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In this paper, we investigate the frequency band-gap features of micromachined air/silicon phononic
band structures using layered slanted finger interdigital transducerssSFITd. In order to achieve the
applications of phononic crystals on the microelectromechanical system related components, the
frequency band-gap widths of surface waves are studied both theoretically and experimentally in
micrometer scale phononic crystals. For further integration with the complementary metal-oxide
semiconductor processing techniques, silicon is chosen as the base material of the two-dimensional
phononic crystals in this study. To cover the frequency band-gap width of the phononic crystal, the
wideband SFIT- and the SFIT/ZnO/Si-layered structures in the measurement are analyzed and
discussed. For layered structures, the dispersive relation is calculated by the effective permittivity
approach, and the frequency response of the layered SFIT is then simulated by the
coupling-of-modes model. The frequency band-gap width and the frequency range of
two-dimensional air/silicon phononic crystals in micrometer scale are measured, and the result
agrees well with the theoretical evaluation. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1893209g

I. INTRODUCTION

The so-called photonic crystals are periodic dielectric
composite structures. Owing to the periodicity, incident
waves would interfere with the reflective waves as the elec-
tromagneticsEMd waves propagate through the crystals.1,2

As a result, the frequency band-gap features occur to prohibit
the EM waves of specific frequencies from traveling through
the band structures. By the analogy between photon and pho-
non, repetitive composite structures that are made up of dif-
ferent elastic materials can also prevent elastic waves of
some certain frequencies from passing by, i.e., the frequency
band-gap features also exist in acoustic waves.3 Theoretical
calculations of bulk acoustic waves in phononic band struc-
tures of two-dimensional periodic composites were reported
using the plane-wave expansionsPWEd method.4,5 Except
for the PWE method, the layered multiple-scattering theory
was applied to study the frequency band gaps of bulk acous-
tic waves in three-dimensional periodic acoustic composites
and the band structure of a phononic crystal consisting of
complex and frequency-dependent Lame coefficients.6,7 In
addition, the finite-difference time-domainsFDTDd method
was applied to predict exactly the transmission properties of
slabs of phononic crystals and to interpret the experimental
data of two-dimensional systems.8–10

The frequency band-gap features of surface modes are
studied mainly using PWE and variational methods.11–23

Tanaka and Tamura11,12 and Tanakaet al.13 proposed the
theory of surface waves propagating in two-dimensional
phononic crystals consisting of two cubic materials in square
lattice, and also explained the stop band distribution of the
surface, pseudosurface, and bulk waves using the PWE

method. Recently, Wuet al.14 and Wu and Huang15 extended
the theory to describe the phononic crystals consisting of
materials with general anisotropy, and discussed the level
repulsion of bulk acoustic waves in periodic composite ma-
terials. Huang and Wu16 also investigated the temperature
effect on frequency band gaps of surface and bulk acoustic
waves in phononic crystals.

There are literatures aimed at experimentally studying
the surface acoustic wavessSAWd in phononic band
structures.17–23 The detection and control of the high-
frequencysbulk acoustic wavesd sound have been investi-
gated in a dual-core square-lattice photonic crystal fiber per-
form using the interferometric setup.17 Vines et al.18 and
Vines and Wolfe19 conducted an experimental study on the
surface waves generated by a line-focus acoustic lens at the
water-loaded surfaces of a number of two-dimensional super-
lattices that intersect the surface normally. The propagation
of Scholte-like acoustic waves at the liquid-loaded surfaces
of periodic structures has also been studied.20 Rayleigh-wave
attenuation in a semi-infinite two-dimensional elastic-band-
gap crystal, and surface-state phenomena in linear and point
defects were reported and discussed.21,22 Recently, Wuet
al.23 investigated the frequency band-gap features of surface
waves in micromachined air/silicon phononic structures in
both theoretical and experimental ways.

The concept of employing the slanted finger interdigital
transducersSFITd as wideband filters was first proposed by
Hyodo et al.24 Campbellet al.25 and Campbell26 have done
numerous experiments and designs for SFIT SAW filters and
brought up three methods to modify the pass-band inclina-
tion phenomenon of SFIT. Yatsudaet al.27 and Yatsuda28,29

applied the single-phase unidirectional transducersSPUDTd,
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withdrawal weighted and aperture weighted, on the design of
SFIT to meet the wideband filter requirements for low-
insertion loss and low-shape factor.

The purpose of this study is to measure the frequency
band gap of SAW modes in two-dimensional air/silicon
phononic crystals with micrometer scale using wideband
SFIT. In the following, analysis of frequency band gaps in
two-dimensional air/silicon phononic crystals is given and
discussed. The simulated response of a layered SFIT SAW
filter is followed. Then we describe the fabrication and mea-
surement of a two-dimensional phononic crystal, with di-
mensions in the order of micrometer.

II. THEORETICAL SIMULATION AND EXPERIMENTAL
DESIGN

In this study, we adopt the PWE method to calculate the
frequency band gaps of surface acoustic waves in two-
dimensional phononic crystals.14 In order to fabricate the
phononic crystal in micrometer scale and to further integrate
with the CMOS process, silicon is chosen as the substrate
material. The simplest structure of a silicon-based phononic
crystal is the one with vacuum or air-filled cylindrical holes.
Besides, for the potential to develop the phononic crystals as
a device, the SAW modes are selected to propagate in the
band structures.

A two-dimensional phononic crystal with a square lattice
consisting of a circular cylindersAd embedded in a back-
ground materialsBd with lattice spacinga is considered and
shown in Fig. 1sad. Figure 1sbd is the surface Brillouin region
of a square lattice in which the reciprocal lattice vector is
G=s2pN1/a,2pN2/ad, whereN1, N2=0, ±1, ±2, . . . and the
filling fraction is f f =pr0

2/a2. The irreducible part of the sur-

face Brillouin zone of a square lattice is shown in Fig. 1sbd,
which is a triangle with verticesḠ , X̄, and M̄.

Considering the air/silicon phononic crystal with a
square lattice, the filling fractionf f is 0.385, i.e., r0/a
=0.35. In this paper, we consider a phononic crystal consist-
ing of a silicon substrate and square arrays of air cylindrical
holes. The modified PWE method can be well approximately
used because of the high-density contrast between solid and
air. It is well-known that the high-density contrast between
solid and air leads to the unexpected flat bands in the band
structure. We get rid of this problem by adopting the tech-
nique reported in Refs. 23 and 30, in which an artificial
transverse velocity of the fluid has been used. In the case of
a vacuum/solid band structure, the density and elastic con-
stants of the holes can be set as zero to satisfy the traction-
free condition.31

In Fig. 2, the surface wave frequenciesv1 and v2, and

the width of the frequency band gapDv=v2−v1 at the X̄
point are plotted as functions of the filling fractionf f.23 The
maximum frequency band-gap width occurs at aboutf f
=0.48. For the potential application on realizing the microa-
coustic channel, the frequency band-gap width and the angu-
lar magnitude that surface waves can propagate have to be
taken into account at the same time. Moreover, for the sake
of convenience, the valuef f =0.385 is selected to draw the
photo mask in this paper.

The objective of this study is to measure the frequency
band gap of surface waves in two-dimensional air/silicon
phononic crystals. Therefore, a high-frequency wideband
SAW transducer on the silicon substrate is used to generate
and detect the signals. Besides, because silicon is not a pi-
ezoelectric material, the layered structure SFIT/ZnO/silicon
has to be considered in the device. As to the corresponding
design parameters, it will depend upon the band-gap fre-
quency of the two-dimensional phononic crystals.

The evaluation of band-gap frequencies along thex axis
in two-dimensional air/silicon phononic crystals are from
183 to 215 MHz. Considering the fabrication difficulty in

FIG. 1. sad Two-dimensional phononic crystals with a square lattice;sbd
surface Brillouin zone of a square lattice.

FIG. 2. The relation between the frequency band-gap width and the filling
fraction.
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this experiment, the lattice constant is chosen as 10mm, and
the radius of the circular cylinderr0 is thus equal to 3.5mm.
According to the band-gap frequencies, the corresponding
design parameters are listed in Table I. In design 1, the band-
gap frequencies are located at the center of the pass band of
the layered SFIT. Therefore, the frequency band-gap width
of phononic crystals can be measured by this experimental
setup. Figure 3 is the schematic diagram of this experiment.
The SFIT are on the top of the layered structure. There are
six rows of cylinders filled with air between the interdigital
transducer sIDTd pairs. The filtering efficiency can be
roughly understood by this arrangement.

III. ANALYSIS OF LAYERED SFIT SAW FILTER

Unlike the half-space SAW filter, the phase velocity of a
layered SAW is dispersive. Consequently, the dispersion has
to be considered in the design of a layered SAW filter. The
SAW dispersion relation of the layered system has been stud-
ied using the effective permittivity method.32

Figure 4sad shows the phase velocity dispersion of the
zeroth and first SAW modes ins0001dZnO/s001df100gSi lay-
ered structure with free-surface boundary condition. The
horizontal axis represents the product of the frequency and
the thickness of ZnO thin film, while the vertical axis is the
phase velocity of the SAW. The results show that the phase
velocity decreases as the frequency thicknessfhZnO increases
because the phase velocity of ZnO is slower than that of
silicon. For a layered SAW device, the electromechanical
coupling coefficient varies with different boundary

conditions.33–35 Hence, by varying the boundary conditions,
the proper layered structure will have a strong piezoelectric
property. Figure 4sbd is the electromechanical coupling coef-
ficient dispersion of the IDT/ZnO/silicon-layered structure.
The horizontal axis represents the product of the frequency
and the thickness of ZnO thin film, and the vertical axis is
the corresponding electromechanical coupling coefficientk2.
The solid line denotes the zeroth mode and the dashed line is
the first mode. From this figure, the first mode has a higher
electromechanical coupling coefficient than the zeroth mode,
which means the first mode is more appropriate for the de-
sign of a layered SFIT. However, the zeroth mode is chosen
to design the layered SFIT in this study, considering the limi-
tation of our current fabrication facilities.

The main difference between a layered and a half-space
structure is that the phase velocity and electromechanical
coupling coefficient are dispersive, not a constant. So when
we employ the coupling-of-modessCOMd model36 to ana-
lyze a layered SAW filter, some of the COM parameters be-
come frequency-dependent and have to be considered in the
analysis.37 The dispersive COM parameters in layered struc-

TABLE I. Design parameters of the SFIT/ZnO/silicon-layered structure.

ZnOs2 mmd /Si

Substrate Design No. 1 2 3 4

Center frequencysMHzd 200 195 215 185
Bandwidths%d ,35 ,24 ,28 ,28
lminsmmd 17 18 16 19
lmaxsmmd 25 24 22 26
Input pairsspairsd 40 40 40 40
Output pairsspairsd 32 32 32 32
Metal thicknesssÅd 1600 1600 1600 1600
Propagation lengthsmmd 631.25 606 489.5 656.5
Aperturesmmd 2500 2400 2200 2600
Max. tilt anglesdegreed 3.66 2.86 3.12 3.08

FIG. 3. The schematic diagram of this experimental setup.

FIG. 4. ZnO/Si SAW dispersion relation.sad phase velocity dispersion
curve; sbd electromechanical coupling coefficient dispersion curve.
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tures include the phase velocity shift, reflection coefficient,
transduction coefficient, IDT capacitance, and propagation
loss. As far as the dispersion is concerned, the formulas of
these COM parameters can be adopted to analyze the layered
SAW devices.

It is worth noting that the propagation lossg of com-
monly used half-space substrates such as quartz and LiNbO3

can be obtained from an approximated formula,38 while there
is no formula that can be used for layered structures. Thus
the propagation lossg of a layered structure has to be mea-
sured experimentally. Moreover, because the frequency
range of this study is not small as in the case of a layered
SFIT, we cannot assume that the variation of propagation
loss is independent of the frequency. Therefore, in this study,
the frequency-dependent propagation loss obtained from the
experiment should be substituted into the COM model to
compare with the simulations.

Based on the modified COM parameters including the
SAW dispersion effect, the frequency response of layered
SFIT sFig. 5d can then be calculated.39 The general approach
used to analyze the slanted finger interdigital transducer is to
divide the electrode of SFIT SAW filter inton sections by the
equal aperture separation or equal center-frequency separa-
tion method.27 In this study, the SFIT/ZnO/Si-layered wide-
band SAW filters are considered according to the fabrication
process of two-dimensional microscale phononic crystals.
The thickness of ZnO thin film is chosen as 2mm, and the
design parameters are listed in Table I. The corresponding
parameters are demonstrated in Fig. 6. The simulated fre-
quency responsessdesign 1d of the layered SFIT, regarding
and disregarding the dispersion effect, are shown in Fig. 7.

The center frequency is about 200 MHz. The results show
that the frequency bandwidth calculated with the dispersion
effect is narrower than that obtained without the dispersion.
As shown in Fig. 4sad, the phase velocity of the fundamental
mode in the SFIT/ZnO/Si-layered structure decreases as the
frequency increases. Therefore, when the dispersion effect is
considered, the bandwidth of the SFIT/ZnO/Si-layered
wideband SAW filters will reduce quite obviously.

IV. EXPERIMENTAL RESULTS

The frequency response of SFIT/ZnO/Si can be ob-
tained by the modified COM model. In general, some of the
COM parameters used in the simulation are not consistent
with the experimental results. Therefore, the measured COM
parameters should be resubstituted into the COM model to
acquire exact simulated frequency responses. Here we utilize
the time-gating approach to neglect the electromagnetic
feedthrough effect40 and the triple transit echo. Figure 8
shows the microscopic pictures of the layered SFIT.

A. Modification of frequency responses

Because the actual parameters of the layered SFIT some-
what differs from the expected designed parameters, the

FIG. 5. Layered SFIT SAW filter.

FIG. 6. Illustration of design parameters.

FIG. 7. Dispersive and nondispersive frequency responses.

FIG. 8. A microscopic picture of the fabricated layered SFIT.
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simulation of frequency response has to be modified. Figure
9 shows the comparison between the unmodified simulation
responses under the assumption of no propagation losses and
the experimental resultssdesign 1d. It can be observed that
the pass band is slightly shifted and inclined downward.
Also, the insertion loss is higher than that of the simulation
because the propagation loss does not vanish. Therefore, the
actual parameters have to be measured in order to obtain
correct responses.

The phase velocity dispersion of layered structures will
be changed when the thickness of the ZnO thin film is not as
expected. In addition, the thickness of the metal electrodes
also affects the phase velocity due to the mass loading ef-
fects. Therefore, the actual thickness of the ZnO thin film
and the actual thickness of the metal electrodes have to be
substituted into the COM model to obtain the modified simu-
lations. The deposited ZnO thin-film thickness is 2.20mm
and the measured thickness of the SFIT electrodes is 2742 Å.
The comparison between the simulated response with modi-
fied phase velocity and the experimental result of design 1 is
shown in Fig. 10sad. The result shows that the bandwidth and
the pass-band frequency in this experiment have matched the
simulated frequency response.

After the modification of the phase velocity in layered
structures, it can be found that there exists a difference of
insertion loss between the experimental results and the simu-
lated responses. It is due to the assumption of zero propaga-
tion loss in the simulations. To cover the overall loss of the
SFIT SAW device, a linear relation between the propagation
loss and the frequency has been calculated inversely, based
on the experimental result of design 1. Figure 10sbd shows
the dispersive relation of the propagation loss. The propaga-
tion loss at the center frequency of 200 MHz is 50 dB/cm,
which is a reasonable value compared with the experimental
results35 of Nakahataet al., g=50 dB/cm. From these re-
sults, the pass bands of the layered SFIT are all inclined
downward at the high-frequency part due to the propagation
losses. The propagation loss we define here includes the at-

tenuation of surface wave propagation, the ohmic loss due to
the shape of the SFIT electrode, and the diffraction effect.

B. Measurement of frequency band gap

Two-dimensional silicon-based phononic crystals con-
sisting of six rows of air cylinders are fabricated and shown
in Fig. 11sad. On both sides of the figures are the SFIT on the
ZnO thin films. Figure 11sbd is the cross section of the two-
dimensional air/silicon phononic crystals. The physical char-
acteristics of this experimental setup are mentioned in Sec.
II, i.e., the lattice constanta=10 mm, the radius of the cir-
cular cylinderr0=3.5 mm, and the filling fractionf f =0.385.
The predicted frequency band gap along thex axis is located
between 183 and 215 MHz. Figure 11sbd shows a finite slab
of a phononic crystal, while the depths of the two-
dimensional periodic cylinders are fabricated at least 80mm.
Because the energy of SAW modes is mostly confined to a

FIG. 9. The comparison of unmodified simulation responses and experimen-
tal results of design 1.

FIG. 10. sad Comparison of frequency responses with modified phase ve-
locity sdesign 1d; sbd the dispersive relation of propagation loss.
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depth of one to two wavelengths of the SAW, the finite slab
is suitable for discussing the frequency band-gap features of
SAW modes.

In Fig. 12, the frequency band gaps of the air/silicon
phononic crystals are revealed by the layered SFIT of design
1 in the range of pass-band frequency. The shadow region

represents the frequency band gap of fabricated phononic
crystals with six rows of air cylinders. The dashed line and
solid lines denote the measurements with and without
phononic crystals, respectively. The two dashed lines are the
results of different sets with the same design. We can find
that the insertion loss that is measured with phononic crystals
in the range of pass-band frequency is clearly lower than the
results without phononic crystals. Most of the SAW energy is
blocked by phononic band structures. The result shows good
agreement with the theoretical evaluation by the PWE
method.

Furthermore, if we divide the insertion loss of the SFIT
system with phononic band structures by that without
phononic band structures, the transmission coefficients can
then be obtainedsFig. 13d. The acoustic transmission coeffi-
cient clearly shows that the surface waves are attenuated
greatly in the forbidden band. Moreover, because the propa-
gation loss increases with the decrease of wavelength, the
transmission coefficient at the upper edge of the stop band is
not as high as expected, i.e., equals 1. On the other hand, the
experimental results from the parameters in designs 2, 3, and
4 sTable Id also validate the similar results in this paper.

V. CONCLUSION

In this paper, we introduced the layered SFIT to measure
the band-gap width of a two-dimensional phononic crystal.
The COM model was utilized to simulate the frequency re-
sponse of the layered SFIT and the simulation showed good
agreement with the measured response. In the band-gap
study, the frequency band-gap width and frequency range of
the two-dimensional air/silicon phononic crystals with di-
mensions in micrometer scales are successfully measured by
the layered SFIT, and showed clearly the predicted frequency
band-gap width. This experimental verification can further be
exploited for the applications of phononic crystals on
MEMS-related components, such as filters, guiding acoustic
waves, or microacoustic channels.

FIG. 11. sad A microscopic picture of two-dimensional phononic crystals;
sbd cross section of two-dimensional phononic crystals.

FIG. 12. The frequency band gaps of the phononic crystals are revealed by
the layered SFIT of design 1 in the range of pass-band frequency. The
shadow region represents the frequency band gap of fabricated phononic
crystals with six rows of air cylinders.

FIG. 13. The acoustic transmission coefficient.
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