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The quarter-wavelengthsl /4d acoustic matching layer, a vital component in medical ultrasonic
transducer, can bridge the large acoustic impedance mismatch between the piezoelectric material
and the human body. Composite materials are widely used as matching materials in order to cover
the wide acoustic impedance range that cannot be accomplished by using a single-phase material. At
high frequenciess.50 MHzd, the l /4 matching layers become extremely thin so that the
fabrication of homogeneous composite material matching layers becomes very challenging. A
method is reported in this letter to fabricate sol-gel silicon oxide colloidal/polymer composite film
on silicon substrate, in which the particle size of silicon oxide colloidal is between 10 and 40 nm.
The acoustic impedance of the nanocomposite films versus aging temperature has been measured at
the desired operating frequency. ©2004 American Institute of Physics. [DOI: 10.1063/1.1836018]

In order to obtain higher sensitivity and broader band-
width, ultrasonic transducers require quarter-wavelength
sl /4d acoustic matching layers between the piezoelectric ce-
ramic and the propagating medium. Single-phase materials
that can meet the need of the acoustic impedance require-
ments are very rare; hence, most of the matching layers are
made of composite materials. With a mixture of high imped-
ance powder and low impedance polymer, the acoustic im-
pedance can be easily tailored by varying the volume frac-
tions of the components in the composite to meet the design
requirements.1

High frequency s.50 MHzd transducers can provide
higher resolution in both the axial and lateral directions, re-
sulting in improved diagnosis of many diseases and better
monitoring of medical treatments.2,3 These l /4 matching
layers become very thin at high frequencies. For a 50 MHz
transducer made of PZT piezoceramics, the matching layer
thickness could be less than 10µm thick. The matching layer
thickness is less than 5µm for fabricating a transducer over
100 MHz. Generally, we use the silver/epoxy composites as
the first matching layer by lapping down the material to a
desired thickness;4 however, it is difficult to obtain a homo-
geneous thin matching layer using 1.5µm silver particles.
Therefore, the conventional hand mixture of metal particle in
polymer matrix processing method becomes very challeng-
ing for the fabrication of high frequency composite matching
layers with homogeneous properties.

In recent years there has been an increased interest in the
use of nano-composites for different applications because it
is easier to achieve homogeneity in thin layers with such
materials. Among the nano-composite processing techniques,
sol-gel process is one of the technologies for the develop-
ment of nanostructure materials, thin layer coating, nano

powders, fibers, and thin films because the method can pro-
duce high homogeneity at low synthesis temperatures.5–7

Nanostructure materials developed via sol-gel process have
been used for a variety of applications.8 In this letter, the
sol-gel coating process will be applied to fabricate the silicon
oxide colloidal/polymer composite films, which can be used
as the matching layer for high frequency transducers with
desired matching acoustic impedance. The particle size is
between 10 and 40 nm, and hence can guarantee the unifor-
mity even for submicron thickness film. The composite films
with different aging temperatures were prepared, and the
properties of the composites were measured at the operating
frequency of the transducers.

Silicon oxide colloidal/polymer composite films with
20% volume fraction of silica were fabricated by using sol-
gel method. Silicon oxide colloidal was mixed with polymer
in present of coupling reagent and water. Hydroxyl group on
the surface of nanosilica condensed with polymer to form a
homogeneous nanocomposite. Adhesion promoter was added
to ensure good adhesion to the substrate. Ethanol was added
to achieve desired concentration. The mixture solution was
deposited onto silicon substrate by spin coating at 2000 rpm
for 30 s. The substrate was then placed on a hot plate to
evaporate the solvent. Each layer film was about 2–3µm
thick. The process was repeated to achieve the desired thick-
ness of films after placing the sample into oven for aging in
a desired time period. Four samples with a thickness of 9.5
µm were prepared at the aging temperatures 80, 100, 120,
and 150 °C, respectively. The cross-section scanning electron
microscope measurement of the films[Fig. 1(a)] revealed
silicon oxide colloidal particles homogeneously distributed
in the composite, which is not possible to obtain using con-
ventional methods. The right-hand side is the film surface
direction, so there is no layer interface shown on the micro-
graph between different coatings. The average particle size is
only ,22 nm with distribution primarily between 10 and 40
nm as shown in Fig. 1(b).
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The phase velocityv of the silicon oxide colloidal/
polymer nano-composite films with a thicknessd at the cor-
responding operating frequencyf can be determined by us-
ing the method described in Ref. 9. The experimental setup
for the ultrasonic measurement is shown in Fig. 2. Two
immersion-type broadband transducers(Panamatrix V358)
with center frequency of 50 MHz, one-way −6 dB band-
width of 75% were used for the measurements. The transmit-
ting transducer was driven by a 200 MHz computer con-
trolled pulser(Panametrics 5052PR), and the signal from the
receiving transducer was sampled using a digital oscillo-
scope(Tektronix TDS 460A). The sampling rate was set to
10 Gs/s to avoid aliasing. Each sampling window contained
2500 data points. To reduce ubiquitous random errors, each
measurement was averaged 64 times. The data were trans-
mitted to a personal computer where the fast Fourier trans-
form was performed.

Two signals,gstd (with the nano-composite film on the
Si substrate in between the two transducers) and hstd (with
only the Si substrate in between the transducers), were re-
corded. Then we obtained the ratio of corresponding Fourier
amplitude spectrum ofuG*sfd /H*sfdu:9

UG*sfd
H*sfd

U =
T23T31

T21

e−sa−a1dd

u1 − R31R32e
−2ade−i2bdu

. s1d

Here bs=2pf /vd is the wave number in the film,a and a1

are the attenuation coefficients in the film and in water, re-
spectively, andd is the thickness of film.Rij =sZj −Zid / sZj

+Zid is the reflection coefficient in mediumi from medium
j ,Tij =2Zj / sZj +Zid is the transmission coefficient from me-
dium i into medium j , andZi is the acoustic impedance of
mediumi. In our experiments, media 1, 2, and 3 are, respec-
tively: water, substrate, and nano-composite film layer. Since
R31R32 is negative when the acoustic impedanceZi satisfy
Z1,Z3,Z2, the maximum value ofuG*sfd /H*sfdu occurs
when

bd = sn + 1/2dp, n = 0,1,2,… . s2d

From Eq.(2), we get the phase velocity of the thin layer at
the corresponding frequencyfmax,0 whenn=0:

vsfmax,0d = 4fmax,0d. s3d

The frequencyfmax,0 is exactly the designed operating fre-
quency of the transducer because the thicknessd equals to
l /4 at this frequency.

Figure 3 shows the measured acoustic impedance of
nano-composite films as a function of the aging temperature,
where the acoustic impedance is the product of the density
and phase velocity. The impedance can be increased from 4.4
to 5.8 MRayls by increasing the aging temperature from 80
to 150 °C. The reason for the impedance increase is the in-
crease of the density of the nano-composites at higher tem-
perature aging. This gives us a method to change the acoustic
impedance of the composite to the desired value in addition
to changing the inclusion materials or the volume fractions
of the components in the composites.

FIG. 1. (a) Cross-section SEM picture of silicon oxide colloidal/polymer nano-composites and(b) particle size distribution.

FIG. 2. Experimental setup for ultrasonic testing.
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The composite matching layer with a high volume frac-
tion of metal oxide particles is difficult to obtain because of
the wetting nature between the particles and the polymer.
There is also the issue of air bubbles for high loading density
using conventional method. If the loading volume is high,
the mixture is very thick so that the air bubbles trapped in the
mixture cannot be removed easily. The above-described
method allows the acoustic impedance of composite to be
changed easily while keeping the volume fraction of metal
oxide particles low. Furthermore, there is no air bubble prob-
lem to begin with due to the usage of the sol-gel spinning
process.

In summary, a method is developed here to fabricate thin
silicon oxide colloidal/polymer nano-composite films as
quarter-wavelength matching layers for high frequency ultra-
sonic transducers. Four 9.5-µm-thick samples were prepared
with average particle size of silicon oxide colloidal particles
between 10 and 40 nm. The measured acoustic impedance
shows that the acoustic impedance of these nanocomposite
films can be increased by increasing the aging temperature.
This nanocomposite material fabricated by the sol-gel
method provides a solution to resolve the poor matching
problems existing in the high frequency medical ultrasonic
transducers and is another useful application of nano-
fabrication technology.
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FIG. 3. The acoustic impedance of silicon oxide colloidal/polymer nano-
composite films vs aging temperature.
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