffraction losses. The new
fabrication method allows for self-aligned polymer waveguide construction on a tip of a
single-mode optical fiber facilitating seamless integration of detector and signal trans-
mission fiber. In previous work, our lab has demonstrated the utility of waveguides in
improving the Q-factor of Fabry-Perot resonators, but the devices were built on large
glass wafer substrates and all of the instrumentation employed free space optics [64].
In this work, we present a method to achieve high Q-factor Fabry-Perot resonators by
creating straight, self-aligned polymer waveguides on fiber substrates[65][66]. Subse-
quently, the use of this method to fabricate and characterize waveguided Fabry-Perot
resonators for ultrasound detection is presented, demonstrating the improvement of
waveguided Fabry-Perot resonators over those without waveguides. Optical charac-
terization results from both devices are presented, highlighting the improved Q-factor
in the waveguided case, followed by acoustic characterization to demonstrate that im-

proved optical Q-factor leads to improved acoustic sensitivity.
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Chapter 3

Simulation Studies

This chapter comprises the simulation studies done toward modelling the waveg-
uided fiber Fabry-Perot resonator, and predicting its optical behavior. The optical
simulation software tool used to perform these simulations is the RSoft Photonics
Design Suite. ModePROP™ is an eigenmode expansion propagation tool within the
RSoft Suite(ModePROP, Synopsys’” RSoft) that accounts for both forward and back-
ward propagation and radiation modes. It provides a rigorous steady-state solution
to Maxwell’s equations that is based on the highly-stable Modal Transmission Line
Theory[67]. The models were designed on the RSoft CAD environment, which inte-
grates with the ModePROP tool. All the devices simulated have been modeled using

ModePROP to have cylindrical symmetry.

3.1 Simulation Studies

As described in the previous section, the device will consist of a resonating cavity
between two mirrors. Because of its influence on sensitivity, the Q-factor of the res-
onator is one of the most important design criteria around which the device would be
optimized. Considering the structure of the device, it was important to account for

the following effects that negatively impact the Q-factor of the resonator:
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(a) The beam broadens as it propagates within the cavity, which causes non-normal
incidence on the second mirror, and in all subsequent reflections. Due to these suc-
cessive reflections between the mirror at non-normal incidence, there is a loss in the
power coupled back into the fiber core, i.e., power losses in the lateral direction.

(b) Any loss of energy due to imperfect mirror reflection is exacerbated because of
the multiple successive reflections occurring within the cavity. Therefore, prior to
fabricating the device, simulation studies were carried out on the Rsoft Design Suite
software with the view to understand the impact of these losses on Q-factor and the

best device design for minimizing them.

3.1.1 Waveguide to Address Diffraction Losses

In order to visually demonstrate the efficacy of a waveguide in restricting beam walk
off upon transmission over a distance corresponding to several round trips, a simula-
tion study was set up. This simulation has been performed over a thickness of 1000
pm even though the envisaged final device thickness is only about 20 pum in order
to understand and compare the beam divergence for the two cases that would result
after multiple round trips within the resonator. The refractive index of the material
within the cavity was set to 1.5 (comparable to glass). The optical field in the poly-
mer was studied to understand the distribution of energy. As seen in Figure (a),
the near-infrared (NIR) field spreads in the polymer to a diameter of around 100 pgm
at an axial distance of 800 pum from the source. A second simulation was done to
evaluate the effectiveness of including the waveguide in containing the field distribu-
tion. This was done by selectively modifying the refractive index of the waveguide to
mimic the core and cladding of the fiber (1.506 and 1.500, respectively). The results
of this simulation are seen in Figure (b) Without a waveguide, there is significant
lateral loss in power over a transmission of 1000 ym. In the case of the device with

waveguide, for a distance of 1000 pm (25 round trips for a 20 pum-thick device), the
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power is still restricted within the 9 pum core, proving the efficacy of the waveguide

in reducing lateral losses.

Power distribution without waveguide Power distribution with waveguide
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Figure 3.1: Simulation results showing power distribution in dB for Fabry—Pérot
interferometer devices (a) without a waveguide and (b) with waveguide.

A subsequent simulation of the full device with real dimensions is presented in
Figure [3.2] which shows a quantitative confirmation of the same effect via improve-
ment in Q-factor. The values of the refractive indices assigned to the waveguide and
surrounding portions of the polymer were 1.506 and 1.500, respectively. A 45-pum
cavity was simulated between two gold mirrors of 30-nm thickness with and without
a waveguide. The corresponding optical resonances confirm that the Q-factor was
seen to improve significantly—from 1853.33 without a waveguide to 3173.04 after in-

cluding a waveguide.

Since beam divergence increases with higher thickness, it was expected that the
improvement with including a waveguide would be more drastic for thicker devices.
To confirm this, a study was done comparing the improvement with the introduction
of a waveguide for three different Fabry—Pérot interferometer thicknesses, 20, 45, and

80 pm. These thicknesses correspond to FSR of 40, 17, and 10 nm, respectively. As
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Figure 3.2: Improvement in Q-factor of the resonator upon introduction of waveguide.

Device thickness (pm) 80 45 20
Change in Q-Factor 3034 to 4779 | 1853 to 3173 | 1301 to 1403

Table 3.1: Improvement in Q-factor upon the introduction of the waveguide for dif-
ferent thicknesses.

expected, the improvement in Q-Factor with the presence of a waveguide is seen to
increase with cavity thickness Figure [3.3] The improvement in Q-factor upon the
introduction of the waveguide was highest for the 80-ym device, from 3034.01 to
4779.94. In the case of the 45-um device, the improvement was reduced, and the
Q-factor changed from 1853.33 to 3173.04. The least improvement, from 1301.04 to
1403.46, was observed in the case of the 20-um device. These simulations served as a
confirmation that a self-aligned waveguide would provide significant improvement to

the Q-factor of the device [3.1]

3.1.2 Effect of Mirror Reflectivity

In the work discussed in the previous section, the mirrors for the resonating cavity
were 30-nm gold layers. Gold was chosen as a mirror for the preliminary design be-
cause of the ease of fabrication, sufficient reflectivity at NIR wavelengths (~ 95%)
used for interrogation of the cavity, and poor reflectivity at UV wavelengths, which

need to penetrate the gold layer to cure the epoxy—the optical medium of the res-
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(a) Improvement in Q-factor with Waveguide - 20 micron device
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Figure 3.3: The improvement of Q-Factor with the presence of a waveguide for dif-
ferent cavity thicknesses.
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onator. However, since there are multiple successive reflections, there is significant
energy lost from the cavity even with 95% reflectivity offered by the gold mirrors.
Since the finesse, and therefore, the Q-factor of the resonator depend on mirror re-
flectivity, [68] the Q-factor for devices with gold mirrors was not very high. This can
be improved using dielectric Bragg mirrors instead.

Dielectric mirrors consist of multiple thin layers of (usually two) different transparent
optical materials and offer very high reflectivity (above 99%) because the reflections
from the multiple interfaces constructively interfere. Bragg mirrors comprise several
dielectric layers, each of which has a thickness equal to quarter of the design wave-
length. This design leads to the highest possible reflectivity for a given number of
layer pairs and given materials. Tadayon et al., in [64], used similar Bragg mirrors
in their Fabry—Pérot interferometer in large size multimode devices, consisting of
eight quarter-wavelength layers of titanium dioxide (n = 2.19) and seven quarter-
wavelength layers of silicon dioxide (n = 1.46), designed for high reflectivity at 1550
nm.

A 45-pum thick cavity simulated using this design showed an improved Q-factor of
7855.96 as compared to 2095.32 with gold mirrors, as seen in Figure [3.4, Including
a waveguide structure in addition to the dielectric mirrors further improved the Q-
factor of the device to 10827.66. This is especially significant as it implies that high
Q-factors may be achieved even at lower thicknesses, which allows for greater acoustic

bandwidths.

3.1.3 Planar Versus Plano Concave Simulation Models

The planar structure described in sections 3.1.1 and 3.1.2 provides a simplified model
to test the improvement in Q-factor upon the inclusion of a waveguide. However,
this does not accurately describe the structure fabricated on the tip of a single-mode

fiber. Dip-coating of the epoxy would result in a plano-concave structure due to

29



Reflected Intensity

Comparison of the four different Device Configurations
I I I I I I I
l —
-----_,-_-_-.-_-.-.'.-_-uuuuuuuuuu.uuul-u--w——'f.'.'-Ti_’-\'—L_----.\ sammmsEmEEEREdEEEEEENE TETLTTED
- an b, ' ““ P {ul ”—_—-
'.‘. l l :.0 ‘l
sy s \ /
% - i ’
0.8 - 4y . :
i bod
I e
B [
- : 1 I
bekE  [msmemm Gold Mirrors, No Waveguide l ¥ ! ! B
’ = = === Gold Mirrors, With Waveguide 11
== == Dielectric Mirrors, No Waveguide i l'
Diclectric Mirrors, With Waveguide i ;
]
u
04 / .
0.2 - n
0 ! ! ! I ! ! I !
1:56 1.562 1.564 1.566 1.568 1.57 1.572 1.574 1.576 1.578 1.58
Wavelength (nm)
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surface tension holding the epoxy on the fiber tip surface. In order to accurately
model this and understand the effect of cavity shape on the device performance, the
planar simulation model was studied in comparison to plano-concave structures. The
largest contact angle possible for a planoconcave device would be 90°, resulting in a
hemispherical drop. For lower contact angles, a gentler curvature on the droplet can
be expected. Figure |3.5 shows a comparison of the optical characteristics of planar
and hemispherical devices plotted alongside the focused plano-concave cavity created
with the dimensions of the device presented by Guggenheim et al[54]. The total height
of the planar and hemispherical devices was kept the same for a fair comparison.

The hemispherical device showed a negligible Q-factor of 387.18 (finesse of 3.22)
in comparison to the planar cavity with Q-factor of 3123.17 and finesse of 26.23 for
the planar device. This difference is because the hemispherical cavity is unable to
focus light effectively back into the fiber cavity. The focused plano-concave model,
on the other hand, can do so most effectively as its curvature exactly matches the
emerging wave front. This approach has been used to improve finesse by a factor of 4
as compared to planar devices|69]. An important difference in our approach, however,
is the presence of a waveguide— implying a flat wave front as opposed to the divergent
beam that would be present in a device without a waveguide. This dictates that we
require the second mirror to be as flat and parallel to the first mirror as possible for
optimal performance. In order to understand the effect of the device curvature in the
case of waveguided devices, a second set of simulations was performed, comparing
waveguided hemispherical and planar cavities, presented in Figure |3.6

As expected, the performance of the planar cavity surpassed that of the hemi-
spherical cavity as the flat second mirror is better suited to reflect the plane wave

front that emerges from the waveguide.
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Figure 3.5: Comparison of characteristic curves of (a) planar, (b) hemispherical, and
(c) focusing resonator structures.
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Figure 3.6: Characteristic curves of hemispherical and planar waveguided cavities
illustrate the importance of having a flat mirror for waveguided cavities.
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3.1.4 Plano-Concave Resonators with Gentle Curvature Ap-

proaching Flat Mirrors: the Fiber-Ferrule Device

Although it is possible to control the curvature of the concave second mirror to an
extent using epoxies with different contact angles, it is difficult to achieve the flat par-
allel resonator structure required for optimal performance of the waveguided device
on a bare fiber. One way to achieve this is to insert the fiber into a ferrule and use
the larger surface area to deposit a flat parallel mirror. This approach was evaluated
through simulations using a model based on dimensions resulting from experimental
measurements of dip-coating using a fiber-ferrule assembly (described in Chapter 4).
The distance between the tip of the pillar and the second mirror can be varied de-
pending on how far beyond the surface of the ferrule the fiber is placed and secured.
To determine to what extent this positioning might affect the device Q-factor, and
therefore, the tolerance on the position of the fiber with respect to the ferrule, a set of
simulation models were designed to scale (for the portion of the device demarcated in
Figure using the contact angle of 37° from the experiment described in Chapter

4, and the ferrule surface of diameter 1.8 mm.

As shown in Figure [3.7], it is observed that the distance between the tip of the
fiber and the second mirror significantly affects the Q-factor. The Q-factor for the
device without a waveguide was 1558.30 (finesse 14.11), and those of the devices with
waveguides that were 75%, 85%, 95%, and 100% of the total height of the device
were 3113.59 (finesse 26.20), 3916.51 (finesse 32.22), 5255.45 (finesse of 39.79), and
5205.40 (finesse 40.40), respectively. From this study, it was inferred that the fiber
must be positioned above the ferrule at a position such that the waveguide structure
is at least 90% of the total device height. Running this test also provides us with the
best estimate for the Q-factor of a device fabricated using this approach. As discussed

in Chapter 5(Figure [5.10)), dielectric mirrors in place of the gold mirrors used would
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result in a significantly higher Q-factor.

These simulation studies served to highlight the importance of having flat and parallel
mirrors for resonators with waveguides. The following chapters explore the fabrication
methods employed to achieve this design, and the characterization of the resulting

devices.
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Chapter 4

Toward a highly sensitive polymer
waveguide fiber Fabry—Pérot

ultrasound detector

This chapter describes the material and mechanical design considerations for the
fabrication of the fiber Fabry-Perot ultrasound detector. Different photo-sensitive
polymers were evaluated for their use as the material to create the resonator waveg-
uide, followed by the construction of an encapsulated waveguide device to study the
optical performance of the device. The content of this chapter was published as a
research article in the Journal of Biomedical Optics by Thathachary and Ashkenazi
[66]

4.1 Self-Aligned Polymer Waveguides

Polymers are a natural choice as the resonator medium for the ultrasound detector
since they have a lower Young’s modulus than glass. In order the create a single
mode polymer waveguide within the body of the resonator, it is necessary to generate

a step refractive index profile, with the waveguiding core having a higher refractive

37



index. This can be achieved by using photo-polymers whose refractive indices can be
changed, typically by exposure to UV wavelengths. Additionally, for ease of fabrica-
tion it is convenient to write the waveguide by illuminating from the back end of the
fiber. This would result in self-aligned waveguides - a simpler alternative to align-
ment and illumination from the front. Thus, desirable properties of the polymer are
tunable refractive index, good absorption at UV wavelengths and transparency at the
NIR wavelengths used for interrogation. In the following sections, the experiments

done to evaluate two photo-polymer types are described.

4.1.1 Benzo-Cyclo-Butene Waveguide devices

Since it was determined that our design for the device would involve creating a waveg-
uide structure within the cavity of the resonator, it was imperative to identify a photo-
sensitive polymer that would allow modification of refractive index upon appropriate
exposure. A survey of literature led to the choice of the polymer Benzocyclobutene,
or BCB, which undergoes a change in refractive index upon exposure to UV, as sug-
gested by Liang-Yin Chen et all [70]. The advantage of this polymer is that it is
cured by heat, and therefore is solid while writing the waveguide onto it using UV.
Thus, by exposing the fiber resonator to UV from the back end, it would be possible

to write a self-aligned single mode waveguide into the cavity.

Refractive Index Change in BCB

To determine the extent of refractive index change that could be induced in BCB upon
exposure to UV, a polymer square wave phase grating was designed. The fabrication
of this grating involved spinning the Polymer (BCB-46) to a thickness of 5 um onto a
1-inch circular glass wafer and curing at 500°F for 1 hour. Subsequently, the square
wave grating was written onto the polymer by exposing the cured polymer film to

a 355 nm UV pulsed laser (for 45 minutes at 0.5 pW, 1000 Hz) through a mask.
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The mask had a square wave pattern of periodicity 10 pym (50% duty cycle) written
onto it. The exposed areas undergo a change in refractive index, and to estimate the
value of this change in refractive index, An, the phase grating was illuminated with
a 655 nm red laser, and the intensity of the various diffracted modes was measured.
Diffraction efficiency of the nth mode is defined as the ratio of incident intensity to
the intensity of the n* mode. Using the expression derived for diffraction efficiency

for the first mode of a square wave phase grating:

= %(1 _ cos(Ag)), (4.1)

the change in phase, A® ,was found to be 0.1627 radian. The corresponding change

in refractive index, An, was 3.392 x 1073,

A — ?An, (4.2)

where t=thickness of the BCB layer (5 pum), and A= readout wavelength (655 nm).
Since the refractive index difference between core and cladding in an optical fiber is
comparable to this number (Single mode fiber SM980-5.8-125 from Thor Labs Inc.
has index difference of 0.006 between core and cladding), it was concluded that the
refractive index change to be induced in the BCB layer for wave guiding could be
achieved by using the 355 nm laser. To understand how this induced refractive index
change, An, varies with increase in exposure time to UV, the above experiment was
repeated with 4 different samples, exposed for 1 hour, 2 hours, 3 hours and 4 hours
respectively. The results from this experiment are summarized in the table {.Ibelow.

The above test confirmed that the exposure would have to be around 2 hours
to induce a refractive index change of about 4x1073. In order to achieve the same
refractive index change on the fiber optic device, exposure time was expected to vary

because (i) the amount of UV energy that can be coupled into the fiber would affect
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Exposure time (hours) 1 2 3 4
Delta-n(x 0.001) 3.796 | 3.996 | 7.380 | 7.629

Table 4.1: Variation of induced Refractive Index change in BCB with exposure time

the process, and (ii) the exposure to UV for the fiber optic device would be done
through a single Gold mirror and reflection/absorption by this layer would have to

be taken into account.

Mask (periodicity 10 pm) Glass wafer

\ / 1- inch
Phase grating [ N Diameter
writing process UV Laser 355nm ‘(:l

UV Beam

5 um BCB-46

Figure 4.1: Writing a phase grating to determine the grating efficiency, and thus
refractive index change, in Benzo-Cyclo-Butene photosensitive polymer

Figure 4.2: Read-out pattern using a 655 nm wavelength red laser: Diffraction effi-

ciency of the grating was used to determine the refractive index change induced in
BCB.

Fiber Device Fabrication

A single mode optical fiber with 9um core, 125 pm cladding and a coating of Polyimide

for protection against high temperatures was chosen as the base for the device. This
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fiber was then inserted into a glass ferrule of 1.8mm diameter to increase the surface
area for ease of fabrication. The fiber-ferrule assembly was then polished on polishing
paper of various grain sizes so as to have a perfectly smooth surface on which to
construct the transducer. A fabry-perot resonator was then constructed on this fiber
substrate. The mirrors of the cavity were Gold films 30 nm thick, deposited using
electron beam evaporation. A 70 pm layer of the BCB polymer was then sprayed on
the first mirror using an air brush. The four factors which determine the thickness
include the concentration of the polymer solution, distance of the sample from the
tip of the airbrush, the pressure of the gas used and the duration of the spray coating
procedure. The device was then tested for optical resonances using a fiber circulator
and a tunable NIR laser source with a wavelength range of 1510-1640 nm. Resonance
was observed, with a free spectral range (FSR) of 11.5 nm, as seen in the blue curve
in [4.4, The device was then exposed to UV via the fiber connector as shown in [4.3
in order to write the self-aligned waveguide and the resonance retaken as seen in the

red curve in [4.4]

Selective refractive

Fiber cladding /\ — index change
\ above fiber core

Fiber core_ | ™ D
\ —
Fabry-Perot Device

FC/APC connector

(]
UV Laser <I \ SM Fiber

UV Beam

Figure 4.3: Setup used to write the self-aligned waveguide into the BCB layer of the
fiber Fabry-Perot device.



Optical Characterization

Effect of waveguide on device Q-Factor
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Figure 4.4: Resonance measured for the prototype, showing the increase in Q-factor
from exposure of 4 hours to 12 hours. The device is seen to have a FSR of 11.5 nm,
which corresponds to thickness of around 70 pm.

While there did appear to be improvement in the Q-factor after writing the waveg-
uide, this improvement did not appear to be consistent with simulation studies. We
hypothesized that this was due to the extinction of UV light within the thick BCB
layer. To confirm this, a transmission measurement was made of 355 nm UV light
through a 5 yum BCB layer deposited on a glass slide. It was observed that the inci-
dent intensity dropped to 30% of its value after passing through this layer. By using
the equation

I = Ipe™, (4.3)

it was confirmed that the absorption coefficient was around 240000 m !

, where I is
the transmitted intensity, I is the incident intensity, « is the absorption coefficient
and [ is the thickness of the layer, in this case 5 pm. The penetration depth, therefore,

is around 4 pum. Therefore, the penetration depth for 355 nm was not enough to write

into the entire >20 pm thick device in a single step.
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This problem could be overcome by either altering the concentration of the BCB
by diluting it with an appropriate solvent, or by building the device and writing the
waveguide in steps, where each layer was a sufficiently small thicness for the 355 nm
to penetrate. While it is possible to pursue these directions, an alternative method

using optical epoxies was found to work more suitable, as described below.

4.1.2 Optical Epoxy Waveguides

Another method to create polymer waveguides in the fiber was to use two different
polymers, one for the core and one for the cladding, and complete the fabrication
in two steps. For this, the polymers would need to have different refractive indices.
This option was explored using optical epoxies from Norland Inc. Writing self-aligned
waveguides was possible using these epoxies as they solidify upon exposure to UV light

and thus the light dictates the shape of the pillar formed.

Fiber Device Fabrication

The first iteration of devices fabricated consisted of planoconcave Fabry—Pérot inter-
ferometers constructed on singlemode optical fibers 125-um diameter. The following
steps were followed for fabrication, as presented in our earlier work:[66]

1. The single-mode optical fiber substrate with 9-pum core and 125-pum cladding was
stripped and cleaved to produce an optically smooth surface.
2. A 30-nm gold layer was deposited on the polished surface by e-beam evaporation,
forming the first mirror of the resonator, as shown in Figure [4.5a).

3. The gold-coated fiber tip was then dipped into a vial of UV curable epoxy Norland
Optical Adhesive (NOA) 81 having refractive index 1.56. The speed of immersion and
retraction as well as the depth of immersion were controlled so as to obtain a droplet

on the fiber tip, as shown in Figure (b) 4. The droplet was exposed to a UV lamp
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fiber
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% NOA 81 by volume
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125 pum
fiber
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125 pm 125 pum
-
fiber fiber
(e) <— Gold Mirror

9 um core —p|

125 pum
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Figure 4.5: Fabrication steps for fiber device: (a) first mirror deposited on fiber, (b)
dip coating in waveguide epoxy, (c) pillar obtained by selective curing, (d) dip coating
in cladding epoxy, and (e) deposition of second mirror.
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(Omnicure S1000) having wavelength range of 320 to 500 nm. The exposure was
done through the fiber connector, thus selectively curing only the portion of epoxy
directly above the core. The fiber tip, along with the partially cured droplet, was
then washed in acetone, resulting in an epoxy pillar as pictured in Figure (c) A
microscope image of the same is seen in Figure (a).

5. A mixture of epoxies NOA 85 and NOA 81 was made choosing the rations of the
two polymers to achieve an effective refractive index 1.556. The fiber tip containing
the pillar was then dipped in this mixture to create the cladding of the device, as
seen in Figure [4.5(d).

6. This cladding was flood exposed to UV from the front side, thus curing the entire
droplet, with the pillar of higher refractive index embedded at its center. A second
30-nm gold layer was then deposited, completing the resonator, as seen in Figure
4.5e). A microscope image of the completed device is seen in Figure [4.6]b).

As seen in Figure 4.6[a), the wave-guiding pillar was not straight and flat as desired
but rather had an irregularly shaped tip, which would adversely affect the perfor-
mance of the device by distorting the emerging wave front. Experiments conducted
to further understand the cause for this are presented in subsequent sections. The
completed device was then tested for optical resonance and the results are presented

below.

Fiber Device Characterization

The completed device was then tested for optical resonance on a tunable NIR laser
of wavelength range 1510 to 1640 nm via a fiber circulator. Results are as shown in
Figurel|d.7l The top graph shows results obtained on a device manufactured without a
waveguide. In this case, the FSR is 2386 GHz. This corresponds to a droplet height of
40.29 pm. The Q-factor and finesse of this device were found to be 5139.80 and 62.79,

respectively. The bottom graph shows the improved sensitivity in a device fabricated
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Figure 4.6: Microscope images of the device (a) after fabrication of the wave-guiding
pillar and (b) after the dip-coating of the surrounding epoxy.

including a waveguide. In this case, the Q-factor and finesse are calculated to be
7728.50 and 93.94, respectively. In addition to optical testing, the device without
waveguide was also tested for acoustic sensitivity. For this, a protective conformal
Parylene coating of 2 ym was deposited on the device. An Olympus NDT transducer
of 25 MHz with a focus at 1”7 distance was used as a transmitter. After characterizing
the pressure using an ONDA Hydrophone, as seen in Figure [4.8] the hydrophone
was replaced with the fiber optic sensor and pressure measurements taken, as seen in
Figure{d.9, The NEP estimated was 21.85 kPA. Several factors could contribute to this
high value of NEP value, such as noise introduced by the photodetector used (FPD
510, Menlo Systems), and outdated calibration data for the Hydrophone. Future
work planned includes experiments to investigate and eliminate these noise sources.

Although the optical characteristics showed a slight increase in the case of the
device with waveguide, the sensitivity, and therefore NEP, of these devices could be
vastly improved by addressing the non-ideal shape of the pillar. Methods to do so

are described in the following sections.
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Figure 4.7: Characteristic curves of the device (top) without waveguide and (bottom)
with waveguide. Encircled points represent the resonant peaks.
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Calibration

Figure 4.8: Measurement of the acoustic output of the commercial transducer using
the calibrated Hydrophone

Fiber-Ferrule Device Fabrication

The Q-factor, and therefore sensitivity, of the interferometer increases with greater
thicknesses as seen in Figure [3.3] However, it is also desirable to have a thin device
in order to improve the sensing bandwidth, leading to a trade-off between these
parameters for an optimal design of the ultrasound detector. Additionally, the surface
tension of the concave droplet on the fiber tip would not allow the second mirror of
the resonator to be parallel to the first, and the resonator would have to be a certain
thickness dictated by the shape of the concave droplet. To fabricate resonator mirrors
that are as flat and parallel to each other as possible, a method is proposed that
employs a glass ferrule to hold the fiber. This increases the surface area available for
dip coating of the cladding and thus offers control over the curvature of the cladding
and the second mirror. Additionally, the thickness can also be scaled as required. This

process was developed to obtain the dimensions for the model presented in Figure
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Figure 4.9: Characterization of the acoustic performance of the fiber device

3.7 as well as to confirm the feasibility of depositing mirrors with gentler curvature
than a hemispherical droplet.

Figure [£.10] shows the fabrication method proposed. First the 125-um bare fiber is
inserted into a glass ferrule with inner diameter 125 ym and outer diameter 1.8 mm
and secured using UV-cured epoxy. The fiber surface is above the ferrule surface
as shown in Figure (a). Thereafter, the first mirror is deposited using e-beam
evaporation. The gold-coated fiber tip is then dipped into the high-refractive index
epoxy used to manufacture the waveguiding pillar resulting in a droplet as shown
in Figure 4.10(b). The dipped fiber is then exposed to 405-nm UV light through
the back connector, and then washed in acetone to remove the uncured epoxy. This
results in the waveguiding pillar as depicted in Figure M(c) To form the cladding,
the combination is dipped into the cladding epoxy to the level of the ferrule, as shown
in Figure d). This results in a droplet with a certain contact angle, depending

on the epoxy. As an example, the ferrule shown in Figure (b) resulted in a
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contact angle of 37 deg when dipped in epoxy stereolithography (SLA) 3-D printer
resin. Since this curve is spread over a relatively large area of diameter 1.8 mm as
compared to the 125-um diameter of the fiber, the portion of the mirror above the
fiber is almost parallel to the first mirror—meeting this important requirement for

the waveguide device as described above.

(a) “*—Gold Mirror (b) /\ (C) = SR

9 um core > 9 pum core > 9 pm core P
125 pm 125 pm 125 pm
fiber fiber fiber
44— 1.8 mm ferrule > < 1.8 mm ferrule —» 4——— 1.8 mm ferrule ——»

(d) Waveguide _/\ (e) “—=Gold Mirror

9 um core 3 9 um core ==
125 pm 125 pm
- —
fiber fiber
<+— 1.8 mm ferrule b < 1.8 mm ferrule ——»

Figure 4.10: Fabrication process proposed for fiber-ferrule devices: (a) first mirror
deposited on fiber affixed to ferrule, (b) dip coating in waveguide epoxy, (c) pillar
obtained by selective curing, (d) dip coating in cladding epoxy, and (e) deposition of
second mirror.

As seen in Figure M(d), the distance between the tip of the pillar and the second
mirror can be varied depending on how far beyond the surface of the ferrule the fiber
is placed and secured. As shown in Figure[3.7] it is observed that the distance between
the tip of the fiber and the second mirror significantly affects the Q-factor.

Since the goal is to fabricate this device at the smallest possible size scale, it would be

desirable to separate the fiber from the ferrule once the device has been completed.
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Figure 4.11: Fiber-ferrule assembly highlighting (a) the simulated section and (b) a
photograph of the same used for contact angle estimation.

There are several ways this can be done:

1. The device can be made on a double clad fiber inserted into the ferrule. In this
case, the cladding of the device can be selectively cured using the outer cladding of
the fiber, allowing the use of the ferrule to achieve the desired contact angle but still
separate the device after fabrication.

2. The portion of the device directly above the fiber can be selectively cured from

above using a mask/focused exposure.

Pillar Shape and Refractive Index Tuning

The greatest challenge in our work so far has been to control the shape of the epoxy
pillar produced, which serves as the waveguide. A perfectly flat waveguide is essential
in order to preserve the flat wave front emerging from the fiber core. To understand
the process of UV-curing within the polymer, two sets of experiments were conducted.
First, the hemispherical drop of epoxy on the fiber tip resulting from dip coating
was exposed to UV light through the fiber connector while varying the duration of

exposure. The fibers were then washed in acetone, and the resulting pillars imaged
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under the microscope. As seen in Figure the pillars obtained from shorter
duration exposures are seen to have a sharp, pointed tip, rather than the desirable
cylindrical shape, and a larger mass appears to cure on top of this pointed pillar when
exposure time is increased to 60 s. To better understand the shapes of the pillars
produced, the study was repeated while keeping the fiber tip immersed in a bulk
volume of the epoxy during curing and washing in acetone thereafter. As expected,

the shapes obtained reflected complex geometries.

Figure 4.12: Comparison of epoxy pillars resulting from (top row) droplet cure and
(bottom row) bulk cure for cure times of 30 s, 60 s, 2 min, and 5 min.

A possible reason for this could be because the UV source used to cure the epoxy
was broadband, containing wavelengths from 320 to 500 nm, and the fiber is not
a single-mode conductor for UV wavelengths. In addition, the curing of the epoxy
is a dynamic process, in which portions of the epoxy that get cured first decide
the path for UV light reaching the volume beyond. Therefore, it was desirable to
use longer wavelengths so that their penetration depth is greater than the device
thickness, eliminating the complications resulting from progressive curing of epoxies
at different depths. Another possibility was to change the epoxy being used since

the photochemistry of the epoxy and the photoinitiator also affect the curing process.
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To test this, fibers were dip-coated in different epoxies and cured using a 405-nm
laser through the back connector, and then dipped in acetone to wash away uncured
epoxy. It was seen that epoxy SLA 3-D printer resin, designed to cure at 405 nm UV
produced pillars that were consistently seen to be straight, perpendicular to the fiber

surface, and with flat tops, satisfying our most important requirement. This is seen

in Figure |4.13]

Figure 4.13: Photographs of straight pillars obtained using 405-nm curing and multi-
ple samples demonstrate repeatability of the process. Fiber diameter is 125 um, and
pillar diameter is 9 pm.

This experiment confirmed that it was possible to fabricate epoxy waveguides
with flat top surfaces by selective curing of UV sensitive epoxies, thus overcoming
our biggest challenge. This waveguide structure can be incorporated into either bare
fiber devices or fiber-ferrule assemblies as described above. Further, since the waveg-
uide is self-aligned, this fabrication method can easily be extended to fiber bundles as
well. Future work shall include complete characterization—optical and acoustic per-
formance—of the devices fabricated with the waveguide and a cladding surrounding
the waveguide with the requisite refractive index difference between the two materials
for single-mode operation ( about 0.006, calculated theoretically and confirmed via

simulations), as well as dielectric mirrors for improved reflectivity.
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4.2 Encapsulated Polymer Waveguide Device

4.2.1 Fabrication

In the previous section, we have presented a method to achieve high quality factor
FP resonators by creating straight, self-aligned polymer waveguides on fiber sub-
strates[66]. Having established the feasibility of creating these polymer waveguides,
the next task was to fabricate a device with these straight polymer waveguides and
complete the optical characterization to quantify the improvement in optical Q-factor
that could be achieved with including the waveguide within the resonator structure.
In this section, we use this method to fabricate and characterize waveguided FP res-
onators for ultrasound detection, demonstrating the improvement of waveguided FP
resonators over those without waveguides. Optical characterization results from both
devices are presented, highlighting the improved Q-factor in the waveguided case,
which would in turn lead to improved acoustic sensitivity.

Simulation studies presented in Chapter 3 highlight the importance of having flat and
parallel mirrors, and also the importance of having the pillar height be exactly equal
to the cavity length. To achieve this, the devices described in this paper were con-
structed between the FC-PC connectors of two SM fibers, by holding them together
in perfect alignment using a ceramic ferrule sleeve. This design helped us understand
the optical behavior of waveguided fiber FP devices, but do not allow for acoustic
sensing as the device is encapsulated in between the two fiber connectors. In the next
chapter, a modification of this design is presented which allows us to characterize
both optical and acoustic performance.

To fabricate the devices with waveguide, the following steps were followed:

1. 30 nm gold layer was evaporated on the FC ends of two FC/APC - FC/PC
125/250/900 um single mode patch cords (Precision Fiber Products, Inc.) to serve

as the two mirrors of the resonator.
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2. A viewing hole of about 1.5 mm diameter was drilled through the middle of a
ceramic fiber optic mating sleeve (Precision Fiber Products, Inc.) to provide access
for imaging and fabrication.

3. The gold-coated FC connectors were inserted into the sleeves, moving incremen-
tally until the desired separation ( 30 pm) was achieved, as seen in Figure [4.14]c).
This was done by estimating the distance using the magnified image under the cam-
era.

4. The optical spectrum for this air-gap device was then measured, and the distance

verified from the Free Spectral Range.

Waveguide

Figure 4.14: A-Setup used for fabrication showing fiber illuminator, digital camera
with lens, and stage used for mounting the device, B Zoomed in view showing the
presence of the waveguiding pillar in between the two connectors.

5. A high RI photopolymer (NOA 86; RI 1.56) was then dropped into the cavity
via the viewing hole and cured via the fiber FC/APC connector using 405 nm UV
laser, leading to selective curing of the portion of the polymer aligned with the cores
of the two fibers.

6. The device was rinsed in acetone to dissolve and remove the uncured polymer,
revealing a waveguide pillar in between the two fibers (Figure [4.14] (d)).
7. A photopolymer of lower RI (NOA 85) was then dropped into the cavity to

surround the pillar, and cured using a UV lamp, resulting in a higher RI waveguide
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embedded in low RI cladding. The spectrum was then measured using the schematic
presented in Figure [£.15] (a), and is presented in Figure [1.16] (b), (d), and (£).

To fabricate the devices without waveguide, a similar process was followed, with the
difference being that only the high RI polymer was used to fill the entire cavity.
Curing was done using a UV lamp, resulting in a polymer Fabry-Perot cavity with no
waveguide. The spectrum for this cavity was measured using the schematic presented
in Figure [4.15 (a), and is presented in Figure [1.16] (a), (c), and (e). To measure the
characteristic spectrum of the device, the instrumentation setup used in reflection

and transmission mode are as presented in the schematic in Figure [1.15] (a) and (b)

respectively.
=) L e el e b (L L L L el L L L L
(a) . : (b)
| Tunable Laser | Power Meter ' | Tunable Laser | -b‘ Power Meter |
'
1
1 :
1
Fiber 3 LabView | LabView i
Circulator Interface Interface
v v
1] Fiber FP device [2] | PC | 1] Fiber Fp device [2]- | PC |

Figure 4.15: Schematic of system used to capture the spectrum of the device based
on (a) reflection and (b) transmission measurements.

4.2.2 Characterization
Optical Characteristics - comparison

A tunable NIR laser (1510 - 1640 nm) was used as the source. Power measurements
were made via a LabVIEW Interface, which also controls the power and wavelength
of the laser for each acquisition. Using the fabrication method described above, three

devices each with and without polymer waveguides were fabricated whose character-

56



istic curves are presented in Figure [4.16)). The Q-factors of devices with waveguide
are in the range of 2500-3000, a marked improvement from the range of 800-1000

observed in the devices of similar thickness fabricated without a waveguide.

Temperature Effects

The sharper resonances seen in the case of the waveguided devices were expected due
to reduced diffraction losses, but the apparent asymmetry was not. To confirm the
asymmetrical optical spectra of the device, the characteristic curve for a waveguided
device was recorded again at various input powers of the tunable laser. The results
are as seen in Figure

From these results, it is clear that the asymmetry observed is significant at higher
powers of the tunable laser. We hypothesized that the apparent asymmetry at higher
powers was due to higher temperatures caused by the increased absorption of the
metallic mirrors at resonant wavelengths. To test this hypothesis, it was necessary
to confirm that (i) there is significant absorption at the resonant peaks, and (ii) the
spectrum shifts to the left at increased temperatures. These factors were verified
by two additional experiments. Since scattering and diffraction losses are negligible
in this case, the absorption is measured by subtracting reflection and transmission
power from the input power. Figure shows the normalized reflected, transmit-
ted, and absorbed powers for 0.5mW input. This shows that a large fraction of the
power is absorbed, and therefore temperature rise due to absorption is expected to
be significant.

Further, the spectra (reflection and transmission) from the device at low input power
of 0.5 mW were compared to those obtained from a simulated device (Rsoft - Pho-
tonics Design Suite), to confirm that the magnitude of absorption at wavelengths

corresponding to the resonance peaks and true shape of resonance were similar to
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Figure 4.16: Characteristic curves measured from devices fabricated without waveg-
uide (a), (c), and (e) show lower contrast and Q-factor as compared to devices with
waveguide (b), (d), and (f).
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Figure 4.17: Graph comparing resonance shapes for various input powers.

expected values. As seen from Figure [1.1§(a) and (b), the characteristic spectrum of
the physical device is seen to closely follow that of the simulated device. Measure-
ments indicate the simulated device has a Q-factor of 1552.75 and a Finesse of 25.91,
and these numbers are closely matched by the physical device at Q-factor of 1550.30

and Finesse of 22.60.

Next, to isolate the effect of temperature rise on the spectrum, the device was
placed in a thermally isolated container and the reflection spectrum measured at low
input power (0.5 mW). This measurement was then repeated for increasing tempera-
tures, and the direction of shift of the spectrum was observed. The results, pictured
in Figure [4.19), confirm that the spectrum shifts to the left with increased temper-
atures. This is also validated below using a theoretical model. The amount of shift

with temperature was captured using the best fit of this data, as seen in Figure |4.19)
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Figure 4.18: Normalized reflected, transmitted, and absorbed powers for 0.5mW input
for (a) the physical device and (b) the simulated device.

(b), and is used as the value v in the theoretical model below.

To better understand the role that temperature rise plays in observed spectral
asymmetry, a theoretical model was developed based on the basic model described in
Figure[4.20] (a). The outer cylinder represents the ferrule sleeve of 2mm diameter, and
the inner cylinder represents the volume of the functional device where the absorbed
power is concentrated. With mirror diameters of 9 um and a spacing of 30 ym between
them, the device behaves as a point source of heat with a temperature Tdevice. The
heat generated by the mirrors is then conducted to the surface of the ferrule which
is at a temperature Tsurface. Ideal heat removal is assumed at the surface of the
ferrule.

Therefore, the temperature difference driving conduction of heat to the surface is

Tdiff = Tlevice — TSurface- (44)
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Figure 4.19: Graph comparing resonance shapes for various input temperatures.

The rate of change of temperature can therefore be described as

0Ty
=T — Ao — BTy, (4.5)
ot
where a = %ff, Ces being the heat capacity in Joule/K, and f = Rgif’ where

K is the heat conductivity in Wm™tK~!, S is the surface area of the ferrule through
which the heat is lost, and R is the ferrule radius - the distance over which the
temperature difference is Tyrr. A is the power dissipated in the mirrors and is
assumed to be temperature dependent due to the temperature dependence of the
resonance curve.

The temperature rise due to absorption, and the related shift of the spectrum
can be understood using Figure (b). As seen here, the wavelengths correspond-
ing to maximum reflection (and consequently minimum absorption) do not shift as
there is no significant temperature rise. As the reflection decreases, absorption in-
creases, and consequently heat is generated. Thus, at wavelengths corresponding to

reduced reflection, there is a shift of the spectrum corresponding to the temperature
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Figure 4.20: (a) Model used to describe temperature effects in the device and (b)
expected spectral shift at resonant wavelengths due to temperature rise.
change. The maximum shift, denoted by the longest arrow, occurs at the wavelength
corresponding to the resonance peak.

At each wavelength, since there is constant heat generation due to absorption and
heat loss due to conduction to the ferrule surface, the steady state wavelength shift
can be obtained by setting the rate of temperature change as zero, or Oair |,

ot

Thus, we solve for the case

OéA(A)\ + >\Laser) = ﬁTdiffy (46)
where A(AXN+ Apaser) is the absorption at the shifted wavelength. The wavelength

shift, in turn can be described by AX = vT§; ¢, which yields

Q%A(A)\ + )\Laser) = A)‘a (47)

This was solved graphically for K = 1 Wm ™K~ C.pp = 0.0016Joule/K,
S = 1.25e — 6m? , R = le — 3m, v = 0.15nm/K at input power of 2 mW. As

seen in Figure , the results from theoretical model show a leftward shift due to
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Figure 4.21: Results from theoretical model for wavelength shift due to absorption
showing increased asymmetry with absorption.

absorption leading to observed asymmetrical reflection spectra as seen in experimental
results, thus validating our hypothesis. Thus, a fair comparison between the perfor-
mances of waveguided and non-waveguided devices would be at low powers, where the
temperature induced shift is negligible. At higher power the model yields a region of
three solutions and an instability causing a jump from one solution branch to another
(see Figure [£.21(b)). In the measured reflection spectrum, obtained experimentally
by wavelength scanning, this jump generates a vertical discontinuity.

Figure demonstrates the drastic improvement with waveguide at 0.5 mW
input power but using lower input power also results in reduced contrast. Dielectric
mirrors would be a better choice as they offer much higher reflectivity, eliminating the
problem of absorption induced shift and consequently improving the contrast. The
predicted improvement in NEP would be twofold because of the increased reflectivity
and the ability to drive the device at higher input powers.

The experiments described herein allowed accurate prediction of optical perfor-
mance of the polymer-waveguided devices. In order to perform acoustic characteri-
zation, the device fabrication had to be altered to allow one face of the resonator to

be open to the acoustic perturbation. The fabrication, as well as optical and acoustic
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Figure 4.22: Results comparing waveguided and non-waveguided devices at low input

power.

characterization of these devices is presented in the following chapter.
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Chapter 5

Fiber Fabry-Perot Ultrasound
Detectors with Polymer
Waveguides for Improved

Sensitivity

The content of this chapter has been submitted for review as a research article in the

IEEE Sensors Journal.

5.1 Polymer Waveguides for Improved Sensitivity
in Fiber Fabry-Perot Ultrasound Detectors

5.1.1 Methods

Fabrication

The devices described in this paper were constructed on the FC-PC connectors of

Single Mode (SM) fibers held within ceramic ferrule sleeves with inner diameter 1.8
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mm to ensure that the two mirrors of the resonator were exactly parallel to each
other. To fabricate the devices with waveguides, the following steps were followed:
1. A 30 nm gold layer was evaporated on the FC end of a FC/APC - FC/PC
125/250/900 pm single mode patch cords (Precision Fiber Products, Inc.) to serve
as the first mirror of the resonator.

2. An access window of about 1.5 mm diameter was drilled through the end of a
ceramic fiber optic mating sleeve (Precision Fiber Products, Inc.) to provide access
for imaging and fabrication.

3. The gold-coated FC connector was inserted into the sleeve, moving incrementally
until the desired separation from the sleeve end ( 30 pum) was achieved, as seen in
Figure [5.I] This was done by estimating the distance using a magnified image seen
via a camera. A glass slide was coated with 30 nm of gold to serve as the second
mirror of the resonator.

4. The ferrule-sleeve assembly was then placed on the glass slide such that the mirrors
were parallel to each other and separated by the distance (about 30 pm) correspond-
ing to the resonator length.

5. The optical spectrum for this air-cavity device was then measured, and the dis-
tance verified from the Free Spectral Range.

6. A high Refractive Index (RI) photopolymer (NOA 86; RI 1.56) was then injected
into the cavity via the viewing hole and cured via the fiber FC/APC connector using
405 nm UV laser, leading to selective curing of the portion of the polymer aligned
with the core of the fiber.

7. The device was rinsed in acetone to dissolve and remove the uncured polymer,
revealing a waveguide pillar in between the two mirrors (Figure [5.1|(b)).

8. A photopolymer of lower RT (NOA 85; RI 1.46) was then injected into the cavity
to surround the pillar, and flood cured using a UV lamp, resulting in a higher RI

waveguide embedded in low RI cladding (Figure (c)).
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Figure 5.1: Illustration of the fabrication process. (a) Assembly of the fiber ferrule
within the ferrule sleeve at the desired distance (b) Polymer waveguide created be-
tween the two mirrors by selective curing of higher RI epoxy (¢) Cladding composed
of lower RI epoxy surrounding the waveguiding core (d) Complete device
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9. The spectrum was then measured using the schematic presented in Figure [5.3] and
is presented in Figure 5.7(b), (d), and (f). A photograph of the device is presented
in Figure 5.2

10. To fabricate the devices without waveguide, a similar process was followed, with
the difference being that only the high RI polymer was used to fill the entire cavity.
Curing was done using a UV lamp, resulting in a polymer Fabry-Perot cavity with no

waveguide. The spectrum for this cavity was measured using the schematic presented

in Figure and is presented in Figure [5.7(a), (c), and (e).

Gold Mirror

Ferrule Sleeve
PC connector

Figure 5.2: Photograph of the device built on the ferrule of a fiber connector.
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Optical Characterization

To measure the interferometer transfer function (ITF) or characteristic curve of the
device in reflection mode, the instrumentation used is presented in the schematic in
Figure . A tunable NIR laser (1510 - 1640 nm, output power: 4 mW, HP 8168F,
Agilent Technologies, Santa Clara, CA) was used as the source. This fiber coupled
laser was then connected to the input port of an optical fiber circulator (6015-3-APC
- Fiber Optic Circulator, 1525 - 1610 nm, SMF, FC/APC, Thorlabs Inc., Newton,
NJ). The light then travels via bidirectional port 2 of the circulator to the device,
from which the reflected light travels back into port 2 of the circulator where it is
directed to output port 3, where it is read by a power meter (PM 100, Thorlabs Inc.,
Newton, NJ). Power measurements were made via a LabVIEW interface, which also
controls the power and wavelength of the laser for each acquisition.

Using the fabrication method described above, devices each with and without polymer
waveguides were fabricated at three different thicknesses. Their characteristic curves
are presented in Figure The Q-factors of devices with waveguide are in the
range of 1500-2100, a marked improvement from the range of 400-800 observed in the

devices of similar thickness fabricated without a waveguide.

Acoustic Characterization

For acoustic characterization of the devices, the instrumentation used is as pictured in
. A single element piezoelectric piston transducer at 10 MHz (active area: 13 mm;
focal length: 25.4 mm; V311, Olympus NDT Inc., Waltham, MA) was used as an
acoustic source. The pulser/receiver (bandwidth: 50 MHz; DPR300, JSR Ultrason-
ics, Pittsford, NY) settings were adjusted to restrict the amplitude of the pulse to be
below 75kPa. First, a calibration was performed by detecting the acoustic waveform
using a 40-MHz hydrophone with a 20-dB preamplifier (aperture: 85 pum; HGL-0085/

AH-2010, Onda Corp., Sunnyvale, CA) to ascertain the true acoustic pressure ampli-
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Figure 5.3: Schematic of the instrumentation setup used to acquire the Interferometer
Transfer Function (ITF) for the device. Dotted lines represent control connections,
whereas solid lines represent power/data.
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tude.

Thereafter, the hydrophone was replaced by the fabricated device and the same acous-
tic signal was acquired. The wavelength of the CW NIR laser was tuned to the point of
highest slope in the ITF, in order to obtain the highest sensitivity. The output of the
fiber-optic circulator was fed to a high-speed photodetector. By equating the pk-pk
voltage with the acoustic pressure amplitude ascertained in the calibration step using
the hydrophone, the pressure corresponding to the noise (Noise Equivalent Pressure)
was calculated. For this, the standard deviation of the noise over 2 ps immediately

preceding the signal was used.

5.1.2 Results

This section describes the results of experiments conducted around the device. First,
we present the results of simulations used to optimize the design of the resonator.
Next, we present the results of the comparison of waveguided vs nonwaveguided
simulated devices. Following this, a comparison of the optical characterization of
the waveguided devices vs the non-waveguided devices is presented for the fabricated
devices. Finally, we present the results of the acoustic characterization of the sensor

in terms of its sensitivity and bandwidth.

Design Simulation for Optimization

To determine the design parameters of the device to be fabricated, the device was
modeled on the RSoft Photonics Design Suite. Gold was selected for the initial design
as the mirror material due to the ease of fabrication and satisfactory reflection at NIR
wavelengths used for sensing (0.94 around 1550 nm). In the future, dielectric mirrors
will be incorporated instead for higher reflection and consequently higher Q) factors,
as discussed later.

First, A simulation study was performed to determine the refractive indices of the
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Figure 5.4: Schematic of the instrumentation setup used to perform acoustic charac-
terization of the device. Ultrasound pulses are generated using a piston transducer,
which is focused on a hydrophone during the calibration step, and then the fabricated
device in place of the hydrophone in the measurement step. As was the case in Fig. 3,
dotted lines represent control connections, whereas solid lines represent power/ data.
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polymers used to fabricate the core and cladding of the resonator. For this, the
refractive index difference between the two segments of the simulated resonator was
reduced incrementally, and the Interferometer Transfer Function plotted. As pictured
in Figure [5.5] it was seen that below a difference of 0.1, the Q-factor does not signif-
icantly improve. Thus, two polymers, NOA 86 and NOA 85, with refractive indices
1.56 and 1.46 respectively, were chosen for fabrication.

Similarly, another simulation was run to visualize the impact of mirror thickness on
the optical performance. As shown in Figure it was observed that Q-factor im-
proves with thicker mirrors, but at the cost of visibility, and vice-versa upon increasing
mirror thickness. An optimal mirror thickness of 30 nm was chosen for fabrication

based on this tradeoff.

Optical Performance
Simulated Resonators

Once the design parameters were established, a simulation study was conducted using
the refractive index difference of 0.1 and a gold mirror thickness of 30 nm to estimate
the Q-factor and finesse for devices with waveguide and compare them to those with-
out waveguide. This study was performed for three thicknesses — 30 pm, 25 pm, and
18 um. The Free Spectral Range (FSR) of the ITF was used to confirm the device
thickness in each case. Refractive indices of the sections corresponding to the core
and cladding of the resonator were set to 1.55 and 1.46 respectively to match the RI
of polymers used to fabricate devices subsequently.

The Interferometer Transfer Functions for each of these cases is presented in Figure
5.6l The corresponding finesse and Q-factor for each simulated device is as shown in
Table II. As expected, the Q-factor and finesse values for the devices simulated with

waveguide are higher than the corresponding values for devices without waveguides.
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thickness, a 30 nm mirror thickness was chosen for fabrication.
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Figure 5.6: Interferometer Transfer Functions captured in reflection mode for simu-
lated devices with waveguide and without waveguide for three different thicknesses.
In each case, the devices with waveguide show a sharper resonance with a higher
Q-factor than the devices without waveguide.
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No Waveguide

Waveguide

Size(um) | Q-factor | Finesse

Size(um) | Q-factor | Finesse

18 1032.75 | 31.49 18 2083.17 | 58.93
25 1523.69 | 31.32 25 2550.9 49.01
30 1924.18 | 34.03 30 4386.55 | 73.05

Table 5.1: Metrics for Simulated Devices
Fabricated Resonators

Following the simulation study, the devices with the same mirror thickness, refractive
index difference between core and cladding, and the same three thicknesses as the
simulated devices were also fabricated using the process presented in the methods
section. The results from optical characterization of the fabricated devices with and

without waveguide are presented in Figure [5.7]

No Waveguide Waveguide

Size(um) | Q-factor | Finesse | Size(um) | Q-factor | Finesse
18 382.01 11.87 18 1913.75 | 54.64
22 518.83 10.89 25 1557.25 | 33.73
30 767.50 14.71 30 2077.80 | 33.85

Table 5.2: Metrics for Fabricated Devices

The corresponding finesse and Q-factor for each simulated device is as shown in
Table II. As expected, the Q-factor and finesse values in each case are seen to be
higher in the presence of the waveguide due to the reduction in diffraction losses
within the resonator. In addition to affecting the sharpness of the resonances, optical
losses also affect the fringe visibility. These losses may be due to reflection at the
input interface, losses in the optical medium, or recoupling losses into the fiber. The
waveguide addresses the third mechanism of loss. The difference in finesse and fringe
visibility between simulated and fabricated devices can be explained by the absorption
in the cavity medium.

A high contrast as well as Q-factor are desirable in order to have high sensitivity

without saturating the sensor. Fringe visibility decreases with increase in cavity length
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for devices without waveguide due to recoupling losses. Since waveguides address
this issue, the 30 um waveguided device was chosen for acoustic characterization. It
provides sufficiently high Q-factor for high sensitivity ultrasound detection while still

providing enough optical contrast to stay out of saturation.

Acoustic Performance

The 30 pm waveguided fiber-optic ultrasound sensor was then characterized for its
acoustic sensitivity and bandwidth and compared against the performance of a com-
mercial piezoelectric hydrophone of size 85 pum. For this, the setup as described in
Figure |5.4] was used. First, a focused single-element ultrasound transducer was set
up as shown in Figure 5.4 and a piezoelectric hydrophone was used to detect the re-
sultant acoustic pulse, as shown in Figure (a).The signal was then passed through
a 25 MHz low-pass filter, as seen in Figure [5.§(b). Excitation to the transducer was
kept low to maintain the pressure amplitude under saturation for the detector. From
the hydrophone calibration data, the acoustic pressure corresponding to this pk-pk
amplitude was confirmed to be 59 kPa. The standard deviation of the noise collected
over 2 us preceding the signal peak was then calculated and used to estimate the
Noise Equivalent Pressure of the hydrophone. This was found to be 5.6 kPa over the
25 MHz measurement bandwidth, seen in Figure [5.§c).

Next, the hydrophone was replaced with the fabricated device and the measure-
ment was repeated using the same acoustic source. The signals measured from the
device before and after 25 MHz low-pass filtering are as seen in Figure [5.8(c) and
Figure (d), respectively. By equating the pk-pk device signal to the pressure am-
plitude of 59 kPa, the device NEP was calculated. Over the same 25 MHz bandwidth
(Figure5.§[(e)), the device shows a noise equivalent pressure of only 350 Pa, implying

a 16-fold improvement in acoustic sensitivity compared to the hydrophone.
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Figure 5.7: Interferometer Transfer Functions captured in reflection mode for fabri-
cated devices with waveguide and without waveguide for three different thicknesses.
In each case, the devices with waveguide show a sharper resonance with a higher
Q-factor than the devices without waveguide.
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To better characterize the bandwidth, and observe changes in bandwidth with
device thickness, a similar experiment was conducted using a broadband acoustic
source. To create this broadband acoustic source, a 355 nm UV laser was used to
illuminate a glass plate coated with 5 ym of Polyimide. As the polyimide absorbs
the UV light, it undergoes thermoelastic expansion, generating a broadband acoustic
pulse by the photoacoustic effect. This photoacoustic pulse was then detected using
the fabricated devices. The frequency spectrum of the signals detected using the 18
pm, 25 pm, and 30 pm thick devices was then calculated. As seen in Figure[5.9] the

thinner the device, the broader is its detection bandwidth.

5.1.3 Discussion

This design employs a self-aligned polymer waveguide to arrest diffraction losses
within the cavity, thus improving the optical Q-factor and acoustic sensitivity of
the device. The sensitivity offered by all-optical technology at this scale far surpasses
that of piezoelectric devices. As seen in the results presented in Figure[5.8] all-optical
detection offers a 16 times higher sensitivity in a 9 times smaller active detection area
(9 pm optical core as opposed to 85 um piezoelectric element.)

The current device has an active sensing region of only 9 pm but an overall dimeter of
2 mm due to the ferrule — ferrule-sleeve assembly. Further, a multimode fiber would
be required to couple enough light for illumination in order to perform photoacoustic
measurements. To combine multimode illumination with single-mode detection, a
dual-clad fiber design can be employed. This would allow integration of multimode
illumination and single mode detection into a single fiber of 150 um diameter. In
order to allow these illumination wavelengths to pass through the resonator and into

the region of interest, gold mirrors will have to be replaced with dielectric mirrors. Di-
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Figure 5.8: Response recorded by the hydrophone before (a) and after (b) 25MHz
low-pass filter and the corresponding frequency spectrum (c), followed by the signal
recorded by the fabricated device before(c) and after (e) 25 MHz low-pass filter and
the corresponding frequency spectrum (f) for the same acoustic excitation. Over the
same 25 MHz bandwidth (Fig. 8(e)), the device shows a noise equivalent pressure of
only 350 Pa, implying a 16-fold improvement in acoustic sensitivity compared to the
hydrophone.
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Figure 5.9: Frequency response from devices of three different thicknesses to a broad-
band photoacoustic source. It is observed that an 18 pum device has broader detection
bandwidth, which then decreases as the thickness approaches 30 pm.

electric mirrors, while being transparent to lower wavelengths, offer very high (>99%)
reflectivity at NIR wavelengths used for sensing, which will help to improve the Q-
factor of the detectors. Further, the tip of the device can be coated with polyimide
to allow for optical ultrasound generation by thermoelastic expansion. Thus, both
all-optical ultrasound and photoacoustic sensing functions can be integrated into a

single fiber of about 150 pym diameter.

The NEP of the device reported here - 350 Pa - can be further improved by op-
timizing both the device materials, as well as the electronics used for detection. In
particular, incorporating dielectric mirrors into the design can dramatically improve
the NEP. To support this claim, simulation studies were conducted on models incor-
porating the waveguide as well as dielectric mirrors of varying reflectivity.

The values of Q-factor versus reflectivity are as seen in table III above. For the
same RI difference between core and cladding (0.1) and the same device thickness
(30 um) as the devices presented in this paper, the Q-factor was seen to improve
significantly with the use of dielectric mirrors. The reflectivity could be improved

even further by further increasing the mirror reflectivities, until the losses in the mir-
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’ Mirror ‘ Reflectivity ‘ Q-factor ‘

4 bilayer dielectric | 0.8990 1,962.62
30 nm Gold 0.9445 4,386.55
5 bilayer dielectric | 0.9725 7,781.97
6 bilayer dielectric | 0.9855 9,227.47
7 bilayer dielectric | 0.9945 17,429.25
8 bilayer dielectric | 0.9979 78,432.13

Table 5.3: Reflectivity Vs Q-factor

rors become negligible compared to absorption losses within the polymer medium, at
which point the improvement in Q-factor will likely saturate. Therefore, to improve
the device signal-to-noise ratio, future work will include investigating NIR sources and
photodetectors that can be operated at higher powers, as well as the use of dielectric

mirrors to further improve the resonator Q-factor.

5.2 Complete Photoacoustic Probe

The all-optical ultrasound detector can be combined with a second fiber for excitation
to create a complete all-optical probe. This second fiber can provide both photoacous-
tic excitation via direct illumination, as well as ultrasound exitation by thermoelas-
tic ultrasound generation(TUG). To generate ultrasound pulses, thin films of highly
absorptive materials can be made to absorb appropriate wavelengths to generate a
thermoelastic wave. The temporal characteristics of this wave correspond to those of
the optical pulse absorbed. Several materials have been developed for this purpose in-
cluding black dyes[71][72], Gold nanostructures|73|, metal thin films[74]|75][76], and
carbon nanotube composites|77]. Since the detection mechanism is also optical, it
is important to chose wavelengths of light for generating TUG that are sufficiently
lower,e.g UV wavelengths. Thus, an entirely optical probe for both generation and

detection of US/PA waves can be created.
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Figure 5.10: Simulation results showing increase in Q-factor with increasing mirror
reflectivity. The arrow indicates the reflectivity of the gold mirrors used in devices
presented in this paper, while the other data points are from dielectric mirrors stacks
with 4, 5,6,7 and 8 bilayers for increasing reflectivity.

This all-optical probe can be created in one of two configurations. In the first,
depicted in Figure [5.11] the two fibers are held together side by side within external
tubing. The second configuration, depicted in Figure [5.12]is using a double-clad fiber.
This type of fiber functions as a single mode at NIR wavelengths used for detection,
and as a multimode fiber at lower wavelengths used for excitation. The resonator can
be fabricated on top of the absorptive layer deposited for TUG. Thus, both excitation

and detection can be combined into a single fiber, bringing down the diameter of the

overall probe significantly.
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Chapter 6

Conclusions and Future Work

This chapter presents the plans for future work on the single-element photoacousic
probe, as well as models that can be created and used to test this device in-virto and

1n-vivo.

6.1 Sensing Guidewire

As described in the previous chapter, both illumination and excitation mechanisms,
for both ultrasound as well as photoacoustic sensing modalities, can be fabricated on
a single fiber of about 250 um diameter. This will enable embedding the fiber into
a standard guidewire (0.014”). This will require the following modifications to the

design demonstrated in previous chapters:

1. Changing the gold mirrors to dielectric mirrors to allow visible and near in-
frared light transmission. The mirrors will have high (>80%) transmission in the
range of 400 — 950 nm, and high reflectivity (>98%) in the range of 1520-1580nm
(interrogation wavelength range). Visible and near infra-red transmission is required

for photoacoustic illumination and for thermoelastic ultrasound generation.
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2. Use of dual cladding fiber (multimode and single mode) instead of single mode
only fiber. This modification is required to allow photoacoustic and phosphorescence

light transmission.

Polyimide Layer for
Thermoelastic
Ultrasound Generation

Fabry-Perot Detector for
Ultrasound with
Waveguide

— partial occlusi

Guide Wire ) Vessel lumen

Lipid core with fibrous cap

" Calcified Plague— complete occlusion

Figure 6.1: Vision for smart guide wire with embedded ultrasound cum photoacoustic
probe to aid CTO intervention. The Double-clad fiber design allows for NIR inter-
rogation of the FP sensor for ultrasound detection through the single-mode core, as
well as illumination for photoacoustic excitation through the multi-mode core and
thermoelastic ultrasound generation from the polyimide layer.

In addition to the above, the guidewire will need to be steerable. Standard guidewires
have a bend in their proximal tip to allow steering the device and navigating to the
anatomy of interest. The device will need to be suitably modified to allow for this.
The plans for testing in tissue phantoms and animal models presented in this chap-
ter are limited to performance evaluation of the sensor itself, leaving the design of

housing and other mechanical constraints to future efforts.
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6.2 Photoacoustic Sensing Demonstration

In order to verify the sensing capabilities and estimate the detection range of the
sensor in tissue, the following experiment will be conducted. A tissue-mimicking
phantom will be created using clear plastic/tygon tubing of small diameter (1 mm)
within which blood or hemogobin solution will be circulated. this tubing will be placed
within a reservor containing a scattering solution. The solution will be prepared such
that the scattering coefficient and acoustic properties match that of tissue. Several
recipes using substances such as milk and gelatin are available in literature for the

creation of such phantoms to test photoacoustic sensors 78] [79] [80].

Absorbing Object
Probe Tissue

\ O mimicking
phantom

Figure 6.2: Tissue mimicking phantom setup to demonstrate photoacoustic sensing
and estimate the range of detection

The device will then be placed within this reservoir and photoacoustic measure-
ments taken at various distances to estimate the range of detection. For illumination,
the fiber-bundle coupled output of a tunable pulsed laser (OPOTEK, Phocus system

660 — 950 nm), will be focused through a lens into the multimode core. The same CW
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NIR laser described in earlier chapters will be used for the all-optical detection. From
this experiment, it can be confirmed that the device is able to deliver sufficient illu-
mination for photoacoustic excitation, and that the resulting photoacoustic wave can
be reliably detected over the desirable distances(1-4 mm) in an anatomically accurate

model.

6.3 Pre-clinical Testing

Having verified the performance of the probe in an in-vitro model, the next phase of
the project envisaged is the pre-clinal testing of the device. For this, the guidewire
developed can be tested in its ability to safely guide crossing a CTO lesion in a swine

model.

6.3.1 CTO Characterization

The main goal would be to test the hypothesis that multi-wavelength photoacoustic
sensor signals can be utilized to identify and distinguish the following three cases of
the guidewire tip position:

1. Tip is in the true lumen: in this case the physician can continue crossing in the
same direction.

2. Tip is in close proximity to the vessel wall :in this case, the guidewire needs to be
redirected before continuing

3. Tip is approaching the distal cap of the CTO: This is the safe and intended exit
point, and the physician can prepare to cross the occlusion completely.

This design is based on the hypothesis that the tissue in the occluded section is de-
pleted of oxygen and therefore differs in its photoacoustic signature from oxygenated
blood on either side, as well as from the vessel wall which is still perfused with oxy-

genate blood through the vaso vasorum.
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Figure 6.3: CTO sites prepared in hind limbs of a swine. Straight section (left) to
study PA signatures from true lumen within occlusion, and true lumen beyond distal
cap and site where the artery is bent (right) to study signals obtained while in the
layers of the vessel wall

6.3.2 Porcine Model of CTO

There are works of literature that outline procedures to create CTO animal models
for the proposed Work. The model described by Fefer et al. appears the
most suitable. This procedure includes insertion of a collagen plug to a desired CTO
site to block arterial flow. This model has been shown to recreate many features that
have been recognized in human CTO maturation. These include an initial thrombotic
occlusion, acute inflammatory response, calcium deposits, microvessels, and collagen-
rich fibrous tissue.

A set of experiments will be designed to test the functionality of the sensing
guidewire and the ability to correctly identify the tip position in one of the three
cases above. Since the design of the sensing guidewire will still not include a tip bend
that is essential for changing propagation direction while penetrating the solid lesion,
the device would only be able to cross a CTO in a straight line. Therefore, some of the
sites for inducing a CTO lesion in the animal models can be chosen along a straight
artery segment to allow a straight-line crossing of the lesion from the entry point in

the proximal cap to the exit at the distal cap. Other sites can be chosen along a bend
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in the artery such that a straight line from the entry point will lead to perforating
the vessel wall. In both cases a centering balloon can be used before penetrating the
proximal cap to assure that the entry point is positioned at the center of the lumen.
By collecting the photoacoustic response to Hb and HbO2 at these locations, it is

envisaged that the three locations mentioned above can be differentiated.

6.4 Conclusion

A novel design for all-optical fiber Fabry-Perot ultrasound detectors has been demon-
strated. Employing a polymer waveguide to restrict diffraction losses and improve
the Q-factor, this design allows high sensitivity detection of ultrasound with a fully
flat, scalable design. The flat construction offers the opportunity to scale bandwidth
for wider bandwidth detection. Further, this fabrication method is amenable to both
single fiber and fiber-bundle devices. The high sensitivity and scalable bandwidth
are significant for photoacoustic sensing, and open avenues in forward sensing at a
size scale where piezoelectric devices are significantly less effective. This all-optical
detection mechanism can be combined with simultaneous photoacoustic and optical-
ultrasound excitation, enabling sensing using two different modalities. Such a device
could be incorporated into either needle-based sensors to guide biopsies, or standard
guidewires used in interventional cardiology for combined IVUS and photoacoustic
sensing, thus creating a useful tool to address a range of clinical problems including
interventions for CTO, which are an important and open clinical challenge. The high
sensitivities demonstrated surpass the performance of standard piezoelectric transduc-
ers at this size scale, thus creating new opportunities to sense in a range of biological

areas that were previously inaccessible.
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