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Frequency band-gap measurement of two-dimensional air/silicon phononic
crystals using layered slanted finger interdigital transducers
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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 transd(8Et$). 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
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I. INTRODUCTION method. Recently, Wet al** and Wu and Huan'g extended

The so-called photonic crystals are periodic dielectricthe theory to describe the phononic crystals consisting of

composite structures. Owing to the periodicity, incident™aterials with general anisotropy, and discussed the level
waves would interfere with the reflective waves as the elecl€Pulsion of bulk acoustic waves in periodic composite ma-
tromagnetic(EM) waves propagate through the Crysfa?s_ terials. Huang and V\}ﬁ also investigatEd the temperature
As a result, the frequency band-gap features occur to prohibgffect on frequency band gaps of surface and bulk acoustic
the EM waves of specific frequencies from traveling throughwaves in phononic crystals.

the band structures. By the analogy between photon and pho- There are literatures aimed at experimentally studying
non, repetitive composite structures that are made up of difthe surface acoustic wave§SAW) in phononic band
ferent elastic materials can also prevent elastic waves oftryctured’?® The detection and control of the high-

some certain frequencies from passing by, i.e., the frequengyequency (bulk acoustic waveéssound have been investi-
band-gap features also exist in acoustic w;f\/E.beoretlcal gated in a dual-core square-lattice photonic crystal fiber per-
calculations of bulk acoustic waves in phononic band Struci‘orm using the interferometric set&f) Vines et al® and

tures of two-dimensional periodic composites were reported . .
P P P Q/mes and Wolfé® conducted an experimental study on the

using the plane-wave expansi¢RWE) method?® Except i )
for the PWE method, the layered multiple-scattering theorysurface waves generated by a line-focus acoustic lens at the

was applied to study the frequency band gaps of bulk acougvater-loaded surfaces of a number of two-dimensional super-
tic waves in three-dimensional periodic acoustic compositel@ttices that intersect the surface normally. The propagation
and the band structure of a phononic crystal consisting off Scholte-like acoustic waves at the liquid-loaded surfaces
complex and frequency-dependent Lame coefficifhtsy  of periodic structures has also been studftayleigh-wave
addition, the finite-difference time-domai{fFDTD) method attenuation in a semi-infinite two-dimensional elastic-band-
was applied to predict exactly the transmission properties ofjap crystal, and surface-state phenomena in linear and point
slabs of phononic crystals and to interpret the experimentalefects were reported and discus8ff. Recently, Wuet

data of two-dimensional systerfis: al.Z investigated the frequency band-gap features of surface

studied mainly using PWE and variational methdtig? . .
Tanaka and Tamut&'? and Tanakaet al*® proposed the both theoretical and experimental ways,

theory of surface waves propagating in two-dimensional The concept of employing the slanted finger interdigital
phononic crystals consisting of two cubic materials in squard/ansducerSFIT) as wideband filters was first proposed by

24 25
lattice, and also explained the stop band distribution of thé?yodo et al™* Campbellet al™ and Campbeff have done
Surface, pseudosurface, and bulk waves using the PWEUmerOUS experiments and deSignS for SFIT SAW filters and
brought up three methods to modify the pass-band inclina-

. 27 ,29
3Electronic mail: wutt@ndt.iam.ntu.edu.tw tion .phenom(?:-non of SFIT. Ya_tsuc@ al?” and Yatsudd
PElectronic mail: huang@ndt.iam.ntu.edu.tw applied the single-phase unidirectional transdy{&UDT),
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(b) face Brillouin zone of a square lattice is shown in Fig)1

which is a triangle with verticeF', X, and M
Considering the air/silicon phononic crystal with a
square lattice, the filling fractiorff is 0.385, i.e.,ro/a
. . i ) =0.35. In this paper, we consider a phononic crystal consist-
withdrawal weighted and aperture weighted, on the design of, of 5 sjlicon substrate and square arrays of air cylindrical
SFIT to meet the wideband filter requirements for 1oW-1 qja5 The modified PWE method can be well approximately
insertion loss and Iow—.shape fa_ctor. used because of the high-density contrast between solid and
The purpose of this stud.y IS to measure the freq_genC)éir_ It is well-known that the high-density contrast between
band gap of SAW modes in two-dimensional air/silicon q5jiy anq air leads to the unexpected flat bands in the band
phononic crystals with micrometer scale using W'debandstructure. We get rid of this problem by adopting the tech-
SFIT. In the following, analysis of frequency band gaps inpiqe reported in Refs. 23 and 30, in which an artificial
two-dimensional air/silicon phononic crystals is given andy.anqyerse velocity of the fluid has been used. In the case of

discussed. The simulated response of a layered SFIT SAW |50, um/solid band structure, the density and elastic con-

filter is followed. Then we describe the fabrication and Meaiants of the holes can be set as zero to satisfy the traction-

surement of a two-dimensional phononic crystal, with di'free conditior?™
mensions in the order of micrometer.

FIG. 1. () Two-dimensional phononic crystals with a square latti¢®;
surface Brillouin zone of a square lattice.

In Fig. 2, the surface wave frequencies and w,, and

the width of the frequency band gafw=w,-w; at the X
. THEORETICAL SIMULATION AND EXPERIMENTAL point are plotted as functions of the filling fractiéfi®® The
DESIGN maximum frequency band-gap width occurs at abbit
=0.48. For the potential application on realizing the microa-

In this study, we adopt the PWE method to calculate thecoustic channel, the frequency band-gap width and the angu-
frequency band gaps of surface acoustic waves in twolar magnitude that surface waves can propagate have to be
dimensional phononic crystals.In order to fabricate the taken into account at the same time. Moreover, for the sake
phononic crystal in micrometer scale and to further integratef convenience, the valugf=0.385 is selected to draw the
with the CMOS process, silicon is chosen as the substratehoto mask in this paper.
material. The simplest structure of a silicon-based phononic  The objective of this study is to measure the frequency
crystal is the one with vacuum or air-filled cylindrical holes. band gap of surface waves in two-dimensional air/silicon
Besides, for the potential to develop the phononic crystals agshononic crystals. Therefore, a high-frequency wideband
a device, the SAW modes are selected to propagate in th @AW transducer on the silicon substrate is used to generate
band structures. and detect the signals. Besides, because silicon is not a pi-

A two-dimensional phononic crystal with a square latticeezoelectric material, the layered structure SFIT/ZnO/silicon
consisting of a circular cylindetA) embedded in a back- has to be considered in the device. As to the corresponding
ground materialB) with lattice spacing is considered and design parameters, it will depend upon the band-gap fre-
shown in Fig. 1a). Figure 1b) is the surface Brillouin region quency of the two-dimensional phononic crystals.
of a square lattice in which the reciprocal lattice vector is  The evaluation of band-gap frequencies alongxfais
G=(2wN;/a,27N,/a), whereN;, N,=0,+1,+2,... and the in two-dimensional air/silicon phononic crystals are from
filling fraction isff:wrg/az. The irreducible part of the sur- 183 to 215 MHz. Considering the fabrication difficulty in
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TABLE I. Design parameters of the SFIT/ZnO/silicon-layered structure.

ZnO(2 um)/Si

Substrate Design No. 1 2 3 4

Center frequencyMHz) 200 195 215 185
Bandwidth (%) ~35 ~24 ~28 ~28
Arin(um) 17 18 16 19
Amas{££m) 25 24 22 26
Input pairs(pairg 40 40 40 40
Output pairs(pairg 32 32 32 32
Metal thicknesgA) 1600 1600 1600 1600
Propagation lengtlium) 631.25 606 489.5 656.5
Aperture(um) 2500 2400 2200 2600
Max. tilt angle (degre¢ 3.66 2.86 3.12 3.08 2000 . I . I . I .
0 1000 2000 3000 4000
S h(mis)
this experiment, the lattice constant is chosen agi1() and (@
the radius of the circular cylindeg, is thus equal to 3.um. 5
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 (IDT) pairs. The filtering efficiency can be
roughly understood by this arrangement.

Phase Velocity (m/s)

Ill. ANALYSIS OF LAYERED SFIT SAW FILTER

Electromechanical coupling coefficient (%)

Unlike the half-space SAW filter, the phase velocity of a 0 T T T T T T T
layered SAW is dispersive. Consequently, the dispersion has 0 1000 fhz(ms) %000 4000
to be considered in the design of a layered SAW filter. The
SAW dispersion relation of the layered system has been stud- (b)
ied U_Smg the effective permittivity meth&a' . . FIG. 4. ZnO/Si SAW dispersion relatioa) phase velocity dispersion

Figure 4a) shows the phase velocity dispersion of the cyne; (b) electromechanical coupling coefficient dispersion curve.
zeroth and first SAW modes {0001 Zn0O/(001)[100]Si lay-
ereq structur.e with free-surface boundary condition. The onditions®®~ Hence, by varying the boundary conditions,
honzqntal axis represents _the prqduct of the_z frequ_en_cy a”[ie proper layered structure will have a strong piezoelectric
the thickness of ZnO thin film, while the vertical axis is the roperty. Figure @) is the electromechanical coupling coef-
phase_z velocity of the SAW. The result_s show that the IOhaSEcient dispersion of the IDT/ZnO/silicon-layered structure.
velocity decreases as the f_requency th_lckrfe§§o INCTEASEs 1o horizontal axis represents the product of the frequency
bgcause the phase velocity of ZﬁO Is slower than thaF o%nd the thickness of ZnO thin film, and the vertical axis is
S|I|con. For a Igy_ered SAW devu-:e, th? electromechanica he corresponding electromechanical coupling coeffidiént
coupling coefficient varies with different  boundary The solid line denotes the zeroth mode and the dashed line is

the first mode. From this figure, the first mode has a higher

SFIT electromechanical coupling coefficient than the zeroth mode,

phononic crystal 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
» b coupling coefficient are dispersive, not a constant. So when
silicon we employ the coupling-of-mode€€OM) modef® to ana-

- lyze a layered SAW filter, some of the COM parameters be-
come frequency-dependent and have to be considered in the
FIG. 3. The schematic diagram of this experimental setup. analysis3f7 The dispersive COM parameters in layered struc-
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FIG. 5. Layered SFIT SAW filter. T
=120 —
tures include the phase velocity shift, reflection coefficient, i
transduction coefficient, IDT capacitance, and propagation 40
y — 1 r 1 ' T ' T ' 17
loss. As far as the dispersion is concerned, the formulas of & 120 160 200 210 280 a2
these CO'M parameters can be adopted to analyze the layered Frequency (MHz)
SAW devices.
It is worth noting that the propagation |0350f com- FIG. 7. Dispersive and nondispersive frequency responses.

monly used half-space substrates such as quartz and LiNbO
can be obtained from an approximated formiflahile there  The center frequency is about 200 MHz. The results show
is no formula that can be used for layered structures. Thuthat the frequency bandwidth calculated with the dispersion
the propagation losy of a layered structure has to be mea- effect is narrower than that obtained without the dispersion.
sured experimentally. Moreover, because the frequencys shown in Fig. 4a), the phase velocity of the fundamental
range of this study is not small as in the case of a layerednode in the SFIT/ZnO/Si-layered structure decreases as the
SFIT, we cannotassume that the variation of propagation frequency increases. Therefore, when the dispersion effect is
loss is independent of the frequency. Therefore, in this studyconsidered, the bandwidth of the SFIT/ZnO/Si-layered
the frequency-dependent propagation loss obtained from theideband SAW filters will reduce quite obviously.
experiment should be substituted into the COM model to
compare with the simulations. IV. EXPERIMENTAL RESULTS

Based on the modified COM parameters including the .
SAW dispersion effect, the frequency response of layered . The frequency_response of SFIT/ZnO/Si can be ob-
SFIT (Fig. 5 can then be calculateéd The general approach tained by the modified C.OM mo<_je|. In_general, some OT the
used to analyze the slanted finger interdigital transducer is thM paramet.ers used in the simulation are not consistent
divide the electrode of SFIT SAW filter into sections by the with the experimental results. 'I_'herefqre, the measured COM
equal aperture separation or equal center-frequency sepat%qrar_neters shquld be resubstituted into the COM mode! _to
tion methoc?’ In this study, the SFIT/ZnO/Si-layered wide- acquire exacft simulated frequency responses. Here we ut|I|_ze
band SAW filters are considered according to the fabricatiorﬁhe time-gating g?pproach to _neglect t_he electro_magnetlc
process of two-dimensional microscale phononic crystals.ee‘jthrough -efre apd Fhe triple transit echo. Figure 8
The thickness of ZnO thin film is chosen asuh, and the shows the microscopic pictures of the layered SFIT.
design parameters are listed in Table I. The correspondin
parameters are demonstrated in Fig. 6. The simulated fre-
quency responseslesign 1 of the layered SFIT, regarding Because the actual parameters of the layered SFIT some-
and disregarding the dispersion effect, are shown in Fig. Awhat differs from the expected designed parameters, the

. Madification of frequency responses

A i, Propagation
->i |<'- length
1 | [putIDT Output IDT
Max. tilt
Aperture angle

B 11| 1111119

> e

A s
FIG. 6. lllustration of design parameters. FIG. 8. A microscopic picture of the fabricated layered SFIT.
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FIG. 9. The comparison of unmodified simulation responses and experimen- (a)
tal results of design 1. 15656
simulation of frequency response has to be modified. Figure 10000 —
9 shows the comparison between the unmodified simulation _ i
responses under the assumption of no propagation losses and §
the experimental result@esign }. It can be observed that 2 B
the pass band is slightly shifted and inclined downward. § 1
Also, the insertion loss is higher than that of the simulation _S 6000 — &
because the propagation loss does not vanish. Therefore, the & 4
actual parameters have to be measured in order to obtain E pro
correct responses. (3
The phase velocity dispersion of layered structures will & A
be changed when the thickness of the ZnO thin film is not as 2000 =
expected. In addition, the thickness of the metal electrodes .
also affects the phase velocity due to the mass loading ef- 0 — | : | ' | :
fects. Therefore, the actual thickness of the ZnO thin film 160 180 200 20 240
and the actual thickness of the metal electrodes have to be Frequency (MHz)
substituted into the COM model to obtain the modified simu- (b)

lations. The deposited ZnO thin-film thickness is 220
and the measured thickness of the SFIT electrodes is 2742 A!G. 10. (8 Comparison of frequency responses with modified phase ve-
The comparison between the simulated response with modi2c® (design 3 (b) the dispersive relation of propagation loss.
fied phase velocity and the experimental result of design 1 is
shown in Fig. 10a). The result shows that the bandwidth and tenuation of surface wave propagation, the ohmic loss due to
the pass-band frequency in this experiment have matched tfiee shape of the SFIT electrode, and the diffraction effect.
simulated frequency response.

After the modification of the phase velocity in layered M tof f band
structures, it can be found that there exists a difference o?' easurement ot frequency band gap
insertion loss between the experimental results and the simu- Two-dimensional silicon-based phononic crystals con-
lated responses. It is due to the assumption of zero propagaisting of six rows of air cylinders are fabricated and shown
tion loss in the simulations. To cover the overall loss of thein Fig. 11(a). On both sides of the figures are the SFIT on the
SFIT SAW device, a linear relation between the propagatiorznO thin films. Figure 1(b) is the cross section of the two-
loss and the frequency has been calculated inversely, baséimensional air/silicon phononic crystals. The physical char-
on the experimental result of design 1. FigurdkdGshows  acteristics of this experimental setup are mentioned in Sec.
the dispersive relation of the propagation loss. The propagdl, i.e., the lattice constarda=10 um, the radius of the cir-
tion loss at the center frequency of 200 MHz is 50 dB/cm,cular cylinderry=3.5 um, and the filling fractionff=0.385.
which is a reasonable value compared with the experimentalhe predicted frequency band gap alongxtexis is located
result® of Nakahataet al, y=50 dB/cm. From these re- between 183 and 215 MHz. Figure(bl shows a finite slab
sults, the pass bands of the layered SFIT are all inclinedf a phononic crystal, while the depths of the two-
downward at the high-frequency part due to the propagatiodimensional periodic cylinders are fabricated at leasi&@
losses. The propagation loss we define here includes the @ecause the energy of SAW modes is mostly confined to a
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FIG. 13. The acoustic transmission coefficient.

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
FIG. 11. (a) A microscopic_: pictu_re of two-dimensional phononic crystals; agylts without phononic crystals. Most of the SAW energy is
(b cross section of two-dimensional phononic crystals. blocked by phononic band structures. The result shows good
agreement with the theoretical evaluation by the PWE
depth of one to two wavelengths of the SAW, the finite slabmethod.
is suitable for discussing the frequency band-gap features of Furthermore, if we divide the insertion loss of the SFIT
SAW modes. system with phononic band structures by that without
In Fig. 12, the frequency band gaps of the air/siliconphononic band structures, the transmission coefficients can
phononic crystals are revealed by the layered SFIT of desigthen be obtaine@Fig. 13. The acoustic transmission coeffi-
1 in the range of pass-band frequency. The shadow regiogient clearly shows that the surface waves are attenuated
greatly in the forbidden band. Moreover, because the propa-
-0 gation loss increases with the decrease of wavelength, the
transmission coefficient at the upper edge of the stop band is
1 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 (Table ) also validate the similar results in this paper.

-60 —

V. CONCLUSION

-80 —

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

Insertion loss (dB)

=100 —

| without phononic crystal agreement with the measured response. In the band-gap
e e e ) study, the frequency band-gap width and frequency range of
120 : ! ; : : | ’ the two-dimensional air/silicon phononic crystals with di-
120 ™ g0 0 00 220 0 B0 e mensions in micrometer scales are successfully measured by
Frequency (MHz) the layered SFIT, and showed clearly the predicted frequency

band-gap width. This experimental verification can further be

FIG. 12. The frequency band gaps of the phononic crystals are revealed ; [P ;
the layered SFIT of design 1 in the range of pass-band frequency. Thbé)(ploIted for the applicaions of phononic crystals on

shadow region represents the frequency band gap of fabricated phonon&'EMS'relat?d compon_ents, such as filters, guiding acoustic
crystals with six rows of air cylinders. waves, or microacoustic channels.
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