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Ultrasound Transducers by Using PVDF and PMN-PZT for 

Photoacoustic Imaging 

Yonggang Cao 

Department of Physics, The Graduate School, 

Pukyong National University 

Abstract 

Photoacoustic (PA) imaging is a new developing imaging modality which has a 

potential for application in various areas, such as biomedicine and medical diagnosis. 

This imaging technology is a hybrid modality which combines the high contrast of 

optical imaging and the high spatial resolution of ultrasound imaging. It is based on 

the photoacoustic effect of materials or biological tissues, and it uses ultrasound 

transducers to detected laser-generated ultrasound signals for imaging. In PA imaging 

systems, ultrasound transducer is a very important part. Various kinds of transducers 

have been applied in these systems. Most of them are single element, linear array or 

curved array transducers. Several researchers have used circular array transducers to 

obtain high resolution images of tissue of small animals. However, the receiving 

sensitivity of the transducers is still not high enough for detection of weak PA signals. 

The aim of this study is to develop the effective ultrasound transducers with high 

sensitivity in the frequency range of 1~10 MHz which is commonly used for low 
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frequency PA imaging. In this study, piezoelectric PVDF films have been used to 

make a plane single element transducers and a 120-element circular array transducer. 

Besides that, piezoelectric single crystal PMN-PZT has been used to make a needle 

point transducer (or called needle hydrophone) and a circular array transducer with 

120 needle hydrophones. 

The pulse-echo response characteristics of the transducers were measured and 

compared. The results show that the PVDF single element transducer has center 

frequency about has a center frequency about 10.1 MHz and -6 dB bandwidth about 

9.2 MHz (MHz, 91.1% fractional bandwidth). The PVDF circular array transducer 

has a similar center frequency (11.3 MHz) as the single element transducer. But it has 

a narrow -6 dB bandwidth about 5.7 MHz (50.4% fractional bandwidth). The 

PMN-PZT single element and circular array transducer have same center frequency 

about 6.2 MHz with a -6 dB bandwidth about 5.6 MHz (90.3% fractional bandwidth).  

The receiving sensitivities of the fabricated transducers were compared. The 

PMN-PZT transducer shows a higher receiving sensitivity (Vpp = 90 mV) than the 

PVDF transducer (Vpp = 50 mV). The variation of the relative receiving sensitivity of 

PMN-PZT array transducer is about ±1.5 dB. For PVDF array transducer, the 

relative receiving sensitivity changes in the range from -47.1 dB to -37.9 dB. The 

PMN-PZT array transducer shows much better uniformity than the PVDF array 

transducer. 

The fabricated transducers were applied to PA imaging systems. The single 

element transducers were used in a PA imaging system based on scanning acoustic 

microscopy approach. By comparing the obtained PA signals and PA images, it could 

be found that the PMN-PZT hydrophone has high PA receiving sensitivity and could 
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obtained PA images with higher contrast than PVDF transducers. The PMN-PZT 

circular-array transducer was used in a PA imaging system based on tomography 

approach. The PA images were obtained with high resolution. Besides that, the 

influence factors of PAT imaging were discussed. 

From this study, it is found that the PMN-PZT hydrophone shows much higher 

receiving sensitivity than the PVDF transducer. It obtained the PA image with higher 

quality than PVDF transducer. And the circular array transducer made by 120 

PMN-PZT hydrophones can obtain PA images with high contrast. It has the potential 

to make image with higher resolution. 
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1.  Introduction 

This chapter gives a background to the imaging modalities in biomedicine. Besides 

that, the aim and outline of this study are introduced. 

1.1.  Background 

Biomedical imaging is a very important method to diagnose and treat human 

diseases in clinical setting. Based on the development science and technology, people 

have made enormously progress in imaging technology. Nowadays, imaging 

technologies include x-ray computed tomography (CT), Ultrasound (US) imaging, 

magnetic resonance imaging (MRI), single photon emission computed tomography 

(SPECT), and positron emission tomography (PET). Each of them has its own 

advantages and disadvantages. Generally, optical and ultrasound imaging modalities 

are the mostly well-known and widely used ones[1,2]. 

Optical imaging modalities offer a strong contrast between optically absorption 

objects. But their penetration depth is poor. Besides that, the high scattering of 

photons in human body is very harmful. In order to obtain the image with high spatial 

resolution, the only photons acquired from relatively small penetration depths 

(microns to a few centimeters) can be used. Common optical imaging techniques 

include the diffuse optical tomography, optical coherence tomography, angular 

domain imaging, fluorescence imaging, and near infrared spectroscopy. Other 

variations of these techniques exist and those all are derived from either the 

measurement of ballistic or scattered photons. Ballistic photon imaging regimes are 

those in which photons are not scattered. These photons retain their spatial 
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information because the net interaction with the object has not perturbed the photon’s 

direction of propagation. Therefore, high resolution optical images can be produced 

from ballistic photons, but the images are generally limited to approximately a few 

millimeters in depth of tissues. That is the reason of significantly reducing 

widespread applicability of this technology.  

Ultrasound (frequency over than 20 kHz) imaging is another widely used medical 

modality. Most of the commercially available ultrasound imaging equipments 

reconstructs the images by the pulse-echo imaging principle. Pulsed ultrasound waves 

(approx. 1 to 20 MHz) generated by a transducer transmit into human body through a 

coupling material. Then the waves interact with tissues, and some of the transmitted 

energy returns to the transducer and be converted to electric signals. By virtue of 

signal processing algorithm and technique, the ultrasound image is obtained. The 

modern ultrasound imaging system works in real-time and gives barely interpretable 

images. It is noninvasive and doesn't require ionizing radiation. It is the premier 

imaging modality for soft tissues because of good penetration. By comparing with 

other modalities such as CT and MRI, ultrasound imaging equipment is compact and 

portable. But there are also some disadvantages owning to ultrasound. It is almost 

impossible to propagate through a bone or air, so that the use of it is restricted in 

brain and lungs. It is also impossible to obtain a diagnostic imaging on the people 

who are overweight. Another limitation is that its usefulness depends on the skill of 

the technician or physician performing the examination. The examining results are 

difficult to reproduce. 

Researchers had tried to find an imaging modality which could have the 

advantages of both optical and ultrasound imaging modalities. In the recent 30 years, 
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a hybrid imaging modality has attracted a lot of interest. It is called photoacoustic 

(PA) imaging and combines the advantages of optical imaging and ultrasound 

imaging. The most drawback of optical imaging is the using of strong photons in 

human body. Acoustic waves aid in circumventing the issue of optical scatter because 

ultrasound waves attenuate much less significantly in human tissue (~ 1 dB/cm/MHz). 

Characteristic features of the photoacoustic wave are determined by features inherent 

to the optically absorbent object. This permits optical information to be retrieved 

from much greater penetration depths (a few centimeters) with resolution comparable 

to that of US imaging. 

PA imaging technology is a developing imaging modality. There are a lot of works 

to do for the researchers, such as the transducers for PA imaging systems. There are 

no enough researches about the design and fabrication of the transducers for PA 

imaging. 

1.2.  Aims and Outline 

The aims of this study are to design and fabricate transducers which have high 

sensitivity and wide bandwidth for high quality PA images. The other aim is to 

investigate the relation between the characteristics of the transducers and the quality 

of PA images. This study will be described as following: 

In Chapter 2, PA imaging modality is introduced. It contains the basic theory, 

ordinary imaging systems and classification of the PA imaging. 

In Chapter 3, piezoelectric transducers are introduced in advance. Then, two kind 

piezoelectric materials (PVDF polymer and PMN-PZT single crystal) will be used to 
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make single element and circular array transducers. The fabrication methods will be 

introduced in detail. 

In Chapter 4, the characteristics (pulse-echo response and receiving sensitivity) of 

the fabricated transducers are measured. By comparison, the transducers with high 

sensitivity and wider bandwidth are selected for PA imaging. 

In Chapter 5, the selected single element transducers are applied to a PA imaging 

system based scanning ultrasound microscopy approach. And a circular array 

transducer is applied in a PA imaging system based on tomography approach. By 

comparison of the obtained PA images, the relation between characteristics and image 

qualities are discussed.  

In Chapter 6, conclusions are given and future works are listed. 

Finally in Appendix, the PVDF single element concave transducer is introduced. It 

is compared with the plane PVDF transducer in fabrication method, electro-acoustic 

characteristics and PA imaging. 
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2.  Photoacoustic Imaging 

2.1.  PA effect 

PA effect is the base of PA imaging technology. The photoacoustic (or optoacoustic) 

is, in essence, the formation of sound waves following light absorption in a material 

objects. It was discovered in the 1880s[3]. And it is quantified by measuring the 

formed sound (pressure changes) with appropriate ultrasound transducers. In 

photoacoustic effect, an object is excited by low radiation of pulsed optical or RF 

sources, and generates a sound or stress wave as a consequence of the thermoelastic 

expansion which is caused by a slight temperature rise (typically less than 0.01 ℃), 

as the results of the energy deposition inside the biological tissue through the 

absorption of incident electromagnetic (EM) energy. The thermoelastic mechanism 

has special features that make PA techniques amenable for biomedical applications. 

First, it does not change the properties of the biological tissue under study. Secondly, 

only non-ionizing radiation is used, unlike in X-ray imaging or positron-emission 

tomography (PET). The non-destructive, non-invasive and non-ionizing nature of PA 

techniques makes them ideal for in-vivo applications. Thirdly, the relationships 

between PA signals and the physical parameters of biological tissues are well defined. 

This advantage permits the quantification of various physiological parameters such as 

the oxygenation of hemoglobin. 

In soft tissues, the thermal diffusion effect on the PA signal is usually negligible 

since the EM energy is deposited in the sample within a relatively short time. 

Therefore, the efficiency of PA generation is high. Upon the absorption of the pulse 
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energy, the thermal diffusion during the pulse period can be estimated by the 

following thermal diffusion length:[4] 

 𝛿𝛿𝑇𝑇 = 2�𝐷𝐷𝑇𝑇𝜏𝜏𝑝𝑝  (2-1) 

where 𝜏𝜏𝑝𝑝  is the pulse duration, 𝐷𝐷𝑇𝑇 is the thermal diffusivity of the sample. Thermal 

diffusivity for most soft tissues is 𝐷𝐷𝑇𝑇 ≈ 1.4 × 10−3 cm2/S. For example, for an RF 

pulse of 𝜏𝜏𝑝𝑝 = 1.0 𝜇𝜇𝜇𝜇, 𝛿𝛿𝑇𝑇 = 0.75 𝜇𝜇𝜇𝜇, which is typically much less than the spatial 

resolution of most PA imaging systems and the characteristic heating length 𝐿𝐿𝑃𝑃 

defined by the penetration depth of the EM wave or the size of the absorbing 

structure.  

Photoacoustic waves, like all other ultrasonic waves, propagate in three 

dimensional (3-D) space. For simplicity, the inhomogeneity of acoustic speed in soft 

tissues is usually neglected in analysis of acoustic wave propagation. The speed of 

sound is relatively constant at 1.5 mm/μs with a small variation of less than 5% in 

most soft tissues[5]. If acoustic heterogeneity becomes important, we can resort to a 

pure acoustic imaging technique, such as ultrasound pulse-echo imaging or 

ultrasound tomography, to map out the acoustic inhomogeneity. 

The pressure 𝑝𝑝(𝑟𝑟, 𝑡𝑡) at position r and time t in a homogeneous liquid-like medium 

obeys the following wave equation: 

 𝛻𝛻2𝑝𝑝(𝑟𝑟, 𝑡𝑡)− 1
𝑐𝑐2

𝜕𝜕2

𝜕𝜕𝑡𝑡2 𝑝𝑝(𝑟𝑟, 𝑡𝑡) = − 𝛽𝛽
𝐶𝐶𝑝𝑝

𝜕𝜕
𝜕𝜕𝜕𝜕
𝐻𝐻(𝑟𝑟, 𝑡𝑡) (2-2) 

where 𝐻𝐻(𝑟𝑟, 𝑡𝑡) is the heating function defined as the thermal energy deposited by the 

EM radiation per time per volume (𝑐𝑐: the speed of sound, 𝛽𝛽: the isobaric volume 

expansion coefficient, 𝐶𝐶𝑝𝑝 : the specific heat). 
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The solution, which is based on Green’s function, can be found in the literature of 

physics or mathematics. In general, the solution of eq. (2-2) in the time domain can 

be expressed by 

 𝑝𝑝(𝑟𝑟, 𝑡𝑡) = 𝛽𝛽
4𝜋𝜋𝐶𝐶𝑝𝑝

�∭ 𝑑𝑑3𝑟𝑟′

|𝑟𝑟−𝑟𝑟′|
𝜕𝜕𝜕𝜕(𝑟𝑟′ ,𝑡𝑡′)

𝜕𝜕𝜕𝜕′
�
𝑡𝑡 ′=𝑡𝑡−|𝑟𝑟−𝑟𝑟′ |

𝑐𝑐

 (2-3) 

The heating function can be written as the product of a spatial absorption function 

𝐴𝐴(𝑟𝑟) and a temporal illumination function 𝐼𝐼(𝑡𝑡): 

 𝐻𝐻(𝑟𝑟, 𝑡𝑡) = 𝐴𝐴(𝑟𝑟)𝐼𝐼(𝑡𝑡)  (2-4) 

Particularly, if 𝐼𝐼(𝑡𝑡) = 𝛿𝛿(𝑡𝑡), the initial photoacoustic pressure at position r is 

𝑝𝑝0(𝑟𝑟) = 𝛤𝛤(𝑟𝑟)𝐴𝐴(𝑟𝑟), where 𝛤𝛤(𝑟𝑟) is the Grüneisen parameter equal to 𝑐𝑐2 𝛽𝛽 𝐶𝐶𝑝𝑝⁄ . 

Here, we define the Fourier transform PA imaging on variable 𝑡𝑡̅ = 𝑐𝑐𝑐𝑐 as following: 

 𝐹𝐹�(𝑘𝑘) = ∫ 𝐹𝐹(𝑡𝑡̅)+∞
−∞ 𝑒𝑒𝑒𝑒𝑒𝑒⁡(𝑖𝑖𝑖𝑖𝑡𝑡̅)𝑑𝑑𝑡𝑡̅ (2-5) 

And 

 𝐹𝐹(𝑡𝑡̅) = ( 1
2𝜋𝜋

)∫ 𝐹𝐹(𝑘𝑘)𝑒𝑒𝑒𝑒𝑒𝑒⁡(−𝑖𝑖𝑖𝑖𝑡𝑡̅)𝑑𝑑𝑑𝑑+∞
−∞  (2-6) 

where 𝑘𝑘 = 𝜔𝜔/𝑐𝑐 and 𝜔𝜔 is an angular frequency and equal to 2𝜋𝜋𝜋𝜋. 

Thus eq.(2-6) can be rewritten as: 

 (𝛻𝛻2 + 𝑘𝑘2)𝑝𝑝�(𝑟𝑟, 𝑘𝑘) = 𝑖𝑖𝑖𝑖𝑝𝑝0(𝑟𝑟), (2-7) 

where 𝑝𝑝�(𝑟𝑟, 𝑘𝑘)is the Fourier transform of 𝑝𝑝(𝑟𝑟, 𝑡𝑡̅). Based on Green’s theorem, the 

spectrum 𝑝𝑝�(𝑟𝑟0,𝑘𝑘) of the pressure 𝑝𝑝(𝑟𝑟0, 𝑡𝑡̅) detected at 𝑟𝑟0  can be written in the 

frequency domain as: 

 𝑝𝑝�(𝑟𝑟0,𝑘𝑘) = −𝑖𝑖𝑖𝑖∭ 𝑑𝑑3𝑟𝑟′ 
𝑉𝑉 𝐺𝐺�𝑘𝑘

(𝑜𝑜𝑜𝑜𝑜𝑜 )(𝑟𝑟′ , 𝑟𝑟0)𝑝𝑝0(𝑟𝑟′), (2-8) 
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where 𝑉𝑉′  is the volume of the source 𝑝𝑝0(𝑟𝑟′); and 𝐺𝐺�𝑘𝑘
(𝑜𝑜𝑜𝑜𝑜𝑜 )(𝑟𝑟′ , 𝑟𝑟0) is Green’s function: 

 𝐺𝐺�𝑘𝑘
(𝑜𝑜𝑜𝑜𝑜𝑜 )(𝑟𝑟′ , 𝑟𝑟0) = 𝑒𝑒𝑒𝑒𝑒𝑒⁡(𝑖𝑖𝑖𝑖�𝑟𝑟 ′ −𝑟𝑟0�)

4𝜋𝜋|𝑟𝑟′ −𝑟𝑟0|  (2-9) 

which corresponds to an outgoing wave. 

2.2.  PA imaging system  

An ordinary photoacoustic system usually contains an optical excitation module 

(laser), an ultrasound measurement module (transducer) and an imaging 

reconstruction module (signal processing system). The properties of each module 

affect the quality of PA images. For different objects, choice of the excitation sources 

and detection transducers might be different. 

2.2.1.  Optical excitation 

To obtain a PA image, a short pulsed laser as the excitation source illuminates 

objects to be measured. Depending on the wavelength, the laser beam penetrates 

some depth of the objects. In the case of optical excitation, the absorption of laser 

energy causes a small increase of temperature (approx. less 0.1 K) which is below 

that of causing physical damage or physiological change to the object. Besides that, it 

is converted into heat by vibrational and collisional relaxation. This produces an 

initial press increase and subsequent emission of acoustic waves which are detected 

by an ultrasound transducer. The PA image is then formed by a set of this detected 

acoustic signals. The initial pressure distribution 𝑝𝑝0 is encoded onto this propagation 

acoustic wave. It can be shown that 𝑝𝑝0 at a point 𝑟𝑟 is proportional to the absorbed 

optical energy 𝐻𝐻(𝑟𝑟)[6] 



 

9 

 

 𝑝𝑝0(𝑟𝑟) = 𝛤𝛤𝛤𝛤(𝑟𝑟) (2-10) 

where Γ is known as the Grüneisen coefficient, a dimensionless thermodynamic 

constant that provides a measure of the conversion efficiency of heat energy to 

pressure and is given by 𝛤𝛤 = 𝛽𝛽𝑐𝑐2 𝐶𝐶𝑝𝑝�  where 𝛽𝛽 is the volume thermal expansivity, 

𝑐𝑐 is the sound speed and 𝐶𝐶𝑝𝑝  is the specific heat capacity at constant pressure. The 

absorbed optical energy distribution 𝐻𝐻(𝑟𝑟) is given by the product of the local 

absorption coefficient 𝜇𝜇𝑎𝑎(𝑟𝑟) and the optical fluency Ф(𝑟𝑟, 𝜇𝜇𝑎𝑎 ,𝜇𝜇𝑧𝑧 ,𝑔𝑔) where 𝜇𝜇𝑎𝑎  and 

𝜇𝜇𝑠𝑠 are the absorption and scattering coefficients over the illuminated tissue volume 

and 𝑔𝑔 is the anistropy factor. Writing 𝑝𝑝0 explicitly, we obtain 

 𝑝𝑝0(𝑟𝑟) = 𝛤𝛤𝜇𝜇𝑎𝑎(𝑟𝑟)𝜙𝜙(𝑟𝑟, 𝜇𝜇𝑎𝑎 ,𝜇𝜇𝑠𝑠 ,𝑔𝑔) (2-11) 

As shown in the eq. (2-11), 𝑝𝑝0 depends on several mechanical, thermodynamic 

and optical parameters. In PA imaging, the mechanical and thermodynamic properties 

are considered to vary sufficiently weakly between different tissue types that they can 

be regarded as being spatially invariant. And the PA imaging contrast can be assumed 

that it is dominated by the optical absorption and scattering properties of object. In 

fact, it transpires that optical absorption tends to dominate, and for this reason PA 

images are often described as being 'absorption based'. 

The optical absorption coefficient, which is the primary factor for imaging contrast, 

should be considered firstly in PA imaging experiment. For different objects, the 

optical absorption coefficients are different. Hemoglobin is the most important 

organelle in animal blood. It is also known as an effective PA object which has a high 

optical absorption coefficient below 1000 nm of wave length. The 𝜇𝜇𝑎𝑎  of both 

oxygenated and deoxygenated hemoglobin at wavelength below 1000 nm is at least 
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an order of magnitude higher than that of the other chromophores, such as water, 

lipids and elastin that are present in connective tissues, blood vessels and other organ 

constituents. Water has a quiet different tendency of absorption coefficient that it 

increases from 400 to 1800 nm.  

2.2.2.  Acoustic detection 

Optical-pulse excited pressure acts as an acoustic source for PA imaging. Then the 

generated acoustic wave propagates in three-dimensional space. Comparing with 

optical wave, the acoustic wave shows better penetration when it propagates in a 

biological tissue. For example, the scattering of acoustic wave is less than optical 

wave. Usually, the attenuation coefficient in a medium is given by following formula: 

 𝛼𝛼 = 𝑎𝑎𝑓𝑓𝑏𝑏  [𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐] (2-12) 

where b is a tissue dependent constant, 1 ≤ 𝑏𝑏 ≤ 2 and f is the frequency expressed 

in MHz. Many authors consider 𝑏𝑏 = 1, which is close to reality in many biological 

tissues[7]. The attenuation coefficients of many soft tissues are nearly about 1 

dB/cm/MHz, but it is about 20 dB/cm/MHz for bone (if 𝑏𝑏 = 1). The equation shows 

that the attenuation affects more the higher frequency component and thus acts as a 

low-pass filter, reducing overall resolution. So that, there is a tradeoff between 

resolution and penetration depth, which favors lower frequencies which is less 

attenuated. 

Ultrasound velocity in biological tissues is pretty much a constant near 1500 m/s. 

Except in the highly heterogenous samples, its variation is no more than 10% and 

usually ignored. These variations of the speed of sound are modeled by acoustic 
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impedance, which is related to density and sound velocity. Changes in velocity are 

responsible for reflections at interfaces and refraction. This shows why contrast is 

usually poor in echography, where reflected sound waves form the signal of interest. 

Large reflections occur at the interface between the crystal and the tissue, which is 

why an impedance matching gel is used in echography. 

Piezoelectric ultrasound transducers and optical pressure sensors are the most used 

detectors for PA waves. Although the optical sensors for ultrasound detection are very 

interesting, it will not be covered in this study. A piezoelectric transducer can detect 

ultrasound waves and transform the sound signal to electric voltage signal. The 

amplitude of the voltage signal is proportional to the pressure of the sound wave and 

the receiving sensitivity of the transducer. The receiving sensitivity g is the potential 

produced by a unit strain. The receiving constant g gives the electric potential 

difference per unit thickness produced by a unit stress. For a PZT (Pb(ZrTi)O3) 

transducer, the receiving constant is about 2.5×10-2 Vm/N. For PVDF (Poly 

Vinylidene Fluoride) transducer, g is about five times larger than PZT. Piezoelectric 

transducer exhibits resonance property, when the wavelength of the generated wave is 

two times of the piezoelectric element thickness 𝐿𝐿𝑇𝑇. And the resonant frequency can 

be calculated according to the sound velocity 𝐶𝐶𝑇𝑇 as shown in following: 

 𝑓𝑓𝑇𝑇 = 𝑐𝑐𝑇𝑇
2𝐿𝐿𝑇𝑇�  (2-13) 

For ultrasound imaging, the most used frequencies are in the range from 1 MHz to 

20 MHz. As we know that the pure ultrasound imaging also relies on the detection of 

acoustic waves. There has been a significantly improvement in this field, and it could 

be reused for photoacoustic ultrasound detection. 
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Nowadays, the transducer for ultrasound detection is designed and fabricated with 

a definite resonant frequency and wide bandwidth. It means that the transducer is 

sensible to a large range of frequencies around the resonant frequency. For imaging, 

acoustic waves could be detected by ultrasound transducers in two ways. The first 

one is using a single transducer and scanning along certain direction in a given 

geometry (plane, cylinder and sphere). The other is using an array of transducers 

which don't need a mechanical movement. So that, faster imaging is possible. 

2.2.3.  Reconstruction 

The photoacoustic ultrasound signals detected by the ultrasound transducer are RF 

pulses. The pulses are Hilbert transformed after rectification to get envelopes of the 

pulses. The envelopes are digitized and stored on PC in the form of numeric values. It 

is changed to a PA image by using a reconstruction algorithm. The reconstruction 

algorithms have been already used in the imaging modalities such as X-ray computed 

tomography (CT), magnetic resonance imaging (MRI) and ultrasound[5].  

Imaging reconstruction is a big challenge for PA imaging. The challenge arises 

from the factor that the location of the ultrasound source is unknown in the medium. 

It is called inverse problem. Many different approaches have been suggested to solve 

this problem. Analytic back-projection algorithm, finite-elements, Radon transform, 

Fourier domain analysis, diffusion equation base reconstruction are all successful 

methods[8-13]. 

2.2.4.  Development of PA imaging system 

PA imaging system is one of the most interests of photoacoustic research. A 
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number of groups worldwide have made significant contributions to this topic. It has 

been developed from the ordinary PA imaging system to photoacoustic microscopy 

(PAM) and photoacoustic tomography (PAT). 

PA and PAM imaging systems are very similar. The difference between these two 

systems is the center frequency of ultrasound transducers, which is smaller than 30 

MHz for PA imaging and larger than 30 MHz for PAM imaging. In both two systems, 

the transducer is actually analogous to the B-mode scan in ultrasonography. By a 

mechanical scanner, the PA signals from the sample could be stored respectively. 

Every detected signal is converted into a 1D image along the acoustic axis of the 

transducer, analogous to an ultrasonic A-line or A-scan. Then cross sectional images 

are formed by combining the 1D images acquired from all points. The axial 

resolution along the acoustic axis depends on both the width of the radiation pulse 

and the width of the impulse response of the transducer. The lateral resolution is 

determined by the focal diameter of the ultrasonic transducer. 

PA and PAM imaging are the mostly reported methods for PA image. The PAT 

imaging technology has attracted a lot of interest due to its imaging ability in tens 

micrometer scale. Kolkman et al.[14] reported an optical-resolution photoacoustic 

microscopy (OR-PAM) which uses an extreme-narrow aperture sensor to obtain the 

photoacoustic imaging of blood vessels. The home-built double ring sensor has two 

concentric equal-area ring-shaped electrodes on one side of piezoelectric element 

PVDF. It was connected to an amplifier. PA signals were generated by illuminating 

the tissue through a fiber, which was positioned in the centre of the ultrasound 

transducer. The images of two joining veins proximal to the wrist of a human 

volunteer were reconstructed. At depths beyond the optical diffusion limit and up to a 
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few millimeters, Favazza et al.[15] developed an acoustic-resolution photoacoustic 

microscopy (AR-PAM) which could achieve high resolution by taking advantage of 

the much lower acoustic scattering. The AR-PAM system contains a single, 

broadband, focused ultrasound transducer with 50 MHz central frequency and 70% 

nominal bandwidth. An optical condenser was set in the optical circuit to focus the 

laser beam to a diameter of 2 mm in free space at the focal point. And B-scan PA 

images of human skin were obtained with 15 μm axial and 45 μm lateral resolutions. 

Recently, more and more attentions have been paid in reconstruction-based PAT. To 

accelerate data acquisition, state-of-the-art ultrasonic array detectors have been used 

for PAT. Zemo et al.[16] introduced a linear array PAT with a multimode optical fiber 

bundle bifurcated to flank a handheld ultrasonic array transducer. A single laser 

pulse—with a safe exposure to the tissue (≤ 20 mJ/cm2 in the visible spectral 

range)—yields a 2-D image. And an ultrasonic imaging system was adapted for 

current imaging with PAT. A photoacoustic B-scan of subcutaneous micro vessels in a 

young rat and a surface-rendered photoacoustic image of volumetric data were 

obtained by this linear array PAT system. The system has the 100 μm lateral 

resolution, 25 μm axial resolution, and 3 mm imaging depth. Besides that, Li et al.[17] 

studied the hemodynamics within the entire cerebral cortex of mouse by using a 

circular array PAT system. The system contains a 5 cm 512-element full-ring 

ultrasonic array transducer with frequency about 5 MHz which receives PA signals 

primarily from a slice of 2 mm thickness. It can not only provide 2-D and 3-D 

imaging of brain vasculature with high resolution.  

Several approximated reconstruction algorithms have been demonstrated. Among 

them, Kruger et al.[18-20] suggested a filtered back-projection algorithm under 
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circular or spherical measurement geometries, analogous to that used in X-ray 

computed tomography; Liu[21] presented an approach based on matrix inversion; 

Hoelen and de Mul et al.[22,23] constructed a time-domain delay-and-sum focused 

beam-forming algorithm to locate the PA sources in a sample in the planar scan 

geometry; Köstli et al.[24] reported an image reconstruction by back-projection of 

detected 2-D pressure distributions; Paltauf et al.[25] studied an iterative 

reconstruction algorithm to minimize the error between the measured signals and 

signals calculated from the reconstructed image; and Zhu Lina[26] explored an 

optimal statistical approach.  

Researchers have successfully obtained some PA images of organs of small 

animals and human, such as the breast and the brain, where the angiogenesis 

networks, blood vessels, or blood perfusion can be measured. Kruger et al.[18-20] 

conducted phantom studies and developed TCT scanners with 434 MHz radio waves 

to image a breast. They acquired images of porcine kidney as well as of human 

subjects [27-29]. Kruger et al.[30,31]also designed small-animal imaging systems 

using ultrasound transducer arrays and pulsed laser excitations, and phantom samples 

as well as nude mice were imaged ex-vivo. Katabutov et al.[32] pursued OAT in 

biological tissues. Esenaliev et al.[33] using a near-IR laser (1064 nm), tested the 

sensitivity of PAT in detecting small model tumors embedded in bulk phantoms that 

simulated breast tissues. Oraevsky et al.[34] applied an arc array to the detection of 

breast cancer in-vivo. Hoelen et al.[23] demonstrated that PAT can image blood 

vessels with high resolution ex-vivo. Wang et al.[35] tested tissue phantom samples in 

various measurement geometries using both laser and RF excitations. They reported 

the first in-vivo noninvasive transdermal and transcranial imaging of the structure and 
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function of the rat brain by means of laser-induced PAT and then successfully 

demonstrated 3-D imaging[36,37]. In addition, an optical method was demonstrated 

for 2-D ultrasonic detection[12,24,38-40]; and a material that may be suitable as a 

breast phantom for use in photoacoustic imaging was also reported[41]. 

A recent breakthrough in PAT research is the exact reconstruction theories. Xu et 

al.[42,43] reported exact Fourier-domain reconstructions for spherical and cylindrical 

measurement geometries with point-detector measurements. Both Xu and Köstli et 

al.[38,44,45] presented an exact Fourier-domain reconstruction for planar scans. Xu 

et al.[42,46] also demonstrated that exact Fourier-domain reconstructions can be 

closely approximated by time-domain modified back-projection formulas with spatial 

weighting factors, which are the cosines of the angles between the normal of the 

detection surface and the vectors from the detection positions to the reconstructed 

points of the acoustic sources. These works clearly revealed the degree of 

approximation between the exact solutions and the approximate back-projection 

methods including those reported by other researchers. 

2.3.  Classification of PA imaging  

With the development of optical and ultrasonic technology, there are more and 

more PA imaging systems are introduced. Generally, there are three approaches for 

PA imaging.  

2.3.1.  2-D PA imaging 

A 2-D photoacoustic imaging system is widely used because it is a relatively 

simple and inexpensive way to produce comparatively high resolution PA images. 
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The system employs the use of a single transducer that is mechanically scanned 

around the perimeter of a sample. At the predetermined transducer location, the PA 

signal is recorded, and then the transducer scans by a given angle. The universal back 

projection algorithm is used to reconstruct a 2-D image. This system has been 

successfully used to visualize light-absorbing objects, including vasculature in the 

mouse brain[24,37], peripheral joints in humans[47] and many others. It has been 

used to measure fluorescent agents[48], to characterize hypoxia in mouse brain[49], 

and to monitor angiogenic vascular growth in mouse[50]. Because this system only 

uses a single transducer and single acquisition channel, it is relatively inexpensive 

and simple to construct. However, the system suffers from relatively long data 

acquisition times due to the mechanical scanning of a single transducer. As well, 

images are localized to the selected plane and, therefore, translation to 3-D images is 

not possible without scanning the object or transducer to produce images of multiple 

2-D planes. 

Another design, called light-induced optoacoustic imaging system (LOIS) was 

developed by Oraevsky et al.[51], in order to image and diagnose breast tumors. In 

various generations, the system utilizes a curved array of transducers with 32, 64, or 

128 channels. The array is designed with very high focus in the selected imaging 

plane but extremely directional sensitivity elsewhere. Therefore, a slice of the breast 

can be selected. The sensitivity of the system to detect breast tumors is compared to 

other imaging modalities, where it was recently shown to have higher sensitivity than 

x-ray mammography but lower than ultrasound. The system can display images at 

relatively high frame rate (1-10 Hz) but suffers from high cost associated with the 

transducer count and data acquisition channels utilized. Of course, this system is also 
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limited to producing only 2-D images. 

In 2008, Zemp et al.[52], introduced a high frequency photoacoustic microscopy 

(PAM) system capable of producing 2-D images in real-time. The system consists of 

a high-repetition rate laser and an ultrasound array with peak detection at 30 MHz. 

The entire imaging process, from data acquisition to image display, is produced at 50 

fps. The system has been used to image a variety of phantoms as well as in-vivo 

absorbing structures at depths around 3 mm. 

2.3.2.  3-D PA imaging 

Photoacoustic microscopy utilizes a highly focused, high frequency transducer that 

is scanned across the sample. Because the transducer is highly focused, each PA 

measurement recorded is well localized. 3-D images are then rendered by stacking 

the PA line scans that are garnered from sequential scanning. This technique produces 

high resolution images at depths much greater than conventional microscopy. PAM 

has been used broadly for a variety of applications to produce 3-D PA images. 

Examples include imaging skin melanoma[53], vasculature features[54-56], skin 

burns[57], and has been recently integrated with OCT to do simultaneous multimodal 

imaging[58]. 

An etalon scanner has been developed, to produce 3-D PA images. In this scheme, 

a thin film acts as a Fabry-Perot etalon[59-61]. The acoustic pressure causes slight 

changes in the film thickness and can be probed by a laser to quantify these changes. 

This approach acquires the pressure measurements in a 2-D plane, which are then 

reconstructed into a 3-D volume using a Fourier transform algorithm. This detection 

scheme produces images of relatively high resolution and contrast but suffers from 
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limited penetration depth and slow image acquisition times. 

Carson et al.[62], implemented a system similar to the PAT system developed by 

Wang[37]. In this system, a single transducer is stepped around an object within a 

single plane. By applying the universal back projection algorithm, tomographic 

images are produced. In order to generate 3-D images, the PA signals must be 

collected along the surface of a sphere. This concept was applied by scanning the 

transducer along an arc in which a relatively large solid angle was covered. This was 

utilized to image animal joints with resolution of a few hundred micrometers[63]. 

Kruger et al.[20] developed a method using a hemispherical array of transducers 

with a directional sensitivity overlapping at the centre of the hemisphere, but using 

thermoacoustic principles. This method employs the use of a radio frequency (RF) 

antenna, emitting waves at 434 MHz directed towards the centre of the hemisphere. 

The hemisphere is rotated, and at each position, the RF pulse is absorbed by the PA 

source where the transducers can sample the PA wave. Once data is acquired over 

360°, a Radon transform reconstruction algorithm is utilized to produce 3-D images. 

While the implementation and detection scheme is similar to the realization employed 

in our system, a significant difference is the mechanical scanning utilized by Kruger 

et al.[20] to acquire data, greatly increasing the time required to produce a single 3-D 

image. 

Paltauf et al.[46] have done significant research producing PA images using 

integrating line transducers. This has been used to generate 2-D images, and with 

modifications to the reconstruction technique, has produced 3-D images as well. 

These transducers are organized so that they satisfy the 2-D wave equation and 
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therefore, measured data can be used to produce images by temporal back projection 

algorithms. This technique has been used to represent a variety of phantom 

objects[64,65]. 

A group of the University of Twente has integrated a light delivery system with a 

disc-shaped piezoelectric transducer[66]. The optical fibers are situated at the side of 

the transducer where reflection mode imaging is used. In this particular realization, 

weighted delay-and-sum reconstruction was used to produce 3-D maximum intensity 

projection images of the PA source distribution. This was firstly used to image 

neovascularization in tumor angiogenesis in rats[67]. 

2.3.3.  Real-time PA imaging 

Real-time imaging is vital in viewing dynamic processes. As mentioned earlier, 

Zemp et al.[52,68] produced real-time 2-D images of cardiovascular dynamics in a 

mouse at 50 fps by using a beam-forming technique and a 48-channel array. 

Niederhauser et al.[40,69] also demonstrated real-time imaging at 7.5 fps of human 

vasculature in a 64-channel array. Most recently, Gamelin et al.[70] produced a 

512-element curved transducer array (parallel channel acquisition) to produce 

tomographic images of small animals at 8 fps. Other PA analysis has been done in 

real-time, including real-time flow cytometry[71]. However, the extension to 

real-time 3-D images is not trivial as the 2-D real-time techniques would require 

scanning the transducer array to transition to the 3-D regime. 

A 3-D real-time technique was developed by Song et al.[72], producing 3-D PA 

images of mouse vasculature at 3 seconds per frame. The system scanned the 

transducer array over the mouse skin while employing a laser with 1 kHz repetition 
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rate. The 996 nm laser pulses were used to produce a single 3-D image. While this 

was a significant technological advancement, multiple laser shots were utilized to 

produce a single 3-D image, diminishing the effective temporal resolution of the 

system. Ideally, a system would utilize a single laser pulse to produce a 3-D PA image 

such that each 3-D frame represents a snap-shot of the PA source over the interval of 

the lasers pulse duration (5~10 ns). 

2.4.  Influence factors on PA imaging 

For obtaining PA imaging of an object, the ultrasound signals which are excited by 

pulsed laser are influenced by the structure and optical property of the object. The 

ultrasound signals are collected and used to reconstruct the PA imaging of the object. 

The resolution of reconstructed imaging is affected by following factors. 

(1) Pulse duration of laser: To avoid the thermal relaxation after optical excitation, 

the pulse duration of laser should be short. Under this condition if the duration is 

longer, the higher energy of single pulse is obtained and the examination depth is 

larger. But the resolution of the imaging will be reduced. 

(2) Frequency of ultrasound signal: The ultrasound frequency is determined by the 

volume of the object. Usually, the object with small volume generates high frequency 

ultrasound signals. However, the ultrasound attenuation has a functional relationship 

to frequency. The increase of frequency causes a high attenuation and a decrease of 

examination depth. Because the bandwidth of ultrasound transducer is usually in a 

limited region, the resolution of imaging is mainly determined by the bandwidth of 

transducer. 
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(3) Sensitivity of the ultrasound transducer: During the propagation of ultrasound 

signal, the inner signal becomes very weak due to attenuation. So that transducer with 

high sensitivity is possible to detect the weak ultrasound signals. 

(4) Algorithm: The reconstruction algorithm affects the resolution of imaging. 

2.5.  Summary 

For PA imaging, the pulsed lasers and ultrasound transducers are the most 

important equipments of the imaging system. And a suitable algorithm for image 

reconstruction is necessary for high quality image. 

As a researcher of ultrasound transducer, to fabricate a transducer with high 

sensitivity and wider bandwidth is very useful for PA imaging research. 
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3.  Piezoelectric transducers for PA imaging 

To fabricate a transducer with high receiving sensitivity and wide bandwidth for 

PA imaging, the piezoelectric transducers are classified firstly. Piezoelectric 

materials which have the potential for high sensitivity and wide bandwidth are 

introduced to make single element and circular array transducers. 

3.1.  Piezoelectric transducers and PA imaging 

applications 

3.1.1.  Polymer transducer 

 In 1948, Ford and Hanford[73] patented polyvinylidene fluoride (PVDF). 

Thereafter, Professor Heiji Kawai and his former research colleague Dr. Eichii 

Fukada of the Kobayasi Institute of Physical Research in Tokyo did a plenty of work 

on piezoelectricity in organic materials. In 1969, they reported the discovery of a 

large remanent polarization in the oriented films of PVDF. Since then, many new 

piezoelectric and ferroelectric polymers materials have been studied in great detail, 

such as polyvinylidene fluoride-trifluoroethylene (P(VDF-TrFE)), polyvinylidene 

fluoride-tetrafluoroethylene P(VDF-TeFE) and nylons[74-76]. Among them, PVDF 

and P(VDF-TrFE) are the most widely used piezoelectric polymers.  

Piezoelectric polymers are so flexible that they could be used to make transducers 

in various shapes, such as curved array and concave array. And it is easy to obtain 

very thin (several micrometer) piezoelectric polymer films for making high or 
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ultra-high frequency transducers. Besides that, they have low density, low acoustic 

impedance, and relatively high piezoelectric constants. There are several 

disadvantages of the polymers, which limit the widely applications of them. The 

weak piezoelectric property negates the possibility of polymers for high power 

transducers. Besides that, the stability of polymer is also a limitation. 

Piezoelectric polymers have been well known as the suitable materials for making 

calibration hydrophones, extremely broadband acoustic transducers, and specialized 

contact transducers[77-80]. And the low acoustic impedance and high mechanical 

flexibility make it an attractive material for the construction medical transducers. 

Ohigashi et al. obtained the pulse echo image by using 13 mm diameter, 5 MHz 

single element PVDF transducer[81]. Foster et al. made a 13 MHz polymer 

transducer which was applied in the study of breast tissue specimens. 

Piezoelectric polymers show the absolute advantage in high frequency transducer 

above 15 MHz for medical and biological imaging. Jeong et al. made disk-type and 

ring-type P(VDF-TrFE) transducers with center frequency 23 MHz [-6 dB bandwidth 

102%] and 20 MHz [-6 dB bandwidth 103%][82]. Both two transducers are 

successfully applied for sectional scan (B-mode) of a wire phantom for prototype. 

Ketterling et al.[83] reported their design and fabrication of a 36 MHz 5-element 

PVDF annular array transducer. And the insertion losses (ILs) for the matched annuli 

ranged from 28 to 38 dB. The transducer was successfully used for utero imaging of 

mouse embryos[84,85]. Carey et al.[85] designed and fabricated a 20 MHz, 

128-element PVDF linear array transducer. The imaging test shows that the system 

with the transducer has an axial resolution about 40 μm and a lateral resolution about 

0.2 mm.  
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Due to the advantages in high frequency and wide bandwidth, the piezoelectric 

polymer transducers were usually used for PA imaging. Hoelen et al.[22] reported the 

simulation works of PA image reconstruction assuming a 9 μm thick PVDF 

transducer was used in experiment. Also, three needle hydrophones (Precision 

Acoustics Ltd.) with an active PVDF piezoelectric element with effective diameters 

of 75, 200 and 500 mm were used and compared in experiment of PA imaging. 

Huang et al.[86] used nanoimprinting technique to make a polymer microring 

resonators for low-noise, wideband ultrasound detection in PA imaging. Fung et 

al.[87] used a PVDF transducer for detection of the thermal waves (PA signals). The 

results show that the PVDF transducer is very effective in detecting the normal to 

superconducting samples at low temperatures such as thermal diffussivity, thermal 

conductivity and the specific heat capacity. Zhang et al.[60] successfully obtained 

high-resolution 3-D photoacoustic imaging of superficial vascular anatomy by using 

a Fabry–Perot polymer film ultrasound sensor.  

3.1.2.  Single crystal transducer 

Quartz is one of the most widely known piezoelectric single crystals. It has very 

large mechanical quality factor (Qm = 2×106), while the electromechanical coupling 

coefficient is much smaller (kt = 0.093) than the one generally used in recent years. 

Piezoelectric thin quartz was used to make the first transducer in the 1st World War. 

Normally, it is widely used for ultrasound filter due to its good stability. Edward et 

al.[88] made a digital pressure transducer utilizing a precision 5 MHz piezoelectric 

quartz resonator. Zhang et al.[89] reported a novel piezoelectric quartz micro-array 

immunosensor. The quartz oscillator or resonator was first developed by Walter 
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Guyton Cady in 1921[90]. George Washington Pierce designed and patented quartz 

crystal oscillators in 1923[91]. Due to the characteristic of quartz (such as, very high 

quality factor Qm and very small electromechanical coupling coefficient kt), it is not 

suitable for making broadband and sensitive transducer for medical imaging. 

Single crystals such as Pb(Mg1/3Nb2/3)O3-PbTiO3 [PMN-PT] and 

PbZrO3TiO3-PbTiO3 [PZT-PT], are recently synthesized artificial materials with 

piezoelectricity. The dielectric and pyroelectric properties of single crystal PMN-PT 

have been reported in 1989[92]. PMN-PT have been found to exhibit longitudinal 

coupling coefficients k33 > 90%, dielectric constants ranging from 1000 to 5000 with 

low dielectric loss <1%, and exceptional piezoelectric coefficients d33 > 2000 pC/N. 

Many researchers have studied PMN-PT single crystal for medical applications[93]. 

They use it to make transducers which have wide bandwidth, efficient emission and 

sensitive receiving characteristics. Saitoh et al.[94] made a phased array transducer 

using PZN-9%PT single crystal with the center frequency about 3.7 MHz. The 

transducer had 5 dB more sensitivity and 25% more fractional bandwidth at −6 dB 

than the conventional PZT array. A PZN-PT single crystal composite transducer was 

made with a −6 dB fractional bandwidth of 100% in 1-3 structure, and a PMN-PT 

transducer with a fractional bandwidth of 114%[95]. Ritter et al.[96] reported single 

element PZN-PT composite transducer with a fractional bandwidth of 75–141%. 

Base on the reported achievements on PMN-PT research, Philips[93] has realized the 

commercial application of PMN-PT single crystal transducer for cardiac harmonic 

imaging. Zhou et al.[97] used a poled PMN-PT single crystal (50 μm thickness and 

0.4 mm × 0.4 mm area) to make an ultrasonic needle hydrophone with one matching 

layer. The centre frequency and -6 dB fractional bandwidth of the hydrophone were 
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44 MHz and 45%, respectively. The two-way insertion loss was about 15 dB. The 

hydrophone was used to obtain in-vivo high-frequency, pulse-wave Doppler pattern 

of blood flow in the posterior portion and ultrasonic backscatter microscope (UBM) 

image of rabbit eye.  

Due to high electromechanical coupling factor and piezoelectric constants, single 

crystals have attracted a lot of interests for application of transducers to PA imaging 

systems. Yang et al.[98] developed a 2.5 mm outer diameter photoacoustic 

endoscopic mini-probe to use in the instrument channel (typically 2.8 or 3.7 mm in 

diameter) of standard video endoscopes. In the probe, a focused ultrasonic transducer 

was fabricated by using a highly-sensitive PMN-PT piezoelectric material. Li et 

al.[99] used 35 and 80 MHz PMN-PT ultrasound transducers in catheter-based 

intravascular photoacoustic (IVPA) imaging system and obtained the PA images with 

high resolution. Jansen et al.[100] designed and fabricated a PMN-PT transducer. The 

transducer has center frequency about 44.5 MHz and -6 dB fractional bandwidth 

about 45%. The PA imaging system by using this transducer has demonstrated 

successfully for lipid detection in an atherosclerotic human coronary artery.  

It could be found that PMN-PT piezoelectric single crystal ultrasound transducer is 

usually used in PA imaging system. It is hard to find reports about PMN-PZT 

piezoelectric single crystal, even it has higher electromechanical coupling factor and 

piezoelectric constants. 

3.1.3.  Ceramic transducer 

Piezoelectric ceramic is a poly-crystal ferroelectric material with high dielectric 

constants. Its good piezoelectric properties were found during the studies on Barium 
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Oxide-Titanium (BaTiO3) between 1941 and 1947. After BaTiO3, Lead Niobate 

(PbNbO3) was discovered by Goodman in 1952. And later in 1954, Lead Zirconate 

Titanate (PZT) was found by Jaffe et al.[101] The discovery of piezoelectricity of 

PZT marked a milestone in the development of piezoelectric ceramics because of its 

strong and stable piezoelectric characteristics and its wide range of operating 

parameters. Although many other assimilable ceramics were discovered later [such as 

Lead Titanate (PT), Lead Metaniobate (PN) and Lead-Barium Lithium Niobate 

(PBLN)], PZT and related materials (PZT with various additives) have constituted the 

domain piezo-ceramics in ultrasonic applications in the last 50 years. 

Among various piezoelectric ceramic materials, PZT is mostly chosen for making 

transducers. Piezoelectric PZT is commercially available in various structures, such 

as disk, ring, and tube and so on. It is very convenient to make single element 

transducers by using those commercial PZT elements. Nowadays, it is interesting to 

make PZT transducers with high/very-high center frequency, high sensitivity and 

efficiency. Yamaguchi et al.[102] made the PZT films with 0.22 to 2.56 µm thickness 

by sol gel method. The minimum conversion loss obtained was less than 3.8 dB at 

1.75 GHz. And Lukacs et al.[103] made a composite ultrasound transducer by using 

sol gel method. The fabricated single element focusing transducer had been produced 

that operate in the frequency range of 70 MHz to 160 MHz with a -6 dB bandwidth 

up to 52%. The images of phantom materials and ex-vivo biological samples were 

obtained by this transducer. PZT is also widely used to make various array 

transducers. Usually, PZT arrays are manufactured from PZT blocks which are 

divided into elements using a diamond wire saw. Foster et al.[104] made a PZT linear 

array transducer with 256 elements which were obtained from a PZT block by laser 
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cuts. The transducer had the bandwidth of high-performance ultrasound imaging from 

15-50 MHz. By using high-frequency micro-ultrasound system with this transducer, it 

is possible to obtain real-time color and power Doppler images of biological samples. 

PZT composite transducer is also a kind of array transducer. It is made by combining 

unconnected PZT elements with a passive polymer phase[105]. There are ten 

connections between PZT and polymer, such as 0-0, 1-0, 2-0, 3-1 and so on[106]. It is 

possible to improve the sensitivity and efficiency of the transducers. For example, the 

3-1 composite made by PZT and epoxy cement has a large voltage coefficient. And 

2-2 composite has been produced for filters and other high-frequency applications. 

As one of the mostly used piezoelectric transducer, PZT transducers are also used 

in PA imaging system. Some researchers directly used the US imaging PZT 

transducers for PA imaging. Zhao et al.[107] used a PZT transducer to detect the PA 

signals from weakly absorbing liquids. Some researchers also designed and fabricated 

a PZT transducer for PA imaging. Xi et al. used a designed 5.5 MHz unfocused ring 

shape PZT transducer in an intraoperative PAT system and obtained 3-D tumor 

mapping in a mouse model. 

Generally speaking, piezoelectric ceramics have strong piezoelectricity with high 

dielectric constants, and can be cut into varies size and shape, but their small 

mechanical quality factors, high electric loss and poor stability are the disadvantages. 

3.2.  Transducer fabrication for PA imaging 

As introduced in Section 3.1, the transducer for PA signal detection should have 

high sensitivity and wide bandwidth. So, there are more requirements of the 

piezoelectric materials.  
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In this study, piezoelectric polymer PVDF and single crystal PMN-PZT were 

selected to make the transducers for PA imaging. The former one is the mostly used 

for wide bandwidth transducer, such as a hydrophone. The latter, which has higher 

electromechanical coupling factor and piezoelectric constants with high permittivity 

and low dielectric loss, is an ideal piezoelectric material for making high receiving 

sensitivity transducer. And two kind materials are used to make two kind transducers, 

single element and the circular array transducers. The thicknesses of PVDF and 

PMN-PZT are commercial available 28 and 310 µm. 

3.2.1.  Single element transducers 

3.2.1.1. PVDF transducer 

Figure 3.1 shows the structure and photograph of the PVDF single element 

transducer. As shown in Fig. 3.1 (a), the transducer has a 28 μm piezoelectric PVDF 

film with an Ag electrode on one side, and a copper-clad polyimide (CCP) film 

bonded with the PVDF film by epoxy (EPO-TEK 301) as another electrode of the 

transducer. The PVDF transducer was caged by a steel case with a BNC connector. 

The CCP electrode is connected with BNC (+) by a wire. And Ag electrode was 

connected with BNC (-) by silver ink. The empty space of the case was filled with the 

Epoxy (EPO-TEK 301) as backing material. The photograph of the fabricated PVDF 

transducer is shown in Fig. 3.1(b). The thicknesses of the materials for making 

transducer are shown in Table 3.1. 



 

31 

 

 

(a)               (b) 

 Fig. 3.1 Structure (a) and photograph (b) of PVDF single element plane transducer. 

 

Fig. 3.2 Jig for fabrication of PVDF transducer. 
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Table 3.1. Thickness of each layer of the single element PVDF transducer 

Element Name Thickness  

Piezoelectric Materials PVDF 28 µm 

Upper Electrode (-) Silver 3~4 µm 

Under Electrode (+) Copper-clad polyimide 18 µm 

Backing Block EPO-TEK 301 -- 

Bonding EPO-TEK 301 -- 

 

The transducer was fabricated by using a pressure jig, which was used for the 

bonding of each element of the transducers. Figure 3.2 shows the jig for making the 

plane transducer. Suitable pressure was applied to the jig by a hydraulic press 

(SSP-10A, Shimadzu), so that each layer could be bonded tightly. 

3.2.1.2. PMN-PZT transducer 

Figure 2.3 depicts the structure of the PMN-PZT single element transducer (needle 

hydrophone). A Cu wire (Φ ≈ 0.7 mm) was bonded with a 310 μm thick and 0.5 × 0.5 

mm2 area PMN-PZT plate (Ceracomp Co. Ltd.), which has piezoelectric coupling 

coefficient k33 ≈ 0.92  and 𝜀𝜀33
𝑆𝑆 ≈ 1030 , by using a conductive sliver epoxy 

(EPO-TEK H20). The wire was coated by Teflon and inserted into a stainless steel 

tube. Non-conductive epoxy (EPO-TEK 301) filled around the PMN-PZT for 

insulation and watertight. The upside electrode were connected to the tube by a gold 

line which was made by a sputtering system. In addition, matching layer 1 & 2 were 

attached with the PMN-PZT by non-conductive epoxy (EPO-TEK 301) tightly. Two 

matching materials were composites ones of epoxy and metal powder, which were 

supplied from a company (Mico Co. Ltd.). The photograph of the fabricated 
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PMN-PZT needle hydrophone is shown in Fig. 3.4. Table 3.2 shows the physical 

parameters of the two matching materials for the PMN-PZT hydrophone. 

 
Fig. 3.3 Structure of the PMN-PZT transducer. 

 

Fig. 3.4 Photograph of the PMN-PZT transducer. 

Table 3.2 Physical parameters of the matching materials for PMN-PZT hydrophone. 

Parameters 1st matching 2nd matching 

Longitudinal Velocity [m/s] 2375.0 2015.0 

Density [kg/m3] 3621.0 1413.0 

Impedance [MRayls] 8.6 2.9 

Loss [dB/cm, 5 MHz] 20.8 40.0 

Thickness [μm] 63.0 50.0 
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3.2.2.  Circular array transducers 

Two kinds of circular array transducers were designed and fabricated in this paper. 

The two transducers were fabricated by using different materials and different 

processes.  

3.2.2.1. PVDF transducer 

Figure 3.5 shows the cross section in top view of the PVDF circular array 

transducer. The radius of circular fluid chamber is 19 mm. The array transducer was 

assembled by three parts. Each part has 40 elements. The active acoustic component 

of the transducer was a 28 μm piezoelectric PVDF film with Ag electrode on 

front-side. The array elements were formed on a CCP pattern which was bonded to 

back-side of PVDF film using epoxy (EPO-REK 301). And then the (PVDF+CCP) 

film was bonded to acryl blocks with circle arc of 120°. It is convenient to measure 

the pulse-echo properties and ultrasound receiving properties of the 40-element array 

transducers before they were combined. 

The electrode-pattern on the CCP was made by using standard copper etching 

techniques. Figure 3.6 shows the schematic diagram of the pattern. There are 120 

(40×3) array elements. The size of each element is 10×0.7 mm2. Between two 

elements, there is a 0.3 mm wide kerf. All array elements have extended lead lines 

which will be connected to the electrical connection pads. The photograph of the 

fabricated PVDF circular array transducer is shown in Fig. 3.7. 
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Fig. 3.5 Cross section in top view of the PVDF array transducer. 

 

 

Fig. 3.6 Schematic diagram of the CCP pattern. 
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Fig. 3.7 Photograph of the PVDF circular array transducer. 

3.2.2.2. PMN-PZT transducer 

Figure 3.8 shows the schematic diagram of the PMN-PT circular array transducer, 

which contains 120 PMN-PT hydrophones. These hydrophones are as the same as the 

PMN-PZT hydrophone which has been introduced in Section 3.2.1.2. All 

hydrophones were fixed on a plastic base (D = 50 mm) which has 120 channels for 

the hydrophones. The horizontal channels point to the center of the fluid chamber. 

The angle between every two neighbor hydrophones is 3°. The photograph of the 

fabricated PMN-PZT circular array transducer is shown in Fig. 3.9. 
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Fig. 3.8 Schematic diagram of the PMN-PZT circular array transducer. 

 

Fig. 3.9 Photograph of the PMN-PZT circular array transducer. 
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3.3.  Summary 

In this chapter, three kinds of transducers were introduced. Piezoelectric polymers 

are well known as the suitable materials for making transducer for ultrasound 

receiving. And some piezoelectric single crystals show the potential for making 

transducer with high receiving sensitivity due to their high electromechanical 

coupling factor and piezoelectric constants. Two available piezoelectric materials, 28 

μm thickness PVDF polymer and 310 μm thickness PMN-PZT single crystal, were 

used to fabricate single element and circular array transducers in this study. 

For making the PVDF single element transducer, CCP film was used as the 

backside electrode. And the backing material was epoxy. The PVDF circular array 

transducer has the similar structure as the single element transducer. But the CCP 

film was a 120-element pattern. The PMN-PZT hydrophone was fabricated by 

bonding PMN-PZT plate with a Cu backing material. Besides that, two matching 

layers were used for improvement of receiving sensitivity and bandwidth. The 

PMN-PZT array transducer was fabricated by 120 PMN-PZT hydrophones. 

Before applying them to PA imaging systems, their electro-acoustic characteristics 

will be measured and compared. The results will be described in the next chapter. 
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4.  Characteristics of the fabricated transducers 

To evaluate the ultrasound radiating and receiving characteristics of the fabricated 

transducers, pulse-echo response and receiving sensitivity were measured.  

4.1.  Pulse-echo response 

The pulse-echo method is a very useful technique for nondestructive testing. It 

could be used to measure the velocity, wavelength and attenuation coefficient 

(damping constant) of acoustic wave. It is also a useful method to evaluate the 

characteristics of ultrasound transducer.  

4.1.1.  Single element transducers 

4.1.1.1. Experiments 

 

Fig. 4.1 Pulse-echo response measurement system for single element transducers. 

Figure 4.1 shows the pulse-echo response measurement system for single element 
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transducers. A transducer was set in a water tank where there was a quartz target for 

sound wave reflection. The transducer was excited by an electrical pulse signal which 

was generated by Pulse-Receiver equipment (MKCNDT XTR- 2020, MKC Korea). 

And the reflected ultrasound signal was also received by the Pulse-Receiver 

equipment. By using a digital storage oscilloscope (LeCroy LT322, Chestnut Ridge, 

NY) with a wave-processing package, the ultrasound signal was viewed and stored. 

During testing, the transducer was fixed by an iron stand. The head of transducer was 

inserted into water. The transducer was connected with the Pulse-Receiver by a cable 

with BNC connector. Table 4.1 shows setting parameters of the Pulse-Receiver for 

pulse-echo response measurement of single element transducers. The water tank was 

put on a manual swivel stage. So that it was possible to let the ultrasound propagation 

direction perpendicular to the quartz target, and to get the reflected ultrasound wave 

with maximum amplitude.  

Table 4.1 Operational setting of the Pulse-Receiver equipment. 

Parameters Setting Value 

Pulse repletion frequency 1.0 kHz 

Input energy 1 μJ 

Voltage 100 V 

Damping 50 Ω 

Attenuation 0 dB 

Gain 20 dB 

Low pass filter 15 MHz 

High pass filter 500 kHz 
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4.1.1.2. Results 

Figure 4.2 shows the pulse-echo response waveform and power spectra of the 

PVDF transducer. The transducer has a center frequency about 10.1 MHz and -6 dB 

bandwidth about 9.2 MHz (range: 5.5 ~ 14.7 MHz, 91.1% fractional bandwidth). 

Figure 4.3 shows the pulse-echo response waveform and power spectra of the 

PMN-PZT transducer. The power spectra show that the PMN-PZT transducer has 

center frequency about 6.2 MHz with a -6 dB bandwidth about 5.6 MHz (range: 

3.4 ～ 9.0 MHz, 90.3% fractional bandwidth). Both two transducers have wide 

fractional bandwidth more than 90%. 

 

Fig. 4.2 Pulse-echo response characteristics of the PVDF transducers. 
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Fig. 4.3 Pulse-echo response characteristics of the PMN-PZT hydrophone. 

4.1.2.  Circular array transducers 

As introduced in Section 3.2.2.1, the PVDF circular array transducer was directly 

fabricated by bonding PVDF film and CCP array pattern on the circle arc acryl 

backing blocks. So, all elements were tightly fixed. It is difficult to obtain its 

pulse-echo signal by the method for single element transducer as introduced in 

Section 4.1.1.1.  

4.1.2.1. Experiments 

Figure 4.4 shows the pulse-echo response measurement system for the circular 
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array transducers. The transducer was connected with the Pulse-Receiver by a cable 

with BNC connector. The setting parameters of the Pulse-Receiver were the same as 

shown in Table 4.1. The quartz target was fixed by an iron stand and inserted into the 

fluid chamber of the transducer. The transducer was put on a manual swivel stage, 

which was used to adjust the transducer to be vertical to the quartz target. So that, the 

reflection wave with maximum amplitude could be received. A Pulse-Receiver 

equipment (MKCNDT XTR- 2020, MKC Korea) and Oscilloscope (LeCroy LT322, 

Chestnut Ridge, NY) were used in the experiment. The setting parameters of the 

Pulse-Receiver and Oscilloscope were the same as the setting in Section 4.1.1.1. 

The PMN-PZT circular array transducer was made of 120 independent PMN-PZT 

hydrophones. So that, the pulse-echo responses could be measured before they were 

fixed into the plastic base with 120 channels. These hydrophones had the same 

properties as the one which has been discussed in Section 4.1.1.2. 

For measurement of pulse-echo responses of 120 elements of the transducer, a 

switch circuit was used during the experiment. The switch circuit is shown in Fig. 4.5. 

It contains a D-sub Screw Terminal Block (National Instruments), a LFH160 

Connector (National Instruments) and a Ni PXI-2576 Connector (National 

Instruments). One side of the switch circuit is connected with the elements of 

transducer, and the other side is connected with computer which has LabVIEW 

software. By controlling of LabVIEW, the working elements of the transducer could 

be easily chosen.  
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Fig. 4.4 Pulse-echo response measurement system for the PVDF circular array transducer. 

 

Fig. 4.5 Switch circuit for circuit-array transducer. (a) 120-element circular array transducer, (b) 

D-sub Screw Terminal Block, (c) LFH160 Connector and (d) Computer with Ni PXI-2576 

Connector and LabVIEW software 

4.1.2.2. Results 

The pulse-echo response of one element of the PVDF array transducer is shown in 

Fig. 4.6. The power spectra show that the transducer has a center frequency about 

11.3 MHz and -6 dB bandwidth about 5.7 MHz (range: 8.5 ～ 14.2 MHz, 50.4% 

fractional bandwidth). 

Comparing with PVDF single element transducer as discussed in Section 4.1.1, it 
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is found that there is a significant difference of the bandwidth (9.2 MHz bandwidth of 

single element transducer). And there is also a small change of center frequency. 

These differences might be due to the different thicknesses of the CCP layers of the 

two kind transducers. Another reason might be the different thicknesses of bonding 

epoxy (EPO-TEK 301) between all layers. It is easy to control the pressure evenly 

during the bonding process for a plane surface transducer than a curved one. 

 

Fig. 4.6 Pulse-echo response characteristics of the PVDF annular-array transducer. 

For the other circular array transducer, it was made by 120 single element 
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single element shown in Fig. 4.4.  

4.2.  Receiving sensitivity 

In PA imaging system, the transducers or hydrophones just act as detectors of 

ultrasound signals. Their ultrasound receiving sensitivities affect the final PA images. 

In this section, the transducers and hydrophones are used to detect the ultrasound 

waves which are generated by an ultrasound transducer for NDT. The receiving 

sensitivities of the fabricated single element transducers and circular array 

transducers are measured using a 5 MHz transducer as a source. 

4.2.1.  Single element transducers 

4.2.1.1. Experiments 

Figure 4.7 shows the experimental setup of receiving sensitivity measurement of 

the fabricated single element transducers. As shown in Fig. 4.7, a 5 MHz transducer 

(A332S, Olympus NDT) was used as the source of sound wave. It was operated by an 

impulsive signal with Vpeak = 100 V, which was offered by Pulser-Receiver equipment 

(MKCNDT XTR- 2020, MKC Korea).  

The generated sound wave propagated in water. Then it was detected by the 

fabricated transducers which were perpendicular to the surface of the 5 MHz source 

transducer. By using a pre-amplifier (HP 8447D Amplifier), the received signals were 

amplified by 25 dB. After that, the signals were shown in an oscilloscope (LeCroy 

LT322, Chestnut Ridge, NY) and saved by a personal computer (PC). Table 4.2 

shows the setting parameters of the Pulser-Receiver equipment and Pre-Amplifier. 



 

47 

 

In addition, the sound signal was measured by a commercial High Performance 

PVDF Hydrophone (Φ = 0.2 mm, 10 kHz ~ 60 MHz, Precision Acoustic Ltd) with an 

8 dB DC coupler. And this obtained signal acted as a reference signal in this study. 

Table 4.2 Operational setting of the Pulse-Receiver and Pre-Amplifier. 

Equipment Parameter Setting Value 

Pulser-Receiver 

Pulse repletion frequency 1.0 kHz 

Pulse width 100 nS 

Voltage 100 V 

Pre-Amplifier Gain 25 dB 

 
Fig. 4.7 Experiment setup of the ultrasound response measurement. 

4.2.1.2. Results 

Figure 4.8 shows the received signals by the PVDF and PMN-PZT single element 

transducers. Both two transducers obtained the similar waveforms of the sound 
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signals. The receiving sensitivity of the PMN-PZT transducer (Vpp ≈ 90 mV) is 

higher than that of the PVDF transducer (Vpp ≈ 50 mV). However, the signal 

received by PVDF transducer has ringing with lower level than the PMN-PZT 

transducer. By comparing with the reference signal as shown in the insertion in Fig. 

4.8, the waveforms received by two fabricated transducers are a little bit different for 

the reference signal. 

 

Fig. 4.8 Ultrasound signals received by the PVDF and PMN-PZT transducers. (Insertion is the 

ultrasound signal received by a commercial High Performance PVDF Hydrophone.) 
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4.2.2.  Circular array transducers 

4.2.2.1. Experiments 

Instead of the 5 MHz NDT transducer, a cylindrical PZT transducer was used as 

the source in this experiment. As shown in Fig. 4.9, the PZT source transducer (4.5 

MHz center frequency) was set in the center of the water chamber of the PVDF array 

transducer. It was excited by an impulsive signal with Vpeak = 100 V. The generated 

ultrasound signals were detected by the elements of PVDF circular array transducer, 

respectively. 

For PMN-PZT circular array transducer, all 120 elements are moveable. It is 

possible to measure their receiving sensitivity before making the array transducer. So, 

the setup of the measurement is the same as the one used in Section 4.2.1.1. 

 
Fig. 4.9 Schematic diagram of a PZT transducer (sound source) and the PVDF array transducer. 
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4.2.2.2. Results 

Because the new PZT transducer was used as sound source for receiving 

sensitivity measurement, the sensitivity of the PVDF array transducer could not 

compare with other fabricated transducers. Only the sensitivities of 120 elements of 

the transducer were compared in this study. Figure 4.10 shows the variation of 

relative sensitivity (𝑉𝑉𝑜𝑜/𝑉𝑉𝑖𝑖) for 120 elements. It shows the significant differences 

between the elements. The sensitivity deviation of the transducer is in a range from 

-47.1 dB to -37.9 dB. 

Figure 4.11 shows the variation of the relative sensitivity (𝑉𝑉𝑜𝑜/𝑉𝑉𝑖𝑖) for 120 elements 

of the PMN-PZT circular array transducer. It is found that the variation of the 

sensitivity is much smaller than that shown in Fig. 4.10. The average sensitivity is 

about -40.1 dB and the sensitivity deviation is less than ±1.5 dB.  

By comparing the sensitivity variations of two array transducers, the PMN-PZT 

transducer shows much high uniformity than PVDF transducer. The poor uniformity 

of PVDF transducer may due to the thickness changing of the epoxy bonding layers 

between PVDF film, CCP layer and acryl backing block. Two thick epoxy layers 

could decrease the center frequency and sensitivity. 
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Fig. 4.10 Variation of sensitivity of 120 elements of the PVDF circular array transducer. 

 

Fig. 4.11 Variation of sensitivity of 120 elements of the PMN-PZT circular array transducer. 
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4.3.  Summary 

The pulse-echo response and receiving sensitivity of the fabricated transducers 

were measured and compared. The PMN-PZT and PVDF single element transducers 

have wider bandwidth (> 90% fractional bandwidth). The PMN-PZT transducer has a 

high receiving sensitivity than PVDF transducer. If the sizes of them are considered, 

the PMN-PZT transducer is a better choice for making circular array transducer. 

The PMN-PZT circular array transducer has a wider bandwidth (> 90% fractional 

bandwidth) than PVDF circular array transducer (50.4% fractional bandwidth). The 

PMN-PZT array transducer has good uniformity. But the uniformity of the PVDF 

array transducer is so poor that it is impossible to apply to PA imaging system.  

According to the characteristics comparison of the fabricated transducers, the 

PVDF and PMN-PZT single element transducers and PMN-PZT circular array 

transducer will be applied to PA imaging systems in the next chapter. 
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5.  PA imaging  

According to the characteristics shown in Chapter 4, three fabricated transducers 

were applied for PA imaging. They were two single element transducers and one 

circular array transducer. 

For different kinds of transducers, the PA imaging methods are different. PA 

imaging system based on scanning acoustic microscopy approach will be used for 

two single elements transducers. Another system based on tomography approach will 

be used for the circular array transducer. 

5.1.  Scanning acoustic microscopy approach 

5.1.1.  Imaging system 

Single element transducers are mostly used for PA imaging. For this kind of 

transducers, scanning acoustic microscopy approach is suitable. This kind of imaging 

approach is widely used in reflection mode PA imaging system which has been 

successfully applied to in-vivo structural, functional, and molecular imaging. Kwang 

et al.[108] used a deep reflection mode PA imaging system for biological tissue, and 

successfully obtained the noninvasive PA image of the spleen of a rat. As shown in 

Fig. 5.1, their PA imaging system contains a 5 MHz central frequency focal 

transducer which is set in the center of an optical condenser. By controlling of 

computer, the sample is scanned by this PA imaging system. Wang et al.[109] used 

another reflection mode system for PA imaging of neonatal brain phantom which 

contained a piece of newborn infant skull and simulated vessel. A 10 MHz central 
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frequency transducer was used in this system. The system obtained clear C-scan 

transcranial PA image of the sample.  

If the center frequency of transducer is higher than 30 MHz, this PA imaging 

system is called PA microscopy (PAM) system. The PAM system could obtained 

images with high resolution. L. V. Wang et al.[57] have reported their PAM system 

which is similar to the system as shown in Fig. 5.1. By using high center frequency 

transducers (50 MHz), the PA imaging with high resolution were obtained (15 μm 

axial resolution and 45 μm lateral resolution). 

Besides the single element transducer, array transducers (such as linear array and 

annular-array) were also applied to a reflection mode system for PA imaging[69,110]. 

 

Fig. 5.1 Schematic diagram of the deep reflection-mode photoacoustic imaging system. [57]  
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5.1.2.  Experiment 

In this study, a kind of PA imaging system based on scanning acoustic microscopy 

approach was used by single element transducer. Figure 5.2 shows schematic diagram 

of the system. A Q-switched Nd:YAG laser (Surelite II, Continuum) with 700 nm 

wavelength pumped by a tunable optical parametric oscillator (Surelite OPO Plus) 

delivered 5 ns pulses with 10 Hz PRF. The laser was propagated and illuminated the 

sample by an optical fiber, which was near to the sample. A NIR optical wavelength, 

700 nm, was mainly used for PA excitation. The laser pulse was incident on the 

sample with pulse energy about 77.2 mJ/cm2. Beside the optical fiber, the transducer 

was set for PA signal detection. 

Figure 5.3 shows the setting of the optical fiber, transducer and sample. The 

sample was a curved silicon pipe (Φinner ≈ 1 mm, Φouter ≈ 2 mm) which was filled 

with the solution of Single-Walled Carbon Nanotubes (SWCNTs, 0.1 wt.%). It was 

set on the horizontal plane by a holding stand. The optical fiber was set near the 

sample in a slantwise direction. The transducer was perpendicular to the horizontal 

sample.  

When the sample in the water chamber was excited by the laser, the conserved 

energy generated the PA signal. The PA signal was detected by the transducer. Then it 

was amplified and stored by a computer. 

Finally, the obtained PA signals were transformed to PA images according to 

reconstruction algorithm process, which was a software package made by computer 

software (Matlab; MathWorks). 
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Fig. 5.2 Schematic diagram of the PAM system with single element transducer. 

 

Fig. 5.3 Photograph of the setting details of optical fiber, transducer and SWCNT sample. 

5.1.3.  Results 

5.1.3.1. Single element transducers 

The PVDF and PMN-PZT single element transducers were used in a reflection 

mode system for PA imaging of the SWCNTs samples, respectively. Figure 5.4 shows 
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the sample for PA imaging by using the PVDF transducer. The transducer scanned 

over the sample within the scanning area. Figure 5.5 is the PA image of the sample. 

The image of the copper wire, which was used to hold the sample, was also obtained 

by this PA imaging system. However, the quality of the image is not good. The noise 

level is so high that the contrast of the image is poor.  
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Fig. 5.4 Sample for PA imaging to use the PVDF transducer. 

 
Fig. 5.5 PA image obtained by the PVDF transducer. 
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Figure 5.6 shows the sample for PA imaging by using the PMN-PZT transducer. 

The SWCNTs solution and silicon tube of the sample is the same as the one shown in 

Fig. 5.6. However, the size is smaller than that in Fig. 5.4. The obtained PA image of 

the sample is shown in Fig. 5.7. It shows the clear shape of the sample. The PA image 

of copper wire is found and the density difference of the solution could be known. 

Due to the bubbles in the sample, the obtained image is not completely tube likes. 
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Fig. 5.6 Sample for PA imaging using PMN-PZT transducer. 

 

Fig. 5.7 PA images obtained by the PMN-PZT transducer. 
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Comparing Fig. 5.5 and Fig. 5.7, it is found that the PA image obtained by 

PMN-PZT transducer has better quality than the one obtained by PVDF hydrophone. 

The former shows the significantly higher contrast than the other. 

5.1.3.2. Circular array transducers 

Figure 5.8 shows the photograph of sample A and B (two copper wires with 

ΦA=1.0 mm and ΦB=0.35 mm) which were set in the chamber of the PMN-PZT 

circular array transducer for PA imaging. The samples were scanned by the laser. And 

the PA signals were received by all elements of the array transducer and stored on a 

computer. 

The PA imaging obtained by scanning acoustic microscopy approach using 

PMN-PZT array transducer is shown in Fig. 5.9. However, the shapes of the samples’ 

images are different from the real samples. It is found from the right insertions that 

the images of samples A and B are not circular point but irregular lines. This is due to 

the unsuitable PAM imaging method, which is good at imaging of a 2-D plane by 

scanning. Another reason might be the setting error of some elements which is a little 

near or far from the center of the chamber. 
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Fig. 5.8 Samples for PA imaging in chamber of the PMN-PZT circular array transducer. 

 

Fig. 5.9 PA image of the sample obtained by scanning acoustic microscopy approach using the 

PMN-PZT circular array transducer. 
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5.2.  Tomography approach 

5.2.1.  Imaging system 

PA imaging by tomography approach is also called PAT imaging, which is a hybrid 

imaging method combining photoacoustic effect and computerized tomography 

technology. Many reports of the PAT system are using linear array transducers for 

signal detection. T. Chaigne et al.[111] used a PAT system for PA imaging of leaf 

skeleton. As shown in Fig. 5.10, the linear array transducer (128 elements 14.4 

MHz center frequency, Vermon, France) is used for PA signal detection.  

 

Fig. 5.10 Schematic diagram of a PAT system with linear array transducer. [111]  

In the circular-view PAT system, the ultrasound detection follows a ring[36,112]. A 

pulsed laser beam is expanded to illuminate the object and an ultrasonic transducer 

scans around the object in a circle to acquire the photoacoustic data. An inverse 

algorithm converts the photoacoustic data to the initial photoacoustic pressure 

distribution, which is an image of the cross-section containing the scanned circle. 

Although there are many research works focusing on PAT, the works about circular 
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array transducers for PA imaging using are rarely reported. L. V. Wang's[70,113] 

research team in Washington University has done a lot of work by using a 

1-3-piezocomposite circular array transducer which is fabricated by Imasonic 

(Besancon, France). The transducer has a 5 MHz central frequency, 80% bandwidth 

and 512 elements. By this system, the PA image of small animals and leaves are 

obtained with high resolution about 0.2 mm. 

It could be found than the mechanical scanning is necessary when a single element 

or linear array transducer is used in a PAT imaging system. To obtained PA image in a 

short time, it is necessary to design and fabrication a circular array transducer. 

5.2.2.  Experiment 

Figure 5.11 is the schematic diagram of the PA imaging system based on 

tomography approach (PAT) used in this study. It is different from the system as 

shown in Section 4.1.2. The samples used in the PAT experiment were the same as the 

ones shown in Fig. 4.11. The optical fiber was perpendicular to the array transducer 

and was about 10~12 mm upper of the sample. Due to the laser refraction from laser 

fiber to water (index of refraction n ≈ 1.33), the laser beam was expanded to 

illuminate the sample in a circular shape (R = 11.3~13.6 mm). And the laser delivered 

the power density about 35.2 mJ/cm2. The setting parameters of the laser were the 

same as the ones used in Section 4.1.2. The 120-element PMN-PZT circular array 

transducer was used as the ultrasound detector in the system. The top side of the 

copper samples was almost at the same height as the hydrophone array. The DAQ 

circuit in this PAT system was the same as the one introduced in Section 3.1.2.1 and 

shown in Fig. 3.5. 
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At last, the obtained data from 120 PMN-PZT hydrophones were used to 

reconstruct a PA image. And a reconstruction process was made by Matlab in this 

study. Because of the illumination area of laser beam in the chamber, the diameter of 

imaging area was Φ ≈ 14 mm. 

 

Fig. 5.11 Scheme diagram of the PAT system with the PMN-PZT circular array transducer. 

5.2.3.  Results 

The PMN-PZT circular array transducer was applied to a tomography PA imaging 

system. The laser beam illuminated the samples simultaneously. The generated PA 

signals from the samples were detected by the elements of transducer at the same 

time. By using a back projection reconstruction algorithm in time domain, PA images 

were formed. 
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5.2.3.1. PA imaging using different number of elements 

The influence of the number of working elements (N) of the circular array 

transducer was analyzed. The size of image pixel was set about 1×1 mm2. Figure 5.12 

shows the images obtained by the circular array transducers with different N (15, 30, 

60 and 120). As shown in Fig. 5.12 (a), it is not easy to confirm the position of the 

samples when N = 15. The signal to noise ratio (SNR) is too small to distinguish the 

PA signals from the image. When N increases to 30, the image of the sample becomes 

clearer. The position of the sample is marked with A and B. But it is hard to measure 

the size of the two points. When N = 60 and 120, it is easy to confirm the position of 

the sample. As shown in the insertions of Fig. 5.12 (c) and (d), the ultrasound 

intensity of point A (dark red) is higher than point B (light red). They have the same 

size (hexagon, area = 3 mm2) which is different from the real size of the sample (d1 = 

1.00 mm and d2 = 0.35 mm). The images for N = 60 and 120 are quite similar. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 5.12 Images of the sample obtained by circular array transducer with different number of 

working element. (a) N=15, (b) N=30, (c) N=60 and (d) N=120 
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5.2.3.2. PA imaging using different size of pixel 

The influence of the pixel size, which was set in the reconstruction process, was 

analyzed. The pixel is a square at the fixed position of the imaging area. It contains 

the sound signals at certain position from each element. The data obtained by 120 

elements are used to reconstruct the PA image with different setting of pixel size. 

When the side-lengths 'a' of pixel are 1.0, 0.8, 0.6, 0.4, 0.2, and 0.1 mm, the obtained 

PA images are shown in Fig. 5.13. According to Fig. 5.13 (a), (b), (c) and (d), the size 

of image decreases when the pixel size changes from 1.0 to 0.4 mm. From Fig. 5.13 

(d), (e) and (f), it is found that the image distorts with the decrease of the pixel size. 

When a = 0.1 mm, it is impossible to find the samples from the image. 

The image of sample is approximated as a circle in all figures. Table 5.1 shows 

how the diameters of samples in the images change with the increase of pixel size. 

When pixel size is 0.4 or 0.6 mm, the image size of sample A is close to its real size 

(Φ ≈ 1.00 mm). But for sample B, the image size is about three times larger than the 

real size (Φ ≈ 0.35 mm). This is due to the resolution limitation of the transducer. 

To obtain a PA image with high quality, the pixel size should be near to the 

resolution of the transducer. Figure 5.14 shows the PA image of the sample when 

pixel size is set about 0.5 mm. At this time, the image sizes of sample A and B are 1.0 

and 0.8 mm which are close to the real size of the samples. 
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(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

 

(f) 

Fig. 5.13 Images of the sample obtained by the array transducer with different setting size of pixel. 

(a) a=1.0 mm, (b) a=0.8 mm, (c) a=0.60 mm, (d) a=0.4 mm, (e) a=0.2 mm and (f) a=0.10 mm. 
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Table 5.1 Image size of sample changing with the pixel size. 

Fig. 4.16 Pixel Size [mm] 
Image Size [mm] 

A B 

(a) 1.0 3.0 2.0 

(b) 0.8 2.0 1.5 

(c) 0.6 2.0 1.3 

(d) 0.4 1.5 1.0 

(e) 0.2 - - 

(f) 0.1 - - 

 

Fig. 5.14 Images of the sample obtained by circular array transducer when pixel size is 0.5 mm. 

5.3.  Summary  

In this chapter, the fabricated transducers were applied to PA imaging systems and 

the obtained PA images were compared. The PVDF and PMN-PZT single element 
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transducers were applied to a PA imaging system based on scanning acoustic 

microscopy approach. Both two transducers obtained the images of the SWCNTs 

samples. The image obtained by the PMN-PZT transducer shows high quality image 

than that obtained by the PVDF transducer. The latter was affected by noise more 

than the former. The PMN-PZT array transducer was also applied in this PA imaging 

system. The samples in the chamber of the array transducer were scanned by laser. 

The PA image was reconstructed by combining the signals received by all 120 

elements. The shapes of the samples shown in the image were very different from the 

real samples. This PA imaging system was not suitable for the circular array 

transducer. 

Another PA imaging system which was based on tomography approach was used 

for imaging of the sample in chamber of the PMN-PZT array transducer. An 

expanded laser beam illuminated an area in which the samples were set. All elements 

received the PA signals from different sample at the same time. By a tomography 

reconstruction process, the PA images were successfully obtained. By using the array 

transducer in this imaging system, the quality of the image was easily affected by 

number of working elements during measurement and size of pixel during 

reconstruction. 
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6.  Conclusions and future works 

6.1.  Conclusions 

6.1.1.  Characteristics of transducers 

In this study, two piezoelectric materials (28 μm thick PVDF and 310 μm thick 

PMN-PZT) were used to make to single element (plane surface) and 120 elements 

circular array transducers. 

The characteristics of the fabricated transducers were measured and compared. The 

PVDF single element transducer has the center frequency about 10.1 MHz. The 

PMN-PZT single element transducer has the center frequency about 6.2 MHz. Two 

transducers have similar wide -6 dB fractional bandwidths about 90%. The 

PMN-PZT shows a higher receiving sensitivity (Vpp = 90 mV) than the PVDF 

transducer (Vpp = 50 mV). 

The center frequency and -6 dB bandwidth of PMN-PZT array transducer are the 

same as the PMN-PZT single element transducer. The variation of the receiving 

sensitivity is in a range about ±1.5 dB, which means the uniformity of the 

transducer is good. The PVDF array transducer has poor uniformity of the relative 

receiving sensitivity, which varies from -47.1 dB to -37.9 dB. The large variation of 

the sensitivity is due to the uneven bonding layers (epoxy) between the PVDF film, 

CCP layer and backing block.  

The PMN-PZT single element and circular array transducers and PVDF single 

element transducer were selected for PA imaging.  



 

76 

 

6.1.2.  PA imaging 

Two single element transducers (PMN-PZT and PVDF) were applied in a PA 

imaging system based on scanning acoustic microscopy approach. A sample for the 

imaging was SWCNTs solution in silicon tube. Both two transducers could obtain the 

images of the sample. The poor contrast of the PA image was caused by high noise 

level of the PVDF transducer. The image obtained by PMN-PZT transducer shows 

better quality than the other one.  

The PMN-PZT circular array transducer was applied in a tomography approach PA 

imaging system. Two different size copper wires were set in the chamber of the 

transducer as samples. The results show that the addition of working elements could 

increase the contrast of PA image. In this study, the best image could be obtained 

when the number of working elements was more than 60. Besides that, the setting 

pixel size affected the quality of PA imaging during the reconstruction process. For 

the fabricated PMN-PZT array transducer, 0.5 mm was the best pixel size for 

reconstruction of PA imaging. By using the PMN-PZT array transducer, it was 

possible to obtain PA images with similar size as the samples. 

Generally speaking, the PMN-PZT piezoelectric single crystal is a good material 

for making small transducer (like a hydrophone) with high receiving sensitivity. The 

PMN-PZT single element transducer and circular array transducer could be applied in 

PA imaging systems for high quality images. 

6.2.  Future works 

According to this study, we have found that the PMN-PZT transducer could obtain 
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high quality PA images. The PMN-PZT circular array transducer could be applied for 

PA image with resolution about 0.5 mm. So, we will try to use this transducer to 

obtain an image of some biological tissue with size about 0.5 mm. 

For PA tomography (PAT) application, it is necessary to fabricate the transducer 

with high sensitivity, high center frequency and wide bandwidth. And also, the image 

reconstruction algorithm should be improved for PAT. 
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국문 요약 

광음향 영상화(photoacoustic imaging)는 의료진단, 생의학 등의 여러 

가지 분야에서 적용될 가능성이 높은 새로운 영상기법 중의 하나이다. 이 

영상기술은, 높은 대비(contrast)를 갖는 광영상법과 높은 분해능을 갖는 

초음파 영상법이, 서로 결합된 복합기법이다. 그것은 재료나 생체에서의 

광음향 효과에 기초하며, 레이저가 발생하는 초음파 신호를 탐지하기 

위해서 초음파 트랜스듀서를 사용한다. 광음향 시스템에서는 초음파 

트랜스듀서가 가장 중요한 요소 중에 하나이다. 그 초음파 트랜스듀서는 

단일 소자, 선 배열 또는 곡면 배열로 만들어진다. 많은 연구자들이 고 

분해능의 생체 영상을 얻기 위하여 원형 배열 트랜스듀서를 사용 하고 

있다. 그러나 그 트랜스듀서의 수신 감도는, 작은 광음향 신호를 

탐지하기 위해서는 아직까지도 충분치 못하다. 

 본 연구의 목적은 저주파 광음향 영상화에 일반적으로 사용되고 있는 

1-10 MHz 주파수 대역에서 높은 수신감도를 갖는 초음파 트랜스듀서를 
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개발하는데 있다. 여기서는 PVDF 압전막을 사용한 단일 소자 평면 

트랜스듀서와 120 개의 압전 요소를 갖는 원형 배열 트랜스듀서를 

개발하였다. 또한 PMN-PZT 압전 단결정을 사용하여 극소형 

트랜스듀서(needle hydrophone)와 그것을 120 개 배열한 원형 

트랜스듀서를 개발하였다. 각 트랜스듀서의 펄스-에코 특성을 측정하여 

비교하였으며, 비파괴 검사용의 트랜스듀서를 음원으로 사용하여 제작한 

각 트랜스듀서의 수신특성을 비교, 평가하였다.  

 제작된 단일 소자 트랜스듀서에 대한 특성을 요약하면, PVDF 는 

중심주파수가 약 10.1 MHz이고, -6 dB 대역폭은 9.2 MHz로서 비대역이 

91.1%였다. 한편, PMN-PZT 는 중심주파수가 6.2 MHz 이며, -6 dB 

대역폭은 5.6 MHz 로서 비대역이 90.3%로 나타났다. 원형배열 

트랜스듀서의 경우, PVDF는 단일 소자와 달리 CCP에 압전막을 부착하여 

제작하였는데, 중심주파수가 11.3 MHz이고, 비대역이 50.4%로 나타났다. 

PMN-PZT 는 단일 소자와 동일하게 제작하였으므로, 특성이 같다. 또한, 

비파괴 검사용 트랜스듀서를 음원으로 사용한 수신 감도 특성의 측정 

결과로부터 PMN-PZT 트랜스듀서가 PVDF 에 비해 약 1.5 배 정도 큰 

수신 전압을 나타내었다.  

 개발된 각 트랜스듀서를 광음향영상 획득에 적용하였다. 단일 소자 

트랜스듀서는 주사형 초음파 현미경과 같이 기계적으로 스캐닝하면서 

광음향 신호를 수신하여 영상화하였다. 동일한 표적에 대해 PMN-PZT 가 

수신한 광음향 신호는 PVDF 에 비해 약 3 배 크게 나타났다. 따라서 

영상의 질 또한 PMN-PZT 에 의한 것이 PVDF 에 의한 것 보다 

우수하였다. 원형배열 PMN-PZT 는 토모그래피(tomography) 기법에 

기초한 광음향영상 장치에 적용되었다. 그 결과로서 얻어진 영상은 높은 
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분해능을 가졌는데, 그것은 구동하는 압전 요소의 수와 디스플레이에서의 

픽셀의 크기에 의존하였다. 즉, 구동하는 압전 요소의 수가 증가하면 

분해능이 증가하였으며, 픽셀의 크기가 증가하면 분해능이 감소하였다. 

개발된 PMN-PZT 배열 트랜스듀서의 경우, 압전 요소 수가 60 개 

이상이고, 픽셀 크기가 0.5 mm 일 때, 영상의 품질은 가장 우수하였다. 

결론적으로, PMN-PZT 압전 단결정은 높은 수신 감도를 가지므로, 

배열형으로 제작하여 광음향영상 시스템에 사용할 경우, 분해능이 높은 

영상을 얻을 수 있음을 알았다. 
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Appendix 

A.1. Concave transducer 

Concave transducer is one of the most popular single element transducers which 

are usually used for PA imaging. The focal zone of this kind of transducer is much 

smaller than a plane surface transducer with similar aperture. It is very useful for PA 

imaging which requires high resolution. 

Zhang et al.[114] used a transducer with high center frequency (50 MHz) and 

large numerical aperture (0.44) in their PAM system. They obtained a PA image of 

subcutaneous microvasculature in a Sprague-Dawley rat with high resolution. Rao et 

al.[54] reported their hybrid-scanning optical resolution PAM system with a 25 MHz 

bandwidth concave transducer (focal length 15 mm, material PZT, GE). The axial 

resolution of the obtained PA images was smaller than 31 µm. 

In this study, a PVDF single element concave transducer was fabricated. It was 

compared with the PVDF single element plane transducer which had been 

introduced in Section 3.2.1.1. 

A.2. Fabrication of transducer 

Figure A.1 shows the structure and photograph of the PVDF single element 

concave transducer. By comparing with Fig. 3.1, it is found that the concave 

transducer is very similar to the PVDF plane transducer, except the shape of surface. 

Actually the fabrication methods of two transducers were almost the same, except 

the jigs. As shown in Fig A.2, a ball (Φ = 12.5 mm) was use to make the concave 

surface instead of the plane which was shown in Fig. 3.2. And the materials for 
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making the concave transducer were the same as the ones shown in Table 3.1. 

 

(a)               (b) 

 Fig. A.1 Structure (a) and photograph (b) of the PVDF single element concave transducer. 

 

Fig. A.2 Jig for fabrication of the PVDF single element concave transducer 
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A.3. Characteristics of transducer 

The pulse-echo response and receiving sensitivity of the fabricated PVDF concave 

transducer were measured and compared with the PVDF plane transducer. The 

setups for experiments are the same as the ones for the PVDF plane transducer as 

shown in Fig. 4.1 and Fig. 4.8. 

Figure A.3 shows the pulse-echo responses of the PVDF concave transducers. The 

transducer has the center frequency about 10.2 MHz and -6 dB bandwidth about 9.5 

MHz (range: 5.4 ~ 14.9 MHz, 93.1% fractional bandwidth). Both the center 

frequency and bandwidth are very close to those of the PVDF plane transducer as 

shown in Fig. 4. 3. 

 

Fig. A.3 Pulse-echo response characteristics of the PVDF concave transducers. 
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As shown in Fig. A.4, the receiving sensitivity of the PVDF concave transducer is 

compared with the PVDF plane transducer. The insertion is the reference signal 

obtained by the commercial PVDF hydrophone. The receiving sensitivity of the 

concave transducer (Vpp ≈ 150 mV) is about 3 times higher than the plane transducer 

(Vpp ≈ 50 mV).  

 
Fig. A.4 Ultrasound signals received by the PVDF concave and plane transducers. (Insertion is the 

ultrasound signal received by a commercial High Performance PVDF Hydrophone.) 

A.4. PA imaging 

The fabricated PVDF concave transducer was applied in a scanning acoustic 

microscopy approach PA imaging system. The setup and sample for PA imaging 

were the same as those for PVDF plane transducer, as shown in Fig. 5.2 and 5.4. 
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Figure A.5 is the PA images by using the concave transducer. It shows that the 

position of copper wire and bubbles in the sample. By comparing with the PA image 

by using plane transducer as shown in Fig. 5.5, the concave transducer obtained the 

PA image with higher quality. 

 

Fig. A.5 PA image obtained by the PVDF concave transducer. 

A.5. Summary  

The PVDF single element concave transducer was fabricated. It has similar center 

frequency and bandwidth as the PVDF plane transducer. However, the concave 

transducer has 3 times higher receiving sensitivity than the plane one. It can obtain 

higher quality PA images. 

It is useful to use a concave transducer in PA imaging system for high resolution 

and high contrast image. 
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