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ABSTRACT

Recently, photoacoustic imaging has emerged as a new hybrid biomedical
imaging technique, which provides rich optical contrast information at deep ultrasound
penetration depth not achievable with conventional optical imaging techniques. It is
expected to find applications ranging from fundamental biological research to clinical
diagnosis. In photoacoustic imaging, short pulsed-laser illumination is used to generate
high-frequency and wide-band ultrasound waves (i.e., photoacoustic signals) inside the
imaging target to be detected by a single-element ultrasound transducer or a transducer
array. However, one fundamental issue in current photoacoustic imaging system design
is the opaque structure of the ultrasound transducer, which prevents effective and
efficient light delivery onto the imaging target and oftentimes results in lower imaging
performance and complex and bulky hardware configurations.

To address this issue, new optically-transparent polymer ultrasound transducer
and transducer array based on polyvinylidene fluoride (PVVDF) have been investigated
and their applications in photoacoustic microscopy (PAM) and photoacoustic
tomography (PAT) have been demonstrated in this research. Specifically, two
microfabrication processes were developed for making transparent PVDF transducers
from solid bulk films and liquid precursors. The electrical properties of the transparent
PVDF transducers were studied. Impedance matching and amplification circuits were
designed accordingly to provide optimal photoacoustic signal conditioning and

acquistition. Based on the developed transparent PVDF single-element transducer and



transducer array, both PAM and PAT imaging experiment setups have been built,
respectively. Their imaging performance, such as sensitivity, contrast, spatial resolution
and penetration depth has been characterized with optical phantoms. Preliminary ex-
vivo imaging experiments on animal tissues and in-vivo imaging experiments on live
small animals have been conducted to demonstrate the feasibility of photoacoustic
imaging based on optically-transparent ultrasound transducers. The experimental results
show that using optically-transparent ultrasound transducers can significantly improve
the light delivery efficiency and reduce the complexity of the imaging system, which

will be especially useful for the clinical translation of photoacoustic imaging.
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1. INTRODUCTION

1.1 Photoacoustic imaging technology

In the past 10 years, photoacoustic imaging has become one of fastest growing
biomedical imaging techniques [1-7]. In photoacoustic imaging, non-ionizing laser
pulses are delivered onto biological tissues, and a portion of the delivered energy will be
absorbed by the tissues and converted into heat. The resulting transient thermoelastic
expansion and wideband (up to tens of MHz) ultrasound emission can be detected with a
single-element ultrasound transducer or a transducer array. The collected photoacoustic
signals can be further analyzed for image reconstruction (Fig. 1.1) [8]. Photoacoustic
imaging provides some unique advantages which cannot be achieved by conventional
optical or ultrasound imaging. Compared with conventional optical imaging,
photoacoustic imaging can achieve relatively large penetration depth. Compared with
conventional ultrasound imaging, it can provide optical contrast information which
cannot be obtained from acoustic imaging technologies. Recent studies have shown that
photoacoustic imaging can be used for different applications, such as
tumor angiogenesis monitoring, blood oxygenation mapping, functional brain imaging,

skin melanoma detection, methemoglobin measuring, etc.[9].


https://en.wikipedia.org/wiki/Angiogenesis
https://en.wikipedia.org/wiki/Oxygenation_(medical)
https://en.wikipedia.org/wiki/Melanoma
https://en.wikipedia.org/wiki/Methemoglobin

Transducer Scanning Path

~ ~Pulsed Laser

Fig. 1.1. Photoacoustic effect.

1.2 Current photoacoustic imaging techniques and systems

Due to the above unique advantages, many photoacoustic imaging systems have
been developed. They can be divided into two types: photoacoustic microscopy (PAM)
and photoacoustic tomography (PAT). The difference between these two is: the PAM
system uses a focused ultrasound detector with 2D point-by-point scanning to collect the
photoacoustic signals, so no imaging reconstruction is needed; while the PAT system
uses an unfocused ultrasound detector (array) to receive the photoacoustic signals, and
the final image is reconstructed by some special algorithm.
1.2.1 Current PAM systems

The development of PAM systems started from acoustic-resolution photoacoustic
microscopy (AR-PAM) (Fig.1.2). A loosely focused pulsed laser beam is used to

illuminate the imaging target (usually a biological sample). A focused ultrasound



transducer is used to collect the photoacoustic signals from the focal spot on the imaging
target. The lateral resolution of the photoacoustic images obtained from AR-PAM is
determined by the focal spot size of the ultrasound transducer. The imaging depth

depends on the focal depth of the transducer [10].

Unfocused pulsed laser beam

Imaging target — ?

]

I‘

I \
H

Focused ultrasound transducer

]

€——— Ultrasound waves

Fig. 1.2. Configuration of a typical AR-PAM system

Optical-resolution photoacoustic microscopy (OR-PAM) system (Fig. 1.3) was
developed based on AR-PAM. In an OR-PAM system, a focused pulsed laser beam is
used to illuminate the imaging target. The excited ultrasound waves are received by a
ultrasound transducer (focused or unfocused). The lateral resolution of the final
photoacoustic image is determined by the laser focal spot size which is usually much

smaller than that of an ultrasound transducer. Therefore, OR-PAM has a higher lateral
3



resolution than that of an AR-PAM [11-12]. However due to light scattering in

biological tissues, the imaging depth of OR-PAM is less than that of AR-PAM.
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Focused pulsed laser hbeam

Imaging target — “I‘\

II\

I \qh" Ultrasound waves

Ultrasound transducer

Fig. 1.3. Configuration of a typical OR-PAM system

1.2.2 Current PAT systems

In current development of PAT imaging systems, a popular configuration is
shown in Fig. 1.4. It uses a linear scanning ultrasound transducer to receive the
photoacoustic signals [13]. A single-element ultrasound transducer is mechanically
scanned over the surface of the imaging target. And a pulsed laser beam is used to
illuminate the imaging target and excite the photoacoustic waves. The transducer

scanning path can also be a ring (Fig. 1.1) instead of a straight path.
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Ultrasound transducer

Fara Scanning direction
wJIL S
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; — Ultrasound waves

Pulsed laser beam \ Imaging target

Fig. 1.4. Configuration of a mechanical scanning PAT imaging system.

Ultrasound transducer arrays have been widely used in ultrasound imaging field.
Combining a straight or ring ultrasound transducer arrays with the pulse laser delivery
system, the advantage of the PAT imaging system is that it avoids mechanical scanning
for B-scan imaging. And for 3D imaging, only linear mechanical scanning is required.
Therefore, the imaging speed is much faster than that of the raster scanning with a single
element ultrasound transducer. Fig. 1.5 shows a whole body PAT imaging system using
an ultrasound transducer ring array. The imaging target (a mouse body) was positioned
in the ultrasound transducer ring array. The illumination laser was shot onto the mouse
body and the excited photoacoustic signal was received by the transducer array. The ring
array could move up and down to get the PAT images of different slices of the body.

Then a 3D PAT image of the whole body could be reconstructed.



Pulsed laser beam
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~ ‘/‘
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\ \’ Y‘\- J

An ultrasound transducer
ring array

Fig. 1.5. Configuration of a PAT whole body imaging system using an ultrasound ring

transducer array.

In a typical PAT imaging system [14] for handheld in-vivo biomedical studies, a
pulse laser fiber bundle was aligned with a traditional ultrasound transducer array.
Optical-fiber bundles are used to deliver the pulse laser (Fig. 1.6). Recently, researchers
also came up with different simplified photoacoustic imaging system configurations. For
example, J. Tang et al have developed a wearable PAT brain system using an ultrasound
transducer ring array (Fig. 1.7) [15]. In this system, the ultrasound transducers are
aligned in a ring pattern, and the excitation laser shoots through the ring to the imaging

target. The photoacoustic signals are received by the transducer ring array.



Ultrasound imaging array

Optic-fiber bundle Optic-fiber bundle

Pulse laser

Imaging target
Fig. 1.6. Configuration of a PAT imaging system using a linear ultrasound transducer

array.
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\ Ultrasound waves

\ Imaging target

An ultrasound transducer )
ring array :

Fig. 1.7. Configuration of a PAT brain imaging system using an ultrasound ring

transducer array.

1.3 Motivation

The current photoacoustic imaging systems have a common issue: the ultrasound
transducers used in the systems are not optically transparent. Fig. 1.8 shows the imaging
head configurations of three typical PAM systems. In the first configuration (Fig. 1.8(a)),
the ultrasound transducer is positioned away from the laser focused spot so that it would
not block the laser beam. In the second configuration (Fig. 1.8(b)), an optical prism is
used to change the path of the pulsed laser so that the transducer could be fixed normally
above the imaging target without blocking the laser path. In the third configuration (Fig.
1.8(c)), in stead of changing the laser path, acoustic prisms are used to change the path

of the ultrasound waves. In this way, the situation is equivalent to that the ultrasound



transducer is put normally above the imaging target. Considering the above three
configurations, the current PAM systems’ configurations are quite complex. It is mainly
due to the difficulty on assembling the excited laser system with the traditional
ultrasound transducers which are not optically transparent to the laser beams used in
photoacoustic imaging system. As a result, the excitation lasers could not shoot through
the ultrasound transducers to the imaging targets, which limits the excitation efficiency
and makes the system more complicated. For the current PAT systems, the same
problem exists. For example, in Fig. 1.5, the optical fiber bundles which deliver the
excitation pulsed laser to the target have to be positioned on both sides of the transducer

array.

Pulsed laser

Focus lens

——
-_ S Ultrasound transducer

Imaging target

(a) PAM system 1,

Fig. 1.8. Three typical PAM imaging head configurations:(a)(b)(c).



Transducer - . . .
Optics prism

Imaging target

(b) PAM system 2;

Pulsed laser

Transducer

Acoustic Prisms

Imaging target

(c) PAM system 3;

Fig. 1.8. Continued.
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This research focuses on developing a transparent ultrasound transducer that is
suitable for being used in photoacoustic imaging systems. Such that the excitation laser
pulse can directly transmit through the ultrasound transducer and reach the tissue surface
at a normal incidence angle. This can increase the illumination efficiency and therefore
detection sensitivity and penetration depth. Using the transparent ultrasound transducers,
the photoacoustic imaging system will have a much simpler configuration, which will
provide more opportunities for integrating the photoacoustic imaging technology into
portable or wearable clinical devices.

1.4 Summary of work

In section 2, two microfabrication processes for making polymer transparent
ultrasound transducers are presented. Current ultrasound transducer fabrication
technologies are reviewed. Several types of popular piezoelectric materials for making
transducers are compared for identifying suitable materials for developing transparent
ultrasound transducers.

In section 3, the electrical signal conditioning and amplification interface
between transparent transducers and the data acquisition system are introduced.
Impedance matching methods are discussed. In order to improve the energy transmission
efficiency and sensitivity of the ultrasound transducers, an efficient impedance matching
network between the transparent transducer and the electronic amplification circuits was
studied. The electronic properties of developed transducers were measured. Several

impedance matching networks were analyzed and compared through circuit simulations.

11



After these studies, a pre-amplifier circuit with impedance matching network was built
and tested.

In section 4, a photoacoustic microscopy (PAM) system using a single-element
PVDF transparent ultrasound transducers is presented. To verify the feasibility of
applying this system to photoacoustic microscopy techniques, both phantom and in-vivo
imaging tests were conducted with this system. The imaging performance, such as
spatial resolution, sensitivity uniformity and contrast were also evaluated.

In section 5, a PAT system using a 1D transparent PVDF ultrasound transducer
array is presented. A special image processing and reconstruction method was developed
for this PAT imaging system. Through phantom and ex-vivo imaging tests, the imaging

performance of the PAT array imaging system were evaluated.

12



2. TRANSPARENT PVDF ULTRASOUND TRANSDUCER AND TRANSDUCER

ARRAY

2.1 Introduction to piezoelectric ultrasound transducers

Piezoelectric materials have been widely used to make high frequency (>20 MHz)
(HF) ultrasound transducers in different imaging applications, where high frequency
ultrasound transducers with high resolution are needed. As an imaging technique that
induces smallest damage to tested bodies or tissues, ultrasound imaging technology is
suitable for inspecting human organs, such as skin, eye and vascular structure. However,
the resolution of current ultrasound transducers becomes an issue when we want to get
more detailed information about small structures in the body. The resolution of
ultrasound image usually includes: the axial resolution (determined by the pulse width)
and the lateral resolution (determined by the beam width). A rough estimation of these

two parameters is shown below:

C
2f.BW

Axial resolution: AR = (2.1)

c
Lateral resolution: LR = F]T (2.2)

Cc

In the above two equations, c is the speed of the ultrasound in the medium, BW is
the bandwidth of the transducer, f. is the center frequency of the transducer, A is the
wavelength of the ultrasound wave. F is the F-number which is the ratio of the focal
distance to the aperture dimension. From the above two equations it can be shown that

an increase in the central frequency of the transducer will improve both the lateral and

13



the axial resolution of the ultrasound image. An example is given in [16]: if the
frequency of the transducer is increased to 50MHz and the F is 1.9, bandwidth of 60%,
the axial and lateral resolution can reach 25 um. And the depth of the penetration for
most tissues would be 8~9 mm at 50 MHz.

In case of photoacoustic imaging, the resolutions of the image are also
determined by the frequency of the ultrasound transducers in the similar fashion.
Therefore, many techniques and methods have been developed to produce ultrasound
transducers with higher frequencies.

2.2 Comparison of commonly used piezoelectric materials

Since the goal of this research is to develop a transparent ultrasound transducer,
first the active material used in this transducer should have an excellent optical
tranmission rate within the pulse laser wavelength range. Current ultrasound transducers
usually employ the lead zirconate titanate (PZT) as the active element. PZT has very
good piezoelectric properties, which however is not optically transparent. In recent years,
LiNbO3 (LNO) has become a new substitute piezoelectric material for ultrasound
transducers. It not only has very good piezoelectric properties but also a good
transparency to the visible light, which makes it widely used in both ultrasond and optics
research fields.

Q. F. Zhou et al. have proposed two methods for designing HF ultrasound
transducers. In [17], an HF ultrasound transducer based on LNO inversion layer has been
developed. The thickness of the active element is about 100 um. Test results

demonstrated that the central frequency of this transducer was about 50-60 MHz. They

14



also proposed in [18] that an HF transducer could be built based on PZT films on the
silicon substrates. In this method, sol-gel PZT solutions were spin-coated on silicon

substrates to form a 30 um thick film. And then the films were annealed at 750°C by a

rapid thermal annealing (RTA) process. The test results showed that a lateral resolution
of 33 um could be achieved. And the central frequency of the transducer could reach 103
MHz.

LNO and PZT are two piezoelectric materials commonly used in making
ultrasound transducers. But the microfabrication process is usually very complicated for
these two types of materials. H. Guo et al. have developed a broadband graded
ultrasound transducer [19] which used graded piezoelectric PbTiO3 ceramics as the
active element in the transducer. The advantage of this material is that the manufacture
process becomes simpler and more effective. And in addition, the bandwidth of this
transducer reached 92 % while the typical value is only 56 % for HF transducers based
on other techniques.

[Pb(Mg1/3Nb2/3)O3]0.63[PbTiO3]037 (PMN-PT) is another popular piezoelectric
material used for making HF ultrasound transducers in recent years. X. Li et al
developed a 80 MHz intravascular ultrasound transducer [20] based on PMN-PT free-
standing film. The fabrication method was a precursor coating based approach. The final
bandwidth was about 65%.

Another potential candidate material is the transparent piezoelectric polymer
material, such as, polyvinylidene fluoride (PVDF). While other materials, like nylon and
PVC exhibit the effect, none are as highly piezoelectric as PVDF and its copolymers.
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Like some other poly(vinyl chloride) (PVC) ferroelectric materials, PVDF is also

pyroelectric, producing electrical charge in response to a change in temperature. PVDF
strongly absorbs infrared energy in the 7-20 um wavelengths, while in the visible light
region and near infrared region, it is highly transparent (around 80%) (Fig. 2.1). Tables

2.1 and 2.2 list the major properties of PVDF and two popular piezoelectric ceramic

materials.
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Fig. 2.1. Typical abosorption spectrum of PVDF [21].
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Table 2.1. Comparison of piezoelectric materials.

Property Units PVDF Film PZT BaTiO;
Density 103kg/m3 1.78 7.5 5.7
Relative £/& 12 1200 1700
Permittivity
ds3 constant (1073)c/N 33 374 160
k33 constant % at 1 KHz 12 70.5 85
Acoustic (10%)kg/m? - sec 2.7 30 30
Impedance

From Table 2.1, the advantages and limitations of PVDF over the popular

piezoelectric materials are clearly shown. One major advantage of PVDF over piezo
ceramic is that its acoustic impedance is much closer to that of water [1.48 X
(10%)kg/m? - sec] , human tissue [1.68 x (10%)kg/m? - sec] ,and other organic
materials. The acoustic impedance of piezo film is only about 2.6 times that of water,
whereas piezo ceramics are typically 11 times greater. So the acoustic energy’s
transmission rate is much higher across the PVVDF-water interface. It can be 2.63 times
higher than the energy transmission rate across PZT-water interface. Thus, a close
impedance match permits more efficient transduction of acoustic signals from transducer

to the surrounding medium, like water.
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Table 2.2. Physical property comparison of LNO and PVDF.

Property Units PVDF Film 36° rotated Y-cut LN
Density kg/m3 1.78 4.65
Relative Permittivity e/ 12 28.7
d35 constant (10712)c/N -33 6
g33 constant (1073)Vm/N -330 2.3
Electromechanical % 14 48.5
Coupling Factor k;
Transmission Range um 0.4-6.5 0.4-5.0
(Wavelength)
Acoustic Impedance (10%)kg/m? - sec 2.7 34.1

Compared with LNO, the benefits of using PVDF as the active element of the
transducer is that it has higher piezo constants and also its acoustic impedance is much
close to that of water. The advantage of LNO over PVDF lies in that it has a higher
electromechanical coupling factor, which enables more electric charge energy to
transform to mechanical vibration energy. Both of them have good transparency in the
laser’s wavelength range which is usually from 0.4um to 1.5um. Since one goal of this
research is to simplify the traditional photoacoustic imaging system, PVDF is choosen to
work as the piezoelectric element material used in the transparent transducer. Because its
acoustic impedance value close to that of water, no complex matching and backing layer
will be needed.

Developing HF ultrasound transducers using PVDF as the active element
materials has a long history. M.D. Sherar et al. proposed a model called Krimholtz-

Leedom-Matthei (KLM) model [22] for designing PVVDF ultrasound transducers
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operating in the 100MHz range. However, one drawback of PVDF is that its low
thickness mode coupling coefficient (k1) which is between 0.1 and 0.2. The consequence
is that PVVDF transducers have very poor sensitivity if their design is not optimized. The
KLM model shows a good predication on the PVVDF transducers’ performance when
they work over the frequency range from 40 MHz to 140 MHz. To compare the
advantages and disadvantages of different materials used as the active element materials
for making high frequency transducers, the major performance specs of a few

transducers made with different materials are listed in Table 2.3.

Table 2.3. Characteristics of ultrasound transducers made of different piezoelectric

materials.
Materials Insertion loss (dB) Central frequency (MHz) Bandwidth (MHz)
PbTiO; 18.0 63 16.9
Fiber Composite 17.4 52 26.9
LNO 20.1 60 30.5
PVDF 31.0 54 47.9

(The data are simulated results based on the KLM model.)

A detailed comparison between the theoretical simulation and measured results is
provided by K. A. Snook et al [23]. It can be seen that PVDF-based transducers have
low electromechanical coupling efficient and high insertion loss. For transducers made
of LNO or PbTiOs3, their sensitivity is higher. However, their acoustic impedance is

much different from media like water. Thus, more complex configuration is needed to
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build transducers using these materials. The bandwidth of transducers made of PVDF is
wider than others.
2.3  PVDF-based ultrasound transducer development

PVDF, as a type of semicrystalline polymers with at least four crystalline phases,
is well-known for its piezoelectric properties. The four crystalline phases include
nonpolar a-phase, polar B-phase, polar y-phase and so on. When PVDF cools down from
the melt, the crystalline is the nonpolar a-phase. In order to get the polar B-phase PVDF
film, a poling process is necessary. Y. J. Park et al. have studied PVDF microfabrication
and micromolding methods using different solvents [24], which provides a good
foundation for developing integrated PVDF sensors.

Working as the active element in an ultrasound transducer, PVDF films have
many advantages which make it different from the traditional piezoelectric materials
used in transducers. Novel types of PVDF ultrasound transducers have been developed
based on these special properties.

First, PVDF film is an ideal material for making focused ultrasound transducers.
For ultrasound related imaging applications, focused ultrasound transducers can provide
a higher lateral resolution. However, it is costly and complicated to make a focused
transducer using the PZT material as the active element. Usually, an acoustic lens is
employed in front of the active element to focus the acoustic energy, which makes the
configuration of the ultrasound transducer even more complicated. PVVDF has the
following advantages which make it a suitable piezoelectric material for making focused

ultrasound transducers: 1) its flexibility allows the material to be easily conformed to a
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spherical shape; 2) its low acoustic impedance creates a good matching conditions to
both the backing material and the coupling medium. A line-focus ultrasound transducer
was built based on PVDF films[25]. In this design, the line-focus transudcer was made
by bending a PVDF film onto a cylindrical concave surface. And then the backing
materials were added. In this way, the desired focal length could be controlled by using
different sizes of cylindrical tubes or rods.

The second application of PVDF is to make integrated ultrasound transducers.
The thickness of PVDF films used for making ultrasound transducers is usually at the
micrometer level, which is the dimension of the most semiconductor devices. And also
PVDF related microfabrication methods have been developed and optimized for
different applications. Therefore, integrated ultrasound transducers which combine both
PVDF piezoelectric films and field-effect transistors are being developed and have
already proved useful in many application fields.

In the integrated PVDF ultrasound transducers, the low sensitivity is a problem.
X. R. Zheng et al. have develped an improved sensitivity integrated PVDF ultrasound
sensor [26]. In this sensor, the gate electrode of the field-effect transistor was placed
over an isolated epitaxial region, and a polymide film was used to pad the extended gate
electrode. This structure decreased the gate capacitance and increased the sensitivity of
the transducer. According to the test results, a sensivtivity improvement of over 13 dB
was achieved as compared with the normal piezoelectric-oxide-semiconductor field-

effect transistor.
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The third application of PVDF on the ultrasound transducer development is to
make transducer arrays. Ultrasound transducer arrays are popular in the medical imaging
field. With the success of the integrated PVDF sensors, different types of PVDF
ultrasound transducer arrays are being developed. Y. Wang et al. have developed a
PVDF sensor array[27] directly on a 25 um thick aluminum-metalized polarized PVDF
film using a laser micro-machining technique. The response time of this sensor array
reached 31 ns which was much faster than similar sensors. S. Lee et al. also developed a
laser machining method [28] of PVDF based piezoelectric films for microsensors and
micro-electro-mechanical systems (MEMS).

2.4 Fabrication of single-element transparent PVDF ultrasound transducer

Two microfabrication methods have been developed for making single-element
transparent ultrasound transducers based on PVDF. They started with different raw
materials.

2.4.1 Fabrication process based on pre-fabricated piezoelectric PVDF films

In piezoelectric PVDF films, most of the electric dipoles’ orient along certain
direction. When external mechanical stress or forces are applied onto these films,
charges will accumulate on the two surfaces. If an external monitoring circuit is
connected to the two surfaces, a piezoelectric voltage signal will be detected. It is also a
mechanical energy to electric energy transformation process, which happens in all
piezoelectric materials. Two types of pre-fabricated piezoelectric PVDF films were

obtained from two providers separately: 28um thick PVDF film from Measurement
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Specialties Inc. (Hampton, VA, United States) and 9um thick one from Piezotech S.A.S

(Pierre-Benite Cedex, France). Major properties of these two films are listed in Table 2.4.

Table 2.4. Comparison of two types of PVDF piezoelectric films.

Property Unit Value
28um thick PVDF Piezoelectric strength pC/N 13.5
film from constant, ds3
Measurement Electromechanic % 17
Specialties Inc. coupling factor Ky
Acoustic impedance (10%)kg/m? - sec 4.2
Speed of sound m/s 2300
9um thick PVDF film | Piezoelectric strength pC/N 16
from Piezotech S.A.S constant, dsz
Electromechanic % 10to 15
coupling factor K
Acoustic impedance (10%)kg/m? - sec 2.5
Speed of sound m/s 1400
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The material of the electrodes is ITO, which is a transparent conductive dielectric
material commonly used in solar cells.

The fabrication process is shown in the following diagram (Fig. 2.2): 1. the
process started from a poled PVDF film. It was cut into pieces of suitable sizes. 2. In
order to define the regions for ITO electrodes, shadow masks were prepared. The PVDF
film was sandwiched between two shadow masks. 3. Through RF sputtering process, the
ITO electrodes were formed on the two surfaces of the PVDF film. 4. The second group
of shadow masks for forming the metal electrode were used to sandwich the PVDF film.
5. Though DC sputtering process, the metal electrodes were formed on the surfaces of
the PVDF film. 6. After step 5, a free-standing transparent ultrasound transducer was
generated. Finally, the film was laminated on the surface of a glass substrate using a

small droplet of epoxy.
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2. RF sputtering 3. ITO coated film 4. Metalsputtering 5. Transparent

1. Poled PVDF film transducer
A A Rk

l l l l |T0f||m l l l l Al electrode
VY ~ 27 4 7

Shadow Mask Shadow Mask
ITO film on the top side

Al electrode

ITO coated effective region
ITO film on the top side

6. Lamination on a glass substrate

Transducer film

— [ a ]

Epoxy

Glass substrate

Fig. 2.2. Fabrication process of transparent ultrasound transducers based on PVDF

piezoelectric films.

The transmission coefficient of the transparent PVDF transducer film is shown in
Fig. 2.3. It can be seen that after coating ITO electrode layers to the PVDF film, its

optical transmission rate over the wavelength range (0.4um to 1.4um) is still above 70%.
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Fig. 2.3. Transmission ratio of the microfabricated PVDF ultrasound transducer.

Through this method, a high quality transparent ultrasound transducer was made.
However, two issues still remain: 1. Thickness of the final film is fixed, which depends
on the thickness of the original PVDF film. Therefore, the resonant frequency of the
final transducer cannot be controlled in the fabrication process. 2. It is hard to integrate
the transducers fabricated through this method into Lab-on-a-chip devices. Therefore, to
solve the above problems, a second fabrication method using PVDF precursor was
developed.

2.4.2 Fabrication process based on PVDF precursor

In this method, the fabrication process started from the PVDF precusor powder

(Sigma-Aldrich, St. Louis, MO) (Fig. 2.4): 1. PVDF powder was dissolved in the N,N-

Dimethylformanide (DMF) solvent. The weight ratio of the solution was 2.0%. 2. A
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glass substrate was coated by ITO electrode. Then the mixture solution was spin-coated
on this glass substrate. 3. Through the drying process in a hot oven, a thin PVDF film
was formed on the surface of the glass substrate. 4. After forming the PVDF film on the
glass substrate, the top electrodes were deposited onto the PVVDF film through the
sputtering process. (Fig. 2.5) 5. The PVDF film was poled by applying a strong electric

field to the film for 8—10 hours (Fig. 2.6).

A W 4
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N,N-Dimethylformamide (DMF) &= Spin coating on a

| Mixture (2.0% weight) 3 l glass substrate

g

PVDF powder

=

Dry in a hot oven 65 degree C

Fig. 2.4. PVDF film fabrication process starting from PVDF precursor
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1. Coating bottom electrode
2. Spin coating PVDF Effective region
3. Coating top electrode

T - =
L/

Fig. 2.5. Electrodes fabrication process

4, PVDF poling setup

i

Heat to 65 degree C

Fig. 2.6. PVDF poling process

In this method, the thickness of the final transducer can be controlled. The spin
speed in the spin coating step determines the thickness of the PVDF film. Therefore, the
resonant frequency of the final transducer can be controlled.

The spin speed in the spin coating step was characterized. Since the thickness of
the final PVDF film determines the resonant frequency of the transducer, the spin speed

should be well-controlled. Here, 1.1 g PVDF powder was mixed with 10 mL DMF
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solvent. Then the mixture was poured onto the surface of the glass slides (2.5 cm by 2.5
cm). Next, the glass slides were spinned at different speeds. The spin speed profiles were
shown in Fig. 2.7. First, the spin speed was increased to the spread speed, and after 10s
the speed was increased to the final spin speed and held for 30s. After spin coating, the
glass slides were baked in 65°C oven. After the PVDF films were formed on the surface

of the glass slides, the thickness of the films was measured. The thickness of the final

PVDEF films is listed in Table 2.5.
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Fig. 2.7. Spin coating speed profile.
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Table 2.5. The thickness of PVDF films using different spin coating speeds.

Spread speed(rpm) Spin speed(rpm) Final thickness (um)
500 800 3.0
500 1000 2.0
500 1200 1.2
500 1400 1.1
500 1600 1.0

2.4.3 PVDF poling methods

The piezoelectric properties of the materials come from the induced polarization.
In the a-phase PVDF film, the dipoles orient along different directions. In order to
induce the piezoelectric property to the film, the PVDF film needs to be polarized. The
polarization is usually conducted at higher temperatures through a strong electric field.
Then the temperature is lowered to in the presence of the electric field so that the
domains in the PVDF film are maintained in the polarized state. There are two
commonly used poling methods on poling PVDF films: the corona poling and the
electrode poling.

The setup of the corona poling setup is shown in Fig. 2.8. At the bottom of the
setup there is a heating plate which can control the temperature of the setup and heat the
film when the poling happens. On the top of the beating plate there is the electrode
which is connected to the anode of the voltage source. The film to be poled is attached to
the surface of the bottom electrode (cathode). Over the PVDF film, there is a metallic

grid which is used to control the magnitude of the poling electric field. A corona tip
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(usually a needle) is placed over the grid and connected to the cathode of the corona

voltage source (8-10kV).

Corona Tip
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PVDF Film Electrode | © | S

Heating Plate

Fig. 2.8. Corona poling setup.

When the poling process is conducted, the corona tip discharges, and the dry air

around the tip is ionized. The ionized particles are accelerated to the ground which is the
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bottom electrode of the PVDF film. However, the ionized flow is blocked by the P\VDF
film. And the charges of the ionized flow accumulate on the surface of the PVDF film.
Then an electric field is generated between the deposited charges and the bottom
electrode layer. The PVDF film is poled in this field. The amount of the deposited
charge is controlled by the metallic grid, which also determines the magnitude of the
poling electric field. The advantage of corona poling is that a large area film could be
poled without using a big area electrode. The disadvantage is that the setup is relatively
complicated and requires optimization.

The most popular poling method is the electrode poling. The setup is shown in
Fig. 2.9. First, the whole system is immersed in insulating fluid in the heating system.
Before that, the PVDF film to be poled will be first coated by conducting electrode
layers on both sides of the film, for instance, 100 nm aluminum layers. The coating
methods can be evaporation, sputtering and so on. The electrodes are connected to the
voltage source. Since there may be arc generation during the poling process, the whole
setup is immersed in the insulating fluid. A good contact of the electrodes to the PVDF
film is necessary. The poor contact may lead to the non-uniformity of the poling electric
field or the dielectric breakdown at some points. The advantage of this system is that the

setup is relatively simple.
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Insulating Fluid & Heating System

Fig. 2.9. Electrode poling setup.

In this research, a poling setup similar to the one used in the second poling
method was chosen to complete the PVDF poling process. Fig. 2.6 shows the poling
setup. The difference is that no insulating fluid is used in this setup.

The poling process is as follows: 1. PVDF film (conductive electrode layer
coated) to be poled was put on a heating plate and connected to a DC power supply
which could provide a 360 V DC bias voltage; 2. DC bias voltage was gently and slowly

increased from 0 V to 360 V; 3. temperature of the heating plate was increased to 90 °C;
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4. poling process last for 4 hours; 5. heating plate was cooled down to the room
temperature after 4 hours’ poling; 6. bias voltage was decreased to 0 V gradually.
2.4.4 1TO electrode fabrication

As the direct electrode material on the surface of the PVDF film, the quality of
ITO layers plays a significant role on the photoacoustic signal received by the ultrasound
tranducer. In this research, the ITO layers were deposited using RF sputtering. The
deposition rate and the conductivity of the final films were measured and compared in
order to optimize the related process parameters during the deposition. The conductivity
of the final film is determined by the quality of the film.

Major process parameters that affect the despotion rate and film quality include
deposition process pressure, RF power, gas mixture and substrate temperature. Since the
PVDF film is a thin polymer film, high temperature will lead to the film’s melting or
losing the piezoelectricity. In this study, the deposition substrate was kept at the room
temperature.

Two types of gases often used for RF sputtering are argon(Ar) and oxygen(O,).
Reference [29] also provides information about the effect of O, on the quality of the ITO
film after the deposition. In the first test, the process pressure was set to be 3 mTorr and
the RF power was set to be 100W. The final ITO thickness was set to be 240 nm.
Different O, concentrations in the Ar-O, mixture wre tested. The ITO deposition rate and

the sheet resistance of the ITO film were measured. The results are listed in Table 2.6.

34



Table 2.6. ITO deposition rate and film quality at different O2 concentrations.

O, concentration in Deposition rate (/s) Sheet resistance (1/square)
Ar-O, mixture (%)

0.1 0.30 45

0.5 0.12 38

1.0 0.10 55

2.0 0.08 96

4.0 0.07 120

Based on Table 2.6, the O, concentration in Ar-O, mixture was chosen to be less
than 0.5% to result in an acceptable deposition rate and electrical conductivity. The
deposition rate decreased quickly with the increment of the O, concentration. And also
the sheet resistance of the ITO film increased following the same trend. The O,
concentration should be kept at a low level during the deposition process.

Next, the effect of process pressure was tested. The O, concentration was set to
be 0.1%, and the RF power was set to be 100W. The final thickness of the ITO layer was
set to be 240nm. Different process pressures were used in the deposition. The deposition
rate and the sheet resistance of the ITO layer were measured. The results are listed in

Table 2.7.
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Table 2.7. 1TO deposition rate and film quality at different process pressures.

Process chamber Deposition rate (/s) Sheet resistance (1/square)
pressure (mTorr)

1.0 0.35 96

2.0 0.32 67

3.0 0.30 45

4.0 0.21 110

Based on Table 2.7, the optimal process chamber pressure was chosen to be 3

mTorr. As the process pressure increased, the deposition rate decreased quickly. But

below 3 mTorr, the sheet resistance of the ITO layer increased when the process pressure

decreased. Considering the quality of the film, the 3 mTorr was the best value for the

process pressure.

Finally, the effect of the RF power on the quality of the ITO layers was tested.

The O, concentration was set to be 0.1%, and the process chamber pressure was set to be

3 mTorr. The final thickness of the ITO layer was set to be 240nm. Three RF power

values were tested: 100W, 150W and 200W. The results are listed in Table 2.8.
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Table 2.8. ITO deposition rate and film quality under different RF powers.

RF power (W) Deposition rate (&/s) Sheet resistance (Q1/square)
100 0.30 45
150 0.34 44
200 0.40 48

Higher RF power will increase the deposition rate significantly, while the sheet
resistance can still be kept at a very low level. But high RF power (greater than 150W) is
also proved to increase the temperature of the PVDF film greatly. Since too much heat
will make the PVDF film lose its piezoelectricity, the RF power should be kept at 200W.
2.5  Fabrication of 1D transparent PVDF ultrasound transducer array

In the above research work, a single element transparent PVDF transducer was
made. Following the similar fabrication process, a 1D transparent PVDF ultrasound
transducer array were made. Fig. 2.10 shows the 1D transparent PVVDF ultrasound
transducer array. It contains 16 elements, and the width of each element is 1 mm. The
spacing between two neighboring elements is 0.4 mm. The width of transparent window

of each element is 5.0 mm.
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0.4 mm

Metal electr lectrodes

Fig. 2.10. 1D transparent PVDF ultrasound transducer array.

For making the transducer elements in the array, two groups of shadow masks
were used: one group for ITO deposition and the other group for metal electrode
deposition. The final transducer was a sandwiched structure. The diagram of the
configuration of one transducer element is shown in Fig. 2.11. The central part was the
ITO coated PVDF piezoelectric film. Since both ITO and PVDF film were transparent,
the central part was the main part of this transducer. Laser shot through this transparent
window to the target. On the top and bottom of the central window, there were metal
(gold) coated regions. The metal layer on the ITO layer was used to increase the

conductivity of the transducer electrodes.
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Fig. 2.11. Configuration of one transducer in the 1D PAT array.

2.6 Summary

In this section, two micromachined methods for fabricating PVDF based
transparent transducers were developed. First, several types of piezoelectric materials
were reviewed to provide a technical background for selecting the active element
material for the transparent transducers. After choosing PVDF as the active material
used in this transducer, two fabrication methods on making PVVDF based transparent
ultrasound transducer were developed. The PVDF poling method was studied and
developed. Finally, a transparent ultrasound transducer array was developed for PAT

applications.
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3. SIGNAL AMPLIFICATION AND DATA ACQUISITION FOR TRANSPARENT

PVDF ULTRASOUND TRANSDUCER

3.1  Electrical modeling of transparent PVDF ultrasound transducers

According to the transmission line theory, the transparent ultrasound transducer
developed in the last section can be considered as a 2-port network [30-33] that is
connected to the pre-amplifier through a coaxial cable. In order to realize high signal
transmission efficiency from the transducer to the pre-amplifier, the input impedance of
the pre-amplifier needs to be matched to the output impedance of the transparent
ultrasound transducer.

The output impedance of two types of transparent ultrasound transducers was
measured through the following steps: 1. the transducer was made with the
microfabrication process described in Section 2.3; 2. two copper wires were soldered to
the two electrodes of the transducer through E-solder 3022 (Von Roll Inc.); 3. the
impedance analyzer (E4990A Impedance Analyzer) was used to measure the output
impedance of the transducer. Table 3.1 shows the property information of the two types

of transducers measured.
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Table 3.1. The properties of two types of transparent ultrasound transducers

Property Unit Transducer 1 Transducer 2
Material - PVDF piezoelectric PVDF piezoelectric
film from Measurement film from Piezotech
Specialties. Inc. S.A.S
Thickness um 28 9
ITO layer thickness nm 300 300
Metal electrode - Aluminum Aluminum
Transducer effective mm? 3x3 2x%x2

arca

The component model in the circuit theory used for this device is shown in Fig.

3.1. The 2-port device was modeled as a resistor in serial with a capacitor.

Al electrode

ITO coated transparent region

R, S

Output

C; =

o

2 — port network model

Fig. 3.1. Circuit model of the transparent ultrasound transducer.

The output impedance measurement results are shown in Fig. 3.2. The output

impedance of the transducer was a frequency dependent value. Since the resonance
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frequencies of the two transducers were 20MHz (transducer 1) and 30MHz (transducer 2)

respectively, the impedance should be matched at these two frequencies. The measured

impedance values at 20MHz and 30MHz are shown in Table 3.2.
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Fig. 3.2. Impedance parameters of two transducers: (a) serial resistance vs. frequency of
transducer 1; (b) serial capacitance vs. frequency of transducer 1; (c) serial resistance vs.

frequency of transducer 2; (d) serial capacitance vs. frequency of transducer 2.
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Fig. 3.2. Continued.
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Table 3.2. Measured output impedance of the two transducers.
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Fig. 3.2. Continued.

Frequency Parameter Transducer 1 Transducer 2
20MHz Ry 234.01Q 143.580
Cs 16.56pF 16.11pF

X —480.51Q —490.15Q
R 234.01Q 143.89Q
30MHz Ry 202.50Q 97.580
Cs 15.65pF 15.32pF

X —339.27Q —343.880
R 202.50Q 98.230Q

44



3.2 Amplifier design and simulation
The schematic of the pre-amplifier used in the photoacoustic imaging system is
shown in Fig. 3.3. In this pre-amplifier, R, and R, determine its amplification and also

the noise level. The amplification can be calculated through the following equation:
A=1+3 (31

It can be seen from the above equation that a big R, to R, ratio will improve the
amplification of the amplifier. However, big resistance will induce more noise to the
circuit. In order to optimize the values for R, and R,, a photoacoustic test was done
using different R, and R, values. The transducer 1 in Table 3.1 is selected. It was

directly connected to the pre-amplifier in Fig. 3.3.
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Fig. 3.3. Schematic of the pre-amplifier used in the photoacoustic imaging system.

An agar phantom containing a black tape target was used in the photoacoustic

test. A 905 nm pulse laser was used as the excitation source. Its output energy was 100
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nJ/pulse. The transparent transducer was positioned on the surface of the phantom and
the laser shot through the transparent transducer to the target in the phantom. The output
of the preamplifier was connected to an oscilloscope. The photoacoustic signal was

recorded and analyzed on the oscilloscope.

Table 3.3. Values for components in the pre-amplifier.

Component Name Value
Ry 33Q
R, 3.6kQ
R; 6800
Ry 3.6kQ
Rs 6800
Re 330
R, 10Q
C; 47nF
G2 10nF
Cs 47nF
Cy 47nF
Cs 3.3uF
Ce 47nF
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Different values of R, and R, were tested in the preamplifier. The photoacoustic

signals’ amplitude, pulse width and SNR are recorded in Table 3.4.

Table 3.4. Resistance optimization test results.

R,(Q) R,(Q) Photoacoustic pulse Pulse width (ns) Signal to noise ratio
amplitude (mV) (SNR)
2.0K 6.8K 30.0 36 6.0
2.0K 3.6K 23.0 26 7.2
3.6K 3.6K 26.8 30 11.2
680 3.6K 11.6 26 32
3.6K 2.0K 12.8 28 3.2
2.0K 2.0K 13.6 26 2.8
68K 3.6K 30 60 6.0
6.8K 3.6K 26.8 40 8.3
2.2K 3.6K 28.8 38 10.28
2.2K 6.8K 32.0 44 6.15

From the Table 3.4, it can be seen that R, = R, = 3.6K(Q, the output signal has
the highest SNR while the pulse width is acceptable. The pulse width indicates the
bandwidth of the signal and also the axial resolution of the photoacoustic imaging
system. A shorter photoacoustic pulse gives a higher axial resolution. Therefore,

considering the above factors, R, and R, were chosen to be 3.6KQ.
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The input impedance of the pre-amplifier when it was working was also
measured through the impedance analyzer. The input impedance value over the
frequency range (20Hz to 200MHz) is shown in Fig. 3.4. And the measured input

impedance values at 20MHz and 30MHz are shown in Table 3.5.
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(a)
Fig. 3.4. The real part (R) (a) and imaginary part (X) (b) of the input impedance of the

preamplifier.
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Fig. 3.4. Continued.

Table 3.5. Input impedance of the preamplifier at 20MHz and 30MHz.

Impedance (Q)

Input and feedback R, = 3.6KO,R, = 3.6KQ R, = 3.6KQO,R, = 2.0KQ
resistance values
20MHz R 1279 1262
X -1595 -869
30MHz R 710 863
X -1363 -943
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3.3 Impedance matching network design and simulation

According to the L matching network theory, one L matching network has its
bandwidth determined by the two impedances it is matching. For the impedance
matching problem in this research, a wideband matching network is suitable. The ideal
photoacoustic signal obtained from the ultrasound transducer should be a short electronic
pulse without any “ripples” in the time domain. If this signal is Fourier transformed to
frequency domain, it is a wideband signal. Therefore, an ideal matching network for the
ultrasound transducer should be a wideband network with a small Q. This kind of
matching network can be achieved by cascading several L sections. For example, in Fig.
3.5, if we need to match the source impedance R, with the load R;, a cascade n L

matching stages are used. The matching process is shown below.

Fig. 3.5. N-level cascade L matching network.
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1 2
R,

n R \"
R; = R, (R_) - R, (R_) - -+ = R; (3.2)
S S

The Q of each section is:

1

QM = (ﬁ—i)n ~1(33)

The normalized bandwidth of the matching network is:

BW = % /’%/5—1(3.4)

If we make use of the expression for the bandwidth of a cascade of tuned sections:

BW, = BW, /’{/E —1(3.5)

In the limit of a large number of sections, the total bandwidth approaches a

number of order unity,

lim BW = 2 3
am BW= iy 0

In the above equation, m is the ratio of the impedances that are being matched.
This cascade of L network is a useful approximation of a distributed wideband matching
network.

A 3-level cascade L matching network was chosen to implement the impedance
matching between the transparent ultrasound transducer and the pre-amplifier. The
values of components in this L matching network are shown in Fig. 3.6 and Table 3.6.
The transducer was connected to the input and the output of the matching network was

connected to the pre-amplifier.
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Fig. 3.6. 3-Level L matching network.

Table 3.6. Component values in the 3-level L matching network.

Component Name Value
Ly 2.02pH
L, 2.43pH
Ls 7.01pH
& 27.1pF
Cz 8.1pF
Cs 3.5pF

The gain of the pre-amplifier before and after the impedance matching was
simulated. Fig. 3.7 shows the gain-frequency curves of the preamplifier with and without

the 3-level L matching network.
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Fig. 3.7. Gain-frequency curves of the preamplifier: (a) gain of the pre-amplifier without

impedance matching network; (b) gain of the pre-amplifier with the 3-level L matching

network.
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Fig. 3.7. Continued.

Since the central resonance frequency of the designed transparent transducer was
around 20MHz to 30MHz, the gain of the preamplifier at the range 20MHz to 30MHz
was more important. From Fig. 3.6. it can be seen that without impedance matching
network, the -3dB bandwidth of the preamplifier (at the range 20MHz to 30MHZz) was
only about 6.68MHz. After the 3-level L matching network was added, the bandwidth
reached 24.52MHz. Therefore, a good impedance matching can help improve the
bandwidth of the signal greatly. A 2-level L matching network’s performance was
simulated for bandwidth comparison. After adding the 2-lelve L matching network, the
gain-frequency performance of the preamplifier was simulated. The result is shown in

Fig. 3.7. Fig. 3.8 shows the gain-frequency curve of the preamplifier using 2-level L
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impedance matching network. It can be seen that the bandwidth of the 2-level L

matching network was smaller than that of the 3-level L matching network.
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Fig. 3.8. Gain-frequency curve of the preamplifier using 2-level L impedance matching

network.

Another popular impedance matching network: m network was also studied in
this research as a comparison impedance matching method. The m impedance matching
network can be considered as two L-networks back to back. Compared with the design
of L-network, its design is relatively flexible. It has more design freedom than that of 1-

level L matching network. A low pass version  network is shown in Fig. 3.9. After
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matching, the gain-frequency performance of the pre-amplifier was simulated. The result

is shown in Fig. 3.10.

N
O | L |

Fig. 3.9. Low pass T impedance matching network.
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Fig. 3.10. Gain-frequency curve of the preamplifier using T impedance matching

network.

The  impedance matching network could improve the gain at the central
frequency, but its bandwidth was quite limited (only 6.65MHz) compared with the 3-
level L matching network. The smaller bandwidth would lower the axial resolution of
the transducer. A comparison table (Table 3.7) comparing the performance of the above
three impedance matching networks is shown below. Using the 3-level L matching
network, an amount of amplification is sacrificed, but the bandwidth is much wider than
those of the other two networks. Since the preamplifier is used to suppress the noise and
improve the SNR of the signal, the wide bandwidth is more important than its
amplification. In conclusion, a 3-level L matching network is a better choice than the

impedance matching network or 2-level L matching network for this application.
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Table 3.7. Comparison of three impedance matching networks.

3-level L 2-level L Low pass it
Maximum gain (dB) 38 40 41
-3dB bandwidth 24.52 10.58 6.65

(MHz)

3.4 Data acquisition interface design

In order to develop a complete data acquisition system for multiple PVDF
transparent ultrasound transducers, for example an ultrasound transducer array, a data
acquisition interface for PVDF transparent ultrasound transducers was designed.

After developing an impedance matching network for PVDF transparent
transducers, a data acquisition system consisting of matching networks, preamplifiers, a
multiplexer, a main amplifier and PC control and data acquisition programs was
developed. The whole system is shown in Fig. 3.11. In the system, every transparent
ultrasound transducer was connected to one impedance matching network. Then the
output of matching network was connected to a preamplifier. In order to obtain signals
from different channels, a multiplexer was used to select a specified channel during the
data acquisition process. The main chip used in the multiplexer circuit was
CD74HC4052 (Texas Instruments Inc., Dallas, TX, United States). Then the signal was
sent to a main acoustic signal amplifier (5072PR, Olympus Inc., Houston, TX, United
States). The amplified signal was received and recorded by the data acquisition system
(NI PCle 6320, National Instruments, Austin, TX, United States). And at the same time
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the data acquisition system sent selection signals to the multiplexer to select different
channels. This system could be used for the photoacoustic signal acquisition from single

or multiple PVDF transparent ultrasound transducers.

Transducers
and matching
networks

Selection Signal

—— |—>>—
31— |—>>— MUX |+ PC control and DAQ
—— |—>>—

Main Amplifier

_—

Preamplifier

Fig. 3.11. Data acquisition interface and system for single and multiple P\VDF

transparent ultrasound transducers.

3.5  Summary

In this section, the electronic properties of PVDF transparent ultrasound
transducers were investigated. Circuit models of PVDF transducers were developed
based on measurement data. The electronic properties of the pre-amplifier which is

directly connected to the PVDF transducer were investigated. Combining with the
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measurement data of PVDF transducers, several impedance matching networks were
designed. Through circuit performance simulation, the matching efficiencies of these
networks were quantified. Based on the comparison, a 3-level L matching network was
finally selected as the impedance matching network for the PVDF based transparent

ultrasound transducers.
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4. PHOTOACOQUSTIC MICROSCOPY USING TRANSPARENT PVDF

ULTRASOUND TRANSDUCER

4.1 Imaging system setup

A new PAM system based on the fabricated transparent ultrasound
transducer,was built. Compared with the existing PAM systems, the new system is much
simpler and more straightforward. As shown in Fig. 4.1, the pulse laser was focused with
the objective lens and shot through the transparent ultrasound transducer to the target.
The generated photoacoustic signals were directly detected by the transducer above the
target. It reduced the energy loss and improved the efficiency of the excitation laser. The
905 nm/532 nm pulse laser system provided necessary excitation laser pulses for PAM
imaging. The iris in front of the laser system was used to control the laser energy. The
positive lens was used to focus the laser and couple it into the optical fiber. After the
optical fiber, the laser pulse energy was further reduced using a filter. The objective was
used to focus the laser beam out of the optical fiber to a 20 um by 20 pm region which
was the size of one pixel in the final PAM image. X-Y scanning stage moved the target
during the imaging process, which realized the 2D scanning. The photoacoustic signal
received by the transducer was transmitted to the amplifier system, which included a
pre-amplifer and a main amplifier. The amplified signal was sent to the data acquisition
oscilloscope. A PC connected to the data acquisition oscilloscope and the X-Y scanning

stage was used to control the operation of the whole system. A photodiode (PD) with a
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power and energy meter detected a laser pulse and then generated a trigger signal to the

control and data acquisition system.

Iris Eveplece
532 nm
Pulse laser system
Optical Fiber
PD % E‘ﬂ

Trigger

Zf—d ™~ | I/Filter
Data-ajcquwltlon « Amplifier =

oscilloscope Objective
! Transparent US\ B
Target -
Data-acquisition and| | Powerand W f \""-...
Scanner-control PC |« €nergy meter E! e.r--..____'
Petri dish—

I »| X-Y scanning stage

Fig. 4.1. Photoacoutisc microscopy system based on transparent ultrasound transducers.

The response of the transparent ultrasound transducer was measured first. Using
a transducer made from 28um thick PVDF film, the photoacoustic signal excited by a
532nm pulse laser was measured. The time domain and frequency domain responses are
shown in Fig. 4.2. From the measured results it can be seen that the photoacoustic pulse
width was about 30ns and the bandwidth of the pulse was about 30MHz, which was

close to the theoretical resonant frequency of the 28um thick PVDF film.
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Fig. 4.2. Pulse laser excited photoacoustic pulse signal: (a) time domain; (b) frequency

domain.
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4.2 Imaging performance characterization with optical phantom
4.2.1 Signal to noise ratio

To measure the signal to noise ratio (SNR) of the transparent ultrasound
transducer, an agar phantom containing a target made of black tape was tested. The
transparent transducer was made of a 9um thick PVDF piezoelectric film. Its resonance
frequency was about 50MHz. The agar phantom was made by boiling the agar-water
mixture (2% weight ratio) and cooling it at the room temperature. The depth of the target
in the phantom was about 2mm. During the test, the transparent transducer was attached
to the surface of the agar phantom, and a small amount of DI water was added between
the transducer and the phantom surface to improve the acoustic signal coupling
efficiency. The 905 nm pulse laser (pulse width: 8 ns, energy: 150 nJ/pulse, repetition
rate: 1 KHz) was shot through the transducer to the target in the phantom. Since the goal
of this test was to measure the SNR of the transparent transducer, the output of the
transducer was directly sent to the oscilloscope which was used to record and analyze
the signal. A control test was also conducted using the same setup. The difference was
that a “blank phantom without any target inside was imaged in order to get the noise
information of the transparent transducer. Fig. 4.3 shows the photoacoustic signal from

the target phantom.
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Fig. 4.3. The photoacoustic signal from black tape made target.

From Fig. 4.3, it can be seen that the amplitude of the photoacoustic pulse was
about 10 mV. Its pulse width was about 10 ns, which means the axial resolution of this
transducer was about 15 um (considering the ultrasound velocity in the water is about
1500 m/s). The noise level was also measured through the results from the control test.
The noise level was about 2 mV. Therefore the SNR of the transducer was about 5.
4.2.2 Spatial resolution

To measure the lateral resolution of the PAM system, a sharp blade was imaged
in an agar phantom (Fig. 4.4) at varied depths with the same optical focus depth. The

lateral resolution was determined by the spread function of the blade [34]. The image of
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the blade was a line spread function. The full width of the half maximum of the line

spread function was the lateral resolution of the PAM system.

532 nm Pulse laser

Electrode (+) Electrode (-)

Transducer

[
_— }\

Agar phantom — \

Laser focus point moving path

Coupling medium

A sharp blade as a target

Fig. 4.4. PAM lateral resolution measurement setup.

In order to compare the effect of depth on the resolution, the lateral resolution
values on the top and the bottom illumination were also quantified following the same

method. The theoretical model used for fitting the measured results is a Gaussian beam:

w(z) = ng + I/l(jt—v_vOZO)l (4.1)

P(x,2) = Py[1 — e 2(—%0)*/w?(D)] (4.2)
where w(z) is the lateral resolution at location z, w, is the focal diameter, A is the
wavelength which is 905 nm, z, is the focal depth, x, is the location of the blade, P, is

the photoacoustic signal intensity at the location of the blade and P(x, z) is the



photoacoustic signal intensity at location x and depth z. Fig. 4.5 shows the fitting results

at different depths.
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Fig. 4.5. Gaussian fitting blade cross-section photoacoustic image profiles at three

different depths: (a) 1mm; (b) 0.9mm; (c)1.1mm.
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Fig. 4.5. Continued.

Since the blade was inserted into the agar phantom and distance between the
surface of the agar phantom and the blade was 1 mm, Fig. 4.5(a) shows the
photoacoustic image of the blade when the laser was exactly focused on the blade. The
lateral resolution was defined as the width of the photoacoustic intensity profile of the
blade cross-section where the intensity value was half of the maximum value. Therefore,
on the focus point, the lateral resolution of the PAM was about 15 pum, which is shown

in Fig. 4.5(a). In the region out of the focus, the Fig. 4.5(b)(c) show the lateral
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resolutions of the PAM at the depths (+0.1mm of the focus depth). The lateral resolution
lowered to 23~28um. So the focal zone of the PAM was about 0.2 mm.
4.2.3 Sensitivity uniformity

One unique property of the PAM using the transparent ultrasound transducer was
that the view-field was much wider than that of the traditional PAM system. The
transducer used in this PAM system was a 2 mm by 3 mm ITO coated PVDF
piezoelectric film. The laser could scan across this 2 mm by 3 mm area, and every point
of this area could receive photoacoustic signals. Since the ITO layer was not an ideal
conductor, the photoacoustic sensitivity across this 2 mm by 3 mm area could be non-
uniform. A test was conducted to measure the uniformity of the photoacoustic sensitivity
across this area. The test setup is shown in Fig. 4.6(a).

In order to test the uniformity of the transducer’s sensitivity across the film area,
66 test points were chosen on different locations of the transducer film (Fig. 4.6(b)).

These points were distributed uniformly on the surface of the transducer used in this test.
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Fig. 4.6. Sensitivity uniformity test setup: (a)side-view; (b) top-view.
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After obtaining photoacoustic signals from all 66 test points, the signal strength
values were normalized. The normalized strength values at different locations are shown

in Fig. 4.7.

Width (mm)

0 05 1 15 2 25
Length (mm)

Fig. 4.7. Normalized photoacoustic signal strength at different locations of the

transparent transducer.

According to the results shown in Fig. 4.7, the center part of the square
transparent transducer was relatively more sensitive than the edge part. But the absolute
sensitivity difference between the center part and the edge part is quite small. The

standard deviation of the 66 test points was 0.019. And also the standard deviations of
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different regions are calculated and listed in Table 4.1. The uniformity of the transparent

transducer is good enough to provide a wide field of view for PAM.

Table 4.1. Normalized photoacoustic sensitivity standard deviations of different regions

of the transparent transducer.

Region Area (mm°) Sensitivity standard deviation (%)
Whole 2 x 3 1.9
Central 1.5 x 2 0.096
Central 1 x 1.5 0.015

Using the above PAM system, the first photoacoustic microscopy image based on
a transparent ultrasound transducer was obtained. It is shown in the Fig. 4.8. The target
imaged was a printed letter “e” on a piece of white paper. The left picture of Fig. 4.8
shows the orignal target. During the imaging process, the focused laser scanned the
surface of the letter. And the step size was 20 pm. The right picture of Fig. 4.8 is the
PAM image of the letter.
4.3  Preliminary in-vivo imaging experiment

Using the transparent ultrasound transducer developed in this research, anin
vivo photoacoustic image of a mouse ear was obtained by researchers in Washington
university, Saint Louis. It is shown in Fig. 4.9. These preliminary results demonstrated

the feasibility of applying the transparent ultrasound transducer to PAM systems.
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200 um

Fig. 4.8. First transparent ultrasound transducer based photoacoustic image:original

image (left); photoacoustic image (right).

S
50 um
(a)
Fig. 4.9. Photoacoustic image of the mouse brain tissue: (a) full view (b) zoom-in view

showing the microscopy structures.
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Fig. 4.9. Continued.

The full view of the photoacoustic image of a piece of mouse brain tissue is
shown in Fig. 4.9(a). In the image, micro features (blood vessels) in the tissue could be
clearly seen. The blood vessels with bigger diameters could also be distinguished in the
background of the image. A zoom-in view of part of the full view image is shown in Fig.
4.9(b). Though zooming in, the discrete red blood cells (RBCs) could be observed in the
capillaries. The results demonstrated the microscopy capability of this PAM system.

PAM imaging tests were also conducted on mouse ear tissues. Fig. 4.10. shows
the PAM images of a piece of mouse ear tissue. The photoacoustic imaging head in the

setup scanned across the surface of the mouse ear tissue. The scan step size was 5 pm.
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The field view of this image was 1 mm by 1 mm. The illumination pulse laser was a 570

nm pulse laser.

40.9

40.8

0.7

(@)
Fig. 4.10. PAM images of a pieces of mouse ear tissue: (a)without average processing;

(b) after 16 times average processing.
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(b)

Fig. 4.10. Continued.

From Fig. 4.10(b) it can be seen that after 16 times average processing, the signal
to noise ratio (SNR) of the image was improved. The relationship between average times
and the SNRs of the image is shown in Fig. 4.11. With more average times, the noise in
the image could be suppressed significantly. However, at the same time, some micro
features in the image were missing.
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Fig. 4.11. SNR of the photoacoustic image vs. number of average times.

4.4 Summary

A PAM system based on transparent ultrasound transducers was developed. Its
imaging performance such as resolution, field of view, and sensitivity uniformity were
quantified. In order to verify the feasibility of applying the system to photoacoustic
imaging field, animal tissues were imaged using this system. The results proved that the
system could be used to conduct photoacoustic microscopy studies on real biomedical
samples. In the next section, another popular photoacoustic imaging technique: PAT was
studied through using transparent ultrasound transducers.
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5. PHOTOACOUSTIC TOMOGRAPHY USING 1D TRANSPARENT PVDF

ULTRASOUND TRANSDUCER ARRAY

51 Imaging system setup
5.1.1 1D transparent PVDF ultrasound transducer array

Current 1D PAT array probes usually consist of a linear 1D ultrasound transducer
array. In this research, a PAT array probe using a curvature 1D ultrasound transducer

array was proposed. A diagram showing the geometric configuration of the 1D PAT

array probe is Fig. 5.1.

Optical fiber array
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Fig. 5.1. The geometric configuration diagram of the 1D PAT array.
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The 1D PAT array consisted of 16 transducer elements. They were uniformly
distributed on the edge of a virtual circle whose radius was 40 mm. The width of each
transducer element was 1.4 mm, and the spacing between neighboring elements was 0.4
mm. The curvature geometric shape of 1D PAT array helped focus more illumination
laser energy to the imaged target, which would improve the strength of the photoacoustic
signal.

Behind the transducer elements, there was an array of optical fibers. The
direction of each optical fiber was normal to the transducer element in front of it. Pulse
laser illumination was delivered through these optical fibers. Since the transducers were
transparent, the pulse laser from the optical fibers would shoot through the transducers to
the target. Compared with other 1D PAT arrays which used oblique illumination pulse
lasers, this laser delivery method improved the efficiency of the pulse laser. The optical
fibers were also uniformly distributed on the edge of a circle whose center was same to
the virtual circle mentioned in the above description.

The configuration of the whole 1D PAT array probe is shown in Fig. 5.2. The

picture of the prototype of this 1D PAT array is shown in Fig. 5.3.
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Fig. 5.2. Configuration of the 1D PAT array imaging probe.

81



1D PAT array formed by 16 ultrasonic
transducer elements

(b)
Fig. 5.3. 1D PAT array based on transparent ultrasound transducers: (1) front view; (2)

top view; (3) back view.
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Fig. 5.3. Continued.

5.1.2 Sensitivity calibration

The 1D PAT array system based on transparent ultrasound transducers were
fabricated. After that, the transducers in the array were soldered with copper wires using
E-solder 3022 and then the array was connected to the data acquisition system through
coaxial cables (diameter: 1 mm, Hirose Electric Co., Ltd.).

During the metal and ITO deposition processes, due to the deposition variation at
different locations of the PVDF film surface, the conductivity of the electrode layers for
16 elements was not uniform. It led to sensitivity non-uniformity problems for the 16

channels. And also when the E-solder 3022 was used to connect the wires to the
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electrodes of the transducers, the connection resistance varied from element to element.
During the laser illumination process, since all optical fibers shoot out laser pulses at the
same time, the laser light from other channels will also generate interference
photoacoustic signals. Therefore, a signal sensitivity calibration measurement among the
16 channels was conducted before applying this 1D ultrasound transducer array in PAT
systems.

The calibration was conducted following the procedures below. A piece of cubic
agar phantom was used as the coupling medium. Its dimension was 2 mm by 2 mm by 3
mm. The thickness of this phantom was 2 mm. On one side of this cube, a piece of black
tap was attached, which worked as the imaging target. The opposite side was attached to
the surface of one transducer in the array (Fig. 5.4). Then a photoacoustic test was
conducted on each transducer element. A black tape target was positioned in the front of
each element in the array when it was tested. The pulsed laser was delivered to each
element through the optical fiber bundle. The A-line photoacoustic signal was collected
and the photoacoustic pulse amplitude was recorded. Using the same target, same test
was done on all the 16 transducer elements. Their photoacoustic pulse amplitudes were
also recorded. The results are shown in Table 5.1. Based on the above calibration results,

the photoacoustic signals can be normalized for different channels.
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Fig. 5.4. 1D PAT array photoacoustic signal strength calibration setup.
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Table 5.1. The photoacoustic pulse amplitudes of 16 channels in the 1D PAT array.

Channel Number Photoacoustic pulse peak to peak amplitude
(mV)
1 12
2 16
3 18
4 24
5 10
6 32
7 22
8 28
9 28
10 26
11 26
12 32
13 26
14 28
15 18
16 50
52 Image reconstruction

Using the developed 1D PAT array imaging system, B-mode photoacoustic

images of different targets were obtained. In order to get high quality images which
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could provide more details about the imaged targets, raw imaging data were further
processed with the synthetic aperture focusing technique (SAFT).

SAFT is a classical aperture synthesis method in which one single element acts
as both the transmitter and receiver on a full array [35-37]. For example, in order to
synthesize an N-element ultrasound transducer array, one transducer element first
transmits a short pulse at the location of the first element in the virtual array. Reflected
signals are received at the same element and stored. The same process repeats at
locations of all N elements, and an N-element array is synthesized. Since in SAFT only
one element is fired on every measurement, the delivered acoustic power can be very
small. In order to increase the acoustic power, a group of elements are fired at the same
time, which leads to the multi-synthetic aperture focusing (MSAF) [38].

For the 16-element 1D ultrasound transducer array system, its imaging process is
similar to the single element SAFT. During the imaging process, the laser light from the
illumination fiber array shoots through the transparent ultrasound transducer array to the
targets. Then the generated photoacoustic signals are received by the array. Fig. 5.5

shows the principles of the single element straight array SAFT.
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Fig. 5.5. SAFT principles of the single element straight array.

For element i, its round-trip delay is:
r—r;'
T, = ZT (51)

where

r) = \/xlz + 1?2 —2x;rsinf (5.2)
The steering delay is
1 :
T} = szi sin 6 (5.3)

For the point (r, 8), the A-scan signal is
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N-1
2r
Asapr(1,6) = Z Si (7 - Ti) =
i=0

N-1

Z Si(t - Ti) (54)

i=0

where s;(t) is the signal received at the i’th element and z; is the beamforming delay for

the 1’th active element.

But for the 1D curved ultrasound transducer array, the straight ultrasound

transducer array SAFT processing algorithm should be modified to adapt to the curved

transducer array. Fig. 5.6 shows the geometric positions of the elements in the developed

1D PAT array.

Element 1

(r,6)

Fig. 5.6. Geometric positions of the elements in the developed 1D PAT array
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In Fig. 5.6, for elementi (i = —8,—7..—1,1...7,8, 16 elements in total), its

round-trip delay is:

Pl ey
T = c (-)

where

. x? 2x;7sin 0
r = 4z ZETMT o

cos? a; cos a;

Since all elements are on the edge of a circle whose radius is R = 4 cm,

(Jil = 0.5)-d
g = at—0o)a

: e (57)
The steering delay is
s 1 2x;sinf e g
T T eosa 8)
For the point (r, 8), the A-scan signal is
N-1 N-1
2r
asurr(,0) = Y si(Z 1) = ) st-w) (59)
i=0 i=0

where s;(t) is the Hilbert-transformed photoacoustic signal received at the i’th element
and t; is the beamforming delay for the i’th active element. Based on the above analysis,

for the point (r, 8) in the final image, its intensity can be calculated through the equation

(5.9).
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5.3  Imaging performance characterization with optical phantom
5.3.1 Spatial resolution

The resolution of a PAT image mainly include: lateral resolution and axial
resolution. In order to quantify the lateral resolution, the 1D PAT array system built in
the research was used to image an agar phantom containing black targets with different

width (Fig. 5.7).

PAT probe head

A

~Agar phantom

Black tape

Fig. 5.7. Lateral resolution test setup.
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(a) (b)

(c)

Fig. 5.8. PAT images of three black tapes with different widths: (a) 0.5 mm; (b) 1.0 mm;

(c) 2.0 mm.
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The widths of the black tapes were: 0.5 mm, 1 mm and 2 mm. The PAT images
of the above 4 targets are shown in the Fig. 5.8.

From the three PAT images it can be seen that if the width of the black tape was
smaller than 1 mm, there was no observable object in the PAT image. Above the 1 mm,
the objects could be seen in the PAT images. Therefore, the lateral resolution of the PAT
imaging array was around 1 mm.

The axial resolution of a 1D PAT array system is determined by the shortest
photoacoustic pulse width that could be detected by the transducer element in the array.
In order to get this value, the A-line images of one element of the 1D PAT array were
obtained and compared. The results are shown in Fig. 5.9. From these results, it can be
seen that the shortest photoacoustic pulse width was about 0.1 us. Since the acoustic
velocity in agar is about 1500m/s, the axial resolution of the 1D PAT array system was

about 1.5 mm.
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Fig. 5.9. Width of the photoacoustic pulse detected by the 1D PAT array.

5.3.2 Contrast to noise ratio

The contrast to noise ratio (CNR) of the PAT imaging array was measured
through the following test. Three agar phantoms embedded by a small piece of black
tape were made. The black tapes were embedded at different depths: 10 mm, 15 mm and
20 mm. Then they were imaged by the PAT imaging array system. The results are shown
in Fig. 5.10. The CNR was calculated using the following equation:

Sqa—S
cng = 5= Ssl (5.10)
0o

where S, is the intensity of the interested region, Sy is the intensity of the background

region and g, is the standard deviation of the background noise level.
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In the agar phantom, the CNR of the PAT images reached the maximum around
the depth 15 mm. Above 15 mm, the image contrast gradually decreased. Table 5.3

shows the CNRs of agar phantom PAT images with targets embedded at different depths.

(a) (b)

Fig. 5.10. 1D PAT array CNR test results. Targets depths in the phantoms: (a)10 mm;

(b)15 mm; (c)20 mm.
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Fig. 5.10. Continued.

Table 5.2. CNR values of agar phantom PAT images with targets embedded at different

depths.
Depth of the target in the phantom (mm) CNR (dB)
5 26.80
10 32.20
15 35.01
20 13.70
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5.4  Preliminary ex-vivo imaging experiment

The developed 1D PAT imaging array system has been used to image chicken
breast targets. A piece of chicken breast with black tapes was used as a tumor mimicking
phantoms for the PAT imaging experiements. The test setup is shown in Fig. 5.11. The
black tape was embedded at different depths in the chicken breast. The PAT images of
these phantoms show the imaging sensitivity of this PAT imaging system at different

depths in real animal tissues.

1D PAT array

7

Chicken breast tissue

Black tape
{mimiéking tumor)

Fig. 5.11. Setup for chicken breast tissue PAT imaging experiments.
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0 Tom 2

Imaging Target PAT image
Fig. 5.12. PAT images of black tape-embedded chicken breast samples with different

embedded depths: a) 3 mm; b) 4 mm; c) 7 mm.
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Fig. 5.12. Continued.

99



Fig. 5.12 shows the PAT images of the black tapes at different depths of the
chicken breast tissue. As the depth increased from 3 mm to 7 mm, the intensity of black
tape’s region in the PAT images decreased. And also, the image distortion became more
significant. The black tape’s image gradually lost its original shape. As the depth
increased, on the one side, the intensity of the illumination light reaching the black tape
became weaker due to the scattering in the tissue. And on the other side, the
photoacoustic signal also attenuated during the transmission from the black tape to the
PAT array. The CNR of these three images all decreased as the black tape’s depth
increased. Table 5.3. shows the CNRs of these three images. Fig. 5.13 shows the image

CNR trend of these PAT images as the embedded depth increases.

Table 5.3. CNR values of three chicken breast PAT images

Depth of the black tape in the chicken breast CNR (dB)
tissue (mm)
3 52.29
4 48.31
7 39.20
15 11.64
20 3.09
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Fig. 5.13. CNR of PAT images of black tape-embedded chicken breast tissues.

55 Summary

In this section, a 1-D PAT array imaging system was developed using PVDF
transparent ultrasound transducers. The design and fabrication process were introduced
first. In order to build an accurate image reconstruction algorithm, SAFT image
improvement method was modified based on the features of this 1-D PAT array imaging
system. The 1-D PAT array imaging system was used to get PAT images of agar
phantoms and also animal tissues. The imaging capabilities of this system were

quantified.
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6. CONCLUSIONS

In this study, microfabricated PVDF transparent ultrasound transducers for both
PAM and PAT have been developed. The bulky traditional PAM and PAT systems have
been simplified using the transparent ultrasound transducers. PAM and PAT imaging
experiments on both optical phantoms and animal tissues have been conducted. The
results demonstrated the capabilities of the new PAM and PAT array imaging systems.

PVDF was selected as the active element material of the transparent ultrasound
transducers. Two methods have been developed for fabricating this new type of
transducers by using PVDF piezoelectric films and PVVDF precursors, respectively. The
electronic properties of the developed ultrasound transducers have been measured and
studied. Due to the high electrical impedance of PVDF piezoelectric films, two electric
impedance matching methods between PVDF transducer and the signal acquisition
system have been developed and tested with different PVDF transparent transducers.
The test results lay a foundation for the photoacoustic imaging system design based on
PVDF transparent transducers in the future.

For the application of this new technology, a PAM system based on the
transparent ultrasound transducer has been developed. Compared with traditional PAM
systems using general ultrasound transducers, the developed PAM system had a wider
imaging view field and smaller and simpler imaging head. The illumination pulse laser
could excite the target in the normal direction instead of in the oblique direction, which

improved the efficiency of the laser energy delivery. Photoacoustic imaging experiments
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based on this PAM system have been conducted on a mouse brain tissue, which showed
many micro features, for instance blood vessels, in the tissue.

The second application of the developed transparent transducer is in 1D PAT
array imaging system. The PAT array imaging system developed in this research has
been used in lab-made phantom and real animal tissues imaging experiments. The results
demonstrated its capabilities on fast PAT imaging applications.

Through the development and studies on PVDF transparent ultrasound
transducers in this research, a novel solution was established for improving the current
photoacoustic related imaging systems. It provided a new concept on building ultrasound

transducers especially for photoacoustic imaging applications.
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