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This paper presents simulation, fabrication, and characterization of single-element ultrahigh fre-

quency (100–300-MHz) needle ultrasonic transducers based on 0–3 composite Pb(Zr0.52Ti0.48)O3

(PZT) films prepared by using composite ceramic sol-gel film and sol-infiltration technique. The

center frequency of the developed transducer at 300-MHz was the highest frequency of PbTiO3

ceramic-based ultrasonic transducers ever reported. Furthermore, a brief description of the compos-

ite model was followed by the development of a new expression for predicting the longitudinal ve-

locity, the clamped dielectric constant, and the complex electromechanical coupling coefficient kt

of these films, which is very important in ultrasonic transducer design. Moreover, these parameters

are difficult to obtain by measuring the frequency dependence of impedance and phase angle

because of the weak signal of the previous 0–3 composite films transducer (>100 MHz). The mod-

eling results show that the Cubes model with a geometric factor n¼ 0.05 fits well with the meas-

ured data. This model will be helpful for developing the 0–3 composite systems for ultrahigh

frequency ultrasonic transducer design. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942857]

I. INTRODUCTION

Recently, the ultra high frequency (UHF) ultrasonic

transducer (>100-MHz) has attracted growing interests

because its beam width could approach cellular dimension

(micron size).1 Moreover, the UHF transducers can be also

applied to manipulate biological cells and micro-particles.2,3

For the UHF transducer, its beam width is inversely propor-

tional to the center frequency of transducer.4 That suggests

that the key to trap smaller size particle or cell is to develop

the UHF ultrasonic transducers with higher center frequency.

However, it is challenging and time consuming to build such

UHF transducers using traditional approach in which piezo-

electric ceramics or crystals are lapped down to the order of

microns.4 Piezoelectric thick film technology provides an al-

ternative solution of controlling the film thickness within the

accuracy of a few microns.5,6 Among various thick film fab-

rication methods, the composite sol-gel film technique has

been utilized successfully to fabricate the high frequency

ultrasound transducers based on different types of piezoelec-

tric thick films, including lead magnesium niobium/lead tita-

nate (PMN/PT), potassium sodium niobate/bismuth sodium

titanate (KNN/BNT), and PZT composite films.6–8 The com-

posite sol-gel technique is a modified sol-gel method by mix-

ing ceramic powder with sol-gel solution and followed by

optimized pyrolysis and annealing steps.9,10 This approach

has been utilized to fabricate dense and crack-free piezoelec-

tric films in the range of 1–50-lm. Furthermore, the compos-

ite ceramic sol-gel film technique saves time and costs and is

relatively easy to implement. However, the center frequency

of the previously built UHF transducers using PbTiO3 based

composite films hardly exceeds 200-MHz due to the require-

ments of low porosity and high content of powder for the

films.6,7

Currently, the Krimholtz, Leedom, and Matthaei (KLM)

model has been used extensively in designing ultrasonic

transducers.10 Since the complex detailed material constants,

including longitudinal velocity, density, clamped dielectric

constant, coupling coefficient kt, electrical loss tangent, and

mechanical loss tangent, are given, the aperture size, shape,

and materials thickness can be designed for any specific high

frequency ultrasonic transducer applications. However, some

parameters, including longitudinal velocity, clamped dielec-

tric constant, and coupling coefficient kt, are difficult to mea-

sure from the frequency dependence of impedance and phase

angle when the film thickness is less than 10-lm because of

the weak signal generated by the 0–3 composite film trans-

ducers (>100-MHz) previously built. Using other forms of

measurements is both time and cost consuming. Thus, it is

desirable to develop composite models for predicting the me-

chanical, electrical, and electromechanical properties.11–14

This simulation process is not easy due to complexity of a

two-phase system (sol and powder), in which many permuta-

tions and combinations are possible,15 including powder to

sol ratio, size of powder, quality, and composition of pow-

der.16 In addition, the sol-infiltration technique used in our

experiments complicates the simulation process further by

introducing more sol. Spring models, such as Voigt, Reuss,

and Cubes model, assuming that the structure of 0–3
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composite systems is composed by springs with different

combinations, have been used to predict the longitudinal ve-

locity.16,17 However, there is much less work reported on the

calculation of kt in 0–3 composite systems.

In our study, the sol-infiltration process was used to

improve film quality and maintain low porosity of films.18–21

Through this method, the PZT composite films transducer

operating at frequencies higher than 300-MHz was obtained,

which is the highest center frequency of PbTiO3 based com-

posite films ultrasonic transducers ever reported for their

higher dielectric loss compared with other ferroelectric mate-

rials. In addition, the longitudinal velocity was calculated by

taking into account the sol-infiltration process. Furthermore,

we calculated the kt of 0–3 composite films from the view of

energy conversion and the spring model. Then, 80-MHz 0–3

composite films ultrasonic transducer with the same powder

to sol ratio and process was used to measure the coupling

coefficient kt in thickness mode to verify the calculation. The

modelling clamped dielectric constant was obtained from the

spring model and the calculated kt. Finally, the center fre-

quency and the electrical input impedance between the meas-

ured and calculated results were compared to evaluate the

accuracy of the simulation.

II. EXPERIMENTAL METHODS

A. PZT composite film

In this work, a sol-gel composite method was used to

prepare PZT composite films. A 2-methoxyethanol-based

sol-gel Pb(Zr0.52Ti0.48)O3 (PZT) precursor was used as the

matrix. A PZT 5H powders (Piezoelectric Technology Inc.)

were used as the loading powder in the composite sol-gel.

Then, these powders were ball milled for 32 h at 200 rpm in

ethanol using a Fritsch Pulverisette milling machine (Fritsch

GmbH, Idar-Oberstein, Germany). After ball milling, the av-

erage particle size of powder is about 250-nm. Afterwards,

these powders were mixed with PZT sol-gel precursor with

the powder to solution mass ratios of 1:4. The solution to

powder mass ratios of 4 would lead to the volume fraction of

powder with a value of 65% through the calculation from the

density of powder, and the powder crystallized from the sol-

gel, density, and concentration of the precursor and the solu-

tion to powder mass ratio. Then, the composite solutions

were ball milled for 20 h to obtain well-dispersed composite

solution. Finally, the prepared composite solutions were

spin-coated onto Pt/Ti/SiO2/Si substrates, at a speed of

2000 rpm for 30 s. A two-step pyrolysis scheme was con-

ducted on each deposited layer with a first pyrolysis step at

200 �C for 2 min and then followed by a second step at

400 �C for 2 min in air. Subsequently, each PZT layer was

annealed by a rapid thermal annealing (RTA) process at

750 �C for 1 min. To minimize or reduce the porosity for

higher dense thick PZT films, a vacuum infiltration of the

PZT sol-gel solution process was taken into the as prepared

PZT composite layer. First, pure PZT precursor solution was

evenly dispersed onto the film surface after each composite

PZT layer was deposited. Subsequently, the film was put into

a vacuum (�30 psi) for 30 s to improve the solution

penetration into the pores and followed by the spinning and

pyrolysis procedures as mentioned above.12

The composite films with desired thickness were

obtained by repeating the spinning–heating-infiltrating-spin-

ning-heating process. Finally, the deposited films were

annealed by a conventional thermal annealing (CTA) at

750 �C for 3 h in air. In our experiments, the samples with

thickness of 3.5 lm, 3.7 lm, 6.4 lm, and 10 lm were fabri-

cated by this method, and the number of sol-infiltration times

was 9, 10, 15, and 20, respectively.

The spinning–heating-infiltrating-spinning-heating pro-

cess is effective to make every layer dense, flat, and with

reduction in porosity. The presence of significant levels of po-

rosity could result in lower values of dielectric constant and

makes films easily broken down in the poling process when

applied by a high voltage. This porosity is very detrimental

for developing thinner films for UHF application. Our

approach can lower porosity to the minimum level and main-

tains high powder loading. However, by using this

sol-infiltration technique, a much lower values of relative per-

mittivity (�900) layer crystallized from pure PZT precursor

solution were formed between every layer with the thickness

of 100 nm, as shown in Fig. 1. This low dielectric layer should

be included in the simulation for a more accurate prediction.

B. Fabrication and evaluation of transducer

The PZT composite film ultrasonic transducers were

fabricated using conventional transducer fabrication technol-

ogy.6,7 The composite films with thicknesses ranging from

3.5 to 10 lm were used to fabricate the UHF transducers

(>100 MHz). First, a very lossy conductive epoxy (E-Solder

3022, Von Roll Isola Inc., New Haven, CT) with an acoustic

impedance of �6 MRayl was cast to the film as the backing

material by centrifuging it at 3000 rpm for 15 min. After

curing overnight at room temperature, the backing layer was

lapped down to 1-mm thick. Subsequently, the samples were

diced along the thickness direction into small squares with

dimensions of 0.4� 0.4-mm2 for 10-lm and 6.4-lm sam-

ples, and 0.2� 0.2-mm2 for 3.7-lm and 3.5-lm samples.

The film with the support of the backing layer was removed

from the Si substrate without any damage through the wet

FIG. 1. Schematic diagram of 0–3 composite PZT films.
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etching process by soaking samples to KOH solution with

the concentration of 20% at 80 �C for 5 to 10 min.18 Then,

the acoustic stack was inserted into a polyimide tube (Small

Parts Inc., Miramar, FL), which served as an insulating layer.

A lead wire was connected to the backing layer by injecting

conductive epoxy to polyimide tube. The piezoelectric ele-

ment was fixed into a steel needle housing and followed by

filling the gap between the element and housing using epoxy

(Epotek-301, Epoxy Technology Inc., Billerica, MA). A Cr/

Au (500 Å/1000 Å) layer was sputtered across the piezoelec-

tric element and the needle housing to serve as a ground. A

1-lm thick parylene layer was vapor-deposited on front face

of the transducer to serve as an acoustic matching layer and

a protection layer. The final transducer was assembled with

an SMA connector for further poling and pulse-echo mea-

surement. The transducer was poled with an electric field of

150 kV/cm (about three times of the coercive field) for 5-min

at 120 �C. A cross sectional view of the design and photo-

graph of the final transducer prototype is shown in Fig. 2.

Performance of the transducer was evaluated in deion-

ized water using conventional pulse-echo response measure-

ment. During the measurement, the transducer was connected

to a pulser/receiver (JSR Ultrasonics DPR 500, Imaginant,

Pittsford, NY) and excited by an electrical impulse at 200-Hz

repetition rate, 50-X damping, and 2.3-lJ energy per pulse.

An X-cut quartz plate was used as a target. The center fre-

quency and the �6-dB bandwidth were determined from the

measured frequency spectrum.

C. Review of composite model

The ultrasonic transducer emitted well-damped pulse in

the measurements. This means that the ultrasonic measure-

ment was conducted at high strain rates with very little dis-

placement, so that only the elastic properties affected the

measurements and plastic deformation was negligible.16

Thus, using spring model to predict the elastic properties is

valuable. For the application of ultrasonic transducer using

0–3 composite materials, elastic constant along the thickness

direction is of interest. There are three different models to

calculate longitudinal elastic modulus of composite materials

as a function of volume fraction of the constituents. The

Voigt model (parallel springs) assumes continuous strain in

the two constituents. The Reuss model (series springs)

assumes continuous stress in the two constituents. The Cubes

model assumes a combination of series and parallel springs

in the two constituents.11,16 In order to improve the versatil-

ity of this model, Banno introduced a geometric factor “n”

into Cubes model. Varying the geometric factor “n” allows

the Cubes model to vary between the series and parallel

springs’ models. The value of “n” is depending on an attempt

to match calculation with experimental observation. These

three models are illustrated in Fig. 3 and indicated below.

Voigt model (parallel springs)11,16

E ¼ V1E1 þ ð1� V1ÞE2: (1)

Reuss model (series springs)11,16

1

E
¼ V1

E1

þ 1� V1

E2

: (2)

Cubes model (parallel springs and series springs

together)11,22

E ¼ a2 aþ 1� að Þnð Þ2E1E2

aE2 þ 1� að ÞnE1

þ E2 1� a2 aþ 1� að Þnð Þ V1 ¼ a3
� �

;
�

(3)

where E¼ longitudinal elastic modulus of composite, E1

¼ longitudinal elastic modulus of powder, E2¼ longitudinal

elastic modulus of PZT matrix crystallized from pure PZT

sol-gel precursor, V1¼ volume fraction of powder, and the

geometric factor n¼ 0.05 and 1.0 in our article.

III. RESULTS AND DISCUSSION

A. Simulation

1. Longitudinal velocity

For the single-element transducer, its thickness t deter-

mines the resonance frequency of the transducer by the equa-

tion below23

FIG. 2. A cross sectional view of (a) design and (b) photograph of the final transducer prototype.
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t¼CL

2ft
; (4)

where ft is the resonance frequency of the longitudinal thick-

ness vibration, CL is the longitudinal velocity of sound, and t
is the thickness of films. The center frequency obtained from

the pulse echo measurement can be used to estimate the lon-

gitudinal velocity of sound of films. Simply, the longitudinal

velocity is related to the elastic properties of the materials by

the equation below

CL ¼
ffiffiffiffiffiffiffiffiffiffiffi
cD

33=q
q

¼
ffiffiffiffiffiffiffiffiffi
E=q

p
; (5)

where cD
33 is the open circuit complex elastic stiffness, E and

q are the longitudinal elastic modulus and the density of

materials, respectively.

Fig. 4(a) shows the longitudinal velocity of sound in 0–3

composite films as a function of powder volume fraction,

obtained from the Voigt, Reuss and Cubes model.

In this study, except for the calculation of 0–3 composite

systems, the low value of dielectric constant layer mentioned

before should be considered as a spring connecting adjacent

layers in series

ndi

Ei
þ d0�3

E0�3

¼ ndi þ d0�3

E
; (6)

where Ei¼ longitudinal elastic modulus of low dielectric

layer, E0–3¼ longitudinal elastic modulus of 0–3 composite

layers, n¼ sol-infiltration times, di¼ the thickness of low

dielectric layer (�100 nm), and d0–3¼ the thickness of 0–3

composite layers.

Fig. 4(b) shows the dependence of film thickness on the

longitudinal velocity of sound including the low dielectric

layers. By taking into account the sol-infiltration process, the

longitudinal velocity of sound of 0–3 composite films was

thickness dependent.

2. Electromechanical coupling coefficient kt

It was mentioned before that it was difficult to obtain kt

from the frequency dependence of impendence and phase

angle, since the film thickness is less than 10 lm and pro-

duces weak signal for previously fabricated 0–3 composite

film transducers (>100 MHz). However, the spring model

can be used to estimate the complex electromechanical cou-

pling coefficient kt from the perspective of energy conver-

sion. For the ultrasonic transducer application, the

piezoelectric effect can be expressed as the constitutive

equations

X ¼ cDx� hD; (7)

E ¼ �hþ jxj0D; (8)

FIG. 4. Comparison of the calculated longitudinal velocity of sound of 0–3 composite films with various particle volume fractions and film thicknesses

obtained from the Voigt, Reuss, and Cubes model: (a) dependence of powder volume fraction on the longitudinal velocity of sound and (b) dependence of film

thickness on the longitudinal velocity of sound while considering the low dielectric layers.

FIG. 3. Geometry of springs’ models: (a) Vogit model, (b) Reuss model, and (c) modified Cubes model.
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where x is the strain, X is the stress, D is the electric displace-

ment, E is the electric field, cD the is open circuit complex

elastic stiffness, jx ¼ 1=ex is the clamped dielectric constant,

and h is the piezoelectric constant.

For the mechanical energy into electrical energy of the

ultrasonic transducer:

The input mechanical energy, the stored mechanical and

elastic energies can be calculated as24

Total input mechanical energy : Um ¼
1

2
cDx2: (9)

Stored mechanical energy electrically short–circuitedð Þ:
1

2
cEx2:

Stored electrical energy mechanically clampedð Þ :

Ume ¼
1

2

h2x2

j0jx
: (10)

The complex electromechanical coupling :

k2
t ¼

Ume

Um
¼ h2

33e
x
33=cD

33: (11)

Assuming the complex coupling effect between the

powder and the matrix was not taken into account, the kt of

0–3 composite film systems can be presented as

kt ¼
Ume1 þ Ume2

Um

� �1=2

¼ Um1k2
t1 þ Um2k2

t2

Um

� �1=2

; (12)

where Um, Um1, and Um2 are the total input mechanical

energy of composite material, powder, and matrix, respec-

tively. Ume1 and Ume2 are the stored electrical energy of the

powder and matrix, respectively. kt1 and kt2 are the kt of

powder and matrix.

Based on the spring connectivity, the Voigt, Reuss, and

modified Cubes model would be used to calculate the kt of

0–3 composite film systems.

Voigt model (parallel springs)

kt ¼
V1k2

t1cD
1 þ 1� V1ð ÞcD

2 k2
t2

1=cD

 !1=2

¼ V1k2
t1E1 þ

1� V1ÞE2k2
t2

1=E

 !1=2

:

0
@ (13)

Reuss model (series springs)

kt ¼
V1k2

t1cD
1 þ 1� V1ð ÞcD

2 k2
t2

cD

� �1=2

¼ V1k2
t1E1 þ

1� V1ÞE2k2
t2

E

� �1=2

;

 
(14)

where kt¼ the electromechanical coupling kt of composite

films, kt1¼ the kt of powder, kt2¼ the kt of PZT matrix,

cD
1 ¼ the open circuit complex elastic stiffness of PZT pow-

der, and cD
2 ¼ the open circuit complex elastic stiffness of

PZT matrix.

Here, we use the modified Cubes model to calculate the kt

For the matrix part : 1� a2 aþ 1� að Þnð Þ
� �

E2k2
t2

þ k2
t2

a2ðaþ ð1� aÞnÞ2E1E2

aE2 þ ð1� aÞnE1

 !2�
E2:

For the powder part : k2
t1

a2ðaþ ð1� aÞnÞ2E1E2

aE2 þ ð1� aÞnE1

 !2�
E1:

So there is equation for the kt

kt ¼
1� a2 aþ 1� að Þnð Þð ÞE2k2

t2 þ k2
t2

a2ðaþ ð1� aÞnÞ2E1E2

aE2 þ ð1� aÞnE1

 !2�
E2 þ k2

t1

a2ðaþ ð1� aÞnÞ2E1E2

aE2 þ ð1� aÞnE1

 !2�
E1

E

0
BB@

1
CCA

1=2

: (15)

Generally, the sol-gel synthesized PZT matrix has poorer

performance. As a result, it is hypothesized that to simplify

the calculation, the sol-gel synthesized PZT matrix does not

contribute to kt.

Under this condition, the equation can be expressed as

kt ¼ kt1
a2 aþ ð1� að ÞnÞ2E1E2

aE2 þ ð1� aÞnE1

1ffiffiffiffiffiffiffiffi
E1E
p : (16)

Similarly, the low value of the dielectric constant layer

mentioned before should be considered as a spring con-

necting adjacent layers in series to calculate kt by using

Equation (14). Finally, the calculated results of kt of

0–3 composite films with various powder volume frac-

tions and film thicknesses obtained from the Voigt,

Reuss, and Cubes model are presented in Fig. 5. It was

found that the influence of geometric factor n on the

value of kt is much smaller than the longitudinal speed

of sound.

In order to check the correctness of the calculated value

of kt, the 0–3 composite films ultrasonic transducer at a cen-

ter frequency of 80 MHz is fabricated to measure kt with the

same fabrication process and powder volume fraction, as

shown in Fig. 6. Simultaneously, the calculated values of kt

obtained from the Voigt, Reuss, and Cubes model are 0.379,

0.162, 0.322 (n¼ 0.05), and 0.305 (n¼ 1), respectively. The

measured 80 MHz transducer shows a value of kt of 0.32,

which is very close to the modified Cubes model when

n¼ 0.05. This indicates that the Cubes model can be used to

estimate kt of 0–3 composite films.

094103-5 Chen et al. J. Appl. Phys. 119, 094103 (2016)



3. The clamped dielectric constant es
33

The calculation of kt is also important for calculating the

clamped dielectric constant of 0–3 composite films. The fre-

quency dependence of impedance and phase angle cannot be

measured when the film thickness is less than 10 l m, which

also means that the clamped dielectric constant is difficult to

measure as well. However, the relationship between the kt

and the dielectric constant can be used to calculate the

clamped dielectric constant.25

For a circular disc model, it is known that

eS
33 ¼ 1� k2

t

� �
ð1� k2

pÞeT
33 ¼ 1� k2

t

� �
eP

33; (17)

where es
33, eT

33, and eP
33 are the overall clamped dielectric con-

stant, the free clamped dielectric constant, and the partly

clamped dielectric constant, respectively. The symbols kt

and kp are the complex electromechanical coupling of thick-

ness extension vibration and radial vibration model. For the

single element transducer, the element is surrounded by ep-

oxy, as shown in Fig. 2. It may be assumed that the element

is clamped by epoxy along the radial vibration direction (the

epoxy is very rigidity). In this situation, the dielectric con-

stant of 0–3 composite film transducers measured at 1 kHz is

close to the eP
33. Fig. 7 shows the comparison between the

dielectric constant of ultrasonic transducer and the clamped

dielectric constant calculated from the spring model by using

the calculated kt before.

B. Dielectric and ferroelectric properties
measurements

The XRD pattern of PZT composite films on a Pt/Si wa-

fer is shown in Fig. 8(a). It shows that the pure perovskite

phase of PZT ceramic films was synthesized successfully

without any pyrochlore phase presented in the XRD patterns.

The well crystallized perovskite phase indicated a high-

quality film. The ferroelectric hysteresis loops of 0–3 com-

posite films of different thicknesses are shown in Fig. 8(b). It

was found that the coercive field Ec increased with decreas-

ing thickness, while all samples kept approximate value of

maximum polarization and remnant polarization. Depending

on the fabrication of 0–3 composite films, this pinning of do-

main wall motion does not appear to come from porosity. It

is related to the formation of layers of low relative permittiv-

ity between adjacent layers in the sol-infiltration process.

FIG. 5. Comparison of kt of 0–3 composite films with various particle fractions and thicknesses obtained from the Voigt, Reuss, and Cubes model: (a) depend-

ence of particle powder fraction on the kt and (b) dependence of film thickness on the longitudinal velocity of sound including the low dielectric layers into

consideration.

FIG. 6. The frequency dependence of impedance and phase angle of a

80 MHz ultrasonic transducer fabricated by using 0–3 composite PZT films

with the same volume powder volume fraction.

FIG. 7. The dielectric constant of 0–3 composite films ultrasonic transducer

measured at 1 kHz and the clamped dielectric constant calculated by using

different spring models.
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Fig. 8(c) shows the measured dielectric constant of 0–3 com-

posite films with various thicknesses. It is interesting to find

that the dielectric property of these 0–3 composite films is

thickness dependent, perhaps caused by the fabrication pro-

cess. It was noticed that the film thickness was not propor-

tional to infiltrating times, which is caused by the uneven

distribution of the powder in the sol-gel precursor solution

and increasing film surface roughness. Each time one per-

forms the spinning coating process will lead to deviation.

C. Ultrasonic measurements

The composite film transducers were fabricated at ultra-

high center frequencies in the 100–300 MHz range. The

receive-echo response and frequency spectra of the trans-

ducers are shown in Fig. 9. In this study, the highest center

frequency of the transducer was 301 MHz as shown in Fig.

9(d), which is the highest value of the PZT based ceramic ul-

trasonic transducer ever reported. Compared to the previous

devices, the transducer performance has been improved. By

using thinner composite films, the center frequency range of

the transducers has been increased. However, the bandwidth

became narrower and echo signal weaker with an increase of

frequency. This is expected given the increased attenuation

of sound in water as frequency increases. Moreover, for the

development of a higher frequency ultrasonic transducer, a

smaller aperture is desired for the electrical impedance

match. In our experiments, the element size of 301 MHz ul-

trasonic transducer was only 0.2� 0.2 mm. This may present

as a big challenge for developing a smaller size element for

the higher frequency transducer by dicing.

D. Evaluation of the calculation

Since the clamped dielectric constant, the complex cou-

pling efficient, and the longitudinal velocity of sound of 0–3

composite films can be obtained from our model. These pa-

rameters can be entered into KLM model to validate these

calculations. At the same time, attenuation of ultrasound in

the load medium (water) is also taken into the calculation.

We here focus only on the comparison of the center fre-

quency and the electrical input impedance between the meas-

ured value and the calculated value, because the echo signal

is affected by many more parameters including measurement

condition (such as cable length and equipment setting).1 As

shown in Fig. 10, the modeled center frequency of ultrasonic

transducer is very close to the measured value, especially at

n¼ 0.05 for the Cubes model and Voigt model. The 3.7 lm

samples have a higher impedance than the 6.7 lm ones,

which is caused by the smaller aperture size mentioned in

FIG. 8. XRD patterns of 0–3 composite films with a thickness of 10 lm (a), polarization-electric field hysteresis loops (b) and the measured dielectric constant

(c) of 0–3 composite films with the different thicknesses on the Pt substrate.
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the experimental part. Through the analysis above, the

n¼ 0.05 Cubes model yields the best estimation of kt of the

real value. In the Conclusion, it is fair to say that the

n¼ 0.05 Cubes model is capable of providing an accurate

estimation of kt, es
33, and longitudinal velocity of sound in

0–3 composites.

IV. CONCLUSIONS

This paper presents the fabrication and characterization

of single-element ultrahigh frequency (100–300-MHz)

needle ultrasonic transducers based on 0–3 composite PZT

films by combining the composite ceramic sol-gel film tech-

nique and sol-infiltration technique. The center frequency of

300-MHz is the highest value in a PbTiO3 based ceramic ul-

trasonic transducers ever reported. These UHF transducers

would be useful for developing biomedical applications,

including very high scanning acoustic microscopy, cell stim-

ulation, and particle manipulation. Combining with a

detailed fabrication process, the spring model developed in

this work appears to be a valid tool in the predicting the lon-

gitudinal velocity, the clamped dielectric constant, and the

FIG. 9. Measured pulse-echo waveform (solid line) and normalized spectrum (dashed line) for PZT composite film transducer: (a) 103 MHz, (b) 156 MHz, (c)

286 MHz, and (d) 301 MHz.

FIG. 10. Comparison of the measured and the calculated center frequency (a) and the electrical input impedance (b) of 0–3 composite films ultrasonic trans-

ducer with various thicknesses obtained from the Voigt, Reuss, and Cubes model through PiezoCAD.
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complex electromechanical coupling coefficient kt. This is

important for the design of a specific UHF ultrasonic trans-

ducer application based on the 0–3 composite films using

KLM model. The modeling results also show that the Cubes

model with a geometric factor n¼ 0.05 best predicts these

parameters.
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