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Abstract—This paper surveys applications of acoustic waves in II. INTRODUCTION—GENERAL AND HISTORICAL
microwave devices. After a general and historical introduction to . . . .
bulk acoustic waves (BAWs), surface acoustic waves (SAWs), prac- | N DESCRIBING microwave acoustic devices, this paper
tical wave types, and acoustoelectric transducers, a review is given | presents a considerable departure from the generality of mi-
of technologically important materials for microwave acoustic ap- - crowave technology in that we are dealing with a radically dif-
glels/?ég)sn:lh g?'k'](é‘i’;”{*egcgr‘]'gl’owi S'SSCU:;ﬁEC‘Q{V fer\‘/?evsv";‘\évagctﬁ’i‘;‘v%‘l’; ferent type of wave. Instead of the electromagnetic wave in free
resonators and filters, trangsversa?filters, gnd filters for correla- Space or dIEIe_CmCS’ we are CQnSIderm@usquaves’ also.
tive analog signal processing. Finally, an overview of the most im- Known as elastic waves. These involve mechanical deformations
portant microwave applications is given, along with manufacturing of a material and the associated internal forces, which are known
and packaging issues. as stresses [1], [2]. Tap a metal pipe, and the sound is easily
Index Terms—BAW, bulk acoustic-wave devices, communica- N€ard by a listener standing a long way away, but close to the
tions and sensor applications, SAW, signal processing, surface pipe. Strike a beII, and the resonance is audible for many sec-
acoustic-wave devices. onds (hundreds of cycles). These observations are evidence of
low-loss propagation of acoustic waves at audible frequencies.
In microwave acoustics, we use acoustic propagation and res-

NOMENCLATURE . . :
onances at much higher frequencies and, although propagation
BAW Bulk acoustic wave. losses increase with frequency, such waves are practicable at
CSSsP Chip-sized surface acoustic-wave package. frequencies as high as 10 GHz and above [3].
DMS Double-mode surface acoustic-wave filter. In solid materials, which are our concern here, there are two
FBAR  Film bulk acoustic resonator. basic types of acoustic waves. For the moment, consider plane
IDT Interdigital transducer. waves, with amplitude invariant over a plane wavefront. For ex-
PBG Photonic-bandgap structure. ample, the local displacement of the material, and the stresses,
SAW Surface acoustic wave. could all be proportional teos(wt — kz), independent of thg
SBG Sonic-bandgap structure. andz coordinatesk: wavenumber). The first wave is a longitu-
SCF Stacked crystal filter. dinal wave [see Fig. 1(a)], in which the displacement is parallel
SMR Solidly mounted resonator. to the wave vector (i.e., along thec-direction here). This wave
SPUDT  Single-phase unidirectional transducer. is similar to a sound wave in air, though the physics is rather dif-
SSBW  Surface-skimming bulk wave. ferent. The velocity depends on the material, but is typically in
STW Surface transverse wave. the range 5000 to 10 000 m/s. The second basic wave type is the
TFR Thin-film resonator. shear wave, in which the displacement s in any direction normal
to the wave vector, and this generally has a lower velocity of
typically 3000 to 6000 m/s. The shear wave [see Fig. 1(b)] is
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* > arrival at the output a few microseconds later, the wave vibrates
e T TR R C S the output transducer and causes it to generate a corresponding
electrical voltage, a delayed and attenuated version of the input
voltage. Early delay lines used fused quartz, or sometimes mer-
L e T T T cury, as the propagation medium. For piezoelectric transducers,
crystalline quartz can be used, though a variety of piezoelectric
ceramics were also developed for this purpose.
S P U Piezoelectricity is thus of fundamental importance to mi-
crowave acoustics. Discovered by the Curie brothers in the
1880s, it is found in many crystalline materials, and most
Propagation direction ——— notably in crystalline quartz. Its practical usage dates back as

@ far as World War |, when sonar systems used quartz crystals
to generate sound beams (at audio frequencies) and, thus, de-
i tected underwater objects (long before the first radars). Later,
in the 1950s, piezoelectric ceramics were preferred because
T, of their stronger piezoelectricity. However, quartz has been
of primary importance right up to the present day, despite
its weak piezoelectricity, because it has advantages of very
low acoustic losses and good temperature stability. It finds
_ widespread applications in the form of the quartz resonator,
A which can consist simply of a freely supported parallel-sided
plate with an electrode on each major face. In this case, un-
like the delay line, the propagation and piezoelectric functions
are combined in one material. When a voltage is applied, the

Propagation direction —— impedance is found to show a sharp resonance due to the ex-
(b) citation of acoustic waves, reflected many times between the
Fig. 1. (a) Schematic of an acoustic longitudinal wave in an infinite solifivo faces in a manner similar to an electromagnetic or optical
(A: acoustic wavelength). (b) Schematic of acoustic shear wave in an infini@sonator. The significance of this device as the controlling
_material. The dots‘r_epresent pa_rticles of the material at res_,t, lines indiceq@ment of an oscillator is almost impossible to exaggerate. It
g}zﬁgéae?ﬁgﬁfs rﬂ%i'ﬂoelzgcgef’aigges when a shear wave is present (Wit mijiar to almost everyone, if only by name, because of its
presence in clocks and watches. In addition to these consumer
applications, the quartz resonator is very widely used in pro-
phire (crystalline alumina, ADs), the longitudinal wave has anfessjonal electronic equipment, wherever accurate frequency
attenuation in the region of 0.2 di of the propagation path, atgy timing information is needed.
1 GHz. This figure is comparable to the performance of electro-The waves described thus far are also called BAWSs, meaning
magnetic waveguides. Losses as low as this imply that devigggt these waves propagate freely, as if in an infinite medium.
many wavelengths long are feasible in practice. Waves in quartz resonators are included in this class because re-
The low velocities, some 2Gimes smaller than electromag-flections at the faces do not affect the basic nature of the waves.
netic waves (in air), afford substantial miniaturization in miHowever, boundaries can, in general, have substantial effects,
crowave acoustic devices and suggest the use of acoustic wdgading to new types of waves, often with dispersion. Many such
for obtaining long delays in a compact space—a few microsezases were investigated by 19th Century physicists interested
onds for each centimeter of propagation path. In fact, one of timtopics such as mechanical behavior of engineering structures
most common early applications was in delay lines for radaasd the physics of seismic disturbances. The signals observed
using moving targetindication (MTI), where a delay equal to then a seismograph, following an earthquake, usually show con-
pulse repetition interval (tens of microseconds) was neededtributions attributable to longitudinal and shear waves. How-
delay line needs a propagation material, usually a solid bar, weter, there can also be a somewhat later disturbance, which Lord
atransduceit each end. The input transducer serves to generRayleigh, in 1885, showed to be due to a surface wave. This
acoustic waves in response to an applied electrical signal, whitave, known as a Rayleigh wave or SAW, is guided along the
the output transducer converts incident acoustic-wave enefgge surface of a material, so that its amplitude decays rapidly
into an electrical output. There are many methods for genevith distance from the surface. The wave is nondispersive and
ating acoustic waves, but the most common is the use of a pieirvolves longitudinal and shear components.
electric material, i.e., one in which mechanical and electrical In the late 1960s, one of the key developments in microwave
fields are coupled by interactions occurring at the atomic levelcoustics occurred. In several laboratories, it was suggested that
Many materials, particularly crystals, exhibit this phenomenoBAWSs might be of great interest for electronics because of the
though often it is too weak to be noticeable. A transducer caccessibility of the wave at the surface. Thus, in addition to the
be simply a parallel-sided plate of piezoelectric material, firmlgulk wave advantages of low velocity and low loss, the surface
bonded to the propagation medium. When a voltage is appli@egave might be made to interact with surface structures in many
the plate vibrates mechanically, launching an acoustic wave. @ays, such as transduction, reflection, waveguiding, and so on.
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In this way, an enormous degree of flexibility could be envis- lll. BAW s AND SAWsS
aged. Moreover, the required structures, once invented, mig\ht
well be realized by means of the rapidly developing lithographic _
technologies used for integrated semiconductor devices. We have seen that there are two basic types of plane waves
These thoughts have been borne out in a spectacular that are important in acoustic-wave propagation in solids: the

by the subsequent development of an enormous range of S itudinal and shttaartr\]/vavef]. Alsc?_, dm gg_neral, .:Ee ac%gstlg
devices and their widespread deployment in electronic systeﬁp@.ves can propagate through a Solid medium with combine

The devices use crystalline piezoelectric materials such E{igea:jagdﬂl}ongrl:udln?l m?tt'r?n' If the prop%g?tlotn Irlnedlum 'Sd
quartz (-Si0y), lithium niobate (LiINbQ), or lithium tantalate 20unded, the character ot the waves Is substantially governe

. ; : the boundary conditions. A case of primary interest for
LiTaO3), on which the waves can be generated by appl . s ) : .
(L ) i wav g Y app y'é';gjcrowave applications is the SAW wave, which can exist

a voltage to a set of interleaved electrodes known as an | h terial with | ¢ It ided
Many types of SAW devices serve as passive bandpass filtd ? omogeneous material with a plane surtace. 1t 15 guide
ng the surface, with its amplitude decaying exponentially

operating in the range of 30 MHz—3 GHz, and one of the earli . ) : .
applications for SAWs was an IF bandpass filter for televisio ith depth. The SAW wave is s'trongly cpnfmed, with typically
0% of the energy propagating within one wavelength of

(TV) receivers, first developed in the 1970s. Today, all T ; A bounded di I ; i
receivers have a SAW filter, thus, as for bulk quartz resonatol’gfa surtace. ounded medium aiso supports many other
bes of waves depending on the boundary conditions and the

these devices are in very common everyday use. Another eall ) 7 .
y yday ture of the solid materials that are involved. For example,

application was the development of dispersive filters to exten : . :
the range of radar systems by means of pulse compressi' ,more complicated systems like plates, layered media, etc.,
number of eigenmodes increases enormously, resulting in

This principle was realized in the 1940s, but becameapracti!: I | i des. On the other hand di
reality only with the development of SAW devices 30 year@ er compiex propagating modes. On the other hand, media

later. A great variety of devices were developed for militar ith dimensions much larger than the wavelength can support
and professional communications and radar systems. In ves with characteristics similar to those of waves in infinite
mid-1980s, another seismic shift occurred when SAW devicgg?l_(::a that'are; not bo‘;nd tpdajurface (BAWdW?VeSB'd ,
began to be applied to mobile radio systems, particularg € main I_yp$3 0 _gull 3 waves u;iw orSXV\?yS m:j—
mobile phones. This led to the development of many new typ wave applications nciude various S S, an

of bandpass filters and a vast expansion of production rat .
now in the region near three billion devices per yeatr. AWs, Bleustein-Gulyaev waves, Lamb waves, L ove waves,
The practitioner in microwave acoustics faces a variety &SBWS' STWs, etc. [4]-[6]. The nature.of aspecmc wave type
challenging topics. For example, the internal forces in a mafgd" be rather complex even i we cqn3|der linear relat|onsh|ps
ﬁ@d a homogeneous piezoelectric insulator as a propagation

rial are represented by a stress tensor with nine componefits; . ) : . . o2
in contrast to the three components of electric field. Thug]edlum (characterized by stiffness, piezoelectric, permittivity

calculations even for isotropic solids are of some complexit -NSors, and mass density), .V.Vh'Ch IS normally sufﬂuent _for
However, the devices here usually have crystalline materi rsactlcal ap_phcaﬂon; A specific solu_t|on procgdure mc!udmg
that are anisotropic, thus, the relevant properties vary accord apprpprlatg solution ansatz r.elatlng elgctrlc potential qnd
to the orientation of the crystal lattice. Crystalline material chanlc_al displacements a_1r_1d mcorporatlng the _mechanlcal
are chosen because they generally offer the lowest acouﬂi“g electrical boundary conditions may result in finding bound,

Practical Acoustic-Wave Types

geudo—SAW waves such as classical Rayleigh waves, leaky

losses, and also because piezoelectricity requires an anisotrb‘ﬂ ound, or radiation mo.des usable for pracycal applications.
(usually crystalline) material. These factors complicate the h.e complex propagahon constay']t: o + jf} of the wave
subject enormously. Characterization of a material, evaluatiﬁ&luuon’ incorporating the propagatlon constant 27(./)‘ —
the acoustic-wave properties for different orientations in ordg,?rf/” and, thus, the phase velocityand the attenuation con-

to identify suitable cases, is a major computational task. Thissiganto" is one of the most important practical design param-

particularly so for SAWs. Wave phenomena familiar from ele&lers used.m acoustic device dg3|gn. Th_e seconq basic design
arameter is the electromechanical coupling coefficiéh{7],

tromagnetism—diffraction, reflection, refraction, dispersion[,)

nonlinearity, etc., all occur in acoustics, but with complicaWhICh Is a measure of the efficiency in converting an applied

tions arising from the anisotropy. Sometimes more than Oﬂﬂgcrov':{ave 5|gr;al Into ;nzct;anlgal enErgy a_ssomatle ? W'tg thde
material is involved, for example, the recent development groustic-wave type and determines, by a given relative band-

diamond substrates with high acoustic velocity, combined wi |(21th|, thz mser(;lon loss of tt?]e dewcet.hAs 1S thel cats.e W"trt] ial
a zinc—oxide film to provide piezoelectricity. These topics al also depends (among others) on the piezoelectric materia

of lively current interest because a variety of new materiaﬁgnsor elements of elasticity, piezoelectricity, permittivity, and

are being developed. Analysis of devices, particularly SAWESS density.
devices, can also involve deep intellectual effort, and desi
methods often involve sophisticated computational optimiz
tion. Another significant area is fabrication, particularly for The key to implementing devices is acoustoelectric transduc-
production devices. With markets pressing for devices at higjbn; acoustoelectric transducers convert electrical energy into
frequencies, manufacturers often need the highest qualityechanical energy, and vice versa. In low-frequency applica-
consistent with large quantity production, involving opticalions, microphones and loudspeakers are well-known examples
lithography with linewidths down to 0.8m and below. of such transducers. For microwave applications, piezoelectric

n . .
%_. Practical Acoustoelectric Transducers



WEIGEL et al. MICROWAVE ACOUSTIC MATERIALS, DEVICES, AND APPLICATIONS 741

transducers are useful both for the generation and detectiorsiginal processing. More recently, the gamut of available piezo-
acoustic waves. materials has been further expanded to include lithium tetrabo-

A simple configuration for a BAW delay line might be arate (LkB4O7;), GaAs, SiC, ZnO, AIN, KNb@, lead zirconate
sapphire rod with a metal film deposited on each end to for(RZT) alloys, and polyvinylidene fluoride (PVDF) [9], [10].
an electrode. A film of a piezoelectric material, such as zif@ne important criterion by which to measure an acoustic ma-
oxide, is deposited on each electrode by sputtering or evapdetial is the upper frequency limit; the concept is similar to
tion in vacuum. Typically, this layer is chosen to be betweenthat used for assessing transistors. Maximum usable frequency
quarter-wavelength and half-wavelength thick. Finally, a met#h.ax is determined jointly byk? and the acoustic time con-
film is laid down on the surface of the piezoelectric material tetantr (quotient of viscosity by elastic stiffness). The relation
form a metal top electrode; this second metal electrode is N&-fuax = 2K2/(x37), wherer = 1/(2rfQ) andQ is the
mally a small fraction of a wavelength thick. We now have measured quality factor at, which is the nominal operating
transducer at either end of the rod, comprised of a metal courftequency [11].
electrode, piezoelectric film, and metal top electrode. At one endThe search for new materials is fed by practical demands for
of the rod, a potential is applied between the two metal eledevices with improved characteristics, e.g., lower loss (higher
trodes on either side of the piezoelectric film to excite a longf?, lower insertion loss), higher piezocoupling (increased band-
tudinal acoustic wave in the delay line. After the wave has trawidth), better temperature stability, greater miniaturization,
eled through the delay line, it is detected by the transducer at thied higher acoustic velocity, which leads to easier fabrication
end of the rod. Another common BAW device is a crystal reef high-frequency devices, etc. Materials receiving recent
onator consisting of a parallel-sided plate of crystalline quarattention include langasite, thdtrahard piezoelectrics, plus
with electrodes on both sides. If the major dimensions are mus@pphire and diamond [C(d)] substrates for TFRs, as well as
larger than the thickness, the plate resonates at a frequency fuieromagnetics. The langasite (Ga;SiO,4) family consists
that its thickness equals one-half the acoustic wavelength anéftmaterials such as langanite @®a;;/2Nb;,,0,4) and
harmonics of this frequency. Since quartz is piezoelectric, tfngatate (LaGay;/2Tay/2014) [12]. These have acoust@’s
acoustic resonances can be excited electrically. higher than quartz, but have disordered structures. Totally

Inthe SAW arena, the invention of the IDT in 1965 [8] openedrdered (Ca, Sg)(Nb, Ta)GaSi;O,4 crystals are expected to
up the gateway to today’s technological directions. For a piezoe stiffer, have lower dielectric permittivity and higher piezo-
electric material, a propagating SAW wave is accompanied bgupling. Main market possibilities are wider band (versus
an electric field localized at the surface, and this enables theartz), high-stability IF filters, high-temperature sensors, and
wave to be generated by applying a voltage to a comblike arraigh-¢2 BAW resonators [13]. Ultrahard binaries and diamond
of metallic electrodes on the surface forming the IDT. The ID@xhibit high acoustic-wave velocities up to about 18 km/s,
can also be used to detect SAW waves, producing an electrigillding higher frequencies and greater miniaturization.
output waveform, and is used today in all commercial SAW dé&iezomagnetic acoustic materials hold considerable promise
vices. Another basic SAW component is the reflector gratirfgr future devices. Biased magnetostriction is equivalent to
being periodic arrays of either metal strips or grooves. Comiezomagnetism. Stable biasing magnets of NdFeB alloys
bining IDTs and reflectors, SAW resonators and resonator fitnd rare-earth compounds (e.g., Sm@mnd SmCo;7) have
ters can be constructed. recently become available. Alloy formulations now exist

having minimal degradations even above 380[14]. These
developments make piezomagnetic acoustic devices practical

IV. MICROWAVE ACOUSTIC MATERIALS for a wide range of applications, e.g., sensors, as well as
nonreciprocal devices.

Microwave acoustic materials are characterized primarily Periodicities at the atomic level provide anisotropy in the con-
by elastic linearity, extremely low loss, zero temperatuinuum limit. Artificial periodicities at the discrete level yield
coefficients of frequency or delay, and particularly by thenique properties: artificial dielectrics, SAW IDTs, acoustic su-
presence of piezoelectricity. Piezoelectricity provides a cleperlattices, PBG structures [15], and acoustic bandgap or SBG
efficient transduction mechanism mediating between mechatructures [16]. Currently, PBG materials are optically isotropic,
ical motions and electric variables, using planar configuratioasd it is upon these that man-made periodicities are imposed. As
available with conventional microelectronics fabricatioscale lengths diminish, and sophistication increases with time,
technologies. Even compensation of stress and tempeng can projectthe increasing use of materials and substrates, for
ture-transient effects from elastic nonlinearities is possible wibdoth PBG and SBG purposes, that are anisotropic. It is natural
SC-cut quartz, making available high-stability BAW oscillatorgo suppose that high-frequency SBGs will increasingly take ad-
with stabilities better than one part in LOSAW substrates vantage of microelectronic fabrication techniques and methods
provide conveniently accessible time axes for signal-processimgpropriate to semiconductors. However, whereas cubic semi-
operations like convolution. conductors are isotropic optically in the continuum approxi-

Pride of place belongs to quartz. Its technological promination (PBG applications), they are far from isotropic elasti-
nence stems from remarkable acoustoelectric properties, carally. Moreover, hexagonal semiconductors are both optically
bined with extremely low loss. Filter bandwidth limitations du@mniaxial, and are quite anisotropic acoustically. By use of com-
to low piezoelectric coupling led to the introduction of refracbinations of both intrinsic anisotropy and artificially imposed
tory oxides, particularly LiNb@ and LiTaQ for filters and discontinuities (either periodic, @hirped as in SAW devices)



742 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 3, MARCH 2002

] 7 7 the generated acoustic wave. The result is an equivalent circuit
/ with a serieRLC circuit branch having”, much smaller than

1 Cy, loss elemenk,, and an inductancé,. The equivalent in-

o— o)
J J T ductance forms a series resonance withand at a slightly
> >
[ ]
[ ]

higher frequency a parallel resonance with These extremes

of impedance are very useful in implementing filters and con-

trolling oscillator frequency.

] ° 1 Caz  2Ra Resonators, as described above, have mostly been imple-
Ca o——| mented at low frequencies using quartz as the material. These

% . are commonly referred to as quartz crystals or jerststals
Ra —— ir origi i i i

Co = T because of their origin from quartz in crystalline form. Since

they have a similar behavior to quartz crystal resonators, the
same terminology will apply to microwave frequency thin-film
BAW resonators although fabricated by a markedly different
(a) (b) (©) process. Resonators can reach higher frequencies for a given
Fig. 2. BAW device basic configurations with equivalent circuits. (a) Ablate thickness by operation on overtones. Here, the resonant
simple crystal plate transducer with electrodes and air or vacuum interfadegquency is such that the plate thickness is an odd multiple of
i e esortr, A pat e f baln s Ul wavelength. Wi 115 approach works well noigh for
transducer attached to a half-space of mateftal.s the radiation resistance. 0SCillators at low frequencies, the use of overtones is generally
(c) A SCF formed by two bonded plates or thin films, analogous to a microwavet suitable for filters. When coupled to another material
cavity having two coupling loops. volume, as suggested in Fig. 2(b), the driven piezoelectric plate
acts as a transducer in the real sense that waves actually leave
in various directions, new PGB and SBG components with effie piezoelectric region. Pairs of transducers are used to form
hanced properties may be fashioned. a delay line, wherein the delay material, such as sapphire, is
The microelectronics revolution is due to the electronighosen to have low acoustic propagation loss and the thickness
properties of semiconductors. Cost and packing density drivé¥gthe transducer is designed for the frequency of interest.
can be impacted by providing both increased functionality Since resonator frequency is inversely proportional to plate
and integration using the fact that the 11—V and II-VI binanhickness, the push to higher frequency improvements in crystal
semiconductors are piezoelectric, and many can be fashioféafe thinning has allowed fundamental frequencies to approach
to have areas with high resistivity. One may thus integratdnd go beyond 300 MHz, but device operation above 1 GHz has
on one substrate, all themarts associated with the usualPeen mostly elusive. Another high-frequency BAW approach is
microelectronics/nanoelectronics circuitry, along with high- to obtain a specified plate thickness by thin-film deposition tech-
acoustomechanical devices [17]. Resonant membranes etchiéies. There is considerable breadth to the TFR technology,
in binary semiconductor chips can provide stable frequenci@gth in device types and applicable frequency spectrum. Much
directly in the gigahertz range. Semiconductors additionalff this is due to the fact that the technology is based upon thin
furnish convenient substrates for SMRs and SCFs. D#Ms that can be fabricated, by various means, on a variety
vices merging acoustoelectronics, semiconductor-optics, g#fdsubstrates through integrated-circuit-type wafer scale pro-
guantum acoustics will continue the trend toward integratioR€SSINg.
The future will see an exciting mixture of photonic/sonic/elec-
tronic interactions. A

La

TFRs

The thin-film approach is illustrated in Fig. 3 [18], which
shows three possible device configurations. The configuration
of Fig. 3(a) is a membrane structure supported by the edge of

Shown in Fig. 2(a) is a piezoelectric plate having electrodéise substrate [19]-[23]. Typical fabrication involves deposition
on parallel or slightly contoured surfaces that form a transducef.a piezoelectric film on a supporting substrate followed by re-
When air or vacuum is the interface, the waves generated iinpval of a portion of the substrate to form the membrane and
the transduction process stay confined to the material voluntieereby define the resonator. The configuration is similar to that
Because energy is confined in this manner, the device operaiesd in inverted mesa quartz crystals, where a thin piezoelec-
as a resonator having resonances at frequencies corresponttingnembrane is surrounded by a more rigid supporting struc-
to odd multiples of a half acoustic wavelength across the pldtee [24]. The difference is in the details of how the membranes
thickness. Although the distinction between transducer and rese formed and the fact that the support substrate is not of the
onator might seem as a bit of a fine point, it does help explain teame material as the piezoelectric, leading to the use of com-
operation of a wide variety of devices that can be implementedsite structures. This approach is limited to substrates in which
by BAW technology. Current flow in a resonator is composetthe cavity is readily formed and has its roots in silicon micro-
of two components. First is the normal displacement curremiachining. The second configuration [see Fig. 3(b)] involves
associated with the structure as if it were a simple capacittabricating an air gap under the resonator [25], [26]. This may
represented by, in the equivalent circuit. The second combe accomplished by first depositing and patterning an area of
ponent is due to the interaction between the driving signal atemporary support material, next depositing and patterning an

V. MICROWAVE BAW DEVICES AND TECHNOLOGY
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THIN FILM RESONATORS

VIA ISOLATED RESONATOR, FBAR

Electrodes -, ~Piezoelectric
) ¥
) A
3 1
J ~3
% Etched VIA Interface

a)

AIR GAP ISOLATED RESONATOR, FBAR
Electrodes —, I Piezoelectric
i
|

S '3
T \

SOLIDLY MOUNTED RESONATOR (SMR)
Electrodes — I Piezoelectric Fig. 4. Two SMR resonators integrated on an SiGe IC substrate. The

resonators operate near 1700 MHz and are each approximatelyraGih a
Y side in the overlap area. The two lower squares are for test probing. The series
connected resonators hadjagreater than 500 in this test structure.

i% - - Ladder Filter La;:icie Tilter
ST e TR Al <l
. o . N S x|
Fig. 3. Resonator configurations suitable for implementation with thin films. |U|

(a) Membrane formed by etching a via in the substrate. (b) Air gap isolated
resonator. (c) SMR using a reflector array to isolate the resonator from the @) (b)
substrate.

Fig. 5. Basic filter configurations. (a) Ladder filter using series and shunt
crystal resonatorsX 2 is generally fabricated to be parallel resonant aht
overlay piezoelectric resonator with electrodes, and finally réeries resonant at passband center. (b) Lattice filter allowing balanced 1/O.

moving the temporary support. The approach in Fig. 3(a) has
seen greater development of the two membrane configuratidddow frequencies, the main difficulty is in obtaining films of
having been first demonstrated in 1980. The terminology FBA#Re required thickness in a finite period of time such that the
was introduced in 1990 [27] and very recently applied to a sifrocess is economical. At high frequencies, the films can be
ilar configuration for cell phone applications [28]. grown quickly, but accordingly require a higher degree of abso-
The SMR in Fig. 3(c) is of a considerably different form thafute film thickness control. Nevertheless, resonators and filters,
the membrane structures [29], [30]. Since the piezoelguiate operating at frequencies in the range of 600 MHz-12 GHz, are
is solidly mounted to the substrate, suggesting a transdud8rproduction for use in military and commercial wireless sys-
some means must be used to acoustically isolate the transdiiests.
from the substrate if a higt} resonance is to be obtained. There i
is a method of attaching a resonator to a substrate so that the FesTFR Filters
onator is substantially acoustically isolated from the substrateTFR filters using thin-film piezoelectrics can take two general
[31]. The technique uses adjacent quarter-wavelength sectiémsns. First, individual resonators can be electrically intercon-
of materials, having large effective transmission-line impedanoected to form classic filters of the ladder and lattice type, as in
ratios, to form a reflector between the resonator and substrdgy. 5. Second, resonators can be acoustically coupled to form
The result is a practical isolation of the transducer from the sufidters analogous to microwave cavity-coupled resonator filters.
strate to effect a higldy resonator rather than a lo@-trans- The stacked crystal configuration is shown in Fig. 2(c) along
ducer. The SMR approach requires that the substrate be smauith an approximate equivalent circuit.
and able to withstand modest microelectronic processing enladder filters offer some flexibility in filter characteristics.
vironments during the fabrication of reflectors, electrodes, afidhe number of resonators determines the steepness of the
piezoelectric film. The absence of a via or any special substraldrt selectivity and, to a certain extent, filter bandwidth, and
preparation for the SMR shows considerable promise for direettio of capacitance of shunt to series resonator determines the
integration onto active circuit wafers. Sapphire, alumina, glassjt-of-band rejection for a given number of resonators. The
and silicon wafers have been used as substrates. Fig. 4 shovasn features of the ladder filter are illustrated in Fig. 6 for
a pair of resonators fabricated on a previously passivated SitAeee production GPS filters. The filter with the lowest insertion
IC substrate using the SMR approach. Fabrication of SMRs Hass has the widest bandwidth, least rejection level, and is
extended over a frequency range of 300 MHz—20 GHz. Limitaemposed of three series resonators and two shunt resonators.
tions on frequency are primarily driven by the ability to fabriThis filter is typically used between the antenna and low-noise
cate thin films for the reflectors and the piezoelectric transducamplifier in GPS receivers. The post-selection filters, used
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The two filters having higher out-of-band rejection are post-selection filters to

be used after the low-noise amplifier. These have two different bandwidths to @)

accommodate different designs. 0

_10 —

after the low-noise amplifier, have a much greater rejection
level, narrower bandwidths, and higher insertion loss. The
narrowest bandwidth filter is built with partially temperature 9 -30 -
compensated resonators, but with the same rejection levelasthe _ _,,
wider post-selection filter. Other ladder filters, including those = b Lo ]
developed for cellular phone applications, have been made at v> %[ Co Co o
various frequencies over the frequency range from 300 MHz o ol S O |-
to 4 GHz [27], [30]. Production filters typically come in small ; :

packages such as 1:563 mne.

The stacked crystal is a useful filter configuration when low
insertion loss is desired and the near-in skirt selectivity require-
ment is not as high as that produced by ladder filters. The SCF is
analogous to a microwave cavity having two coupling loops. In (b)
membrgne form, the_se ﬂlte_rs have_ been fabricated (_)n G_aAS SP'iQ.'?. SCF in a four-pole format. The fractional bandwidth is about 3.6% as
strates integrated with active devices [32]. Shown in Fig. 7 atiesigned for the 3G cell phone application. The experimental results are shown
experimental results for a four-pole SCF that was designed fefran unpackaged die of the approximate size shown. Similar filters have been

. . . L d(&monstra\ted with bandwidths up to 4.5%.
third-generation cell phone applications. This filter has a 3-
bandwidth of 3.6% using aluminum nitride as the piezoelectric.

_20 —

-70 | e 750um
(30 mi)

0 2280 2400

-80
1800 1920 2040 21
Frequency, MHz

Similar filters have exhibited bandwidths up to 4.5%. can be designed to have sufficient bandwidth to tolerate small
changes in manufacturing set-on frequency, when the variation
C. Manufacturing Issues and Packaging is a fraction of the total bandwidth, and to compensate temper-

: . ature effects [33].
The frequency of a TFR is most dependent upon the thICT}'High-performance resonators and filters require a package

ness of the piezoelectric film and, to a lesser extent, other Ia¥

ﬁét does not degrade device performance. Due to the small
thicknesses. In most integrated circuit (IC) manufacturing, lat: 9 P '

. i ! . . .Size of the device within the substrate die, a high degree of
eral feature geometries are critical and film thickness is less im- . R . .

. -~ “input-to-output isolation is difficult to realize and low lead in-
portant. In TFR manufacturing, lateral features are not so impag

tant, but film thickness primarily determines the resonant froructance is required if the filter is to realize the desired rejection

- ?evels, particularly for those filters having in excess of 40-dB
guency. In the SMR process, up to 12 or more layer depositiofis, .. : : .

. : ! Isplation. However, because these are acoustic devices, with po-
may be required to fabricate a device, and that has to be done n.. L

o ; entially at least one exposed vibrating surface, some form of
such a way that manufacturing is economical. Fortunately, the . A . . ; :
) ; . €rmetic packaging is desirable just as with SAW devices. When

wafer scale processing allows many devices to be fabricated ona

) - ) embrane structures are used, a higher level of protection is

wafer at the same time with die counts ranging from 250 to 50 . ) : . .
: ; . required. Fragile bridge-type structures might not even survive
for 100-mm-diameter wafers. All but the piezoelectric film de- . . . ;
" . : wafer sawing and handling prior to packaging. SMR-based de-
position are common processes in IC manufacturing. Resonator

frequency can be adjusted by thickness trimming, which cou\fcljC es h_ave similar packaging constraints as SAW devices and,
accordingly, can use the same type of low-cost package now

potentlglly lead to an eﬁgctlve yield of ngarly 100%. A.Ccordfjsed in high-volume SAW manufacturing.
ingly, high-performance filters are now being ion milled in pro-
duction. One group of filters have critical cutoff characteristics

requiring at least 10 dB of attenuation change over a span of less
than 3 MHz at 1610 MHz. Another production filter is centered SAWSs can be efficiently excited and detected by an IDT and

around 3.5 GHz with 0.7% bandwidth. In most cases, filtergflected by a metallic grating placed on a piezoelectric sub-

VI. MICROWAVE SAW DEVICES AND TECHNOLOGY
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Fig. 10. Basic configurations of SAW resonator. (a) One-port SAW resonator.
(b) Two-port SAW resonator.

and small group-delay deviation of typically 25 ns are simulta-
neously obtained. It is interesting to note that introduction of
SAW filters made TV IF circuits simple, cheap, and robust [37].

impulse Respopse

B. Resonator Filters

SAW resonators are realized by the configuration shown in

shape, high out-of-band rejection, and sharp skirt characteris-

Fig. 8. Basic configuration of SAW transversal filter. Fig. 10, where an IDT is bounded by grating reflectors [38].
Although multiple resonance modes may exist due to relatively
W Her long acoustic paths, the number of possible resonant modes is
10 *“f* limited by the frequency selectivity of the grating reflectors. It
£ FRN o is clear that the two-port SAW resonator shown in Fig. 10(b)
i, A "xﬁx i X acts as an acoustically coupled resonator filter. Flat passband

30 l’

0 tics are simultaneously achievable by resonator filters where

Rdatper

X N VN f RtV ’1 e 4 two resonance peaks are adjusted to partially overlap each other
af (V9 1 1‘1 | ‘f‘J Wﬁh } o in the frequency domain. These filters are often called DMS
i Il" ‘ { Wy oam filters [39]. When quartz is used as a substrate, Iigland
B AN T good temperature stability are attainable in VHF/UHF ranges.

Frorgrency (s

SAW resonators have then been employed in frequency-control
Fig. 9. Frequency response of the present TV-IF filter for the U.S. NTs@nits for oscillators and narrow-band filters [40]. On the other
system (courtesy of Toshiba DDC). hand, when highly piezoelectric substrates such as L\l
LiTaOs are employed, low-loss and relatively wide-band fil-
strate. Since precise and fine IDT patterns can be generatei$ are realizable by the use of the DMS configuration [41].
by the use of photolithography, this mid-1960s invention stinWide-band DMS filters are widely used as a cleanup filter in
ulated worldwide research toward the development of varion®obile communication systems.
SAW-based signal-processing devices operating in VHF/UHFAs is the case with BAW technology, ladder filters can also

ranges [34]-[36]. be accomplished in SAW technology. Here, instead of BAW
_ resonators, SAW resonators are used as a circuit element [42].
A. Transversal Filters This type of filter offers low insertion loss and high power

The representative configuration is the so-called SAWurability, compared with acoustically coupled resonator
transversal filter shown in Fig. 8. When an impulse signal f§ters. From these reasons, SAW ladder filters are widely
applied to an IDT, SAWs are excited through piezoelectricitysed in the front-end section for communication systems [43].
and are detected by the second IDT as induced charge afti: 11 shows, as an example, a recent ladder-type SAW filter
propagation_ Since the de]ay time is S|mp|y determined by tF@’ W-CDMA receiver applications. It is seen that, in addition
propagation distance, spatial distribution of the excited SA¥@ @ good signal rejection of 36 dB in the transmitter band
amplitude determines the impulse response of the device outfg4§20-1980 MHz), a very low insertion loss of 2.4 dB is
The arbitrary impulse responses can then be synthesizedagfiieved over the receiver band (2110-2170 MHz). It should be
designing the IDT pattern because the distribution is controllé@ted that the attained minimum insertion loss is only 1.4 dB.
by the finger overlap lengths. The frequency response is given i
by the Fourier transform of the impulse response. It should be Advanced Transversal Filters
noted that not only overlap lengths, but also distances betweeThere are two significant drawbacks in the SAW transversal
IDT fingers, are not necessary to be uniform. The dispersifiters with the configuration shown in Fig. 8. One is the rela-
delay line employs this feature skillfully. The transversal filtetively long physical length, which is related to the fact that the
is known to be flexible for designing both the amplitude antinpulse response length is determined by the IDT length. Al-
phase responses, and it has been widely used for IF filteringtlrough the resonator filters offer smaller device size with lower
various communication systems. insertion loss, their phase linearity is worse for certain appli-

Fig. 9 shows, as an example, the frequency response of a @ations. The other is the relatively large insertion loss due to
IF filter for the NTSC television system (Toshiba FO72TPL). Ithe bidirectionality of the IDTs. Unidirectionality can be imple-
is seen that a very complex amplitude response is realized wherented into IDTs by the skillful use of the reflectivity of IDT
moderate insertion loss of 12 dB, out-of-band rejection of 50 dBngers [44]. These IDTs are called SPUDTSs. Although SPUDTs
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are effective to reduce the device insertion loss, it was expected
to be hard to reduce the physical device length. In recent yeard; 1> ¢SSP package technology.
however, it has been successfully demonstrated that when the
directivity is partially reversed within each SPUDT pattern, it
will cause a weak resonance due to the internal multiple re-
flection, which results in an extension of the impulse response
length [45]. Hence, when both excitation and reflection profiles
are designed properly, miniature and low-loss transversal filters
can be realized. This configuration is called a resonant SPUDT.
Various miniature IF filters have been developed based on the
use of resonant SPUDTS.

LI

D. SAW Filters for Correlative Analog Signal Processing

Correlative analog signal processing has been among the first
applications of SAW technology. For chirp or direct sequendég. 13. EPCOS 2x 2 x 0.8mn¥ SAW filter almost fits on a pinhead
(DS) coded waveforms matched filtering has been achieved §gjt-hand side), prototype SAW module (right-hand side).
SAW chirp delay lines [46], SAW coded delay lines, which are
tapped corresponding to the DS code [47], and SAW convolvéli®-chip mounted onto a chip carrier serving as bottom of the
[48]. All these techniques are feasible not only for military, butackage. The electrical connections to the chip are realized
also for commercial applications in broad-band CDMA mobil#ith solder bumps. An underfiller attaches the SAW chip
communication systems. Compared to digital signal processé@idly to the chip carrier such that the backside of the chip
(DSPs) SAW-based processors exhibit lower power consunggn already serve as part of the package. While this mounting
tion and can easily perform real-time correlation of signals witechnology is quite straightforward for silicon chips, it only

bandwidths of up to a few 100 MHz. became attainable for SAW filters by a special chip passivation,
leaving a cavity on the surface of the chip for undisturbed
E. Manufacturing Issues and Packaging propagation of the acoustic waves. This technology allows for

The SAW manufacturing has been deve|oped from the te@]further miniaturization of SAW filters beyond 1 n%ffandlng
nology of ICs. A major issue is the minimum linewidth obtain@rea. A very small SAW filter realized in a2 2 x 0.8 mn?
able since it determines the maximum operation frequency. V&ppSP package is shown on the left-hand side of Fig. 13. Today,
fine lines can be obtained by X-ray or electron beam exposu%‘,\w filters of this size are available for PCN, PCS, and UMTS
however, up to now, this is not a useful commercial variant. Us@iPplications. The CSSP technology also allows for a higher
ally the SAW companies apply optical exposure by which suBomplexity in passive integration. One chip carrier can carry a
micrometer patterning is already achievable. Today’s SAW pr51u|titude of different chips. In addition, the chip carrier itself
cesses allow typically for highly stable linewidths of less thag@n contain a multitude of functionalities using planar integra-
0.3 um. Wafer discs with diameters of up to 100 mm are prdlon, like diplexers, low-pass filters, matching components, and
cessed. The required pattern is repeated many times on the nfRY lines. The right-hand side of Fig. 13 gives an impression
so that many SAW devices can be fabricated simultaneouslyChtvhat such a SAW module might look like. The module on
a high yield. For larger SAW devices, such as long delay linedisplay is a prototype of an integrated SAW duplexer including
tapped delay lines, chirp filters, and convolvers, the procesgg:eiver filter, transmitter filter, and antenna matching network.
more specialized. The SAW chips are hermetically sealed in an )
inert atmosphere or vacuum using standard packages such aSc@AW-Based Wireless Sensors
ramic SMD packages. Thus, a very good stability of the SAW SAW devices can be turned into wireless identification
devices is achieved. and sensor elements (transponders) for wirelessly measuring

A key technology for further size reduction and passivehysical, chemical, and biological quantities such as temper-
integration might be the CSSP technique [49]. Fig. 12 showsure, pressure, torque, acceleration, humidity, etc. that do
the basic construction of a CSSP package. The SAW chipnist need any power supply. The SAW transponder principle
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Antenna Reflectors signal processing (convolvers, duplexers, delay lines, and
filters) for the mobile telecommunications, multimedia, and

& industrial-scientific-medical (ISM) bands; wireless passive
\\‘\Xo Piezoelectric

i—%/' S DT st identificatipn ftags,_sensors, transponders, a.n(.j microbalanpes.
Request 'C Mresmnse BAW applications mclt_Jde resqna_tors in precision clock oscil-
unit lators; front-end GPS filters, thin-film SMRs, and SCFs formed
as SMRs for integration with microwave heterojunction bipolar
transistor voltage-controlled oscillator VCOsIn this arena,
Fig. 14. Radio-link system incorporating radar transceiver and SA\RIPe telecommunications industry is clearly the largest user of
transponder. microwave acoustic devices, consuming approximately three
billion acoustic-wave filters annually, primarily for mobile cell
hones and base-stations. These devices are typically SAW

that is mostly used in practical applications is as follows (s Jf‘ters for the RF and IF sections of the transceiver electronics.

Fig. 14) [50]'. an .RF bu_rst impulse trans_m|tted by_ a loc AW filters also address the high-volume market of televi-
radar transceiver is received by the receive/transmit antenpa . . o
. 4 Sjon IF filters. There are several emerging applications for
of a passive one-port SAW device the RF response of whic . :
. . ) . acoustic-wave devices as sensors that may eventually equal the
is retransmitted to the receiver part of the local transceivey., o .
. . . . eémand of the telecommunications market. These include auto-
Amplitude, frequency, phase, and time of arrival of this R

. ) . . motive applications (torque and tire-pressure sensors), medical
response signal carry information about the SAW reflection PP (torg P )

. ) . . a@glications (biosensors), and industrial and commercial
and propagation mechanisms, which, in many cases, can o 0
aapllcanons (vapor, humidity, temperature, and mass sensors).

directly attributed to the sensor effect for a certain measurapd_ O noting that acoustic waves find a role in many areas

and/or a specific SAW device identification number (ID tag)(')ther than microwaves, including film thickness monitoring

Dug to the h|gh delay t!me n the order of a few microsecond ondestructive evaluation (NDE), ultrasonic cleaning, medical
which the signal experiences in the SAW transponder, usualg

no intersymbol interference due to electromagnetic multipa%annmg’ and acoustic microscopes.
propagation effects occur when the system operates in typical
VHF/UHF indoor/outdoor radio channel environments. Passive
SAW transponders do not require any power supply (i.e., theyThe rapid revolution in microelectronics has been the
do not require batteries). Using the SAW transponder principlgsiver in the recent evolution of microwave acoustics. What
itis even possible to also wirelessly read out signals of arbitrangs evolved in both BAW and SAW microwave acoustics

sensors, i.e., non-SAW sensors, as long as these sensors opayaiefascinating interdisciplinary blend of the intricacies of

as impedance sensors. In this case, a second IDT depositedewustic-wave device physics with materials physics, field
the SAW transponder substrate can be loaded by the exterth@lory, microwave network and signal concepts, wafer scale
sensor that changes the IDT’s acoustic reflectivity. Using thi€ manufacturing, and in particular, wireless communication
technique, a SAW-based tire-pressure measurement syst@plications. Design and modeling of microwave acoustic
designed for commercial vehicular applications has beeé®gvices involve some complications. First, the devices are

RF request signal

VIIl. CONCLUSION

demonstrated recently [51]. acoustic in nature, but are measured and used in an electronics
environment. Second, models of an analytical form might not
VII. M ICROWAVE ACOUSTIC DEVICE APPLICATIONS fit the usual circuit design software programs. Third, the models

Bef 1980 ¢ ¢ of effort . ted in t may not be sufficient and not comprehensive to model all the
elore » a vast amount ot efiort was invested in gnenomena that can occur in inherently three-dimensional de-

][esearlc_:th and ddevelopme_nt t.Of mlcrowavehacouzncl deIY' ges incorporating at least acoustic, electric, piezoelectric, and
or military and communication uses, such as deay fin ?ectromagnetic effects. Although BAW and SAW technologies

and pl:lse 1? om?reision filtirs fc_)rrh radar. dand V\Tﬁh|¥ ;.t?? fave developed their own grammar and language through the
resonators for clock generation. The rapid gro ot digi any different disciplines involved in their development, the

technologies, represented by the microcomputer, meant t st pertinent issues to be addressed can be understood in
the importance of acoustic-wave devices for military decreaS{ee ms of microwave theory and techniques. In the upcoming
year by year. On the other hand, from 1980 on, both BAW a cade, microwave acoustics is facing new challenges not only

fSAW device devel:)pme}nt has fgcused on .restpnators ?ndt.f'ltsgtause of its technology trends (new materials, (mixed-effect)
_IE)rdconsumle_:r, t".’lu omc; Ve, an commum:_:a |(cj)n appiica IIO evices, manufacturing techniques, packaging techniques
oday, appiications ot microwave acoustic devices Inciu ﬁwodules), applications), but also because of the dynamical

[3], [52] wireless transcel_verg for voice, data, mUItImedIadevelopments in its professional business that are currently
spread-spectrum communications for wireless local area nag—

: . . i aracterized by, among others, a lack of microwave acoustic
works (WLANS) including WLAN robot, timing, and Securltyengineers, an unsatisfactory exchange and cross licensing of

applications; components in mobile communications SYSJ[eimellectual property rights, and an increasing shift of research
handsets, such as duplexers and voltage-controlled oscnlatgﬁ%rts from industry to research institutes

(VCOs); CDMA filters and timing; nonvolatile memories,
and microelectromechanical (MEMS)/microoptomechanical
(MOMS) devices. Specific SAW applications are analog [Online]. Available: http://www.IEEE-UFFC.org
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