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Use of Laser Sources for the Emission
and Detection of Ultrasounds

1.1 Introduction

Ultrasounds are widely used for diagnostic and therapeutic purposes in many fields of
modern medicine. In low power form, for instance, they have been successfully employed in
diagnostic imaging for many years, assuring excellent temporal resolution thanks to their low
propagation velocity. Furthermore, high power ultrasonic waves can be used to induce the
controlled heating of tissues for therapeutic aims such as eradicating microorganisms and
curing rheumatisms. However, the importance of ultrasonic waves is not constrained to the
medical field, since ultrasounds are also used in many other applications, such as high
frequency vibration control in industrial plants and Non Destructive Evaluation (NDE) of
materials and structures [1].

The use of ultrasonic systems has considerably increased in the last decades thanks to the
sensible improvements achieved in their performances and disposability, made possible by
technological advancements, and to the numerous novel applications investigated in
scientific research. As far as ultrasound imaging is concerned, the frequencies exploited in
currently used systems are generally limited to 10 MHz. This limitation essentially derives
from two problems.

The first one depends on the technology used to generate/detect ultrasonic waves in such
systems, which is normally based on PZT materials like lead titanate zirconate for emission
and detection or, alternatively, piezoelectric polymers like PVDF (Poly-Vinyl-DiFluoride) for
detection only. Since, owing to their mechanical resonant nature, piezoelectric devices show

a peaked emission in frequency, they must be miniaturized in order to be operated at high
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frequencies, and this leads to a remarkable decrease in sensitivity. This limitation cannot be
fully overcome with design optimization of the transducers since it is closely related to the
physical principle exploited in piezoelectric transduction. As a consequence of that, it is
extremely difficult to fabricate conventional ultrasound arrays operating at high frequencies
and characterized by good sensitivity, even if examples of piezoelectric devices operating at
frequencies as high as 45 MHz have been reported in the literature [2]. Moreover, the
peaked emission in frequency of piezoelectric transducers, even when designed for high-
frequencies, makes them essentially unsuited for broadband operation [3], which is
considered important in many cases [4].

The second problem is related to the strong attenuation of high-frequency ultrasound waves
in living tissues, which leads to a decreasing penetration depth with increasing frequencies of
operation and is typically limited to few centimetres at frequency levels as high as 30 MHz.
This effect represents a severe limitation to the applicability of conventional ultrasonic
arrays at high frequencies to the imaging of living tissues in vivo, since the normally used
setup consists of an array of ultrasonic transducers, used for both emission and detection of
the ultrasound waves, which is placed on the external surface of the living organism under
examination. Using this array externally, even though in contact with skin, demands to have
a sufficient penetration of ultrasound towards the interior of the body in order to scan the
desired target. While this system is perfectly appropriate for low frequency ultrasounds, it
does not fit to high-frequency waves due to their limited penetration in tissues.

Despite these fundamental limitations, the in vivo imaging performed with high frequency
ultrasounds has been the focus of an intense research work during the last few years, and
several possible applications have been proposed, particularly in the field of tissue analysis,
such as intravascular imaging [5], analysis of cancer tissues [6], corneal imaging [7],
investigation of cancer evolution in small animal models [8], photoacoustic tomography of
vasculature [9]. In all these applications, the use of high-frequency ultrasonic waves for
scanning has given promising results basically for their capability of achieving higher spatial
resolution due to their smaller wavelengths with respect to those of conventional systems.
Moreover, the more pronounced interaction of high-frequency ultrasonic waves with tissues
due to the strong attenuation experimented by the waves during propagation has been
proposed as a mean to investigate biological properties that may be of concern for clinical

aims (such as recognition of cancer formations by their high-frequency ultrasonic signature
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as proposed in [10] that might enable a “virtual biopsy” procedure through ultrasound
imaging). It must be said, however, that this fascinating possibility has not yet been
demonstrated in practice and no experimental data supporting the validity of this method
seem to be available in the scientific literature, to date.

Another application connected to the interaction of ultrasonic waves with living tissues
which is being intensely investigated at present is photoacoustic imaging (see for instance
[9]). In this technique, the tissues are directly excited by a light pulse (usually implemented
with a medium power laser) and the ultrasonic waves emitted by the thermoelastic
expansion of the biological material hit by the light are detected by an ultrasonic detector
array. In this way, the imaging is sensitive to the properties of tissues, not only related to
ultrasound propagation but also to light absorption and thermoelastic emission, and this
opens a door to novel possibilities for minimally invasive diagnostic techniques. In this
respect, it is worth noting that photoacoustic imaging (which is not yet a clinical technique
but is considered very promising for future diagnostic applications) inherently requires a
high-frequency ultrasound detection system to fully exploit its potential, since ultrasound
waves emitted by thermoelastic expansion from short laser pulses (typically in the
nanosecond regime) naturally present widebands extended up to several tens of MHz.
However, photoacoustic emission is directly performed by optical excitation of tissues in this
technique and consequently no ultrasonic source is needed.

Due to the problem of attenuation of high-frequency ultrasounds in biological tissues, all the
applications mentioned above have been limited to cases in which the reduced penetration
of high-frequency waves in biological tissues is not important (like analysis of superficial
organs such as skin and eye or ultrasound imaging of small animals in which the reduced size
of the living organism under examination helps overcome the problem) or performed with
endoscopic tools (but in this case the trade-off between sensitivity and band in piezoelectric
transducers proved to be extremely challenging, see for instance [2]).

Since, in principle, a high performance ultrasound imaging system able to operate on a broad
spectral range (up to several tens on MHz) is required in high-frequency ultrasound imaging
(of both purely ultrasonic and photoacoustic type), piezoelectric transduction is generally
avoided, and optoacoustic generation and/or detection of ultrasounds is preferred in order
to avoid the fundamental physical limitations concerning the sensitivity/frequency trade-off

mentioned earlier.
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In particular, the thermoelastic generation mechanism is generally exploited for broadband
emission of ultrasounds, using thin absorbing films excited by pulsed laser beams in the
nanosecond regime. In this way, the sudden heating of the film and its consequent thermal
expansion produces waves whose spectrum is typically fairly flat up to frequencies around 50
MHz or even more, depending on the features of the laser pulse and the characteristics of
the absorbing film. The research work related to this field, initially focused on thin metal
films such as chrome as laser absorbers [11], has recently evolved towards the use of heavily
absorbing non-metallic films like graphite/epoxy mixtures [12], PDMS with the addition of
carbon black [13] or gold nanoparticles [14], achieving ultrasound emission on bands
extended beyond 60 MHz and much better generation efficiency than metallic films, as will
be discussed in greater detail in the following section.

Considering the problem of detection, the most promising devices investigated so far for
broadband ultrasound waves are polymer Fabry-Perot, that can provide a quite flat spectral
response over a band extended from low frequencies up to 50 MHz and beyond, and high
sensitivity [15]. Quite interestingly, an example of integrated fabrication of a photoacoustic
emitter and detector obtained by overlapping a carbon black added PDMS layer for
ultrasound emission on a SU-8 Fabry-Perot has been recently reported in [16].

The main limitations of the technologies developed so far for photoacoustic ultrasound
generation and detection is certainly the lack of miniaturization, particularly concerning
arrays of detectors or emitters. Actually, both emitter and detector arrays have been
demonstrated using the solutions described above, but only on bulk substrates (like fused
silica wafers) and using free-propagation lasers to operate the array [14], a solution
necessarily constrained to imaging applications in which the optoacoustic ultrasonic array
can be operated from the exterior of the living organism in vivo, as discussed before.

In this respect, miniaturization would be extremely valuable for high-frequency ultrasound
imaging, since the strong attenuation of acoustic waves at these frequencies could be in
principle overcome by the use of a miniaturized broadband imaging system suited to
minimally invasive endoscopic operation.

Since, as widely demonstrated by recently reported results in the scientific literature, the
intrinsic limitations of piezoelectric ultrasound transducers can be fully overcome by
exploiting optoacoustic ultrasound generation and detection, this technological

advancement could be achieved by exploiting known physical principles implemented with
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an innovative fabrication technology suitable for realizing the ultrasound generation and
detection system at the micro scale.

This subject is closely related to the main objective of the present thesis, in which the
development a novel Micro-Opto-Mechanical (MOMS) technology for the fabrication of
highly miniaturized fiber optic transducers suitable for wideband ultrasonic
generation/detection and potentially usable in arrays will be described.

In the following sections of this introduction, the state of the art of optoacoustic methods for
ultrasound generation and detection considered for application in the proposed technology

will be briefly reviewed, starting from thermoelastic generation.

1.2 Optoacoustic Generation

The thermo elastic generation mechanism has been widely studied for ultrasound generation
in solids, liquids and gases [17]. Ultrasound emission by thermoelastic expansion is based on
the conversion of optical power into heat that takes place when a pulsed laser beam hits the
surface of an absorbing material, leading to rapid and localized temperature increase. This
results in a sudden thermal expansion of the heated part of the material, which generates
ultrasound waves. If the incoming optical power is not exceedingly high, neither melting nor
ablation of the material takes place and a pure thermoelastic generation is obtained.

The emission of acoustic waves by means of pulsed laser beams was demonstrated for the
first time by White [18] in 1963. Since then, the interest in generation of ultrasonic waves by
laser irradiation of a solid increased steadily. In the early eighties, Rose [19] gave a
fundamental contribution to the understanding of the phenomenon by deriving a closed-
form mathematical model of the physics involved in a point-source representation of the
opto-acoustic generation. In the cited paper, in particular, the author demonstrated that
laser generated ultrasounds can be effectively approximated by considering a surface center
of expansion equivalent to the shear stress dipole source model proposed by Scruby [20],
but rigorously derived by means of a Green’s function formalism. Subsequently, more
detailed investigations were undertaken, and increasingly accurate mathematical modeling
was carried out in order to investigate the opto-acoustic generation mechanism in deeper

detail.
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Experimental research in this field initially focused on thin metal films such as chrome as
laser absorbers [11], which were functional but showed poor generation efficiency. More
recently, new achievements concerning the use of heavily absorbing non-metallic films have
demonstrated that much better emission efficiency is possible using materials different than
thin metals, with band width extended beyond 60 MHz and acoustic pressures up to 800 kPa
at a distance of 10 mm from the generating film [21]. Many of the various materials
employed as non-metallic absorbing films in these experiments were carbon based, often
composed by graphite or amorphous carbon particles embedded within a polymeric matrix,
like graphite/epoxy mixtures [12] or PDMS with the addition of carbon black [13]. In [14],
instead of carbon, gold nanoparticles mixed with a polymeric material have been used for
optoacoustic emission, using the proper particle size to maximize the optical power
absorption in the nanostructured film. However, pure graphite films obtained by sputtering
from a bulk target have also been tested as thermoelastic generators, providing good
ultrasonic emission when excited with a nanosecond laser pulse [12].

Laser-generated ultrasounds have also been successfully applied to not destructive
mechanical characterization of materials and structures in which, differently than the
conventional piezoelectric transducers, they can be used without any mechanical contact
with the inspected surface allowing for higher speed in the analysis.

In all these applications, the efficiency of the opto-acoustic conversion process is important.
Such efficiency depends on several parameters, such as the optical absorption and thermal
expansion coefficients, the thermal capacity of the absorbing layer, and the mechanical and

thermal boundary conditions imposed on it.
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Fig. 1.1. Optoacoustic emitter on optical fiber
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In order to obtain an efficient ultrasonic generation, a possible solution can be guiding the
laser beam up to the absorbing material through an optical fiber, as shown in Fig. 1.1. This
method has been similarly proposed for instance in [22].

As may be verified by solving the heat diffusion equation to calculate the temperature
distribution in the domain of interest and using the Green-Naghdi relation to compute the
displacement, the bandwidth of the generated signal is limited by the laser pulse duration
and by its power [12]. In particular, it is interesting to observe that, according to theoretical
calculations and experimental results, the bandwidth increases when a shorter laser pulse is
used. Moreover, the amplitude of the ultrasonic wave and its bandwidth also depend on the
thickness of the absorbing layer [21].

The thermoelastic effect is, actually, mainly concentrated immediately below the surface of
the absorbing film exposed to the laser pulse because of the exponential power reduction
that takes place while the electromagnetic radiation propagates across the absorbing film. As
a consequence of that, when highly absorbing materials like graphite are employed, the
thermoelastic effect is limited to a thickness of few hundreds of nanometers below the
surface. As a consequence of that, the remaining part of the film does not contribute to the
optoacoustic generation giving rise to an undesired attenuation of the acoustic waves and
therefore to a decrease in conversion efficiency. This detrimental effect could be virtually
eliminated by developing a fabrication technology enabling the deposition of absorbing films
with high thickness control. It must be said, however, that, on the other hand, when the film
thickness becomes comparable to the optical penetration length, part of the electromagnetic
energy is transmitted beyond the layer and does not take part in the optoacoustic
conversion process, so the thickness must be carefully chosen in order to reach the best
trade-off between these two effects.

Besides the laser pulse dynamics and the film properties, the laser power is quite obviously
important in determining the amplitude of the generated ultrasonic waves, since a
straightforward relation between laser power and thermoelastically generated ultrasound
amplitude exists, in principle. However, the film ablation threshold has to be taken into

account as an upper limit in order to avoid damaging the device.
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1.3 Optoacoustic Detection

The conventional method adopted in ultrasound detection is based on the piezoelectric
effect, according to which an electric charge is produced when a mechanical stress
generated by the incoming ultrasound wave is applied on a piezoelectric element. The
piezoelectric technology can be used in general for both emission and detection of
ultrasounds in a rather similar way, often using the same array of transducers in sensing or
actuation mode, even if the actuation efficiency is closely related to the properties of the
material used (e. g. soft piezoelectric polymers like PVDF are quite efficient for sensing but
not suitable for actuation due to their limited mechanical stiffness, while inorganic PZT
materials are generally used for both purposes with good performances).

As discussed before, one of the main limitations of piezoelectric technology for ultrasounds
is the marked sensitivity (or emission efficiency) reduction with decreasing element areas
and thickness, which prevents from easy fabrication of high-frequency transducers with good
performances. Furthermore, the integration of many piezoelectric detectors needed for the
fabrication of arrays is very complex because it requires a pair of connections for each
transducers and complex readout electronics that should be placed close to the sensing pixel
for signal preamplification, which makes the system rather sophisticated and in some cases
not easy to miniaturize. Moreover, the treatment of electric signals coming from closely
packed, individually addressed pixels can lead to crosstalk problems (mainly coming from
capacitive coupling between adjacent connections) that need to be carefully addressed in
designing the systems, and may limit the maximum number of detectors that can be
integrated on the array. As far as biological applications of ultrasounds are concerned, the
acoustic impedance matching of the transducer with water is important because of its
preponderant presence in almost all biological tissues. In this respect, piezoelectric ceramics
are not favoured because they show a poor acoustic impedance matching to liquids due to
their high stiffness, resulting in a non uniform frequency response. On the contrary, PVDF-
based transducers feature a low acoustic impedance (=4 Mrayl), assuring a better acoustic
matching and giving a more uniform frequency response, but they present a lower

electromechanical coupling than piezoceramics devices [23].
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The research concerning the development of technological solutions for optical-fiber
ultrasound sensors has considerably increased in the last decades. Among the various
possible alternatives, extrinsic Fabry-Perot interferometric detectors are probably the most
promising technology proposed to date for wideband ultrasound detection [24] [15]
providing adequate signal-to-noise ratio, operation band extended from low frequencies to
beyond 50 MHz and high miniaturization levels, but only on an individual pixel at the present
state of the art. The operating principle of the fiber-optic extrinsic Fabry-Perot detector is
the following. A continuous laser beam is guided by an optical fiber up to an interferometric
cavity, constituted by a sensitive material (generally a polymer) and two metallizations (Fig.
1.2).

Partial N
Optical fiber Cladding reflective film Sensitive layer

N "

g
CW laser //' Acoustic
beam (< (.\ wave
NS
e

\ Totally
Core Y reflective layer

Fabry-Perot
cavity

Fig. 1.2. Extrinsic Fabry-Perot ultrasound detector on optical fiber

When an acoustic wave hits the interferometer, the thickness of the sensitive film changes,
resulting in an alteration of optical interference conditions within the cavity defined by the
space between the two metallic mirrors. As a consequence of that, the optical power
reflected by the cavity, which depends, in general, on the optical properties of the different
thin layers involved, and in particular on the thickness of the polymeric spacer located
between the mirrors, is modulated by the incoming pressure wave. In this way, the
amplitude spectrum of the ultrasound wave is transferred to the reflected light transmitted
in backward direction and can be measured at the opposite end of the fiber using an
optoelectronic detector, such as a photodiode.

An adequate choice of the material used as a sensitive film in the interferometer is of

primary importance for optimization of the detection performance. In particular, an ideal
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material should be completely transparent to the operation wavelength of the laser and
should present acoustic impedance close to the one of the material under inspection. In this
way, the electromagnetic radiation would not attenuate during its propagation within the
cavity, while the acoustic wave would be fully transmitted to the Fabry-Perot detector from
the inspected medium.

Thanks to their low Young’s modulus (typically 0.1-5 GPa), polymers are perfect candidates
for this sensing scheme, assuring high detection sensitivity due to their low stiffness that
allows for a significant variation of the layer thickness even in the presence of weak acoustic
waves. Furthermore, many polymers have acoustic impedance close to that of water,
resulting in uniform response if the sensor is used for tissue characterization. Moreover the
employment of single-mode optical fibers for delivering the light limits the active area to the
few square microns occupied by the core diameter within the fiber cross section and,
consequently, high spatial resolution and low directional sensitivity can be reached.

A truly miniaturized fiber-optic device has been already reported [25], but with a single pixel,
and consequently not usable for imaging. In this respect, miniaturization would be extremely
valuable particularly if applied to high-frequency ultrasound detector arrays, potentially
usable for minimally invasive endoscopic imaging of both photoacoustic and ultrasonic types

in medical applications.

1.4 MOMS-Based Ultrasonic Transducers

In this thesis, the development of a MOMS technology suited to fabricate wideband
ultrasound generators and detectors with high miniaturization level will be described. The
basic structure chosen for the MOMS opto-acoustic ultrasonic emitters and receivers and
their operating principles are schematically represented in Fig. 1.3.

In the emitter, the pulsed laser beam generates ultrasound waves by thermoelastic effect
through the local heating of a carbon layer deposited on the silicon frame represented in the
figure. This carbon film is fabricated by pyrolysis of a photoresist layer, providing the
possibility to obtain the desired pattern for the emitters before the thermal treatment using
a plain lithographic process. In this way, since the photoresist layer is deposited through
spinning, a very good thickness control is possible, which represents an important variable in

the optoacoustic generation process, as discussed earlier.
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Fig. 1.3. Design and operating principle of the MOMS fiber-optic ultrasonic
source (left) and detector (right)

In the MOMS detector, instead, a polymer interferometer is realized on a similar
micromachined silicon frame, and used to modulate the reflected intensity of a continuous
laser beam by interference effects as a function of the thickness of a SU-8 photoresist spacer
(a low stiffness MEMS material [26] that can be geometrically patterned by lithography as
pyrolytic carbon in the emitters).

As may be inferred from Fig. 1.3, both devices exploit silicon micromachined structures in
order to enable the placement of the fibers close to the optical layers used for ultrasound
generation and detection. A similar silicon microstructure is used in the two cases, which,
once fixed to the fiber tip, permits to obtain freestanding, highly miniaturized devices that
can be potentially used as ultrasound probes in a broad range of applications.

The adoption of silicon as a structural material in the proposed technology is strategic
because it permits to take advantage of high performance micromachining techniques
available at the present state of the art (Deep Reactive lon Etching — DRIE in particular [27])
and is fully compatible with the use of lasers operating at wavelengths above 1 um, since
silicon is transparent in this infrared range. In addition, the use of lithographic techniques for
the patterning of the optically active layers, performed on planar substrates, assures

micrometric control of the layout geometry, while the high aspect ratio provided by DRIE
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micromachining is ideal for the fabrication of highly miniaturized probes like those
represented in Fig. 1.3.

In the following chapters, the development of fiber-optic ultrasonic probes constituted by
detector and emitter arrays integrated on the same cylindrical micromachined support with
minimum diameter smaller than 300 um, will be illustrated. As a result of the
miniaturization levels obtained with the novel fabrication technology presented, the
ultrasonic probes demonstrated within this thesis may be suitable for minimally invasive
endoscopic applications like the one depicted in Fig. 1.4, in which the fiber-optic ultrasonic

emitters and detectors might be inserted in a thin syringe needle or in a catheter.

N

Fig. 1.4 Possible use of fiber-optic acoustic probes within a syringe needle

The description of the research activity carried out in order to reach the technical objectives
described above will be organized as follows.

In chapter 2 the development of wideband ultrasonic emitters based on patterned carbon
layers obtained by carbonization of photoresist on micromachined silicon structures
obtained on a silicon chip will be illustrated. In chapter 3, a similar research will be described
concerning polymeric Fabry-Perot detectors realized with patterned SU-8 on silicon
micromachined structures obtained at the die level, while chapter 4 will be devoted to the
integration of the two fabrication processes on the same substrate introducing proper
modifications in the flow in order to obtain freestanding devices on optical fiber.

Finally, in chapter 5, some conclusions and possible future developments of the research

work presented will be outlined.
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Optoacoustic Generation of Ultrasounds:
Design and Fabrication of MOMS-Based
Emitters

2.1 Introduction

Generation and detection of high-frequency ultrasounds is considered a valuable mean for
many applications. Initially investigated for Non Destructive Evaluation (NDE) of materials,
using pulsed laser light for straightforward generation of wideband ultrasound waves in bulk
structures [1], photoacoustic ultrasound generation has recently been considered as a
possible principle to realize broadband ultrasonic emission in use in different fields, with
potential applicability to biomedical imaging [2]. Since, actually, spatial resolution in
ultrasound imaging depends on wavelength, the use of high-frequency ultrasound waves
(above 10 MHz) has been studied in recent years for several possible medical applications [3]
[4]. The main issues involved in the design and fabrication of the optoacoustic ultrasonic
sources will be analyzed in this section. After a short description of the thermoelastic effect,
the fabrication process adopted for the MOMS based emitters will be discussed, focusing on
the advantages of the developed technology and pointing out the high miniaturization
enabled. Different models for the optical characterization of thin films will be introduced to
determine the absorption properties of the carbon layers used as thermoelastic emitters and
calculate the temperature profile within the layers during operation. Once described the
fabrication of the devices, their functional characterization will be presented through the
measure of a generated acoustic field performed by means of an experimental setup
provided by the University of Florence.

The thermoelastic ultrasonic sources, realized by silicon micromachining, are depicted in Fig.
2.1. A carbon film with high optical absorption is deposited and patterned on the MOMS

upper surface and an optical fiber is used for guiding the laser radiation up to the device. In
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this way, thermo-elastic ultrasound generation takes place when the laser pulse hits the thin
carbon layer and the induced thermal expansion generates a mechanical shock wave.

A process flow that allows for the simultaneous fabrication of emitters on silicon (on the left,
in the figure) and dielectric (on the right) membranes with well-controlled and homogeneous
features has been defined and implemented experimentally. In the process, the former type
of membrane assures a faster cooling of carbon because of its high thermal conductance and
provides higher stiffness. In the latter, instead, the absorbing layer can be directly irradiated,
eliminating the optical power loss due to absorption in silicon and maximizing the opto-
acoustic conversion efficiency. The dielectric membrane is constituted by several layers of
silicon oxide and nitride, where the thicknesses are appropriately chosen in order to balance
the tensile and compressive stresses in the different films.

In both the devices described, silicon micromachining is used to permit the housing of the

optical fiber as close as possible to the absorbing layers.

Dielectric membrane
Ultrasound wave

Carbon (Si0,/Si3N,)
A\ A "/

Silicon

Glue

Optical
fiber

Fig. 2.1. Ultrasound sources with absorbing layer deposited respectively on silicon (left)
and dielectric (right) membranes

2.2 Theory of Optoacoustic Generation

Thanks to the increasing interest devoted by the scientific community to opto-acoustic
generation, the thermo elastic effect has been exhaustively studied and several models have
been proposed [5] [6] [7]. An analytical solution of the problem, which permits an accurate
description of acoustic propagation, is possible only for particular geometries and often finite

element methods are preferred to describe the physical phenomena involved in
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thermoelastic generation. However, independently of the solution method adopted, the
acoustic waves generated by optical absorption can be calculated by solving a multiphysics
problem in a spatial domain Q, where an elastic solid (Qs) is immersed in a fluid (Qf). The
optical absorption in the elastic body can be determined by applying the Fresnel and Snell
equations at the interfaces of the films that constitute the irradiated solid. The thermal
absorption within the elastic solid produces heat transfer effects dominated by thermal
conduction in both the solid and liquid-phase domains, and therefore the Fourier’s law has
to be considered to determine the temperature profile in the material. The heat diffusion
equation that should be solved to calculate the temperature profile within the emitter to a

first-order approximation is reported below
VT———=——-Q (2.1)

where Q is the heat source (W/m?) dependent on optical absorption, D and k the thermal
diffusivity and conductivity respectively (supposed as constants within the integration
domain). Sometimes, a modified Fourier’s law has been considered to keep into account the
finite speed of heat flux propagation, resulting in a hyperbolic heat equation [8].
Nevertheless the temperature profiles predicted by the two different theories are similar
and considerable variations can be noticed only for time scales much shorter than 1 ns. A
more complete representation of the phenomenon, which also considers the heat produced

by mechanical deformation, is given by [9]:

10T 1 . KBT,  ou
Dotk k at
————

/

Transformation of mechanical energy in
thermal energy

where K is the Bulk modulus, S the volumetric thermal expansion coefficient and T, the
ambient temperature. However, in the thermoelastic regime, it has been shown that the
heat produced by mechanical deformation can be neglected [9].

In the MOMS device described previously, the heat source Q (expressed by the spatial

derivative of the optical intensity I with respect to the direction of electromagnetic
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propagation) can be determined by considering a Gaussian distribution of the laser beam.
Furthermore the use of cylindrical coordinates is particularly convenient for the geometry
considered and allows reducing the tridimensional problem to two-dimensional domain

(with axial radial coordinates z and r). In this way the heat source can be calculated as

ol

Q == —a,(1—R) exp (—a,2)f(H)g(r) (2.2)

with
t t
f(t) =1, aexp (_t_)

0

I.2
= (1)

0

In eq. (2.2), f(t) and g(r) are the temporal and spatial distributions of the pulsed laser line,
respectively dependent on the rise time of the laser pulse t; and on the core diameter of
the optical fiber ao. Moreover, @, and R are respectively the optical absorption coefficient
and the reflectance of the carbon layer. Once determined the temperature distribution
through eq. (2.1), the strain induced from the thermoelastic volumetric change in the solid
and the consequent acoustic propagation in the fluid can be calculated by using a Fluid-
Structure interaction model. In order to do that, the time-harmonic Helmholtz equation (2.3)
can be used for calculating the acoustic pressure in the fluid, while the Green-Naghdi model

(2.4) [10] can be adopted to describe thermoelastic effect in the solid film.

2 w? .
Vp+c—2p=0 in Qg (2.3)
S

uViu + (A + Vv - u — yVT = —p w?u in Qg (2.4)

In these equations, p is the acoustic pressure, w the angular frequency, cs the speed of

sound, u the displacement vector, p the mass density, A and p the Lamé constants, with

y given by
y=0BA+2u)a =Kp (2.5)

where a and P are respectively the linear and volume thermal expansion coefficients.
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The stress tensor associated with the displacement and the temperature change calculated

by egs. (2.1), (2.3) and (2.4) is expressed by [11]
Ts = AV - Wiy + p (Vu+ Vu) — y(T = To)Ir (2.6)

where I is the identity tensor and T, the ambient temperature.
The description of the opto-acoustic generation phenomenon is then completed by applying

the boundary conditions at the solid-liquid interface, as reported below:

d

% = w’psu-n (2.7)

T .n=—p (2.8)
TM .t =0 (2.9)

where T s the stress vector (equal to Tg-m ). The (2.7) guarantees the continuity of the
normal displacement component, while the (2.8) and (2.9) allow satisfying the continuity of
tangential and normal components of traction, where the vanishing tangential condition is
obtained by neglecting the shear force in the fluid.

As can be observed by (2.4) and (2.6), two different kinds of acoustic source exist. The
temperature profile is taken into account by the temperature gradient in the Green-Naghdi
equation and, at the same time, a force source proportional to the temperature change is
expressed by the stress tensor in the boundary condition (2.8). Moreover, the thermoelastic
effect in water is neglected in eq. (2.3), assuming the ultrasonic generation to be mainly due
to the thermal expansion of the thin layer. The correctness of this hypothesis depends on
properties of thin absorbing film. Anyway, even without complicating the model too much,
the thermal expansion in water can be taken into account by also considering the well
known Green-Naghdi equation in the fluid. As demonstrated by Helmholtz theory [12], every
continuous vector field can be represented as the sum of the gradient of a scalar potential
plus the curl of a vector potential. This useful representation allows writing the elastic
displacement as

U=Vp+V X (2.10)
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where V¢ is often called lamellar potential and V X 3 rotational potential, with P =
(0,0,v). By substituting the displacement in the Green-Naghdi equation and exploiting

(2.10), the longitudinal and shear acoustic waves can be determined separately, yielding

1 9%¢ y(T-Ty)

24 — — = 2.11

Ve c.? ot? cLp (2.11)
1 9%y

vy —— 2 ¥ _ 2.12

l/) CSZ ot? ( )

in which ¢}, and cg are the longitudinal and shear wave speeds, respectively. Considering
that only longitudinal acoustic waves propagate in a fluid, the determination of acoustic
pressure is further simplified, requiring the solution of the only scalar potential equation.

Finally, the pressure is related to the scalar potential by
p = —KV2¢p (2.13)

In conclusion, the acoustic waves generated by absorption of a nanosecond pulsed laser can
be calculated by first solving the heat equation (2.1) in order to determine the temperature
profile, and, successively, by calculating the pressure from eq. (2.4) with adequate boundary
conditions. In fact, neglecting the thermal variations induced from the mechanical
deformation, the two equations are uncoupled and can be solved separately.

Anyway, particular attention has to be posed to the derivation of the energy absorbed from
the carbon film, expressed by the heat source term in eq. (2.1), in order to predict the correct
temperature distribution. This can be done by developing proper test structures in order to
estimate the optical constants of the thin films involved in thermoelastic generation and
correctly model the light propagation through multilayer structures. Since a thermo-elastic
principle is exploited in the emitter, the mechanical and thermal properties of the carbon
layer (Young’s modulus, Poisson ratio and thermal conductivity) should also be determined to

accurately predict the acoustic generation.
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2.3 Process Flow

The fabrication process of the thermoelastic MOMS sources has been defined as follows.
Starting from 500 um thick <100> oriented Double Side Polished (DSP) silicon substrates, a
thermal oxidation step is carried out at 1000 °C in wet environment, yielding a roughly 700
nm thick silicon oxide layer on both sides of the wafer (step 2, Fig. 2.2). Stoichiometric silicon
nitride is then deposited by Low-Pressure Chemical Vapor Deposition (LPCVD) from
dichlorosilane and ammonia at 780 °C on both sides of the substrate, as well (step 3).
Afterwards, a 1 um thick low-temperature silicon dioxide layer (LTO) which completes the
stress-compensate membrane, is deposited by LPCVD from silane at 420 °C (step 4) and
thickened up to 3 um on the back side only with an additional deposition, performed after
covering the wafer front with a dummy substrate in order to prevent LTO deposition on that
side (step 5). The thick LTO layer obtained in this way is needed as an etch mask in the final
Deep Reactive lon Etching (DRIE) step of the process, as will be explained in the following.
After completion of the stress-compensated membrane, a roughly 100 nm thick standard
CMOS LPCVD polysilicon layer is deposited by CVD from silane at 585 °C and patterned by
near-UV contact lithography and wet etching performed with an HNOs:HF:Deionized Water
(D) solution (steps 6-7). This polysilicon layer will be used as an adhesion layer for the carbon
emitters realized on dielectric membrane, as will be explained in deeper detail later on.

The SiO,/Si3N, thick layer obtained on the back side of the wafer is then patterned with back-
front alignment by means of an ICP (Inductively Coupled Plasma) SiO,/SisN4 Deep Reactive ion
etching chemistry based on C4Fg, showing a rate of roughly 0.5 pm/min on SiO, and 0.2
um/min on SisN, (step 8) in order to define the MOMS geometry for the final silicon DRIE
micromachining. Since, in the completed devices, both carbon emitters on thin SiO,/SizN,
membranes and on thicker bulk Si membranes have to be fabricated, the backside
micromachining process has been defined in order to allow differentiated etching depths on
lithographically defined geometries on the wafer backside. In order to do that, a 4 um thick
photoresist (OiR 908-35) is spun on the wafer backside, and patterned by exposure and
development in order to selectively uncover the areas in which the final silicon DRIE etching
must reach the dielectric membranes on the wafer front side. In this operation, the use of a
relatively thick resist is needed in order to provide good coverage on the high steps created

by the ICP etching of the roughly 4 um thick dielectric stack on the backside.
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After the OiR patterning, a silicon DRIE time etching step is performed, yielding a roughly 100
um deep etching (actually slightly variable with the diameter of the etched area) on the
defined geometries selected for “deeper” etching. The DRIE is performed by means of a
SFs/C4Fg Bosch process providing an average silicon etch rate around 5 pm/min.

After this first backside DRIE step, a procedure similar to the one illustrated before for the
backside patterning of the SiO,/SisN, stack (but using a capacitively coupled RIE CHF; etching
instead of the ICP) is utilized on the front side for removing the stress compensated
membrane on selected regions, in which the carbon layers on bulk silicon membranes will be
subsequently realized (step 10). Then, the fabrication of the carbon layers needed in the
ultrasonic emitters is started by spinning a 4 um thick OiR 908-35 photoresist layer on the
wafer front side at 3000 rpm. The spun resist is subsequently carbonized by means of an
annealing step performed at 800 °C in argon atmosphere for 40 minutes (step 12). In this way,
thanks to the properties of resist, the desired pattern is quite smoothly obtained before the
carbonization step by operating a simple exposure and lithographic development procedure,
with micrometric control of the geometry.

After completion of carbon layer fabrication, a further DRIE time etching process is performed
to complete the devices before fiber insertion (step 14), carefully controlling the etching time
in order to realize both the thick (around 100 um) bulk silicon membranes by stopping the
etching properly and the dielectric membranes in the areas already etched within the

previous backside DRIE step.

1. Silicon Bulk (500 um) 2. Thermal Oxide (700 nm) 3. Nitride (300 nm)

4. Low Temperature oxide 5. Back LTO deposition (2 um) 6. Polysilicon deposition
(LTO,1um) (100nm)
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7. Wet Poly patterning 8. Si0,/Si3N, patterning 9. Back photoresist mask

9. Deep reactive ion etching 10. Dielectric membrane 11. Photoresist
(100um) and resist stripping patterning

12. Resist carbonization 13. Silicon DRIE (400 pum) 14. Fiber insertion

Fig. 2.2. Process flow for the fabrication of ultrasonic sources on silicon and dielectric membranes

As discussed previously, the optical attenuation coefficient of carbon is of special concern
for the emitter performances, since the ultrasound emission band is, to a first approximation,
inversely proportional to the optical penetration depth of the laser in the emitting material
[13]. As a consequence of that, in order to achieve a wideband emission, it is useful to
optimize the carbonization process in order to have high optical absorption per unit length on
the carbon layer. This problem will be investigated in sections 2.5 and 2.6 by taking into
consideration process parameters that may influence the optical absorption properties of the
produced carbon (e.g. employing different annealing temperatures to obtain carbon with a

higher graphitization level).
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2.4 Fabrication of MOMS-Based Emitters

In the experimental tests carried out to define the appropriate process parameters for the
fabrication of the MOMS emitters, the first relevant photolithographic patterning was
realized at step 8, after silicon oxide and nitride deposition, by using OiR 908-35 photoresist
as a mask layer and SiO,/SisN,; ICP etching. Some optical images taken after the dielectric
stack etching from the backside are shown in Fig. 2.3. For every geometry, a peripheral
donut etching shape was designed in order to allow the separation of devices by modifying
the previously introduced process flow, as will be described in deeper detail in the last
chapter of this thesis. As may observed in the figure, various shapes have been obtained,
which may be used to fabricate devices with different geometry.

On the left side of the figure, for instance, the LTO patterning needed for the fabrication of 5
ultrasound emitters is reported. The central structure, instead, was conceived for coupling
the MOMS probe with a multicore fiber, and designed in order to minimize its size and
enable the fabrication of an array of 4 ultrasonic sources with overall diameter smaller than
300 um. A particular geometry is finally depicted on the right, in which several circular

etched shapes are joined to each other in order to allow the use of an optical fiber bundle.

Fig. 2.3. Optical Images after Si02/Si3N4 (back side patterning, step 8)

Thanks to the process flow described, the realization of several prototypes of ultrasonic
emitters was possible, but the experimental tests put into evidence a few critical aspects in
the process that were not fully foreseen in its initial design. The first challenging issue
emerged during these first tests was the strong dependence of the DRIE etching rate on the
etched feature size, particularly for very deep etching steps like those adopted in the process
under examination. As can be observed in the SEM cross-sectional image of Fig. 2.4, actually,

where a silicon deep reactive ion etching with the low frequency Bosch recipe employed in
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the process is performed on structures of different sizes, the etching rate is strongly
dependent on the geometry and this makes the simultaneous fabrication of ultrasound
sources with diameter from 100 pum to 600 um quite challenging. In this respect, it is worth
noting that the smallest structures visible in figure have a diameter of 50 um and an etching
rate of roughly 4 um/min against the 5.5 um/min of the larger structures. Despite the
different rates observed, the Bosch DRIE process used yielded a satisfying wall profile, which
allowed for maintaining the designed mask patterning during the long etching step, with only

a slight and in the end acceptable widening of the etched shape.

_ hn e
Mag= 66X WD= 17 mm SignalA=SE2 Date :2 Dec 2009
EHT = 5.00 kv Gun Vacuum=1.28e008 Torr Time :16:39:11

Fig 2.4. SEM image of a silicon wafer subjected to 92 min deep reactive ion etching.

Coming back to the fabrication process, in order to realize the double depth silicon etching
described earlier, the backside was masked with a thick photoresist at step 9. In order to
perform the lithography correctly, in this step the exposure time had to be increased up to
15 sec rather than nominal 9.6 sec reported by the constructor for the OiR 908-35. In the
exposure of a positive resist, in fact, the regions that are exposed to light become soluble to
the photoresist developer. Taking into account the presence of thick micromachining on the
backside, a longer exposure time allows removing the resist close to the high steps, where
light diffraction, interference effects and shadowing phenomena do not permit a perfect

exposure. Naturally, this longer exposure time results also in a shrinking of the patterned
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regions that turned out to be small enough to preserve process feasibility. Once checked the
resist mask by optical observation at the microscope, silicon was etched for 15 min using the
DRIE process. Afterwards, the dielectric membrane was removed on the front side in
correspondence to the location of the silicon membranes through resist masking and
reactive ion etching. The dielectric multistack, constituted by silicon oxide and nitride and
covered with a thin polysilicon layer, in fact, is not needed on the bulk silicon membranes
and its presence might be detrimental for the emission performances because it would
introduce additional optical interfaces, leading to a reduction of the incoming optical power
on the absorbing film. As may be easily verified by means of optical simulations, the
transmittance of the membrane would be sensibly reduced for the presence of the
polycrystalline silicon adhesion layer, which cannot be eliminated when resist carbonization
is performed on silicon dioxide for the poor adhesion of the carbon layer on it.

In the first tests, differently from the process flow described previously, the photoresist OiR
908-35 was spun before completing the final backside silicon DRIE etching and the
carbonization was realized as a final step, providing the possibility to anneal in a different
way samples cut from various parts of the same wafer, as will be more thoroughly described
in the next section. Some optical images taken after the silicon deep etching from the
backside are reported by way of example in Fig. 2.5, where arrays of respectively 9 and 5
ultrasonic sources are shown (with 800 and 400 um overall diameters of the entire MOMS,

respectively).

Fig. 2.5. Backside views of micromachined structures after 15 min silicon deep reactive ion etching.
A dark field image is reported on the right.
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In the figure, a dark field image is shown on the right. In this particular acquisition, the
sample under observation is not illuminated frontally, since the light comes along the sides
of the microscope stage. As a consequence of this particular illumination, the background of
the image appears dark because the observer can only see the scattered light from the
vertical features existing on the specimen, providing high contrast on the micromachined
parts of the sample, and putting into evidence all the vertical walls with a bright tone.

Other optical observations performed on carbon emitters realized on silicon and dielectric
membranes are reported in Fig. 2.6a before the carbonization process. As expected from
theoretical considerations about the transparency of the dielectric SiO,/SisN, stack, the
dielectric membrane appears bright when illuminated from the backside at the microscope,
since the silicon beneath has been completed removed and visible light is allowed to cross
the silicon oxide and nitride films without remarkable attenuation.

In Fig. 2.6b an example of carbon layer, obtained on dielectric membrane thanks to
annealing process, is finally shown. The dark color confirms the high optical absorption of the
carbon layer in the visible frequency range, a property that should make it suitable for opto-

acoustic generation.

\ Emitter on silicon

membrane

Emitter on dielectric
membrane

Emitter on dielectric membrane

Fig. 2.6. Front side views before (a, left) and after (b) the carbonization process

A SEM image of carbon films patterned with circular shapes is also shown in Fig. 2.7. As may
be observed, the boundary appears slightly notched because of the volume reduction of the

layer during annealing and, furthermore, some particulate is visible on the top. The darker
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color in the central region is due to a not perfectly plane border profile owing to the
thickness variation induced by carbonization close to the boundary of the patterned feature,
as will be cleared in the next section. The three emitters reported in the image were realized

on dielectric membrane.

Sample B 800 deg Mag= 2.00KX WD= 23mm Signal A=SE2 Date :12 Nov 2009
EHT = 5.00 kv Gun Vacuum=8.94e010 Torr  Time :12:00:37

Fig. 2.7 SEM image of amorphous carbon layer

The appearance of the back side silicon micromachined cavities obtained in the experimental
tests can be observed in the SEM image reported in Fig 2.8a. The good quality of the etching
profile obtained in these tests has to be mainly ascribed to the characteristics of the Bosch
process, where etching and passivation cycles are alternated to achieve highly anisotropic
vertically etched structures. In this process, the chemical deposition of an inert passivation
layer (C4Fg) is alternated to a sulfur hexafluoride (SFg) plasma isotropic etching step, allowing
for etching in the vertical direction. The deposition/etching steps are automatically
alternated many times during the process, in order to preserve anisotropy.

Anyway the alternation of these two different phases leads to the typical scalloping of deep
reactive ion etching, which created a controlled undulation of the sidewalls characterized by
average amplitude of a few hundreds of nanometers, depending on the duration of the

passivation/etching steps. In case the sidewall scalloping represents a problem, the
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frequency of these cycles can be opportunely set to reduce this effect. In Fig. 2.8b a detail of
the etching sidewall is shown by way of example, in which the scalloping is quite clearly
visible due to the low passivation/etching cycle frequency employed (7 s SFs and 2 s C4Fs).

Other examples of back side silicon micromachining observed by SEM are reported in Figs.
2.9 and 2.10. These images have been taken on MOMS based arrays of ultrasonic emitters,
designed to demonstrate the potentiality of the developed technology concerning
integration density. As may be seen in the figures, several individual emitters can be rather
easily realized on the same MOMS, in order to constitute ultrasonic sources with more
complex structure with respect to a plain single emitter. In these arrays, every ultrasonic
generator can be, in principle, independently controlled by using more laser sources or
switching a single laser beam among the different fibers. In this way, the emission
performances could be considerably increased, resulting in a wider spatial distribution of the
acoustic field. In the micromachining tests, it was verified that, once fixed a minimum
thickness for the silicon spacer between two adjacent cavities (which was 50 um in the
process implemented), the maximum integration is only limited by the minimal fiber size
useful to propagate a sufficient optical energy up to the carbon emitter. In order to
overcome this limitation, some MOMS in the test mask set have been designed for use with

multicore fibers, which could permit the integration of tens of emitters on circular silicon

areas with diameter smaller than 500 um.

HER 20 min cambio £ ! WD= 13mm SignalA=SE2 Date
C4F3§ - pos 38 Gun Vacuum = 104e-008 Torr  Time

el
B 800 deg Mag= 133Kx  WD= 18mm Signal A=SE2 Date:12
f i EHT = 5004 GunVacuum=875¢010 Torr  Time :11:

Fig. 2.8. Backside DRIE micromachining for the fiber housing (a) and typical scalloping
of the etching (b)
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00pm Mag= 144X - = {
Sample B 800 deg M g WD= 16 mm Signal A=SE2 Date :12 Nov 2009
EHT = 5.00 kv Gun Vacuum =9.45¢010 Torr  Time :11:28:19

Fig. 2.9. SEM image of MOMS-based arrays of ultrasonic emitters (back side view)

Sample B 800 deg Mag = 341X WD= 20mm SignalA=SE2 Date :12 Nov 2009
EHT = 5.00 kY Gun Vacuum=9.61e010 Torr  Time :11:22:30

Fig. 2.10. View of a 5-emitters array of roughly 650 um overall diameter
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2.5. Photoresist Carbonization

As discussed before, the employment of photoresist as a starting material for the fabrication
of carbon layers is very convenient since it allows easy patterning of optically absorbing
microstructures by photolithography techniques. Carbon films have been produced by other
groups by the pyrolysis of AZ4330 [14] and SU-8 [15] photoresists with possible applications
as electrode materials in chemical sensing and in electrochemically based MEMS devices. In
this thesis, differently than the examples available in the literature, the use of carbon layers
obtained by carbonization of OiR 908-35 photoresist has been studied for efficient
optoacoustic conversion.

In order to investigate the carbonization process, some first tests were performed in
preliminary experiments, which put into evidence the necessity to dip the silicon wafers in a
dilute hydrofluoric solution to etch the native silicon dioxide before photoresist spinning in
order to enhance carbon adhesion on silicon. This step proved to be very important in
carbonization of photoresist layers on silicon, since the adhesion of carbon on silicon dioxide,
even few nanometers thick like native oxide, was very poor, as verified by scratch tests
performed by M3 Scotch Brite (Glass 270 syrom). In fact, as shown in Fig. 2.11, when the HF
dip was not performed before carbonization, the carbon layer was completely stripped in the
scratch test, while with the correct procedure adhesion evaluated with the same method
was very good. As a result of these tests, the 100 nm thick polysilicon adhesion layer was
inserted in the process flow presented in section 2.3 (steps 6 and 7 in Fig. 2.2), in order to

allow a sufficient adhesion of carbon in the emitters realized on dielectric membrane.

Fig. 2.11 Scratch test on a carbonized resist (without HF dip before spinning)

For the same reason, the silicon wafers, at step 11 of the process previously described, were

cleaned by dilute hydrofluoric solution and furthermore treated with hexamethyldisilazane
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(HMDS), which is a common primer used before resist spin coating to promote adhesion.
OiR 908-35 resist was then spun at 3000 rpm for 30 s, leading to 4 um thick layer, which was
soft baked in hot plate at 110 °C for 1 min. Afterwards, the photoresist films were carbonized
in both inert and reducing environment by annealing the samples at several temperatures.
In particular, carbon properties were investigated as a function of four annealing
temperatures (800°C, 900°C, 1000°C and 1100°C) and considering two different pyrolysis
atmospheres: Argon and Forming gas (90% N, and 10% H,).

All the samples were heated with a ramp performed from the room temperature to the
plateau value adopting a fixed rise time of 15 min, annealed for 10 min and cooled to room
temperature in the pyrolysis atmospheres before exposure to air. The different
carbonization processes were realized by both a J.I.P.ELEC and a Rapid Thermal Processing
(RTP) equipment. The former is an induction furnace specially developed for the ultra-high-
temperature processing of silicon carbide, where samples are annealed in an inductively
heated graphite chamber. The latter, instead, is a lamp-based heating system in which the
sample can be heated and cooled rapidly within a water cooled quartz chamber.

In order to determine the thicknesses of the carbon layers and to investigate the
carbonization process dependence on the planar geometry of annealed structure, the
thickness profile of the annealed films was measured before and after pyrolysis, using a
stylus profilometer. These measurements put into evidence a marked volume reduction of
the film after carbonization, consistently with other results reported in the literature, with a
thickness reduction around 75% with respect to the original 4 um thick resist layer. As
shown in Fig. 2.12, the thickness reduction after carbonization turned out to be strongly
dependent on the diameter of circular shape carbonized. Besides thickness reduction, a
small shrinking in lateral dimension was observed on the patterned geometries resulting in a
slight increase in thickness close to structure boundaries. This effect was particularly marked
on structures with diameter smaller than 200 um, in which the pyrolysis led to convex
structures because of the gathering of the thicker border regions, resulting in a higher
average thickness of the pattern (see the measurements reported in the figure below). In the
larger structures, instead, a wide flat profile was observed in the central region of the

pattern.
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Fig. 2.12 Carbon thickness profiles as a function of diameter (900°C annealing temperature)
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In Figs. 2.13, 2.14, 2.15 and 2.16, the thicknesses of the carbon layers as a function of the

diameter of the original patterned structures are reported for annealings performed at the

temperatures of 800°C, 900°C, 1000°C and 1100°C. In this case, the carbonization process

was realized in Argon atmosphere by using the J.I.P.ELEC furnace.

2000
1800 —-
1600 —-
1400 —-
1200 4

1000 +

Thickness [nm]

800

600

400

m  wafer center
A wafer edge

4]

A AR A ] ]

0

T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800
diameter [um]

Fig. 2.13. Thicknesses of patterned carbon as a function of diameter

(800°C annealing temperature)
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In order to calculate the values reported in the plot, several measurements were performed
on similar circular structures in various regions of the annealed samples and averaged. The
measurements put into evidence that, although a good uniformity was noticed before
annealing (the spun photoresist was roughly 4 um thick in the whole region of interest), the
carbonization process induced a thickness reduction that was slightly lower in the central
region of the wafer, confirming the theoretical expectations concerning temperature
distribution in the annealing chamber. In fact, in the J.I.P.ELEC furnace, which is based on
induction heating, the annealing temperature has a radial profile, decreasing from the

chamber wall towards its center.
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Fig. 2.14. Thicknesses of patterned carbon as a function of diameter
(900°C annealing temperature)

Moreover, by comparing the data obtained at different annealing temperatures, it was found
that, for the largest structures, the shrinking due to pyrolysis increased with the annealing
temperature. In particular, the relative reductions in the films thickness were respectively
79%, 82%, 84% and 85% for the considered carbonization temperatures, from the lowest to

the highest.
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Fig. 2.15. Thicknesses of patterned carbon as a function of diameter
(1000°C annealing temperature)
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Fig.2.16. Thicknesses of patterned carbon as a function of diameter
(1100°C annealing temperature)

However, as can be shown in Fig. 2.17, high temperature annealing allowed better control of
the shrinking reduction on small and medium sized circular patterns.
From these results, it is quite clear that, within certain limitations determined by the initial

thickness of the resist layer and by the unavoidable thickness reduction during carbonization,
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the carbon thickness can be in principle tuned by appropriately patterning the photoresist
and performing the annealing at the right temperature, even if the pattern planar geometry
if often constrained by other considerations in the application described. This can be useful
for optimizing the optoacoustic emission performances of the carbon layers, since, as
discussed previously, the possibility to control the thickness of the absorbing layer is of

primary importance in optoacoustic generation.
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Fig. 2.17. Thicknesses of carbon films against the diameters for the several annealing temperatures

The structural characterization of the carbon layers obtained by resist pyrolysis was
completed by cross-sectional SEM observations, which allowed for investigating the
roughness of the upper surface of the layers and the appearance of the single crystal
silicon/carbon interface. In Fig 2.18 two cross sectional SEM images performed on
unpatterned carbon samples obtained with two different pyrolysis atmospheres are
reported by way of example. In particular, the resist in Fig. 2.18a was annealed in Forming
gas atmosphere (90% N,, 10% H,) using the RTP furnace at a temperature of 750°C, leading
to a roughly 1.3 um thickness. The other sample, instead, was pyrolyzed in Argon by
J.I.P.ELEC at the same temperature, resulting in a thinner carbon film, as may be seen in Fig.

2.18b.
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Fig. 2.18. SEM image of the pyrolyzed resists, annealed in Forming gas (left, 1.3 um thick) and Argon
(right, 1 um thickness).

2.6 Optical Characterization

2.6.1 Introduction

The problem of optical characterization of a thin film in a multilayer structure has been
extensively investigated in the literature [16] [17] and several techniques have been
proposed. Some of them are based upon multiple reflection and transmission
measurements, whereas other ones rely on single reflectance data. Generally speaking,
every technique presents peculiar advantages and drawbacks and often the choice of the
characterization procedure is mainly determined by the available experimental setup. Most
common approaches employ optimization algorithms based on classical oscillators and
empirical relations or, alternatively, Kramers-Kronig analysis [18]. The latter method,
according to which the characterization is operated by solving an integral expression,
requires some approximations in order to take into account the contribution on reflectance
(or transmittance) outside the experimental measurement range and consequently some

errors may arise. As can be observed by the Kramers-Kronig relation reported below,

o(0) = %’Pf“’ In R(w)
0

wlz — w2

the phase shift of the electromagnetic wave ¢ is related to the reflectance measurement R,

where P is the principal value of the integral, but its exact value cannot be calculated
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because this would require an optical measurement realized over an infinite frequency
range. Anyway, several techniques have been proposed in order to realize the best
approximation of the Kramers-Kronig relation [19].

The classic oscillator approach, on the contrary, allows for a correct refractive index
determination and its use has been preferred in this type of characterizations. In order to
perform the optical characterization of thin layers by photometric and infrared
spectrometric measurements, a new stand alone software application has been developed
within this thesis (Fig. 2.19). The optimization algorithm implemented in the application
allows for the simultaneous fitting on more experimental results and for the management of
several unknown layers in the same multi-layer structure. Various theoretical models
(Lorentz, Drude, Cauchy, etc.) have been utilized in the extraction routines for reducing the
solution numbers and satisfying the Kramers-Krong relation between real and imaginary
parts of complex refractive index. The software has been designed for working as a Matlab
tool as well and can be easily optimized for every particular application.

Thanks to minimization of an error function, proportional to the mismatch between
experimental measurements and optical simulations, unknown refractive indexes and
thicknesses are determined by first using a simulated annealing minimization algorithm and,
subsequently, gradient based methods to refine the solution. The minimization function

used in the extraction procedure is reported below for a single experimental measure:

E(t, Tli,ki ,i = 1,2, ...... ,m) = w/zrln(Ml — Si)z (214)

where M;is the value measured at the ith wavelength, S; the one simulated by means of the
complex refractive index (n; + jk;) and the thickness t, while m is the number of frequencies
considered. Following eq. (2.14), the overall error function is obtained by summing all the
contributions of the individual experimental measurements involved in the extraction.

In this minimization procedure, the optical constants are expressed by theoretical and/or
empirical dispersion equations, which have to be chosen appropriately depending on the
material type. The Cauchy and Sellmeier equations, for example, are suitable to model
transparent materials like silicon oxide and nitride, whereas classic and damped Lorentz

oscillators are often used for dielectric materials in the infrared region in order to describe
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their vibrational modes at those frequencies. Unlike the Cauchy and Sellmeier equations, the
oscillators based models are theoretically consistent with the Kramers-Kronig relation.

In applying this method, the number of oscillators is generally determined from the acquired
spectrum, often using its frequency derivative to roughly determine the needed number of

oscillators and estimate their frequencies.
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Fig. 2.19. Stand Alone application for the optical characterization of thin layer

For the particular case of amorphous carbon layers, several dispersion relations have been
tested and the most interesting results have been obtained by employing the Forouhi-
Bloomer equations [20], where the complex index of refraction is derived as a function of
photon energy. In this way, the extinction coefficient is rigorously calculated on theoretical
bases and the refractive index is subsequently determined by applying the Kramers-Krong
analysis. Thanks to these characteristics, the Forouhi-Bloomer model allows for an excellent
optical characterization of both amorphous semiconductors and amorphous dielectrics. The
model is based on the following equations:

A(E — Ep)?

k(E) = %
E) =% —Br+c
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n(E) =n(e=) + E2—BE+C

where

B, =%(—B72+Eg3 —E,2+C)

C, = %((Eg2 +C)7 - 2Egc)

Q =3/(4C—B)

in which A, B, C and n(e°) are positive constants that depend on the film characteristics, and
E, is the optical energy band gap. Initially introduced to model the interband region (photon
energies higher than band gap), these equations have been also applied to lower energies
and good results have been obtained in the characterization of amorphous hydrogenated

and unhydrogenated carbon layers [21].

2.6.2 Optical Constants of Amorphous Carbon Layers

The optical properties of carbonized photoresists were estimated by using the Forouhi-
Bloomer dispersion relations using the extraction procedure introduced above. The optical
constants have been expressed by five variables that, together with the thickness, represent
the real parameters of the optimization algorithm, resulting in a fast convergence of the
fitting. Several measurements were performed in the visible and infrared frequency ranges
by using respectively an UV-Visible Spectrophotometer (Avantes) and a Fourier Transform
Infrared Spectrometer (Nicolet). In order to ease optical characterization, the OiR 908-35
photoresist was spun on double side polished wafers that were subsequently cut in quarters
before annealing at the four temperatures. As in the process described previously for the
patterned structures, the silicon wafer was dipped in a dilute hydrofluoric acid solution
before photoresist spinning and, subsequently, carbonization was executed by using the
J.I.LP.ELEC furnace.

The reflectance measures, obtained on the annealed samples by maintaining the carbonized
part of the wafer towards the optical source, are reported in Figs. 2.20 and 2.21 for normal

and 30 degrees incident angles respectively.
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Fig. 2.20. Reflectance measurements realized by Avantes Spectrophotometer
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Fig. 2.21. Reflectance measurements realized by Fourier Transform Infrared Spectrometer

As may be seen from the plots, the reflectance increases slightly with the annealing
temperature as observed more clearly on the FTIR measurements. Due to the high
absorption coefficient of the carbon layer in the frequency range of interest, the
transmittance of the double side polished silicon wafer is reduced to zero when the carbon

layer is present on one side of it (Fig. 2.22).
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Fig. 2.22. Transmittance measures before and after carbon deposition.

As a consequence of this high absorption, the optical energy is entirely converted into heat
for all the layers characterized, independently of the pyrolysis temperature. This should
hopefully allow for maximizing the optoacoustic conversion efficiency but, on the other
hand, makes the optical characterization of the carbon films more difficult.

In fact, the absence of the interference fringes, or a significant transmission data (due to the
strong light absorption in the carbon layer), complicates the determination of refractive
index even using several experimental data simultaneously in the extraction, such as
reflectance measurements in the visible and near infrared regions performed by irradiating
both sides of the samples (silicon and carbon faces). In order to overcome these difficulties
and compare the performances of the resists layers pyrolyzed at the four temperatures, a
thinning of the films up to a thickness of roughly 200 nm was realized by RIE oxygen etching
operated with a reactive ion etching SENTECH 591 equipment. The RIE oxygen process used
in this operation was different than the commonly used oxygen plasma widely employed to
strip photoresist in lithographic processes [22], since it was performed on a capacitively
coupled RIE apparatus providing directionality and rate control to the etching by a proper DC
bias applied to the sample, yielding a carbon etching rate around 110 nm/min. The thinning
of carbon layer in oxygen plasma was quite uniform on a wafer quarter and allowed a good

control of thickness reduction by time etching.
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In Fig. 2.23 some optical images of the carbon surface after a 6 minutes oxygen RIE etching

are reported.

e Radius = 47,59 pm

Fig. 2.23. Optical images of carbon surface after thinning by oxygen plasma

The thinning procedure led to acceptable results, even if particulate and some isolated spots
of about 50 microns diameter were present on the thinned samples. Moreover, the etching

rate, was fairly constant on the several samples annealed at the four temperatures proving

to be independent of the pyrolysis type realized.

Mag = 145 95 K X WD= 4mm Signal A=InLens

EHT = 5.00 kY Gun Vacuum = 5.75e-010 Torr Date :3 Feb 2011

Fig. 2.24. SEM image of carbon film thinned up to 200 nm by reactive ion etching
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The SEM image of a slightly inclined cross-section of a carbon layer thinned up to 200 nm,
putting into evidence the small superficial roughness induced by the oxygen RIE, is reported
in Fig. 2.24.

The thinned samples were optically characterized in the visible and near infrared range in
order to determine the optical constants of the carbon layers with better confidence. Some
results of the optical measurements are reported in Figs. 2.25, 2.26 and 2.27 (in which the
carbon face was kept towards the optical source in the two measures shown on top of the
figures).

From these measurements, the refractive indexes of the carbon layers have been derived by
using the Forouhi-Bloomer dispersion relation running the fit procedure on four
experimental acquisitions. In particular, a transmission measurement was exploited in the
NIR (this was necessary since silicon is opaque in the visible frequency range) together with
three reflectance measures, one in the visible and two in the near infrared region. In this last
frequency range, in fact, the reflectance measurement with the silicon face on the front side

can be utilized as well, thanks to the IR transparency of the substrate.
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Fig. 2.25. Optical measures realized on carbon layer annealed at 900°C
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Unfortunately, the reflectance in the NIR for the carbon layer annealed at 800°C was not

measurable due to the too small sample size, and the optical characterization attempted by

using only two experimental datasets turned out to be affected by considerable errors and

will not be reported here. The fitting obtained for the layers carbonized at 900, 1000 and

1100 °C, on the contrary, was very good, as may be observed by the match between

simulated and measured data reported in Figs. 2.25-2.27.

0.8¢

Reflectance

0.6

0.4¢

Measure 1
Simulation

0.2 ]

NS

6000 8000
wawelength[A]

TnirRieBminC.CSV

4000

0.8¢

Trasmittance

0.2¢

0.6}

0.4;

wawelength[A] x 10"

Fig. 2.26. Optical measures realized on carbon layer annealed at 1000°C
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Fig. 2.27. Optical measures realized on carbon annealed at 1100°C

This good match obtained between measurements and simulations for all the annealing
temperatures considered provides a good confidence on the extraction of the optical
constants for carbon. Actually, an imperfect fitting can be observed only at the highest
frequencies, where also the layer roughness should be taken into consideration.

In order to accurately determine the absorption coefficient, the real thickness was earlier
measured by SEM for each layer characterized and therefore it was not used as a variable in
the fitting procedure. In fact, when high absorption layers are investigated, the independent
estimation of thickness represents a remarkable advantage that allows avoiding possible
errors in the complex refractive index derivation. The optical constants obtained with the
described procedure are finally plotted in Figs. 2.28 and 2.29 in the near infrared region of
interest. As may be observed in Fig. 2.29, the absorption coefficient increases with the
annealing temperature, reaching its maximum value of 1.3*10° cm™ for the carbon film

annealed at 1100° (considering a wavelength of 1.064 um). The high absorption obtained for
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this layer is very promising for the implementation of a high efficiency optoacoustic

conversion process.
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Fig. 2.28. Refractive indexes of carbon films for the several annealing temperatures
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Fig. 2.29. Absorption coefficients of carbon films annealed at the different temperatures
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2.6.3 Optical Absorption in the Ultrasonic Emitter

Once derived the optical constants of carbonized resist, the energy absorbed in the MOMS
emitter can be calculated as shown in Fig. 2.30, where the absorption, normalized to the

incoming optical energy, is plotted as a function of the thickness of the silicon membrane.
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Fig. 2.30. Energy absorbed by 1 um thick carbon film as a function of silicon membrane
thickness (at A=1.064 um)

As may be seen, the calculated absorption is quite similar for the various annealing
temperatures. In fact, the high absorption coefficient, in the order of 10°> cm™, guarantees
the full absorption of the laser beam on every carbon film. Furthermore, the lowest
refractive index of the resist annealed at the maximum temperature results in the lowest
absorption, due to high difference of refractive index at the silicon-carbon interface. The
effect of the different absorption coefficient of the several films can be appreciated in Fig.
2.31, where the optical absorption of emitters realized on a 100 um thick silicon membrane
is plotted as a function of carbon thickness. As may be observed, the carbon film annealed
at the maximum temperature reaches the plateau earlier due to its more pronounced
absorption. Moreover, the effect of optical interference is visible in the plots for small values

of the thickness, resulting in a less smooth shape of the curves.
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Fig.2.31. Absorbed optical energy by carbon against thickness

It is worth noting that, according to the simulation results reported in Fig. 2.30, the thinning
of the silicon membrane up to 100 um results approximately in a 50% increase of the
absorbed energy with respect to the case of a bulk substrate (with thickness around 500
um). However since the nanosecond pulsed lasers provide a coherence length in the order of
few millimeters, a correct calculation of the absorbed energy should take into account the
effect of optical interference in the silicon membrane.

The result of an optical simulation executed considering this phenomenon is reported in Fig.
2.32. By examining the figure, it is clear that the trend of Fig 2.30 can be only employed to
derive the average power absorbed by the carbon layer, mediated on the envelope of the
interference pattern of Fig. 2.32. However, this theoretical analysis predicts that the exact
power reaching the absorbing layer from the silicon membrane is strongly affected by its
thickness (even by variations in the order of hundreds of nanometers), and should in theory

be widely variable from device to device due to process parameter spread.
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Fig. 2.32 Energy absorbed by carbon film considering the coherence of the laser beam
at 1.064 um wavelength (temperature of carbon annealing of 900°C)

However, it must be pointed out that in reality the thickness of the silicon membrane will be
actually not constant in the hundreds of nanometers range even within the core of the fiber
used to deliver the laser up to the emitting layer, because of the etching profile, which is not
absolutely flat at its bottom (actually, multimode fibers are often used to this purpose,
whose core diameter typically varies in the range 200-600 um). As a consequence of that,
the laser light transmission within the fiber diameter will be probably averaged yielding an
overall transmitted power that will coincide with a short-range average of the plot reported
in Fig. 2.32, yielding a smaller variation of the optical power absorption from one device to
another.

Differently than the case discussed above, for the emitters realized on dielectric membrane a
more accurate calculation of the absorbed energy is possible. In fact, due to the negligible
attenuation of the laser beam in the dielectric multistack and smaller refractive index
difference between the optical fiber and the membrane, the emitters on dielectric
membrane theoretically provide the optimal optical absorption. However their
performances are slightly worsened by the polysilicon layer deposited on top of the

membrane to enhance carbon adhesion, yielding to 65% absorption of the incoming power.
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2.6.4 Calculation of the Transient Temperature Profile in the MOMS Emitters

The values of the complex refractive index of the films and the related calculations of the
absorbed optical power, obtained as previously described, can be exploited to derive the
transient temperature profile in the emitter during its operation as a thermoelastic emitter.

In fact, as seen in equation (2.2), the f(t) function can be employed to model the time shape
of the laser beam. In Fig. 2.33, a laser pulse calculated by choosing a rise time of 0.3 ns is

shown.
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Fig. 2.33 Temporal shape of laser beam simulated by f(t)

The chosen time allows for having a full width at half maximum of about 800 ns that well
approximates the typical temporal shape of nanosecond pulsed lasers. Furthermore an
optical intensity I, of 10" W/m? can be reasonably used in the simulations since this values is
compatible with the power provided by the widely used pulsed lasers with Nd:YAG laser
sources. In order to calculate the temperature profile, the 3D heat equation is solved in a
two-dimensional domain by taking advantage of the cylindrical symmetry of the simulation
domain (Fig. 2.34). In the chosen reference frame, it is assumed that the laser beam travels
along the vertical z-axis while r is the radial coordinate (r=0 symmetry axis). The temperature
distributions, computed by the finite element method with the COMSOL Multiphysics
package, are finally depicted at two significant simulation times in Figs. 2.35 and 2.36 for two

emitters respectively realized on a silicon and on a dielectric membrane.
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Fig. 2.34. Emitter on silicon membrane and equivalent 2-D model by taking advantage of cylindrical
symmetry
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Fig.2.35. Temperature distribution in a emitter realized on silicon, calculated by element finite
simulation
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The geometric parameters employed in the simulation are 1 um thick carbon film, 100 um
fiber radius and a width of 50 um for the lateral silicon wall. The silicon substrate is
considered 500 um thick. The presence of thin nitride and polysilicon layers has been

neglected in the heat equation solution of the emitter on the dielectric membrane.
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Fig. 2.36. Temperature distribution in an emitter realized on dielectric membrane

From the simulations, it is clear that the presence of the thick silicon membrane under the
carbon emitter strongly affects the temperature profile, reducing the maximum temperature
reachable because of its high thermal conductance. The maximum calculated temperatures
reached within the carbon layer during the transient heating are plotted as a function of
time for the two different MOMS based emitters in Fig.2.37. As may be observed, the
ultrasonic source realized on dielectric membrane shows a temperature peak of roughly 350
K against the one of 335 K of the emitter on silicon. As a consequence of that, the silicon
membrane does not seem to provide a larger bandwidth, despite the higher cooling speed of

the film provided by its presence, because of the lower temperature peak reached.
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Fig. 2.37. Temperatures against the time for the emitters realized on silicon and dielectric
membranes (calculated in the respective maximum value points)

As can be clearly seen in Fig. 2.38, where the normalized Fourier transform of the
temperature time dependence are shown, the spectrum of the emitter on dielectric
membrane is characterized by large amplitude at high frequencies. Moreover, in order to
maximize the opto-acoustic generation, the simulation results suggest that the thickness of
carbon film could be further reduced up to few hundreds of nanometers, for example by
using the RIE oxygen etching described previously.

It must be said, however, that the discussed simulations only allow qualitative evaluations,
such as the comparison of the expected performances of the two main emitter structures
designed. It has to be noted, in fact, that the calculated temperature distributions are
dependent on the thermal conductivity and the heat capacity of the carbon layer. Therefore,
in order to achieve a predictive model, the thermal properties of the carbon film should be
experimentally determined possibly by fabricating proper test structures to measure these
parameters.

On the contrary, in the simulations presented above, parameters referred to amorphous

carbon layers taken from the literature have been utilized, as shown in the table below:
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Parameter Value Measure Unit
Carbon Absorption coefficient 10’ 1/m
Carbon thermal conductivity 6 W/(m-K)

Carbon density 2000 Kg/m?

Heat capacity 500 J/(Kg-K)
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Fig. 2.38. Normalized Fourier Transformers of the temperature functions reported above

2.7 Acoustic Characterization

Once completed the fabrication process of the first prototypes of ultrasonic generators, a
preliminary  acoustic  characterization was realized employing an  Nd:YAG
(PowerChipNanolaser) for irradiating the emitters. This Q-switched Diode-Pumped Solid-
State Laser has minimum and maximum pulse energies of 50 and 80 W respectively, with an
average power of 50 mW at its maximum repetition rate of 1 kHz. The pulse width at Full
Width Half Maximum (FWHM) is less than 500 ps. These Nd:YAG lasers present ideal
characteristics for optoacoustic generation and consequently are widely used in this
application. Actually, most of the experimental results presented in the last decades employ
this kind of laser, taking advantage of the short pulse duration which permits wideband

emission. Furthermore the emitted optical power is generally adequate to assure good
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ultrasonic generation amplitude without damaging the emitter layer. Ultrasonic signals with
bandwidth of tens of Megahertz have been generated by using thin absorbing layers and
Nd:YAG pulsed lasers [2] [23] [24].

The experimental setup, used for the characterization of the MOMS devices, is shown in Fig.

2.39.
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Fig. 2.39. Measurement setup for the opto-acoustic generation

In the setup, a PVDF membrane hydrophone (Marconi 699/1/00002/200) has been utilized
to measure the generated ultrasounds, using a TDS Tektronix oscilloscope to acquire the
sensor signal. All the presented measurements have been carried out in liquid environment,
keeping both the ultrasonic source and the detector immersed in deionized water. A large
multimode fiber, with roughly 630 and 600 um respectively cladding and core diameters,
was used for guiding the laser beam to the optoacoustic transducer in these first tests. A
laser/optical fiber coupler was utilized for interfacing the laser output with the fiber, which,

unfortunately, led to a considerable optical power loss.
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In the measured prototype, the carbon layer was obtained with an annealing temperature of
800°C, yielding a thickness of roughly 800 nm for the pattern geometry and deposited on a
silicon membrane as described previously.

The acoustic field was evaluated by measuring the ultrasonic signal emitted by the
optoacoustic source in different positions using a computer controlled xyz stage to shift the
detector from on measurement to another. In this way, the 3D distribution of the acoustic
field generated by the carbon emitter could be estimated. In Fig. 2.40, a longitudinal section
of the acoustic field generated by the optoacoustic source acquired on a plane
approximately intersecting the axis of symmetry of the MOMS is shown in colour scale. As
may be observed, the acoustic field intensity decreases by 90% from 2 to 16 mm from the
source. In Fig. 2.41, a transverse section of the acoustic field measured at a distance of 2
mm from the emitter is reported.

The results of the acoustic characterization proved that acoustic pressures in the range of 1
MPa can be obtained with the MOMS emitter in its near-field region, using a laser pulse
energy of 50 p with 500 ps FWHM. Moreover, the acoustic field observed turned out to be
limited within a cylindrical region of space having a radius of roughly 0.75 mm measured
from the axis of symmetry of the MOMS. In this respect, it is important to observe that the
hydrophone used in the characterization had a 0.8 mm pixel diameter, and consequently was
not completely suited to measure an acoustic field characterized by rapid spatial variations
like the one of the optoacoustic source. In fact, every measurement point accounts for the
pressure applied on the relatively large active area of the detector, most probably resulting
in some imprecision in the estimation of the actual spatial distribution. In addition, it is
expected that field components at higher frequencies are more attenuated than the low
frequency ones by the unavoidable spatial average effect performed by the detector on its
0.8 mm pixel, possibly leading to additional attenuation of the signal amplitude and
limitation of the measured emission band (besides the native cut-off of the piezoelectric
detector, whose central frequency is 30 MHz). These limitations of the measurement setup
did not allow a complete characterization of the MOMS ultrasonic source at higher
frequencies, for which a wideband miniaturized transducer should be utilized for an
exhaustive characterization of the fabricated. Then, the amplitude spectrum of the acoustic
wave detected at 2 mm, is finally reported in Fig. 2.42. The intensity reduction at high

frequencies is probably due to the limited wideband of the sensor utilized in the acquisition.
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In fact the cut off frequency of membrane hydrophone is roughly 60 MHz (but its sensitivity
decreases sensibly already for lower frequencies), corresponding with the profile observable
in the figure. The obtained result is very interesting because demonstrates that using a
nanosecond pulsed laser with emitters realized with carbonized resist is possible to generate
ultrasounds of 50 MHz bandwidth and beyond.

Furthermore, the measurements demonstrated undoubtedly that the pressure emitted by
the MOMS source developed is several orders of magnitude higher than pressure generated
irradiating a metallic film [13] and comparable in intensity with the best results reported in
the literature for comparable emitters realized on bulk substrates [25]. Moreover, the high
thickness control of the carbon film, obtained by the fabrication process based on pyrolysis
of photoresist, assures a sensible increase of the acoustic pressure emitted, compared to
previously reported results obtained by irradiating a thicker absorbing target made of

graphite powder and epoxy resin [13].
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Fig. 2.40. Longitudinal section of the acoustic field from 2 to 16 mm from the source,
acquired with a membrane hydrophone.
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Fig. 2.41. Transverse section of the acoustic field at a distance of 2 mm from the source,
acquired with a membrane hydrophone
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Fig.2.42. Normalized amplitude spectrum of laser generated ultrasound

As far as possible biomedical applications of the developed technology are concerned, it

must be pointed out that the acoustic pressures generated by an individual piezoelectric
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transducer of the type typically employed in diagnostic imaging are comparable with the
opto-acoustic signal measured [26]. Furthermore, if higher pressures were required for some
application, it must be considered that the modulation of the intensity should be possible by
utilizing a more powerful laser source as long as the ablation threshold of the carbon layer is
not crossed. In order to obtain higher emission intensity without changing the laser pulse
energy, the emitters realized on dielectric membrane could also be used, as the simulation

results suggest.
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Interferometric Detection of Ultrasounds:
Design and Fabrication of Optoacoustic
Receivers

3.1 Introduction

The increasing interest concerning the use of acoustic waves, both generated by optical
absorption of short laser pulses in biological tissues or in highly absorbing thin layers for
different applications, has recently made the development of ultrasonic receivers capable of
detecting wideband ultrasonic signals a relevant research theme [1] [2] [3] . The various
issues involved in the design and fabrication of extrinsic Fabry-Perot interferometers on
optical fiber by means of appropriate silicon microstructures, will be here discussed in depth.
In order to do that, the physical phenomena related to opto-acoustic interferometric
detection will be analyzed, by deriving optical and acoustic models from basic theory and
performing measurements on proper test structures in order to estimate the relevant
material parameters. By taking advantage of microfabrication techniques, the realization of
highly miniaturized MOMS detectors will be demonstrated, opening a door to possible
endoscopic applications even based on arrays of ultrasonic receivers. The presented results
might help overcome the limitations that still exist to date in the applicability of high
frequency acoustic waves in diagnostic tools, because of the strong attenuation of such
waves in biological tissues and the lack of effective miniaturization techniques for high
frequency ultrasonic arrays.

The MOMS-based Fabry-Perot interferometers presented will be mainly realized on a
dielectric membrane similar to the one described in Chapter 2 and employed in some of the

emitters (namely the multilayer composed by thermal silicon dioxide, silicon nitride and
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LTO), which helps maximising the amount of incoming light on the interferometric structure.
As described for the emitters, the thicknesses in the multilayer have been accurately chosen
in order to compensate the tensile and compressive stresses of the individual layers, assuring
membranes with high mechanical stability and stiffness.

The process flow adopted here, quite similarly to the case of the ultrasonic emitters
described in the previous chapter, relies on a double depth silicon etching, and also allows
the fabrication of ultrasound detectors on silicon membranes, which are expected to have a
larger optical power loss for the lower transmittance of fibre-silicon-interferometer
structure, but higher stiffness and mechanical robustness as well, and consequently have

been considered of concern for the developed technology.

Utrasonic wave Al totally

reflecting
SU-8 M $i0,/SisN; M ‘/AI thin

a

]

/

' Optical
fiber —

Glue

Fig. 3.1. Interferometers on dielectric (left) and silicon membranes (right)

3.2 Theory of Interferometric Detection

3.2.1 Acoustic Modelling

The MOMS-based ultrasonic receivers have been designed based on the well-known
principle which allows measuring the pressure applied by an acoustic wave through a Fabry-
Perot interferometer (Fig. 3.1). A polymer film, characterized by low Young’s modulus, is
coated with a very thin Al layer having a non negligible transmittance of light at the desired

wavelength on one side and with a thicker, totally reflective one on its opposite face. In
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order to measure the thickness variation of the polymeric spacer in the presence of
ultrasound waves, the interferometric cavity is interrogated with a laser beam and the
reflected power measured by a photodiode. In this way, when an acoustic wave hits the
structure, the reflected intensity is modulated by interference effects and the spectrum of
the incoming acoustic waves can be measured with the photodiode [4] [5].

The sensitivity, e.g. the conversion efficiency of acoustic pressure in optical intensity, can be

defined as:

_dl

== (3.1)

S

where I is the reflected intensity and P the incident acoustic pressure. Indicating with § the
optical phase shift throughout the cavity, eq. (3.1) can be rewritten bringing into relief the

optical and acoustic parts:

S = Sopt. * Saco. (3.2)

dlp dB

Sopt. = E Saco. = E
As may be seen from eq. (3.2), the sensitivity can be maximized by designing an
interferometer which assures a strong variation of the reflected intensity with the phase
shift and a considerable thickness modulation when an acoustic pressure is applied. The

acoustic behaviour of the sensor can be derived by considering the simplified model

depicted in Fig. 3.2.

Water

Silicon oxide

Fig. 3.2. View of MOMS based ultrasonic detector and acoustic schematization
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At the ultrasonic frequencies of operation for the MOMS detectors and considering the
designed thicknesses, the phase shifts in the metallizations can be considered negligible and,
consequently, the pressure applied on the interferometer can be calculated without
accounting for the presence of the two thin aluminium layers. Similarly, the effect of silicon
nitride can be ignored without significantly affecting the model validity.

Considering the model schematically represented in the figure, the polymer thickness

variation due to the incident pressure can be written as:

1 L
= — 3.3
dl Efopdx (3.3)

where E is the Young’s modulus and P is the acoustic pressure in the sensing film, whose
thickness is L . This resulting pressure is the sum of the incident wave harmonics transmitted
into the structure and reflected at its boundaries because of the acoustic impedance
mismatches between the polymer and the surrounding media.

Considering a sinusoidal acoustic wave of amplitude P, incoming on the interferometer,
characterized by an angular frequency w and a wave vector k, the pressure inside the

structure can be calculated as [4]

P = PyT e/t (eka (RiRy) e Ik2L

i=0 (3.4)

+ Rye /K E(Rle)ie‘jk2L>

i=0

where T and R are respectively the transmission and reflection coefficients at the polymer-

water and polymer-silicon oxide interfaces, defined as:

Zo— Z Zy— 7 27
R, = 0 1 R, = 2 1 T = 1

Zo+ 74 Z1+ 7, Z1+ 27,
By calculating the sum of the geometric series, equation (3.4) is simplified as:

1
1 — R Rye~Jk2L

P = P,T e/t (eka
(3.5)

+ Rye Jkx L : )
1= R,Rye-Jk2L
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e/kX R e=Jkx

= P,T e/® .
0f € T R,Rye k2L

Now, substituting (3.4) in (3.3), the thickness variation due to the applied pressure can be
finally computed as:

P,T e/®t

dl = :
E(1 — R,R,e—Jk2L)

L
j (e/**+R e~k*) dx (3.6)
0

The acoustic sensitivity, which represents the absolute value of the optical phase shift per
unit acoustic pressure rad/MPa is then expressed, neglecting the acoustic absorption in the

polymer (real wave vector), by:

_dB_4mn|dl]  4mnV2T |(1—coskL) (1+ 2R, coskL + R;?)
®dp~ A,Py, 2, Ek 1+ R;R,(R,R, — 2 cos 2kL)

where 4, is the optical wavelength of the laser source employed for interrogating the cavity
and n the refractive index of the sensitive film. By analyzing this equation, it is possible to do
some important considerations.

In particular, from the derived expression of the acoustic sensitivity, it is clear that the
sensitivity increases with L, but vanishes when the acoustic wavelength approaches the
polymer thickness, limiting the bandwidth of the interferometer. Therefore, the best
thickness depends on the particular application, and the desired trade-off between
sensitivity and bandwidth. As a consequence of that, choosing a sensing film characterized
not only by low Young’s modulus, but also low density (in order to permit high speed of
ultrasound waves), is essential in order to maximize the acoustic performances. Moreover,
the acoustic sensitivity depends linearly on the refractive index of the polymer and,
consequently, a material with high n assures a better acoustic sensitivity because of the
higher phase shift engendered when the ultrasonic pressure is applied. In addition, it is
worth noting that the use of high optical frequencies for interrogating the Fabry-Perot cavity
also improves the detection performance. However the use of laser frequencies above the
near infrared region can lead to non negligible optical attenuations in the interferometer and

consequently decrease the optical sensitivity.
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The deformations per unit acoustic pressure (|dl|/Po) calculated for two interferometers

respectively realized on silicon and dielectric membranes are reported in Fig. 3.3 as a

function of the frequency of the acoustic wave.
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Fig. 3.3. Deformations per unit pressure of 10 um thick interferometers deposited on dielectric and
silicon membranes (10 and 50 nm thick Al layers)

As may be seen from the calculated curves, the two different structures provide similar
acoustic performance with an average deformation in the plateau region around 9 nm/MPa

for a 10 um thick polymer. The bandwidth, as may be shown using eq. (3.6), depends on

acoustic speed and polymer thickness in the following way:

_fa 3.7
f—f (3.7)

where ¢, is the acoustic speed in the material and fis the first frequency for which the right
hand side of (3.6) goes to zero, equal to 300 MHz for the considered cases. Therefore, the
bandwidth only depends on the geometry and the acoustic properties of the polymer layer
and is independent of the characteristics of the supporting structure on which it is realized.
This is not true in general for the acoustic sensitivity expressed in eq. (3.2) in which the
acoustic impendence difference between the polymer and the substrate is of concern. The

parameters used in the simulations, taken from the literature, are tabulated below [6]:
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Acoustic impedance [MRayls] | Young’s Modulus [GPa] | Acoustic speed [m/s]

Water 1.5 - -
SU-8 3.5 2 2886
Sio, 12 - -

According to the model, the acoustic sensitivity can be increased by using a thicker SU-8
layer in the detector, as shown in Fig. 3.4. As may be observed, the dependence of acoustic
sensitivity on polymer thickness is quite linear, leading to considerable improvement of the

performance at the expense of some bandwidth reduction.

80

700 — 10pum|
/// \\ —— 30 ,,lm

60 :JJJJJJJ \ 50 um il
| 70 ,,lm

50+

40+

|dl] deformation [nm/MPa]

10°

frequency [MHz]

Fig. 3.4. Deformations per pressure unit of several polymer thicknesses
(on dielectric membrane, 10 and 50 nm thick Al layers)

3.2.2 Optical Modelling

The optical intensity reflected from a multilayer structure composed by n isotropic and
homogenous films can be conventionally expressed in matrix notation [7] [8] [9] [10].

Indicating with E;} and E,;, the electric field amplitudes of waves respectively incident and
reflected at the mth interface in the multilayer, the relation reported below can be derived

by applying the equations of wave propagation:
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_ij+1 jﬁm+1
e A [
Em tmm+1 e‘]ﬁm+1 e]Bm+1 Em+a (3.8)

mm+1

Amm+1

In this way, the electrical fields at the mth interface are written as a function of the fields
calculated at the successive interface, taking into account the optical phase shift § in the
m+1 layer and the Fresnel reflection and transmission coefficients r, t. The phase shift due to

the wave propagation within the film can be expressed as:
2
Bm = Tdem cos 6,,

where N, is the complex refraction index of the material, 8,, the propagation angle
calculated with respect to the normal direction from the interface and A the wavelength. For
a wave travelling from the mth to the (m+1)th layer, the Fresnel coefficients 7y, 41,

tmm+1 for parallel (p) and perpendicular (s) field polarizations are given by:

p _ Nmy1 €056 — Npp OS Oy

T =
mm+1l N cos Opy1+Nmyq COS Oy

¢ D — 2Ny, cos O
mm+1l " N cosOmp1+Nms1 COS 6Oy

Ny €0S 0 —Nypg1 €COS Oppvq

s
T,
mm+1 ™ N oS Opm+Nms1 COS Opmin

2N, cos O,

tS =
mm+1 ™ N cos Opm+Nmsq COS O

By applying eq. (3.8) to every interface, a relation between the electrical fields in the first

and last layer of the structure is derived:

() = Moaiin () = (aly as2) () (39

where the backward wave in the nth layer is supposed to have vanishing amplitude.
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The reflectance, defined as the fraction of electromagnetic power reflected at the interface
calculated with respect to the incoming one, can be then computed for every polarization

considering the appropriate Fresnel coefficients:

2 2

Ey az1

Eg

R = (3.10)

a1
If the light is unpolarized, the reflectance is expressed as the average of the values derived
for the parallel and perpendicular polarizations as:

R, +R
=2 __% (3.11)
2
When the electromagnetic wave impinges normally on the structure (6, = 0) the Fresnel
coefficients are considerably simplified and become independent of polarization:
r _ Nin — Nipya ¢ _ 2Ny,
mm+1 Nm + Nm+1 mm+1 Ny 4 Nppiq

Coming back to the interferometer in Fig. 3.2, as discussed before the acoustic pressure P
applied to the structure modulates the polymer thickness (indicated below by the variation
dl') and leads to a modulation of the phase shift that, neglecting strain induced variations in

the refractive index, can be expressed by:
2
B ="TN(d +dD) = Bpc + dB(P)

As a consequence of that, the optical intensity reflected by the interferometer, namely the
reflectance of the multilayer structure multiplied by the incident intensity, is given by the
sum of a continuous part (independent of the applied pressure) and another variable that
can be exploited to measure the acoustic wave hitting the Fabry-Perot, according to the

following formula:
IR = IDC + dI(P) (3.12)

in which Iy, is an undesired contribution that can interfere with the detection of the
transient intensity dI(P). In fact, a too large value of the intensity may saturate the
photodiode and increase the shot noise current. The structure of the interferometer is thus

designed in a convenient way for maximizing the variable part with respect to the DC level in
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order to reach the best performance. Furthermore, resolution and phase sensitivity can be
increased by interrogating the cavity with an optical intensity level chosen to be as close as
possible to the detector saturation threshold (this can be done in practice by tuning the laser

power), even if this leads to some limitations in the maximum detectable pressure level.

3.3 Optical Characterization

3.3.1 Preliminary Tests

Four prototypes of planar Fabry-Perot interferometers, with different thicknesses of the
spacer and of the bottom metal film were realized on fused silica substrates (pure SiO,),
using negative SU-8 10 resist to fabricate the polymer spacer according to the process flow
of Fig.3.5. Fused silica was chosen to mimic the optical properties of the SiO,/SisN,
membrane that was adopted in the final detectors. Aluminum was deposited by evaporation
to realize both the thin and thick metal layers of the interferometers. The second
metallization was 50 nm thick, while two thicknesses were tested for the thinner one placed

under the SU-8 layer (namely 5 and 10 nm).

1. Bulk fused silica 2. Thin Al evaporation (5, 10 nm)

3. SU-8 spinning, exposure and bake 4. Thick Al deposition (50 nm)

Fig. 3. 5. Process flow for the fabrication of 4 receivers prototypes
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SU-8 was deposited by spinning, in roughly 5 and 10 um thick layers, obtained by varying the
spinning speed (4400 and 3000 RPM respectively). The resist was then exposed to UV light

and hard baked at 200°C for 1 min on a hotplate before depositing the last Al layer.

Fig. 3.6. Avantes (left) and FTIR (right) spectrometers

As can be seen from eq. (3.8), the reflectance dependence on wavelength is connected to the
phase shift. The modulation depth and optical sensitivity can be then derived by optical
reflectance measurements. In Fig. 3.7 the reflectance spectra measured in the near infrared
range by means of the Avantes Spectrophotometer (Fig. 3.6 left), are reported for the
different structures. As may be observed for the reflectance measurements, the use of a 10
nm thick aluminium layer assures an intensity modulation depth of about 80% and a
maximum slope in the reflectance-wavelength plot of 37 um™. As a whole, the thickest
metallization leads to a remarkable improvement of performance, while the use of thicker
polymer layers results in fringe shrinkage and thus in an increment of sensitivity.

On the same samples, reflectance has also been measured in the near-infrared range above 1
um (Fig. 3.8). The measurements were realized though a Fourier Transform Infrared
Spectrometer (FTIR, Fig. 3.6 right). In this case, the measurement results show that the fringe
amplitude decreases with increasing polymer thicknesses revealing a partial coherence loss of

light during its propagation within the interferometer.
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Fig. 3.7 Reflectance measures of receivers prototypes on fused silica, acquired by Avantes
Spectrophotometer
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Fig. 3.8. Reflectance measures of receivers prototypes acquired by FTIR Spectrometer

When a film behaves incoherently, the electromagnetic waves combine in a manner that is
insensitive to phase differences resulting in disappearance of interference fringes. If the film
thickness is not large enough to show a completely incoherent behavior, a partial coherence

arises making the optical simulation of the structure difficult. The coherence length, which is
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an estimation of the maximum thickness for which the film shows a coherent behavior, can
be expressed as L = 12/(nA1), where A and A1 are respectively the central wavelength and
spectral width of the light source, and n is the refractive index of the propagation medium.
Fortunately, the use of a monochromatic source like a solid-state laser assures a coherent
behavior and, consequently, the actual modulation depths obtained on the interferometers
during their operation will be much larger than those observed in Fig.3.8.

Besides the planar interferometers described above, some additional test structures were
also realized in order to determine the complex refractive indexes of the thin layers used in
the interferometer, whose values have been used in optical simulations performed to predict
the optomechanical behaviour of the Fabry-Perot detectors. Such model can be used to
determine the best geometry that can be adopted for the interferometer for maximizing
sensitivity and modulation depth and, consequently, effectively to assist the design of the
detectors. Thanks to the software application realized in this thesis, and briefly described in
chapter 2, a rather quick and easy optical characterization of the thin layers by photometric

and infrared measurements was possible.

3.3.2 Refractive Index of Aluminum Thin Layers

The problem of aluminum optical characterization has been investigated for many years. In
1963, Ehrenreich [11] demonstrated the existence of an absorption band at 1.6 eV in the
thin film material. Successively, a complete calculation of refractive index was realized by
Mathewson and Myers [12], showing the presence of another strong absorption peak in the
interband region at 0.5 eV. Nevertheless, the optical constants reported in the literature for
Al films are not suitable for simulating the optical behavior of multilayer structures where
very thin Al films are used, like the interferometers investigated here. In fact, such optical
constants are appropriate only for Al thicknesses greater than roughly 30 nm, since the
optical constants of very thin films are strongly dependent on the process used for the
deposition and, when only few nanometers are deposited, may depend on the deposition
substrate, as well. Therefore, the optical constants for the thin films used in the detectors
have been extracted experimentally on test samples, according to the procedure reported in
the following, and used in the predictive model of the Fabry-Perot cavity.

The optical characterization of thin Al was realized by evaporating 10 nm thick layers on

double polished silicon wafers and acquiring several experimental data in the visible and
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infrared spectra on these samples. Starting from the reflectance and transmittance

measurements, the complex refractive index was derived through a fitting procedure

employing the Drude-Lorentz model. In Fig. 3.9 the simulations are compared with the

experimental data, yielding a very good match.
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Fig. 3.9 Reflectance and Transmittance measures on 10 nm thick Al evaporated on double polished
silicon substrate
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In the extraction, the Drude and Lorentz variables were simultaneously modified in order to
minimize the error function calculated using six optical measures. In particular, the FTIR
acquisitions were of primary importance to determine accurately the Drude term and did not
lead to a wrong estimation of interband contributions (modeled by damped Lorentz
oscillators). The complex refractive index obtained for thin Al is shown below in the
frequency range of interest, compared with the same parameter measured on a 50 nm thick,

optically bulk sample.
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Fig. 3.10. Optical constants of thin and bulk aluminum films

As can be observed by comparing the determined optical constants with those commonly
obtained on thick aluminum [13], the interband peaks, due to the presence parallel bands,
are less strong in the thin films. Consistently with theoretical expectations, a small variation
of the measured optical coefficients was noticed between layers deposited with slightly
different thicknesses. Anyway, the refractive index determined for the 10 nm thick Al layers
could be employed to model the interferometer with good match with experimental data, as
will be shown in the following. Some measurements on Al films deposited on bulk silicon
oxide wafers (fused silica) were realized as well. However, in this case the optical
characterization was less easy because it required a previous calculation of silicon oxide
refractive index, whose vibrational modes in the infrared region are modeled using a quite

high number of classical oscillators that make the extraction procedure quite difficult.
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3.3.3 Refractive Index of SU-8 Photoresist

SU-8 is an epoxy based photoresist that is widely used in Micro Electro Mechanical System
(MEMS) technology. Developed by IBM [14], it was initially applied as a standard photoresist
for high resolution lithography. Differently than many other resists, SU-8 presents very good
mechanical properties and consequently can be suitable as a structural material. Thanks to
its thermal and chemically stability, it is often employed for the fabrication of MEMS devices,
especially in microfluidic applications where water insolubility is required. Moreover, it is
biocompatible [15] and suitable for fabricating very high aspect ratio structures. Thanks to
its relatively low Young’s modulus (=2GPa), this resist is a good candidate as a sensitive film
in the Fabry-Perot cavity, and has already been used for this purpose [16]. Moreover, its
acoustic impedance of about 3.5 MRayls assures a good acoustic match with water (1.5
MRayls), eliminating the need to use coupling layers to improve the detector performances.
However, it has to be observed that an acoustic wave travelling into the SU-8 photoresist is
slightly attenuated (a 0.33 db/um attenuation has been experimentally derived at 1 GHz
[17]).

The optical properties of SU-8 10 were determined by spinning the resist on fused silica
substrates and measuring its reflectance and transmittance in the visible and near infrared
ranges. The photoresist was spun on two wafers at 3000 RPM and 4400 RPM to investigate
the effect of the spinning speed, and of the different thickness consequently obtained, on
the optical properties. During the processing, the SU-8 layers were baked for 2 minutes at
65°C and subsequently brought to 95°C using a roughly 2 min temperature ramp and left at
the final temperature for 5 min before exposure (performed with an exposition time of 15
sec). Afterwards, the resist was baked again (1 min at 65°C, 2 min at 95° C) in order to
complete the cross link reaction initiated by exposure. Finally, after the development, the
resist was hard baked for 1 min at 200°C to further cross-link the patterned SU-8 structures
and consequently stabilize their mechanical properties. This last operation is strongly
recommended when the photoresist is used as a structural material and therefore left as a
part of final device.

The reflectance and transmittance measurements realized on the thickest SU-8 layer are

reported in Fig 3.11.
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Fig. 3.11. Reflectance (left) and transmittance measures realized on 10 um thick SU-8 (3000 RPM)

The optical behavior was well simulated by using a Cauchy dispersion relation. The refractive
index and the extinction coefficient, derived by the fit procedure introduced previously, are

shown in Figs. 3.12 and 3.13 respectively.
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Fig. 3.12. Refractive index of SU-8 photoresist
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Fig.3.13. Extinction coefficient of SU-8 photoresist

The same values of the extracted optical constants allowed for simulating satisfactorily the
reflectance and transmittance of the photoresist layers of both thicknesses, evidencing the
fact that the optical properties have no remarkable dependence on the resist thickness. On
the contrary, slight variations of the optical constants were observed depending on the bake
type performed, resulting in a reduction of refractive index after the hard bake procedure
[17]. Moreover, as can be observed in Fig. 3.13, the optical absorption becomes negligible
for wavelength values larger than 400 nm, confirming the suitability of this material for the
fabrication Fabry-Perot devices used with infrared lasers. In fact, a low attenuation of the
electromagnetic radiation, interrogating the Fabry—Perot cavity, is quite important to

increase the modulation depth of the interferometer.

3.3.4 MOMS-Based Interferometer

Once completed the optical characterization of the thin layers constituting the detector, the
reflectance measurements performed on the interferometer prototypes realized on fused
silica were compared with the simulated data as shown in Fig. 3.14. This measurement,
realized on the interferometer constituted by 10 nm thick Al and 10 um thick SU-8 layers,
does not show a perfect match with the simulation in the whole measurement range. This

can be attributed to a partially incoherent optical behavior of thick SU-8 at shorter
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wavelengths. However the match with experimental data is very good in the visible and

near infrared range, where the measure was acquired by the Avantes spectrophotometer.
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Fig. 3.14. Reflectance measure and simulation of a detector prototype

Thanks to simulation procedure, the reflectance could be calculated as a function of the SU-8
photoresist thickness for the fabricated detectors, as shown in Fig. 3.15 in which the
structure that assures the best sensitivity performance at 1550 nm wavelength was

considered.
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Fig. 3.15 Reflectance simulated against polymer thickness (10 nm thin Al, 1550 nm wavelength)
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As may be observed, the optical behavior is very promising because it assures a remarkable
variation of the optical intensity even for very small thickness changes. In the region of
maximum slope, in particular, a sensitivity of roughly 9.2 pm™ can be derived from the
simulation. In order to have high opto-mechanical sensitivity in ultrasound detection, an
operating point corresponding to a high slope of the reflectance/thickness plot reported in
Fig. 3.15 should be chosen, theoretically. Anyway, despite the good thickness uniformity
achieved with the fabrication process, such operating point cannot be determined with
sufficient precision by controlling the thickness of the SU-8 layer. In order to overcome this
problem, a tunable laser source can be used for interrogating the interferometer, in which
the wavelength can be adapted up to reaching the maximum optical sensitivity. As it clearly
appears in the simulation, a narrow tuning range (about 30 nm) is expected to be sufficient
to guarantee the best detection performance.

In order to investigate in deeper detail the relation between laser wavelength and polymer
thickness, the reflectance has been reported in Fig. 3.16 on a 3-D plot as a function of

wavelength and SU-8 thickness.

0.8

0.7

Reflectance

SU-8 thickness [um]

Fig. 3.16. Reflectance of the Fabry-Perot deposited on Fused-Silica (10 and 50 nm thick Al
metallizations)

The interference fringes are clearly visible in both the x and y direction in the plot,

corresponding to the two physical parameters considered. From the 3-D plot it is clear that a
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working point showing a high reflectance derivative with respect to wavelength assures at
the same time high sensitivity against the Fabry-Perot cavity length, giving the possibility to
determine the optimal operation wavelength with concern to opto-mechanical sensitivity,
through a quite straightforward reflectance measurement on the Fabry-Perot.

In order to determine the effect of the thickness of the thinner Al metallization on the
detection performances, the modulation depth of the reflectance was calculated as a
function of the mentioned parameter by optical simulations (Fig. 3.17). From the results, it
was derived that evaporating Al films with thickness higher than 10 nm causes a degrade of
the opto-mechanical transfer function, because of the sensible reduction of the laser beam
intensity transmitted into the Fabry-Perot cavity. On the other hand, excessively thin layers
do not provide sufficient reflection at the internal face of the Fabry-Perot and consequently
most of the back reflected light crosses the film, and do not contribute to interference within

the cavity.
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Fig. 3.17. Modulation depth as a function of thickness of first Al metallization, derived by optical
simulations

In this respect, it must be considered that the calculated modulation depths may suffer from
some imprecision in the values of the optical constants assumed for thin Al. This is due to the
fact that, as explained before, the optical constants of a very thin layer are dependent on

process variables such as the deposited thickness. Then, the fringe shape, determined by
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considering the optical constant of the 10 nm thick Al also for thicker or thinner films, could
contain some estimation error. The modulation depths of interferometers with thickness of
the first metallization above 20 nm were, instead, calculated by using the well-known
refractive index of optically bulk aluminum, reasonably assuming an optical behavior similar
to the bulk material for such layers.

Differently from the prototypes fabricated on fused silica, the final interferometers were
realized on a dielectric multistack. Therefore, the refractive index differences between silicon
oxide and nitride must also be considered for an accurate modeling of the detector in this

case.
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Fig 3.18. Reflectance of a interferometer carried out on dielectric membrane (A=1550 nm)

In Fig.3.18, the reflectance calculated for the backside of the dielectric membrane assumed
in contact with a silica fiber and with the optimized interferometer of Fig. 3.15 on top of it is
plotted against the SU-8 thickness. As may be observed, the optical response has a similar
behavior compared to the interferometer on fused silica of Fig. 3.15 (which was however
simulated without the presence of the fiber), with an even higher modulation depth. This
effect depends on the fact that thermal oxide, which is the first layer of the membrane, has a
refractive index value very close to the one of the optical fiber, usually made of silica glass,
minimizing the energy reflected at the core-detector interface, which actually is almost zero
around the points of minimum reflectance in the plot. Furthermore, the additional films

(silicon nitride and LTO) needed to fabricate the stress-compensated membrane present low
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refractive indexes and very low absorption, and consequently have an almost negligible
effect on the optical function transfer of the detector.

As discussed for the emitter, the developed technology allows the simultaneous fabrication
of ultrasonic detectors on dielectric and silicon membranes. However, when the Fabry-Perot
devices are realized on silicon, the reflectance is significantly distorted because of the
overlap of silicon and polymer interference fringes. As can be seen in Fig. 3.19, actually, the
fringes due to the SU-8 interferometer are less dense than those owing to the silicon
membrane because of its lower thickness, as can be clearly seen by performing a simulation

in which silicon is modeled as an optically incoherent medium (also shown in the figure).
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Fig.3.19. Reflectance calculated for a Fabry-Perot deposited on 100 um thick Si membrane

Differently from the case of the prototype realized on the dielectric membrane, in which the
interference fringes due to the refractive index variation between the fiber and the
membrane is almost negligible, the presence of silicon strongly affects the optical behavior,
complicating the calculation of the best operation wavelength for the device. Since the
tunable laser sources usually present a linewidth of few MHz, they typically have a
coherence length in the order of meters. In order to dump undesired interference effects like
those related to the presence of the silicon membrane in the interferometers, it is possible
to introduce noise in the laser line, broadening its bandwidth and, consequently decreasing

its coherence length to few millimeters. This method, although appropriate to cancel the
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possible energy losses due to the optical interference taking place within the fiber, it is not
useful for layers thinner than 1 mm, like the silicon membrane considered. As may be seen in
Fig. 3.20, in which the reflectance of the interferometer is plotted as a function of
wavelength and SU-8 thickness, the effect of silicon interference fringes makes the
theoretical dependence of the optical transfer function on the design parameters rather
difficult to read.

However, it must be said, that, as discussed in chapter 2 for the emitters, the small
unavoidable variations of the silicon membrane thickness due to the DRIE etching profile
might partly smooth out the undesired interference pattern, introducing some spatial
averaging effect on the reflected light. Such effect, anyway, is expected to be lower than the
case on the emitters because of the smaller core of the single mode fibers commonly used in

interferometric applications at these wavelengths (usually around 10 pm in diameter).

Reflectance

wavelength [A]

Fig. 3.20 Calculated reflectance of a Fabry-Perot interferometer fabricated on silicon membrane

Moreover, it is worth noting that, even in the presence of the described distortion of the
optical transfer function due to the presence of the thick silicon membrane, the functionality
of the MOMS detector should be maintained because the modulation of the optical intensity
reflected from the Fabry-Perot cavity only depends on changes in the thickness of the SU-8
layer, since silicon is too stiff to take part in the acoustical-optical conversion process.
Anyway, besides introducing the problem of additional interference fringes, the presence of

the silicon membrane reduces the modulation depth compared to the case of the dielectric
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membrane because of its optical absorption in the near infrared region and its higher
refraction index difference with respect to the silica fiber.

By analyzing the results of acoustic and optical simulations, it is possible to conclude that,
differently than the case of the MOMS emitter where the presence of the silicon membrane
provided some benefits in term of faster cooling (even if balanced by a lower peak
temperature), the fabrication of ultrasonic detectors on dielectric membrane represents the

best solution to assure high sensitivity and easy calibration of the operation wavelength.

3.4 Process Flow

The process flow designed for the fabrication of the ultrasound detectors is shown in Fig.
3.21. The first steps, which allow the fabrication of the dielectric membrane and the backside
silicon oxide mask, are completely analogous to those analyzed for the ultrasonic sources
and will not be described here. Quite obviously, these similar process flows have been
conceived to permit, in principle, the simultaneous fabrication of emitters and receivers on
the same substrate, even if the full compatibility of the two processes is not trivial, as will be
discussed in the following chapter.

After steps 1-9, identical to the case of the emitters’ fabrication flow described in Chapter 2,
the first partially reflective mirror of the Fabry-Perot cavity (10 nm thick Al) is deposited by
electro-gun evaporation (step 10) and, afterwards, the SU-8 resist is spun at 3500 RPM and
thermally treated as explained in section 3.3 (step 11). The top 60 nm thick, totally reflective
aluminium mirror is then deposited by evaporation as well (step 12), masked with positive
photoresist and patterned by wet etching (step 13). In this step, the use of a stripping
solution (Posistrip ARCH Chemicals) with ultrasonic agitation was tested, for removing the
resist mask, but the attempt was unsuccessful because wet stripping led to the detachment
of Al from SU-8. In order to overcome the problem, the photoresist stripping was then
realized using its development solution after a new exposure or, alternatively, by oxygen RIE
etching.

After completion of the Fabry-Perot structures on the front side, the final back side Deep
Reactive lon Etching (DRIE) step is executed to define the MOMS (step 14) and allow the

fiber insertion (step 15).
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1. Silicon Bulk (500 um) 2. Thermal Oxide (700 nm) 3. Nitride (300 nm)

4. Low Temperature oxide 5. Back LTO deposition (2 um) 6. Si0,/Si3N, patterning
(LTO,1um)

7. Back photoresist mask 8. Deep reactive ion etching 9. Dielectric membrane
(100 um) and resist stripping patterning

10. Al Evaporation (10 nm) 11. SU-8 resist (8 um) 12. Al Evaporation (60 nm)

13. Wet Al etching (50 nm) 14. Silicon DRIE (400 pum) 15. Fiber insertion

Fig.3.21. Process flow for the fabrication of opto-acoustic ultrasonic detectors
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3.5 Fabrication Process

As mentioned before, the detectors’ fabrication process is in many aspects similar to the one
describer earlier in this thesis for the MOMS-based ultrasonic emitters. An analogous
solution for micromachining in the two cases was chosen not only for the similarities of the
two types of MOMS, but also because the final purpose of the research carried out with this
thesis is, in fact, the development of a technology that permits the full integration of
ultrasounds generators and detectors on the same MOMS. This choice also helped speed up
the development of the fabrication technology for the detectors, by fully exploiting the
experience accumulated in the experimental tests carried out earlier for the emitters. As a
consequence of that, the micromachining of the MOMS detectors was quite smooth in the
experiments, yielding good results like the one shown in Fig. 3.22, in which the back side
view of a MOMS containing a circular array of detectors realized both on dielectric and

silicon membranes is shown, after the first DRIE step (step 8 in the process flow).

Fig. 3.22. Optical image of back side after first silicon etching

The etched structures were subjected to a 15 min DRIE process, leading to an etching depth
of roughly 95 um (in the structures with diameter of approximately 250 um), while the other
four visible geometries were covered by OiR photoresist (step 7) during the etching step,

enabling the double depth silicon etching.
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After this first backside DRIE etching, the microfabrication continued on the wafer front with
the RIE patterning of the 2 um thick dielectric membrane that was removed in regions
targeted to the fabrication of Fabry-Perot on silicon, in order to avoid the additional optical
attenuation that would take place if the dielectric stack was left under the interferometer on
the silicon membrane. After the front side patterning of the dielectric stack, the 10 nm thick
aluminum layer constituting the first partial reflecting mirror of interferometer was then
deposited by evaporation, and the SU-8 spun and baked following the previously described
procedure. In these tests, the exposure time was increased up to 18 sec, against the 15 sec
normally employed to assure a good match between photolithographic mask and patterned
resist, in order to correctly pattern the resist despite the 2 um high steps existing on the
front side of the wafer after the dielectric stack patterning.

With the baking process described, the SU-8 showed a very good adhesion on aluminum, as
could be verified by performing scratch tests on the wafer front with scotch brite (M3 Glass
270 syrom), in which no detachment of SU-8 or Al from the substrate was observed. A SEM
image of the front side of a processed sample after the completion of the Fabry-Perot

structures is shown in Fig. 3.23.

Sample A front Mag= 731X WD= 14mm SignalA=SE2 Date :26 Nov 2009
EHT = 5.00 kv Gun Vacuum =1.27¢.009 Torr  Time :13:06:59

Fig.3.23. Front side view of an array of three detectors

Three 8 um thick interferometers are visible together with two circular etched areas on the

dielectric membrane, designed for the fabrication of carbon emitters on silicon membrane,
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according to the integrated process whose development will be described in the following
chapter.

A particular of the dielectric multistack observed in cross-section is reported Fig. 3.24, in
which the three layers constituting the membrane (thermal SiO,, SisN, and LTO) are clearly
visible for their different contrast at SEM. As may be observed, the measured thickness of
the nitride layer is approximately 270 nm, very close to the value chosen in process design

(300 nm) to effectively balance the compressive stress of the silicon oxide layers.

Sample A front Mag= 97.02KX  WD= 13mm Signal A=SE2 Date :26 Nov 2009
EHT = 500KV Gun Vacuum=1.31e009 Torr  Time :12:54:28

Fig. 3.24. SEM image of the dielectric membrane

Once completed the fabrication of the Fabry-Perot interferometers with the final 60 nm thick
Al evaporation, the critical aspects related to the patterning of the second Al layer
mentioned before were investigated. In the first tests, the wet etching of aluminum by
means of the classical procedure consisting in lithography, wet etching and wet stripping
proved to be impossible. In fact, despite the 200°C hard bake, the integrity of SU-8/Al
interfaces was degraded during the removal of the positive resist mask. In particular, the
thick upper aluminum layer detached from the underlying polymer at the very beginning of
the stripping process and, while the stripping proceeded, the SU-8 layer was also removed
from the substrate. This effect was observed even without utilizing ultrasonic agitation
during stripping. In order to overcome this problem, two different techniques were

investigated.

91



Interferometric detection of ultrasounds: design and fabrication of optoacoustic receivers

The first one took advantage of the use of positive tone photoresist as a mask for the
patterning of the Fabry-Perot upper metallization. Since, actually, a positive resist becomes
soluble in its development solution after being exposed to ultraviolet light, the mask layer
could be removed, once completed the Al etching, by further exposure and development of
the positive resist. This operation did not affect the SU-8 because it was already completely
crosslinked by its own development process and by the hardbake procedure formerly
performed. In this way, Al etching on top of the interferometers was possible, as shown in

Fig. 3.25.

Fig. 3.25. Al wet etching by positive resist masking

In the described procedure, the exposure times (18 and 7.9 sec respectively for SU-8 and OiR
resists), were accurately chosen in order to achieve a complete coverage of the Fabry-Perot
during the wet aluminum etching. The OiR positive resist has, in fact, a nominal thickness of
4 um and is not completely suited to provide good step coverage on patterned structures as
thick as the interferometers (that present roughly 8 um high steps). Furthermore, as will be
cleared later on, the Al/SU-8 interface is slightly damaged even using the removal technique
based on positive resist development after wet etching. The shorter exposure time,
therefore, is particularly important because it allows for covering the sidewalls of the

interferometers more effectively, maintaining the borders of the Fabry-Perot structures
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covered by the positive resist for a longer time during the resist removal process. This was
confirmed by the fact that the interferometers appeared undamaged after the first
development of the QiR resist used in its patterning before Al etching, most likely because
the SU-8 was completely covered by the positive resist for almost the whole development
process, in this case.

By utilizing a photoresist development time of 50 sec, a satisfactory removal of the positive
photoresist after Al etching was achieved. In Fig. 3.26, the undesired deterioration of the
Al/SU-8 interface is reported by way of example, related to a fabrication test in which the
development was prolonged by 40 sec beyond the optimum time. As may be seen in the
figure, apparent fractures are visible on the aluminum surface, due to its detachment from

SU-8 and, most probably, to the one of SU-8 itself from the bottom Al metallization.

Radius = 90,28 um

Fig. 3.26. Fabry-Perot interferometer subjected to 90 sec developer solution for removing the
positive mask resist employed in the Al patterning

The second technique employed a RIE etching based on oxygen plasma (the same described
in chapter 2 in the thinning of the carbon films) to remove the resist mask used for
aluminium wet etching. This technique yielded better results compared to the former one,
also in terms of robustness with respect to the process parameters, achieving a perfect
removal of the positive resist with no trace of damage on the interferometers, as may be
observed in Fig. 3.27, in which an optical image of Fabry-Perot interferometers after oxygen

RIE stripping is shown.
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Radius = 49,03 pm

Fig. 3.27. Aluminum patterning by wet etching and subsequent oxygen plasma to remove
the mask layer

In this second case, SU-8 photoresist itself was employed as a mask for Al wet etching on the
interferometers. The same exposure time and baking process was utilized for both the
structural and wet etching mask SU-8 layers, apart from the hardbake performed only on the
former, quite obviously using an opposite mask tone in lithography. Since in this case no
positive developer was needed, this method yielded the best results, leading to a perfect
aluminium etching in correspondence with the Fabry-Perot, with complete removal of the 8
pum thick SU-8 mask layer by means of a 30 minutes oxygen RIE, a process showing high
etching selectivity with respect to the bottom aluminium layer.

Scratch tests were realized on the patterned aluminium films on SU-8 obtained with the
different techniques described, finding generally an acceptable adhesion, even if some
interferometers were detached from the wafer during the tests, particularly in the receivers
processed with the procedure based on positive resist development after etching.

In conclusion, the tests showed that, besides stripping solution, also positive resist developer
is dangerous for the aluminium-polymer interface, so dry techniques like oxygen RIE removal
of resist (of both positive or negative type) should be preferred. In order to pattern
aluminium on SU-8 without using any development solution, selective deposition realized by
the use of a micromachined shadow mask obtained by pass-through DRIE etching on a silicon

wafer and aligned to the detectors’ substrate by temporary wafer bonding could also be an
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option, even though in this case a lower alignment accuracy should be expected compared
to standard lithography.

Once solved the problems related to the processing of the interferometers, the fabrication of
the ultrasonic receivers was completed with the final deep reactive ion etching step needed
for the fiber housing. As already observed in the emitters’ process, it was not possible to
complete the pass-through silicon etching in the circular geometries with diameter smaller
than 300 um because of the DRIE rate dependence on the exposed area. The maximum
etching time is, in fact, limited by the rate of larger structures realized on silicon membranes,
in which the etching must not extend to the entire wafer thickness, and this made impossible
to continue silicon removal in the smaller structures. This problem will be thoroughly
discussed in the next chapter, in which specific tests aimed at deriving the effective DRIE rate
dependence on the feature size will be described and alternative solutions that can allow the
simultaneous fabrication MOMS-based devices of a sizes broad range, thus overcoming the
most critical aspects related to the integration of the emitters and the detectors on the same

micromachined support.

3.6 Acoustic Characterization

As described previously, the use of a tunable laser source is of primary importance in order
to determine the operation wavelength assuring the best optical behaviour of the ultrasonic
receivers. This working point should be chosen in order to guarantee both high sensitivity
and linearity in the optoacoustic function, the latter property being important to avoid
distortion of the detected ultrasonic wave. A TSL-210H laser, produced by Santec, was
employed in the acoustic characterization to interrogate the Fabry-Perot cavity. This toll is a
semiconductor laser that can emit a variable optical power which may be increased up to 50

mW over the full wavelength tuning range. The

/ ‘ high power generated can be very useful in the

measurements because it may allow overcoming
= & 9 )

Sk ] |

- I — due to the fiber connectors, assuring an adequate

possible attenuations and optical energy losses

TSL-210H laser optical intensity on the detector. The tuning range,

extended from 1510 nm to 1580nm, is wide enough to permit the localization of the best
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working condition for optoacoustic sensitivity, according to the procedure introduced in
section 3.3. Moreover the Santec laser provides a coherence control that may be used to
enlarge the spectral width of the laser line up to 200 MHz, which enables controlling energy
attenuation due to optical interference effects in long fibers by decreasing the coherence
length of the radiation.

Thanks to the technological advancements achieved in the field of fiber-optic
communications, the use of laser sources working in the infrared region represents in
principle the ideal solution to allow a prompt applicability of the developed technology. In
fact, a C-band telecommunication IR laser, presently available on the market at a reasonable
price, would satisfy the power and tunability requirements needed for the correct operation
of the MOMS.

The acoustic characterization of the interferometer prototypes realized was carried out by
using the experimental setup shown in Fig. 3.28, available in the Ultrasounds and Non

Destructive Evaluation Laboratory at the University of Florence.

Laser

1" Photodiode Circulator

_T= Optical fiber
-
Oscilloscope I

MOMS
______________________
- .,_-: ¥
: s s Impulsator
—=lrsce iy ",'.".:‘ — —
=3 -Eens \ Ultrasonic L W ag
- ¥ — !E_ G
= % i :transducer “ﬂ; "

Fig. 3.28. Experimental setup for the detection of acoustic waves by MOMS based transducer

The tunable laser beam was guided up to the MOMS transducer through a single-mode
optical fiber, characterized by a 125 um cladding diameter. The reflected intensity was then
separated from the incident beam by an optical circulator, a common optical component

that allows separating waves travelling in opposite directions. In this way, the light generated
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by the laser source was only transmitted to the MOMS and did not interfere with the
reflected power measured by the InGaAs photodiode (PDA10CF), in which the reflected
power was converted into a voltage signal by using a 10 kQ transresistance gain amplifier.
This photodiode provided adequate responsivity at the wavelengths of the tunable laser
source (around 1 A/W) and 150 MHz bandwidth, assuring the correct detection of wideband
ultrasonic signals as those generated by thermoelastic effect.

A trigger signal provided by an electronic impulsator was used to sample the sensing signal
waveform with an oscilloscope at the right time immediately after ultrasound generation
performed with a 10 MHz piezoelectric source. As seen in the previous fabrication process,
the completion of silicon etching was not possible for structures with diameter smaller than
300 um because of the too different etching rates between large and narrow geometries. As
a consequence of that, all the available prototypes with Fabry Perot realized on dielectric
membrane in this first fabrication batch had a quite large diameter (at least 400 um). For this
reason, in order to enable the acoustic characterization of the fabricated detectors, a
capillary was used in order to fit the thin single mode fiber to the housing diameter. In fact,
the insertion of the fiber into a much larger cavity without mechanical adaptation would
result in a considerable power reduction because of oblique incidence of the laser light on
the interferometric cavity that would drastically decrease the amount of optical power
reflected from the interferometer and collected by the small fiber core (smaller than 10 um
in diameter). The employed capillary inserted within the fiber housing is shown in Fig. 3.29.
In order to correctly insert the capillary into the silicon cavity without damaging the
relatively fragile dielectric membrane at bottom, a micrometric 3D positioning system was
set up, including a stereoscopic viewer with variable inclination employed to visualise the
capillaries and the fibers during insertion.

Once inserted within the housing, the capillary was fixed by using Torr-Seal epoxy glue,
which, thanks to its high viscosity, assured a good mechanical strength without seeping into
the cavity. This kind of glue, however, would not be adequate for insertion operation on
MOMS characterized by a higher miniaturization because in the tests it was observed that
the glue drop always invaded the surrounding region, making this kind of bonding technique
unsuited to receivers arrays, where the cavities could be only few hundreds of microns apart

from each other. This drawback, anyway, could be overcome by gluing all the devices of the
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array simultaneously, possibly designing a tool that allows inserting all the optical fibers

needed at the same time before sealing the cavities.

Fig. 3.29. Torr-Seal glue, roughly 600 um diameter drop (a). Fiber insertion into capillary (b)

In order to develop a bonding technique suitable for smaller devices, the use of different
glues was also investigated. In Fig. 3.30, for example, the best result obtained by
cyanoacrylate glue can be observed. The minor density of the latter with respect to Torr-
Seal permitted to reduce the flooding of the neighbouring regions thanks to the lower
quantity of glue manually transferred to the MOMS device (a metal tip was used to drop the
glue on the junction between the fiber and the MOMS). During the gluing operation,
unfortunately, the cyanoacrylate penetrated slightly into the cavity but, as confirmed by
experimental results, its presence did not interfere considerably with the functionality of the

devices.

Fig. 3.30. Cyanoacrylate glue
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Once fixed the capillary, the single mode fiber was inserted into it, as shown in Fig. 3.29b.
This last operation was rather critical because, in performing the insertion, it was absolutely
necessary to avoid any damage of the fiber tip (which may be easily take place by scraping
against the capillary surface). The optical fiber, in fact, had to be previously lapped to
guarantee a correct power transmission and a scratch of its tip would result in a drastic
reduction of the optical power delivered to the interferometer.

The intensity reflected from a receiver deposited on dielectric membrane (with 300 pum
diameter Fabry Perot on a larger membrane) was initially acquired without applying any
pressure, in order to experimentally determine its modulation depth. The signal measured
with the photodiode while the frequency of the laser source was ramped at a constant rate
from the minimum to the maximum wavelength and vice versa, is reported in Fig. 3.31. In
the subsequent tests, the wavelength was properly tuned in the working range of TSL-210H

in order to have several interference fringes on the reflected spectrum.
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Fig. 3.31. Signal measured by the photodiode by ramping the wavelength of the tunable laser at a
constant rate (with a power level of 4mW)

Viax = Vimin _ 5160 — 580 _
Vinax + Vmin 5160 — 580 —

The experimental results substantially confirmed the theoretical expectations concerning the
optical behaviour of the interferometric detector, since they yielded a modulation depth

around 80 % for a Fabry-Perot realized on dielectric membrane with 10 nm of aluminium as
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first metallization. In this respect, it must be said that, although the experimentally observed
interference pattern was coherent with the simulations, the optical power measured was
lower than that expected. In fact, a voltage of 40 V should be theoretically detected by
applying a 4 mW laser power and considering a total reflection (without accounting for the
10 volts maximum output of the PDA10CF).

However, the several fiber connections existing in the experimental setup, introduced
significant optical losses, attenuating the laser radiation above all when the fibers were not
perfectly terminated. Since the power measured was about 15% of the theoretical maximum
it is quite clear that the power transmission efficiency could be sensibly increased by
terminating the fibers with more advanced and automated methods (fiber termination was
performed lapping the fiber tips by hand in these experiments). With respect to detector
performance, this problem does not impact acoustic characterization in which the actual
incident optical power can be accounted for as a multiplicative factor in the estimation of
acoustic sensitivity.

These acoustic tests, performed once determined the wavelength that allowed for reaching
the highest sensitivity, were carried out by using a 10 MHz Panametrics ultrasonic source to

generate incoming acoustic waves (see Fig. 3.32).

Fig. 3.32. A 10 MHz Panametrix transducer is used to excite the MOMS-based detector
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The signal acquired through the MOMS device, at 1.4 cm from the source, is shown in Fig.
3.33. In the measurement, the Fabry-Perot was interrogated by applying a 4 mW laser
power, resulting in a voltage signal with 200mV peak to peak amplitude from the
photodiode/transresistance amplifier system. The correct distance between the acoustic
source and the interferometer was calculated by considering the acoustic wave speed in
water and observing the time elapsed from the generation of the ultrasonic pulse and the

sensing signal rising edge on the oscilloscope.
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Fig. 3.33. Acoustic wave detected by an interferometer on dielectric membrane
(consisted from 10 nm Al, 8 um SU-8, 50 nm thick Al)

The decrease in acoustic sensitivity taking place when the detector operated far from the
optimal wavelength can be observed in Fig. 3.34. As may be observed, the peak to peak
amplitude appears sensibly reduced due to the lower slope of the optical function at the
wavelength employed.

In conclusion, the characterized interferometers provided a typical sensitivity of roughly 0.20
V/MPa, considering approximately a 1MPa peak to peak signal incoming on the detector. The
pressure applied was measured by using the membrane hydrophone described in the
previous chapter. Anyway, it has to be observed that the different active areas of the two
sensors could lead to an imperfect estimation of the real pressure incident on the Fabry-
Perot. The acoustic sensitivity can be also expressed without considering the diode gain,

leading to a value of 20 pyW/MPa.
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Fig. 3.34 Acoustic wave detected by interrogating the MOMS at a wavelength far from the optimum
value for acoustic sensitivity

As a whole, it may be concluded that the experimental results confirm the theoretical
expectations derived by the acoustic and optical modelling performed with parameters
extracted from the optical measurements. In fact, the optical sensitivity of 9.2 um™! and the
deformation of 9 nm/MPa, previously derived in the presented models, yield to a calculated
value for the voltage/pressure sensitivity quite close to the one obtained in the

measurements, namely:

s R s amw 10t 02 L. 9™ _ o490
= — = (.15« +10*—+92 —-9—— = 049 ——
P TT m w7 um’” MPa MPa

where I, and G are respectively the incoming power on the detector and the transresistence
gain of the photodiode, and L is the polymer thickness. The 0.15 multiplicative term was
considered to keep into account the optical losses in the fiber connections and the coupling
with the laser beam (such parameter was chosen based on the power measured with the
photodiode in the experiments, as explained before). The discrepancy between theoretical
and experimental data is acceptable, especially taking into consideration the fact that an
accurate measure of the optical power incident on Fabry-Perot was not possible with the
available setup and that the photodiode performances were taken from the datasheet and

not measured.
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As observed by the above calculation, acoustic sensitivity should be easily tunable by
changing the laser power, providing the possibility to further improve the detection
performance, if necessary. As a whole, the obtained results are very encouraging because
they demonstrate that the optoacoustic detection of ultrasonic signals with high sensitivity is
possible using a fiber optic silicon MOMS, and, more importantly, that the spatial resolution
of the sensing, which is related to the detector size, can be sensibly increased without
decreasing the acoustic performance (the pixel size in the measured devices actually
corresponds to the active area of the sensor, that should in principle coincide with the 8 um

core diameter of the single-mode fiber).
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Ultrasounds Emission and Detection by
Highly Miniaturized MOMS Devices
Self-Standing on Optical Fiber

4.1 Introduction

The design and fabrication of acoustic probes suited to emit and detect high frequency
ultrasonic signals represent the main objective of the research activity presented in this
thesis. However, the two process flows analyzed in the previous chapters, for the
development of generators and detectors, have shown several critical aspects related to the
possible development of an integrated process. For instance, the Fabry-Perot
interferometers employ single-mode fibers, which usually have a cladding diameter of 125
um, but may be even smaller (80 um for example). The emitters utilize, instead, multimode
fibers that allow to avoid focusing too much optical energy in a narrow region of space on
the emitter. This is important since the high power of the nanosecond pulsed laser source,
used for acoustic generation, could melt or ablate the absorbing film, resulting in the
breakdown of the device. Small single-mode fibers of 125 um cladding diameter are certainly
suitable for the detectors, but cavities with larger size suited for the ultrasonic sources must
be included in the MOMS. Moreover, the need to realize optoacoustic devices on both
silicon and dielectric membranes further complicates fabrication.

As described earlier, the deep reactive ion etching process presents a rate which strongly
depends on the size of the etched region. A considerable overetching, which would be
needed in order to realize pass-through cavities with very different diameter, does not
represent a practical solution because it would most probably lead to damaging the

dielectric membrane realized on the larger structures because of the limited selectivity of
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the DRIE chemistry on silicon oxide. Therefore, the design of a process flow that permits the
nearly simultaneous conclusion of silicon etching on different geometries is of primary
importance to assure the feasibility of fabrication.

The critical aspects of two processes’ combination will be here analyzed in detail. The design
and fabrication of highly miniaturized acoustic probes, constituted by arrays of emitters and
receivers, will be demonstrated, developing a MOMS technology suited to the full
integration fiber lodgments with different size and, even more importantly, providing a
technical solution for the problem of the separation of the MOMS devices from the
micromachined wafer. In fact, the first emitters and receivers realized in the first batches
presented in Chapters 2 and 3 were realized at the die level and their complete separation
from the substrate was not strictly required to permit their acoustic characterization. On the
contrary, the final devices must be released from the wafer after fiber insertion and the high
miniaturization enabled by the MOMS technology adopted makes this operation quite
challenging. In order to overcome such difficulty, a solution based on a particular type of
front side micromachining enabling mechanical dicing of the micromachined devices from
the substrate is proposed here, and its technological implementation described in the

following.

4.2 Silicon DRIE Etching Lag

The dielectric membrane, constituted by a multistack containing thermal oxide, LPCVD
nitride and LTO, is etched by the silicon DRIE process with a rate of roughly 35 nm/min. So, in
performing the backside micromachining step, when the silicon substrate under the
membrane is completely removed, the membrane itself begins to be etched and
progressively thinned by the SF¢ plasma (in particular the first etched layer on the membrane
backside is the 700 nm thick thermal oxide placed at the bottom of the stack). In case some
of the membranes released on the wafer break due to the effect of DRIE overetching, a gas
leakage in the cooling flow constituted by helium in the DRIE apparatus will appear. Since the
effectiveness of cooling in the DRIE process (which is of fundamental importance to maintain
the anisotropy of the etching) is measured through the helium gas pressure, when such
pressure decreases too much the etching process cannot continue and is typically

automatically stopped by the system.
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Consequently, due to the spread of the DRIE etching rate depending on the size of the
etched features, the fabrication of fiber lodgments with very different sizes, needed to
integrate MOMS-based emitters and receivers, requires a rather precise estimation of the
different etching rates. Once derived these rates, an appropriate set of lithographic masks
can be designed to assure the almost simultaneous completion of silicon etching on different
geometries and avoid the problem of helium losses that may stop the process prematurely.
The accurate knowledge of silicon etching rate is less important for the devices realized on
silicon membrane. In this last case (if the geometries are not excessively different in size, as
actually happened in the mask set utilized for the early batches), an imperfect estimation of
etching time may lead to different thicknesses of the silicon membranes, but without
jeopardizing process feasibility in most cases. In order to exactly calculate the silicon rate, a
490 um thick test wafer, appropriately patterned, was subjected to a 100 minutes long
silicon etching. Moreover, the dielectric membrane on the front side was appropriately
micromachined in order to allow the separation of the individual MOMS devices according to
the process flow described in the next section. The MOMS structures, completely constituted
by silicon, were then stuck to another silicon wafer used as a support and cut through a
dicing tool with micrometric positioning capabilities. In this way, the cross section of the
etched features could be observed by optical microscope and measured to derive their
etching rate, as shown in Fig. 4.1 by way of example.

As may be seen in the picture, a silicon etching time of 100 minutes is definitely
overestimated for the 250 um large structures (placed at the center of the MOMS in the
figure), but still does not permit the release of the smallest ones. Actually, after the DRIE, a
remaining silicon layer (40 um thick approximately), is still present at the bottom of the
etched regions in the structures with diameter of 150 um. Quite obviously, the differences
between the rates become more pronounced when smaller geometries are considered. A
map of silicon etching depths along the wafer referring to the 100 min etching described is

depicted in Fig. 4.2.
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Fig. 4.1. Optical observation of a MOMS device cross section

135 pm
(85 min)
140 pum

Fig. 4.2. Depths of silicon deep reactive ion etching after 100 minutes. Boundaries black highlighted
for just 85 min etching time (490 um thick silicon wafer)

As expected from theory, the silicon DRIE rate decreases slightly from the wafer center to
the edge and, furthermore, the 90 um large structures show a remarkable rate reduction to

only 4 um/min. The larger geometries with diameters of 140 and 245 um, instead, have
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etching rates of about 4.5 and 5.5 um/min respectively. The last value was actually
calculated by SEM measurements performed on a cross section realized on a silicon wafer
with patterned features subjected to an etching time of 92 minutes (shown in Fig. 2.4). In
this respect, it is important to observe that the rate is not constant in time in the various
features, since it also depends on the etching depth and consequently decreases while the
etching proceeds. Moreover, the density of the regions exposed to the sulfur hexafluoride

plasma on the wafer surface can also affect the rates.

4.3 Process Flow

The considerable differences of silicon etching rates measured on etched features with
different size have demonstrated that fabricating the MOMS devices needed for the
integration of emitters and detectors on the same substrate is essentially impossible by using
a double depth silicon etching like that presented in Chapters 2 and 3.

Consequently, a more complex process flow, that allows for a triple depth backside silicon
micromachining has been designed in order to assure the fabrication of the self-standing
integrated devices. The complete process flow is shown in Fig. 4.3. Starting from a 500 um
thick double polished silicon substrate (<100> oriented), a 700 nm thermal oxide layer is
grown by wet oxidation at 1100°C (step 2). Then, a 300 nm thick silicon nitride film is
deposited by LPCVD (step 3). Subsequently lithography and ICP SiO, etching are utilized to
pattern the SizN,/SiO, stack, removing the dielectric layers along donut shaped dicing regions
designed all around the MOMS devices (step 4). Low temperature oxide is then deposited by
CVD on both sides of the wafer (2 um thick, step 5). Afterwards the backside is patterned by

ICP SiO, etching (step 6), forming the first mask layer of the triple depth silicon etching

1. Silicon Bulk (500 pm) 2. Thermal Oxide (700 nm)
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3. Silicon Nitride (300 nm) 4. SiO,/Si3N, patterning
5. Low Temperature Oxide (LTO, 2um) 6. Back SiO,/SisN, DRIE patternig

7. Polysilicon (100 nm) 8. Back LTO (1.2um)

9. LTO patterning 10. Back photoresist mask
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11. First DRIE (22 min) and resist stripping 12. Second DRIE (23 min)

13. Back LTO DRIE etching 14. Wet Poly patterning

15. Front dielectric membrane patterning 16. OiR Photoresist

17. Resist carbonization 18. Al Evaporation (10 nm)
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19. SU-8 resist (8 pm) 20. Al Evaporation (60 nm)

Y

21. Wet Al etching (50 nm) 22. Final Silicon DRIE (76 min)

23. Fiber insertion 24. Devices separation

Fig. 4.3. Process flow for the fabrication of self standing MOMS devices on optical fiber

Subsequently, a 100 nm thick polysilicon layer is deposited by CVD (step 7). As discussed
before, polysilicon is necessary in the emitters realized on dielectric membrane in order to
assure a good adhesion of carbon. In this last process flow, polysilicon is also employed on
the back side as an etch stop layer between the two oxide levels used in the backside hard
mask. In fact, a 1.2 um thick silicon oxide layer is deposited after polysilicon on the back side

of the wafer and patterned by ICP etching (steps 8 and 9), contributing to constitute the
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mask for deep silicon etching. Then, OiR photoresist is spun, completing the mask structure
needed for the triple depth etching (step 10).

Once defined the backside mask, at step 11 the first silicon DRIE is realized, which begins the
etching of the smaller structures designed on dielectric membrane (with diameter smaller
than 150 um). After this first DRIE, the photoresist is stripped, and a second etching step is
carried out to define the structures on silicon and dielectric membranes with diameter
properly chosen in designing the mask in order to achieve the desired etching depth (step
12). The remaining oxide mask layer is then removed from the backside by RIE etching (step
13). After that, the process flow continues with the same front side microfabrication flow
separately described in Chapters 2 and 3 for emitters and receivers. Namely, the polysilicon
is wet etched (step 14) and the dielectric membrane is patterned by ICP etching (step 15).
Subsequently, the OiR photoresist is deposited by spinning, patterned (step 16) and
carbonized (step 17), completing the front micromachining of the ultrasonic emitters. The
Fabry-Perot needed to realize the receivers are then fabricated at the steps 18, 19 and 20
with the usual method. The removal of aluminum (step 21) can be realized by means of the
first procedure presented in the last chapter (development of positive resist after etching to
remove it) or by using SU-8 to mask the interferometer during aluminum etching. In this last
case, however, the negative resist cannot be removed by oxygen plasma because of the
presence of uncovered carbon on the wafer, since this RIE etching would remove it, as well.
Anyway the second SU-8 layer used as a mask for Al etching, hard baked after the Al
removal, can be left on the final interferometer without interfering considerably with the
acoustic detection performances. In fact, from an optical point of view, the resist presence is
absolutely not influential because the laser beam is totally reflected from the second thick
aluminum layer. Acoustically, on the contrary, the second SU-8 could slightly decrease the
sensitivity introducing a non negligible attenuation, especially at high frequencies.

The silicon etching is finally completed by backside DRIE at step 22, allowing the desired
silicon removal on structures with different sizes. As can be observed at the step 23, related
to fiber insertion, at this point of the process the MOMS-based acoustic probes are just
sustained by a fragile 2 um thick low temperature oxide membrane. On such membrane, the
compressive stress of LPCVD SiO, is not balanced by the tensile stress of silicon nitride (as it
happens in the designed dielectric membranes) and, consequently, the device can be easily

separated by mechanical dicing (step 24), which can be done before or after fiber insertion,
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as will be seen later on. The choice of depositing two microns of LTO, rather than 1 at step 5,
can be motivated by the necessity to have a structure easy to break, but at the same time
capable of assuring adequate mechanical robustness in sustaining the individual devices

before dicing.

4.4 Fabrication Process

One of the most interesting aspects of the process flow discussed is represented by the triple
depth silicon etching. An optical image taken from the back side of the wafer that allows for
well appreciating the three different etching times is shown if Fig. 4.4, on a sample in which
the second deep reactive ion etching was completed (step 12). As may be observed in the
figure, the largest structure with diameter of 240 um, designed to realize an ultrasonic

emitter by housing a multimode fiber, is still masked by silicon oxide.

O Rcius = 119,19 um

f Radius = 45,02

Fig. 4.4. Backside view after deep reactive ion etching (step 12)

On the contrary, the 90 um large structure, suitable for the insertion of a thin single-mode
fiber (detector), had been already subjected to an overall 45 minutes DRIE silicon etching,

operated in two subsequent steps of 22 and 23 min respectively. The measured etching rate,
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after the first 22 min, was considerably high, leading to an approximately 135 um deep
cavity. This confirms the theoretical expectations, according to which the etching rate is
dependent on the surface density of the exposed regions. During the first DRIE, in fact, only
the smaller geometries were not masked and their density on the wafer was very low.
Anyway, the rate decreased sensibly during the two other deep silicon etchings.

The etching rate was also high on the donut defining the dicing line used to separate the
device from the wafer by breaking the fragile sustaining LTO membrane on the front side. As
observable by less dark color, the donut was subjected only to the second DRIE and was
etched for only 23 minutes. Anyway, its wide area resulted in a higher etching rate
compared to the 100 um diameter housing of the smaller fiber and, consequently, the masks
were designed paying attention to covering all the donuts during the first DRIE. The square
visible in the optical acquisition is related to the patterning of an additional silicon nitride
hard mask not described in the process flow, initially designed to permit the fabrication of
funnel-shaped cavity conceived to ease the fiber insertion, as was verified on a test wafer

(Fig. 4.5)

100um Mag= 390X WD= 13mm Signal A = SE2
— EHT = 3.00 kv Gun Yacuum = 1.73e-008 Torr Date

Fig. 4.5 SEM image of funnel-shaped silicon cavities for fiber housing
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The funnel-shaped was obtained by initial DRIE and subsequently anisotropic TMAH etching
of silicon, (TMAH stands for TetraMethylAmmonium Hydroxide) a wet etching solution
whose rate is governed by silicon crystal plane orientation and so it is suitable for creating
the funnel-shaped housing. During TMAH etching, the DRIE etched silicon walls have been
masked by thermal oxide, some residues of which are visible in the SEM image. In this quite
exotic process, the patterned nitride, which is not easily oxidized even in wet environment
and at high temperatures, is used to prevent the oxidation of selected regions that have to
be exposed to TMAH in the subsequent etching process. In this way, once the nitride mask is
removed by RIE etching, all the surface of the DRIE micromachined wafer is passivated by
oxide and consequently protected from TMAH, except for the areas previously covered by
nitride that, on the contrary, are supposed to be exposed to the etching solution.

The described process was tested successfully, but as the first fiber insertion attempts
pointed out that the optical fibers could be inserted into their micromachined housings
rather easily, by using a stereoscope and an XYZ micrometric controller, even without funnel-
shaped cavities, this solution was abandoned and the fabrication process simplified
accordingly.

A few examples of MOMS devices obtained with the final process flow will be reported in the
following, in order to show the miniaturization levels reached. In Fig. 4.6 (left), a highly
miniaturized detector is reported; as may be observed, the diameter of the MOMS
interferometer is only 250 um. On the right side of the same figure, a really minimally
invasive array can be observed. Such structure requires the use of a 4-core fiber, resulting in

a small size device constituted by four sensors with and overall diameter of only 400 um.

Fig. 4.6. Optical image of backside silicon micromachining
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Coming back for a moment to the fabrication process, it can be seen from the flow
presented earlier that the small geometries on silicon membrane are covered by silicon
oxide (the second mask layer) during the first DRIE. This depends on the fact that the new
masks designed for the triple depth fabrication process were initially conceived to fabricate
emitters and detectors on the same wafer by double depth silicon etching, reducing to 200
pum the dimensional gap between the largest and smallest structures. Quite unluckily, only
after the initial design of the new mask set the measurements of silicon etching rates on very
deep features, as previously discussed, pointed out the inadequacy of the proposed solution
and the necessity to design an additional mask to start the backside DRIE only on the smaller
geometries (a solution that actually correspond to the triple depth silicon etching discussed
in the process flow). In order to keep the compatibility with the old masks, but allowing the
silicon membrane thinning on the smaller devices, the thickness of the second LTO layer
used in the backside hard mask was appropriately chosen in order to be completely removed
during the 45 minutes silicon etching performed in the first two steps of the backside
micromachining and to allow the completion of the desired structures during the third DRIE
step. However, as can be observed in Fig. 4.7, the removal of silicon dioxide by SF¢ plasma
generated a not negligible roughness on the etched surface that is only partially attenuated
during the prolonged etching process.

An optical image of the front side of the wafer after the second aluminum evaporation is
shown in Fig. 4.8, where an array of three 240 um large emitters and two detectors (140 um
diameter) is visible. As described in the process flow, different procedures can be employed
to etch the second level aluminum. In order not to negatively affect the process yield, the
quite delicate solution based on positive resist removal by post-etching exposure and
development was not considered, preferring a more careful aluminum patterning performed
by covering the Fabry-Perot with a further SU-8 layer on one of the two process wafers, and
leaving the Al layer everywhere on the other. The second solution simplifies the processing
and may also be interesting to enhance performances, since the Al film left on the emitters
could allow for the use of thinner carbon films (up to few hundreds of nanometers), which
could be obtained by oxygen plasma etching or carbonization of a thinner resist layer. This
could be possible because, in the presence of the thick Al film on carbon, the optical power
not absorbed during the forward propagation of the laser beam, would be back reflected and

totally absorbed during its backward propagation. As a consequence of that, the
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thermoelastic generation could be improved by the higher temperature increase reached in

the carbon film by dissipation of roughly the same amount of power in a smaller volume.

Radius = 66,38 pm

Radius = 45,09 pm

Radius = 199,30 pm

Fig. 4.7. MOMS-based array. Superficial roughness is visible on the left emitter, due to full removal
of mask layer during the silicon DRIE

Fig. 4.8 Front side view of a processed sample after the 60 nm thick Al evaporation
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A completed device is also shown in Fig. 4.9 observed after the aluminum removal and the
conclusive backside silicon deep reactive ion etching. As may be seen in the reported image,
thanks to triple depth etching silicon has been completely removed under the dielectric
membrane, so that the light coming from the backside illumination of the microscope clearly
penetrates through some areas of the structure. The smaller donut shape visible in figure
around the structure delimits the region in which nitride has been removed from the front
side, and a plain LTO membrane is present in order to ease mechanical dicing of the MOMS.
Such suspension membrane, in other structures, has been extended to all the surrounding
large donut region visible in the picture in order to investigate its impact on the dicing
procedure. As can be observed in Fig. 4.10, in which the front illumination has been
switched off in the microscope, the visible light coming from the backside illumination is
totally absorbed by the carbon film. Other examples of individual acoustic devices are
shown in Fig. 4.11. In this figure, a highly miniaturized emitter realized on silicon membrane
is visible on the left. Its diameter is less than 300 um, and it presents a micromachined

housing suitable for a 125 pm multimode fiber with 60 um core diameter.

Fig. 4.9. Front side view of an array of 5 emitters

In this respect it must be said that, in designing these prototypes, particular attention has

been devoted to the choice of the cavity diameter. In order to maximize the optoacoustic
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conversion, the fiber housing should actually be slightly larger than its cladding in order to
assure an easy insertion of the fiber and, at the same time, an efficient optical coupling with
the active part of the sensor. Since an incidence of the laser beam too far from the normal
direction with respect to the MOMS membrane would results in a considerable reduction of
such coupling, particularly on the detectors, the size of the cavity should be only slightly

larger than the fiber.

Fig. 4.10. Optical image of MOMS emitter without illuminating the frontside

This design rule has been considered on both emitters and receivers, such as the one
reported on the right side of Fig. 4.11, in which the aluminum boundaries appear slightly
notched because of some under etching taking place during the patterning of the thicker Al

layer of the interferometers.

8 Radius = 55,24 pm

||

# Radius = 138,36 um

Fig. 4.11. Emitter (left) and detector (right) realized respectively on silicon
and dielectric membranes
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An array of five detectors, realized on dielectric membrane and suitable for use with a fiber
bundle, is also shown in Fig. 4.11. In this case, as seen before for carbon, the backside light
does not cross the thick aluminum and, consequently, the Fabry-Perot appears dark when

the front side is not illuminated.

Fig. 4.11. Front side views of a MOMS array of five receivers, without illuminating the front side on
the right acquisition

An example of emitters-detectors integration is finally shown in Fig. 4.12, reporting the
optical image of a MOMS array in which the central emitter could be employed to generate
the acoustic wave and the four detectors around it used to receive the signal reflected from
the material or biological tissue under inspection. Since, as discussed before in this thesis,
the detection of ultrasonic signals generated by direct photoacoustic emission from
biological tissues is widely studied and has provided very promising results for medical
diagnostics, MOMS-based devices that allow the detection of ultrasonic signals together with
the direct laser irradiation of tissues have also been fabricated with the integrated process.
For example, an array of 4 receivers, suitable for photoacoustic imaging, is shown in Fig.
4.13, in which the central fiber housing can be used to deliver a pulsed laser beam to the
tissue, maintaining the light source at a well-defined distance for the detector array and
simplifying the subsequent signal processing needed for imaging.

In a visionary perspective, such structure, if equipped with an adequate number of
detectors, could be possibly used to locate a colony of cancerous cells by photoacoustic
imaging and thermally destroy them heating the tissue in a controlled way by applying laser
pulses with high repetition frequency. In doing this, photoacoustic imaging could be also

exploited to perform a sort of thermography of the tissue during the thermal treatment, in
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order to avoid necrosis phenomena due to excessive heating. Moreover, in this vision, the
tissue ablation could be highly confined to the cancerous region, significantly improving the

minimal invasiveness of the therapy.

Fig. 4.12.Front side view of 1x4 emitter/receiver Fig.4.13.MOMS array suitable for photoacoustic
array realized on silicon membrane application. The ultrasonic emission is realized
by the material under inspection

Some other interesting optical images of devices realized on the wafer completed without
the etching of the final aluminum layer are shown in the following, in which the buckling of
the plain LTO supporting membrane in the MOMS can be appreciated (Figs. 4.14, 4.15
reporting backside and frontside views respectively). In Fig. 4.15, in particular, two acoustic
probes constituted by an emitter and a receiver can be observed, where the emitter on the
right has been designed with a square shape. Such emitter-receiver modules could be of
concern for the “virtual biopsy” analysis previously introduced. The overall diameter of these
MOMS is in fact less than 400 um and would allow their insertion into syringe needles or
catheters for minimally invasive diagnostic applications.

As may be observed in both figures, shadowing phenomena resembling stationary waves
appear on the LTO donut shaped membrane located all around the circular devices due to
the uncompensated compressive stress in this material. Such effect does not show on the
compensated membranes constituting the actual devices, which indeed appear completely

flat, thanks to the presence of the tensile SizN,4 layer in them.
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Fig. 4.14 Back side view of 9 receivers array realized on dielectric membrane (without aluminum
patterning)

On the peripheral region of the MOMS, it was decided to remove the silicon nitride, despite
the residual stress effects described, in order to ease the mechanical dicing of the devices.
The reason beyond this was the fact that the dielectric membranes containing nitride are
very tough mechanically and might be difficult to break on the dicing region. Therefore, a
relatively thick LTO layer was chosen to anchor the devices to the substrate, which is much
less resistant than the compensated membrane and can be easily broken by applying a slight
mechanical pressure to the MOMS. Actually, when the fibers are appropriately inserted into
the device, and glued on it, it is sufficient to lift the fiber slightly to release the device from
the wafer. Despite this easiness in dicing, the low compressive stress of LTO (around 100
MPa) and its considerable thickness allowed it for having a sufficient mechanical stability to
effectively support the devices during the whole backside DRIE release process without
breaking, except for some isolated cracks appearing on the largest prototypes designed on

the wafer, which however did not affect the process yield.
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Fig. 4.15. Optical image of wafer front side (without aluminum patterning)

4.5 Fiber Insertion

As described in the former chapter, fiber insertion in the MOMS requires the use a
micrometric position controller operated with the aid of a stereoscopic microscope. Using
this technique, it is possible to insert the fiber into its housing directly operating on the
wafer, but considering the fragility of the fabricated structures, a different technique was
preferred in the tests described here. Namely, the MOMS were released from the wafer by
using a piece of adhesive blue foil, of the type commonly used in wafer sawing. The blue foil
was put in contact with the region of interest on the front side of the wafer and gently
pressed in order to adhere to the desired MOMS, which were then removed by the substrate
by slowly stripping the foil, remaining on it. In this way, the insertion of the fiber could be
even carried out by working on an individual device by properly implementing the blue foil
stripping procedure described. This was useful in the experiments because the glue
deposition was made by hand, and working on a single MOMS allowed to avoid wetting the
adjacent devices with the excessively large glue drops that were sometimes transferred on
the bonded device.

When the insertion was realized at wafer level, as for the devices described in the two

previous chapters, a mirror was employed to observe the front of the wafer during this
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operation and detect the slight dielectric membrane deflection that took place when the
fiber tip touched the bottom of cavity. This useful expedient (only utilized on devices realized
on dielectric membrane) assured to place the fiber in contact with the sensor membrane and
prevented an eventual damage of the MOMS by possible excessive pressure exerted on the
dielectric membranes in the monolithic devices. This solution demonstrated to be no more
necessary on the self standing devices, because a slight displacement of the blue foil surface
was noticeable when the bottom of the cavity was reached, and this was sufficient to tailor
the height of the fiber during positioning.

In Fig. 4.16, an array composed by three emitters and two detectors after release from the
wafer by blue foil is reported by way of example. As may be observed, the boundary of the
mechanically broken LTO oxide do no present a perfectly smooth geometry, but smoother

shapes are achievable by using of the narrower donut regions described earlier.

Al
Radius = 76,31 um

@

Radius = 556,59 pm

Fig. 4.16. Back side view of a MOMS array released from the wafer

A SEM image of an array of MOMS-based devices on blue foil, released from the wafer by
applying a slight pressure on a whole die, is finally shown in Fig. 4.17. In this panoramic view,

the fiber housings are clearly visible and, in particular, on the top of the figure acoustic
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structures suitable for minimally invasive applications, constituted by coupled emitters and
detectors of overall diameter less than 400 um, can be observed.

Once removed the devices from the wafer with the blue foil, the optical fibers can be
inserted into the cavities, as illustrated in Fig. 4.18. In doing this, the use of cyanoacrylate
glue was preferred in the structures where the integration of several emitters and detectors
was pursued. This decision was made because, as seen before, the Torr-Seal glue tends to
invade the region surrounding the glued fiber and consequently limits the maximum

integration reachable.

1mm Mag= 58X WD= 17 mm Signal A= SE2

| | EHT = 500KV Gun Vacuum = 5.98e-010 Torr Date :29(

Fig. 4.17. Self standing devices released from the wafer

Fig. 4.18. Fiber insertion of self-standing MOMS devices on optical fiber
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Once dried the glue, the MOMS device can be finally separated from the blue foil. In doing
this, it is sufficient to exploit the micrometric positioning system to lift the fiber and detach
the ultrasonic device.

In the following, a few examples of freestanding devices mounted on optical fibers with the
described technique will be shown, in order to demonstrate the capabilities of the developed
technology in terms of miniaturization and integration of several emitter and/or detector
devices on the same probe. In Fig. 4.19, in particular, an ultrasonic detector with diameter
smaller than 250 pm is shown, in which a 125 um single-mode fiber was employed. Two
examples of complete MOMS-based ultrasonic probes, containing both emitters and
detectors, are instead depicted in the Figs. 4.20 and 4.21. In these devices, three emitters
and two detectors are realized on the same device proving the possibility to integrate several

ultrasonic emitters and detectors without significantly increasing the probe invasiveness.

Fig. 4.19. Self-standing MOMS detector on optical fiber
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Fig. 4.20. Array of MOMS-based emitters and detectors

The fabricated array shown in the figures has actually a diameter of approximately 500 um,
sufficiently small to allow its insertion into a syringe needle or a catheter. In must be said,
however, that, as mentioned before, the miniaturization level presented here does not
represent the ultimate limit of the proposed technology. The opto-acoustic MOMS devices
presented in this thesis, in fact, have been conceived to verify their possible use in high
frequency ultrasonic applications, and consequently their design has been performed aimed
at simplifying their acoustic characterization rather than pushing the integration level to the
limit. In this respect, the use of multicore fibers, especially in the detectors where the active
part of the device is limited to the few square microns corresponding to the fiber core
diameter, would increase considerably the pixel density. In this way, the small MOMS could
contain a large number of sensors, considerably improving the spatial resolution of the

ultrasonic probe.
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Fig. 4.21. Several views of MOMS-based emitters and detectors array

4.6 Acoustic Characterization

The acoustic performances of the self-standing microfabricated devices on optical fiber were
finally characterized by measuring both emitters and detectors. The characterization of the
freestanding detectors did not yield remarkably different results that the devices measured
on chip and presented in chapter 3, so it will not be described here. However, the
freestanding detectors were functional as the previously presented devices and provided
similar performances. On the contrary, the ultrasonic field generated by the self-standing
MOMS emitter on optical fiber was obtained using a smaller fiber with respect to the earlier
acquisitions (230 um instead of 630 um) and consequently different results have been
obtained.

The acoustic field generated by a freestanding emitter, realized on silicon membrane (with a
diameter of 300 um) and measured using the technique described in Chapter 2, is reported
in Fig. 4.23. A multimode fiber (with 230 um cladding) was employed for guiding the pulsed
laser beam to the absorbing film. A needle PVDF hydrophone (SN1614) was, in this case,
exploited to detect the laser generated ultrasound. In this experiment, a smaller size sensor
(approximately 0.2 mm of diameter) was preferred in order to overcome the problem
encountered during the characterization of the 700 um emitters where the detector size (a
membrane hydrophone) was quite comparable to the area hit by the generated acoustic
field. As may be observed in the figure, most of the acoustic power is concentrated in a
region much smaller than 1 mm?, confirming the high spatial resolution reachable by the

developed technology.
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Fig. 4.22. Acoustic field measured by a PVDF hydrophone (at 8 mm far from the MOMS emitter)

The pressure measured, at a distance of 8 mm from the source, is roughly 110 kPa in the XY
point of maximum intensity against the 0.5 MPa previously derived at the same distance for
the large emitter. However, it must to be observed that such value might depend on the
narrow bandwidth of the sensor employed, that cannot measure the pressure harmonics
resulting from the high frequency components of the ultrasonic signal. The PVFD
hydrophone is, in fact, calibrated by the constructor up to 20 MHz and the real bandwidth is
actually unknown without a more accurate characterization. However, the considerable
spatial focalization of the acoustic field made the use of the larger bandwidth membrane
hydrophone available in the setup not appropriate in the measurements, because the
amplitude of the acoustic waves would be sensibly reduced by the spatial average induced
by the large active area of the sensor.

According to theoretical expectations, the pressure generated by the minimally invasive
emitter should be larger than that generated by using the larger device. As seen by the
simulations, actually, the temperature peak due to optical absorption in carbon is strongly
dependent on the intensity I, of the laser source. As a consequence of that, the use of a

smaller fiber should assure a higher optical power per unit area, provided that the same
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amount of laser power is driven into the fiber. However, the coupling system from the laser
beam to the optical fiber, usually realized by an optical coupler, is quite delicate and can lead
to a remarkable reduction of the power transmitted to the fiber when smaller core sizes are
utilized. This could explain the observed discrepancy between theory and experiments in the
characterized device.

The acoustic wave measured at roughly 4 mm from the source and its Fast Fourier transform
are reported in Figs. 4.23 and 4.24 respectively. As can be seen, the PVDF sensor presents a
cutoff frequency that does not allow appreciating the actual bandwidth of the generated
signal. In fact, if this spectrum is compared to the one calculated from the measured signal
obtained with the membrane hydrophone (for the 700 um large emitter), the damping of the
high frequency components is evident. This should be due to the low sensitivity of the sensor
employed at such frequencies and most probably not imputable to the bandwidth of the

laser generated ultrasounds.
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Fig. 4.23. Acoustic wave acquired at 4 mm far from the MOMS emitter
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Fig. 4.24. Amplitude Spectrum of the voltage signal acquired at 4 mm from the MOMS emitter

The accurate derivation of the acoustic pressure from the measurements requires the use of

the PVDF sensor sensitivity as a function of frequency, as reported below:

)

P =5 {5

where V(f) is the Fourier transform of voltage signal measured, S the sensitivity of the sensor

and ! the inverse Fourier transform. The needle PVDF hydrophone frequency response

is shown in Fig. 4.25.
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Fig. 4.25. Frequency response of the needle PVDF hydrophone (SN 1614), including
the preamplifier stage

The acoustic pressure, calculated by fast FFT algorithm can be finally plotted (Fig. 4.26). In
this procedure, the unknown high frequency sensitivity was considered equal to the last

value provided by the sensor data sheet, most probably leading to a considerable estimation

error.
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Fig. 4.26. Acoustic wave generated by the highly miniaturized emitter (250 kPa peak-to-peak
amplitude)
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In order to complete this preliminary characterization, the acoustic field generated by
thermoelastic effect should be detected by the Fabry-Perot interferometer, in order to
measure the real bandwidth of the signals emitted and received by the MOMS-based
acoustic probes and further investigate the advantages and possible drawbacks of the
developed technology. Such investigation was not possible in the framework of this thesis
for the lack of a measurements setup suited to this particular measurements, and had to be

delayed to future developments.
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Conclusions

A Micro-opto-mechanical systems (MOMS) based technology for the fabrication of ultrasonic
probes on optical fiber has been presented in this thesis. Thanks to the high miniaturization
level reached, the realization of an ultrasonic system constituted by ultrasonic generating
and detecting elements, suitable for minimally invasive applications or Non Destructive
Evaluation (NDE) of materials at high resolution, has been demonstrated. The ultrasonic
generation has been realized by irradiating a highly absorbing carbon film patterned on
silicon micromachined structures with a nanosecond pulsed laser source, generating a
mechanical shock wave due to the thermal expansion of the film induced by optical energy
conversion into heat. The short duration of the pulsed laser, together with an appropriate
emitter design, assure high frequency and wide band ultrasonic generation. The acoustic
detection has been also realized on a MOMS device using an interferometric receiver,
fabricated with a Fabry-Perot optical cavity realized by means of a patterned SU-8 and two Al
metallization levels. In order to detect the ultrasonic waves, the cavity has been interrogated
by a laser beam measuring the reflected power with a photodiode.

Various issues related to the design and fabrication of these acoustic probes have been
investigated in this thesis. First, theoretical models have been developed to characterize the
opto-acoustic behavior of the devices and estimate their expected acoustic performances.
Tests structures have been realized to derive the relevant physical parameters of the
materials constituting the MOMS devices and determine the conditions theoretically

assuring the best acoustic emission and detection performances.
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Conclusions

Moreover, by exploiting the models and the theoretical results, prototypes of acoustic
probes have been designed and their fabrication process developed by means of an
extended experimental activity. As a result of this work, self standing MOMS devices on
optical fiber have been obtained with a minimum diameter smaller than 250 um, matching
the geometrical constraints required in minimally invasive applications. Thanks to the use of
microfabrication techniques, arrays of detectors and receivers have also been realized on
highly miniaturized MOMS devices with a good integration density. Different geometries
have been considered and proper technological solutions have been assessed to permit the
simultaneous fabrication of devices targeted for use with optical fibers with different size
and allow the development of MOMS acoustic probes on both silicon and dielectric
membranes, using a triple depth silicon Deep Reactive lon Etching process. An acoustic
sensitivity of 200 mV/MPa has been obtained using a MOMS interferometer interrogated
with a 4mW laser source. The performances of the Fabry-Perot interferometers presented
and their small size (with active sensor area smaller than 10 um in diameter) make such
devices suitable for high performance applications, overcoming the limitations of the
piezoelectric transducers arrays in terms of trade-off between operation frequency and
sensitivity and those of bulk optoacoustic systems related to miniaturization.

Concerning emitters, a pressure of 1 MPa amplitude and bandwidth extended beyond 50
MHz has been measured by a membrane hydrophone at a distance of 2 mm from a MOMS
emitter with diameter of 700 um and obtained on a 100 um thick silicon membrane,
mounted on a 630 um multimode fiber. A pressure of 250 kPa has been instead detected at
a distance of 4 mm from a 300 um emitter operated on a 230 um multimode fiber, but using
a needle PVDF hydrophone with lower cutoff frequency and with an imperfect coupling

between the laser beam and the fiber.

136



Acknowledgments

| would like to say many thanks to all the people that took part in this research project. The
obtained results would not have been possible without the full support of each one at the
Institute of Microelectronics and Microsystems - CNR. Many thanks to Alberto who has
remarkably contributed to the overcoming of all the difficulties occurred in the activity and
who made possible the reaching of purposes. Moreover, thanks to Fulvio for his support in
photolithographic room, even when the run ultrasound exceeded hundreds of steps and
fabrication troubles were carrying on arising, not allowing the completion of the process.
Many thanks to Matteo that, defying the wife Paola and risking to sleep outside, remained
many times until late to help me realizing the prototypes. Furthermore, | want to say many
thanks to Stefano, who despite a hard working week, was also available on the weekend. The
devices testing would not have been possible without his help.

Finally, but not less important, many thanks to all the people that have supported me during
this last study course. Thanks very much to Giovanni, Stefy, my Mom and Dad that get
behind me in each my decision, and thanks to all great friends known in Bologna and Reggio
Calabria, with whom | have shared amazing moments signing my life. Moreover, | want to
say thanks to the Cambridge Friends. The six months | spent in UK would not have been so
wonderful without them, a memorable experience. At last, thanks a lot to all my
housemates, to the Cilentano and Giulia for the fortifying evening blowouts and for having

me considerably supported during this great period of my life.



