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This paper investigates the properties of thickness extension mode excited by lateral electric field on LiNbO3

by using the extended Christoffel-Bechmann method. It finds that the lateral field excitation coupling factor for a-

mode (quasi-extensional mode) reaches its maximum value of 28% on X-cut LiNbO3. The characteristics of a lateral

field excitation device made of X-cut LiNbOg have been investigated and the lateral field excitation device is used

for the design of a high frequency ultrasonic transducer. The time and frequency domain pulse/echo response of the

LiNbO3 lateral field excitation ultrasonic transducer is analysed with the modified Krimholtz—Leedom—Matthae model

and tested using traditional pulse/echo method. A LiNbOs3 lateral field excitation ultrasonic transducer with the centre
frequency of 33.44 MHz and the —6 dB bandwidth of 33.8% is acquired, which is in good agreement with the results of
the Krimholtz—Leedom—Matthae model. Further analysis suggests that the LiNbOg3 lateral field excitation device has
great potential in the design of broadband high frequency ultrasonic transducers.
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1. Introduction

Thickness extension mode has long been used
in the design of various kinds of piezoelectric ultra-
sonic transducers which are widely used in medical
imaging, non-destructive testing, underwater detec-
tion, etc. The thickness extension mode is commonly
excited by electric field along the thickness direction,
which is called thickness field excitation (TFE), as
shown in Fig. 1(a).
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Fig. 1. The configuration of: (a) TFE mode; (b) LFE
mode.

Previous studies have found that the acoustic
wave could also be excited by lateral electric field with
both electrodes only on one side of the piezoelectric
substrate,[!=4 which is called lateral field excitation

(LFE), as shown in Fig. 1(b). The LFE devices have

[5] There is no electrode

several attractive advantages.
in the region of maximum displacement, which results
in higher Q values, better frequency stability and re-
duced aging of the device. Moreover, the LFE device
is slightly thicker than a TFE device for the same res-
onant frequency,® so that LFE device is much easier
to achieve high frequency.

In many applications, such as the imaging of eyes,
blood vessels, skin and small animals, the high fre-
quency ultrasound imaging system with better reso-
lution is needed.[”8) Fabrication of the transducers,
which is the most critical part of the ultrasound imag-
ing system, becomes more challenging when high fre-
quency and broad bandwidth are required. Previ-
ous research on high frequency ultrasonic transducers
mostly focused on TFE devices, so that the substrates
of these transducers always have electrodes on both
sides. Thus, it is hard to fabricate a high frequency
ultrasonic transducer with the traditional lapping and
dicing method because of the thin substrate (usually
less than 100 pm). The special configuration and ad-
vantages of LFE device shows its potential in the de-
sign of high frequency ultrasonic transducers.
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Many piezoelectric materials have been investi-
gated for the design of TFE high frequency ultrasonic
transducers, such as PZT, LiNbOgs, LiTaO3, PMN-
33PT, etc. The research had found that LiNbO3 was
a suitable material for the design of broadband high
frequency TFE ultrasonic transducers due to its high
piezoelectric coupling factors.”) The LiNbOs is an ex-
tremely versatile nonlinear crystal material. Its LFE
coupling factors of c-mode (slow shear mode) for all
different cut orientations and lateral field directions
have been investigated,!'% and the results showed that
it has a very high piezoelectric coupling factor. Thus,
it is believed that LiNbOj is also suitable for the de-
sign of high frequency LFE ultrasonic transducers.
However, the LFE coupling factors of a-mode for all
different cut orientations was not presented and no
experimental result was given for verifying the LFE
properties and its potential use for the design of high
frequency ultrasonic transducers.

In the present study, the wave propagation prop-
erties of a-mode LFE extensional wave have been in-
vestigated for all cut orientations and lateral field
directions of LiNbO3. The LFE device on X-cut
LiNbOg3 has been designed, fabricated and tested. An
equivalent circuit model has been used to describe
the device’s resonance behaviour. The LFE ultrasonic
transducer on X-cut LiNbOj3 has been designed and
tested. The manufacture process of the LFE ultra-
sonic transducer and experiment setup are revealed in
detail. The transducer is tested with the traditional
pulse/echo method and detailed analysis of the results
is presented.

2. Theory

2.1. Piezoelectric coupling factor

For anisotropic piezoelectric crystals, the piezo-
electric coupling factor corresponding to different vi-
bration modes varies with the cut orientation and
the applied electric field direction. Piezoelectric cou-
pling factors for the three simple thickness vibra-
tion modes (a, quasi-extensional; b, fast-quasi-shear;
and ¢, slow-quasi-shear) of single-crystal piezoelectric
plates driven by lateral electric field could be calcu-
lated by the extended Christoffel-Bechmann (C-B)
method,!'! which assumes that the acoustic plane
waves are propagating in a specified direction with
respect to the crystallographic axis of the material.
The C-B method was used to calculate the LFE piezo-

electric coupling factors of LiNbOj3 for a-mode in all
different cut orientations.
The IEEE standard™?
fine both the crystal axial set and the notation
(Y Xwlt)p/0/1as shown in Fig. 2, which specifies the
orientation of a substrate aligned with a rotated co-

was adopted to de-

ordinate set of axes. The thickness of the substrate is
taken along the rotated Y-axis, which is the direction
of acoustic plane wave propagation. From Fig. 2, the
substrate is firstly rotated through the angle ¢ about
the Z-axis, then the angle 6 about the X-axis, and
finally the angle v about the Y-axis, which is equal to
the angle between the applied electric field direction
and X-axis.

Z//

X

Fig. 2. Notation system used for designating (a) crystal-
lographic orientation of a given substrate, and (b) E-field
direction relative to the crystallographic axes.

The material constants of LiNbOj3 used in the
calculation were referred to Ref. [13]. The calcu-
lated results are plotted in Fig. 3. From Fig. 3,
LiNbOj3 has a maximum LFE coupling factor of 28%
for a-mode when ¢ = 7.5° and the cut orientation
is (yxw) £ 30° or when ¢ = —7.5° and the cut ori-
entation is (yzxw) 4+ 90° (X-cut), namely (p,0,¢) =
(0°,£30°,—7.5°) or (p, 0,¢) = (0°,£90°,7.5°). Thus,
the X-cut LiNbOg3 was chosen for the design of LFE
ultrasonic transducers.
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Fig. 3. The LFE piezoelectric coupling factors of LiNbO3
for a-mode in all cut orientations.

The LFE piezoelectric coupling factors of X-cut
LiNbOj3 for a-, b- and c- modes were calculated with
the C—B method and plotted in Fig. 4 as a function
of the angle (). It could be found that the coupling
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factors of b- and c- modes excited by lateral electric
field are zero for all electrical angles on X-cut LiNbOj3
and K, (LFE) reaches its maximum value of 28% at
1 = 7.5°, so that a pure LFE a-mode could be excited
on X-cut LiNbOs3.
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Fig. 4. The LFE piezoelectric coupling factors as a func-
tion of the electric field direction angle for X-cut LiNbO3.

2.2. Acoustic wave phase velocity

The phase velocity of the LFE device could
be calculated according to the stiffened Christoffel

equation,©

Li][lies
K2 (liK {cEL + [eiggfﬂ} le> vy = p’ui, (1)
i€5;¢5

ij

where k denotes the wave vector, l;x denotes the wave
propagating direction matrix, Ir; denotes the trans-
pose of lik, ¢k denotes the stiffness constants ma-
trix under the condition of constant electric field, ek
denotes the piezoelectric stress constants matrix, ey,
denotes the transpose of ek, Ij denotes the field direc-
tion matrix, l; denotes the transpose of Ij, Eisj denotes
the permittivity constants matrix under the condition
of constant strain, v; denotes the acoustic wave phase
velocity, p denotes the material density, and w denotes
the angle frequency.

The phase velocity for a-mode of the X-cut
LiNbO3 was calculated and plotted in Fig. 5. It can
be found that the phase velocity varies between 6550
and 6850 m/s as a function of the driving electric field
angle (¢). When ¢ = 7.5°, the velocity of a-mode is
vy = 6829.2 m/s.
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Fig. 5. Phase velocity of the a-mode excited by lateral
field on X-cut LiNbOs.

3. Experimental

3.1. Device design

Based on the above calculated results, the LFE
device is designed and fabricated by using X-cut
LiNbOg, as shown in Fig. 6. The substrate is rect-
angular with the size of L x W = 4 mm x 3 mm.
Two parallel electrodes with a gap ¢ = 0.5 mm were
deposited by vacuum evaporation, which consist of a
2 nm thick adhesion layer of chromium followed by
200 nm thick gold. The angle between the direction of
the gap and the crystallographic X-axis of the piezo-
electric substrate is 82.5° to make sure the electrical
angle 1 = 7.5°. The thickness of the X-cut LiNbOj3
plate d was lapped down to approximately 0.31 mm.
The corresponding resonant frequency is (A denotes
the wavelength):

v 6829.2
— 0 9% 4101 MHz (2
2d 2% 0.31 x 103 01 MHz.  (2)

electrode
t
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Fig. 6. Detailed configuration of LFE LiNbOg device.

This LiNbO3 LFE device was used for the fab-
rication of a high frequency ultrasonic transducer. A
4-mm thick backing layer with 1 part insulating epoxy
(EPO-TEK301, Epoxy Tech., Billerica, MA) to 4 part

097701-3



Chin. Phys. B Vol. 19, No. 9 (2010) 097701

tungsten powder was firstly cast onto one side (the
one has electrodes) of the LiNbOg LFE device. The
acoustic impedance of this backing material is about
5.68 MRayl. Then the LiNbOs plate was polished
down to d = 0.1 mm thick, corresponding to the res-
onant frequency of 34.15 MHz. A quarter wavelength
Al;,0O3 epoxy composite matching layer with 1 part
insulating epoxy (EPO-TEK301, Epoxy Tech., Biller-
ica, MA) to 1.1 part AlyO3 powder was cast onto
the barefaced side of the LFE LiNbOj device. Fi-
nally, a quarter wavelength insulating epoxy (EPO-
TEK301, Epoxy Tech., Billerica, MA) was cast onto
the first matching layer. The acoustic impedances of
the first and second matching material are 5.9 MRayl
and 2.74 MRay! respectively.

3.2. Experimental setup

The HP4294 impedance analyser was used to
test the impedance of the LFE LiNbOj device. The
LFE transducer was tested by using the pulse/echo
method in a room temperature degassed water bath.
The experimental measurement system is shown in
Fig. 7. The Panametrics 5900PR (Olympus NDT inc.,
Waltham, Ma) was used to excite the transducer. Tt
was set at energy of 32 pJ, gain of 54 dB and filter
of 1 MHz-100 MHz. The echo target was a polished
quartz plate placed at the focal point of the trans-
ducer. The reflected waveforms were received and
digitized by an oscilloscope (Tektronix TDS5034, Tek-
tronix Inc. BEAVERTON, OR).

Iser /receiver :
pulser/receive oscillocope

panametrics 5900PR

transducer

degassed water

quartz

Fig. 7. Experimental measurement system for the mea-
surement of transducer pulse/echo response.

4. Results and discussion

The impedance and phase curve of the LiNbOg
LFE device measured in air are shown in Figs. 8 and
9. It can be seen that the resonance frequency ex-
cited by lateral electric field is 10.86 MHz, which is
slightly lower than the above calculated result. It is

believed that this is resulted by the mass effect of the
electrodes.
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Fig. 8. Impedance vs frequency for the LiNbO3z LFE de-
vice.
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Fig. 9. Phase vs frequency for the LiNbO3 LFE device.

The measured impedance and phase curve can be
equivalent with the characteristic curve of a common
BVD (Butterworth-Van Dyke) circuit, as shown in
Fig. 10, which is well known in the description of a
thickness shear mode (TSM) resonator’s behaviour.
When Ry, = 780 Q, Ly = 19.2 mH, C,, = 11.2 {F,
and Cy = 1.4 pF, the simulated impedance and phase
curve are almost identical to the measured ones, as
shown in Figs. 8 and 9. This result shows that both
TFE and LFE devices have the same equivalent cir-
cuit configurations. Thus, the Krimholtz—Leadom—
Matthae (KLM) transmission line model'¥ of TFE
device could also be used for LFE device. The only
difference is the calculation of Cy, which is caused by
the different electrode configurations of TFE and LFE
devices.

Fig. 10. The BVD equivalent circuit of the LiNbO3 LFE
device.
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The KLM transmission line model of the LiNbOs3
LFE device is shown in Fig. 11. According to the cal-
culation of Cj in the BVD equivalent circuit,l® the
elements of the KLM model could be calculated by
these following equations:

_eWd

Co=——, (3)
C = —MCy/[k? sin c(w/wp)], (4)
¥ = Mky(m JwoCo Zo) M ? sin e(w/2w). (5)
M =Lt/ {d2 1+ k2 tan(mw/wp)/ (mw/wo)] } .(6)

Where ¢ denotes the permittivity of the piezoelectric
plate, W, d, t L denote the dimension of the LFE
device as shown in Fig. 6, k; denotes the LFE piezo-
electric coupling factor, w, wy denote the angle fre-
quencies, Z; denotes the acoustic impedance of the
piezoelectric plate.
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Fig. 11. The KLM transmission line model of the LiNbO3s
LFE device.

With this KLM transmission line model, the time
and frequency domain pulse/echo response of the LFE
ultrasonic transducer could be calculated as the same
as the TFE ultrasonic transducers.!'”l The simulated
time and frequency domain pulse/echo response curve
are shown in Fig. 12. The result shows that the cen-
tral frequency of the transducer is 33.3 MHz and the
—6 dB bandwidth is 33.4%.
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Fig. 12. Modeled time and frequency domain pulse/echo
response of the LFE LiNbO3 ultrasonic transducer.

The measured and normalised pulse/echo wave-
form of the LiNbOs LFE ultrasonic transducer is
shown in Fig. 13(a). The spectral analysis of this curve
was done with MATLAB and shown in Fig. 13(b).
It can be found that the —6 dB bandwidth of this
LFE ultrasonic transducer is 33.8% and the central
frequency is 33.44 MHz. The experimental result is
in good agreement with the result of the KLM trans-
mission line model. The central frequency is slightly
lower than the resonant frequency (34.15 MHz). This
is caused by the load effects of backing and matching

layers.
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Fig. 13.
pulse/echo response of the LiNbO3 LFE ultrasonic trans-

Normalised time and frequency domain

ducer.

The bandwidth of the LiNbOs LFE ultrasonic
transducer is relatively lower. This is due to the poor
matching between X-cut LiNbOj3 and water. The
bandwidth can be improved further with the opti-
misation of acoustic matching layers. Further the-
ory analysis with the KLM transmission line model
showed that the bandwidth of the LFE LiNbOj3 ul-
trasonic transducer could be increased to 70.9% if the
first matching layer impedance increases to 9 MRayl,
as shown in Fig. 14. Thus, LiNbOj3 has great poten-
tial in the design of high frequency broadband LFE

ultrasonic transducers.
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Fig. 14. Modeled time and frequency domain pulse/echo
response for LFE LiNbOg ultrasonic transducer with bet-
ter matching scheme.

5. Conclusions

The properties of thickness extension mode ex-
cited by lateral electric field on LiNbO3 have been in-

vestigated. It is found that the LFE coupling factors
for a-mode have the maximum value of 28% when the
cut orientation of LiNbOs is X-cut and the electric
field angle » = 7.5°. The phase velocity of the ex-
tensional wave varies between 6550 and 6850 m/s as a
function of the driving electric field angle (¢). The X-
cut LiNbOg3 was chosen for the design of an LFE device
and a high frequency ultrasonic transducer. The KLM
transmission line model was modified to simulate the
time and frequency domain pulse/echo response of
LFE ultrasonic transducers. The characteristic of the
LiNbO3 LFE ultrasonic transducer was predicted with
the KLM transmission line model. The experimental
results showed that the central frequency of the ultra-
sonic transducer is 33.44 MHz and the -6 dB band-
width is 33.8%, which is in good agreement with the
result of the KLM transmission line model. Further
analysis predicts that LiNbOj is a good material for
the design of high frequency broadband LFE ultra-
sonic transducers.
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