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PREFACE 

i 
1 

This Ph,D. Thesis is the result of four years of research at the Department of Electrical 
Engineering of the Delft University of Technology. It deals with the design and tech-
nology of surface acoustic wave (SAW) filters in ZnO-Si02-Si layered structures. The 
monolithic integration of these SAW filters with electronic circuitry, into a complete 
electronic system on one chip, was part of the research and was successfully realized. 

In Chapter 1 the reasons for conducting research in sihcon-integrated SAW devices 
are discussed and a review of previous work in this field is given. In Chapter 2 propa-
gation and transduction properties of Rayleigh waves in ZnO-Si02-Si layered structures 
are discussed, The conditions for surface acoustic wave amplification by the interaction 
of the acoustic wave with drifting charge carriers in the sihcon substrate are examined 
in Chapter 3. A new and sinnple computational technique is used to determine the 
amplification. The technology to manufacture SAW devices is the subject of discussion 
in Chapter 4. Both the high-resolution technology to etch aluminum interdigital trans-
ducers and the monolithic integration of SAW devices with electronic circuitry on one 
chip are investigated in depth. Attention is paid to ZnO deposition and its passiva-
tion, Chapter 5 presents siUcon-integrated SAW devices: the SAW delay line, the SAW 
transversal filter and the SAW resonator filter. Second order effects, especially those 
related to the use of a ZnO-Si02-Si layered structure, are discussed, A new layered 
structure to suppress electromagnetic feedthrough in silicon SAW devices is presented. 
The rest of this chapter is devoted to the electronic modehng of the SAW device and con-
clusions are drawn a5 to how to drive and load such a monolithically integrated device. 
In Chapter 6, the last chapter, potential applications of silicon-integrated SAW filters are 
discussed, Especially the research and development of an integrated FM upconversion 
radio receiver with on-chip SAW filters is described. 

Many aspects of the subject discussed in this thesis have already been published and 
anumber of papers are in preparation, A complete list of publications and presentations 
is listed at the end of this book. 

During the past four years the Laboratory of Electronic Instrumentation, supervised 
by Professor S- Middelhoekj has been a stimulating environment in which to do research, 
I wish to thank all its members. Within this laboratory I have been working in the 
Microacoustics Group of Dr.A. Venema. His guidance, the valuable and intellectually 
stimulating discussions, and the fact that he always managed to make time for me, 
substantially contributed to the success of my research. I am also grateful to the other 
members of the Microacoustics Group: to my fellow Ph.D, students, J .C.Haartsen 
and M. J. Vellekoop, and to G.W.Lubking for the many fruitful discussions, helpful 
comments and their moral support. Moreover, M. J. Vellekoop is acknowledged for the 
competent fabrication of the piezoelectric ZnO layers. I am deeply indebted to my 
students: B.M. Blok, J . C . Groenendijk and A. J. M. vanderHarg for their contributions 
to this thesis. 
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I would Uke to express my gratitude to Dr.C. C-W-Ruppel (Siemens AG, München) 
for the intellectually stimulating, helpful and pleasant discussions and demonstrations 
of SAW filter design, The mimerical programs for the acoustoelectric field analysis of 
multilayered structures, developed by Dr, W. J. Ghijsen (Laboratory of Electromagnetic 
Research), have been of invaluablehelp in SAW propagation, transduction and amplifica-
tion cakulations. I am grateful to J. C- Haartsen for his help in adapting these programs 
for the purposes of this thesis. P. E, Platzbecker (Laboratory of Network Theory) is 
acknowledged for his assistance in the use of digital filter synthesis software. 
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eration with the Laboratory of Electronics and was supervised by Professor J.Davidse, 
Dr. E-H.Nordholt and Dr.A^Venema. My colleague P-T. M, vanZeijl took care of the 
system and electronic circuitry design, â  described in his Ph.D. Thesis "Fundamental 
Aspects and Design of an Integrated FM Upconversion Receiver Front-End with On-
Chip SAW Filters." His perspective on SAW devices from an electronic circuit and 
system point of view was refreshing and I have appreciated his useful suggestions and 
cooperation. I would like to thank the other members of the Laboratory of Electronics* 
Radio Group, especially Dr. J. W.Th. Eikenbroek for his work on SAW resonators on 
quartz. 

All experimental results in thïs thesis have been obtained from devices manufactured 
at the Delft Institute for MicroElectronics and Submicron Technology (DIMES). I thank 
all its members for their expertise and dedication so crucial to this thesis^ in particular 
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BIFET process) and Dr.P. M.Sarro (special processes), Further acknowledgment goes 
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rials Science) for the X-ray microanalysis of samples and their interpretation. 
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INTRODUCTION 

1.1 SURFACEACOUSTIC WAVE FILTERS 1 
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1.3 OBJECTIVES OF THIS WORK 12 

1.4 OUTLINE OF SAW FILTER DESIGN 14 

V 

1.1 SURFACE ACOUSTIC WAVE FILTERS 

Although the earliest investigations in acoustics can be traced back to 
Pythagoras in the sixth century B.C, the science of ultretsonics originated 
in the nineteenth century [1]. By the close of that century piezoelectricity 
had been discovered by the brothers Jacques-Paul and Pierre Curie (1880) 
[2] and thefirst scientific paper on the subject of acoustic wave propagation 
along the stress-free surface of a homogeneous solid had been published 
by the third Lord Rayleigh (1885) [3]. Since the development of subma
rine detection systems during World War I, ultrasonics has been applied 
in science, industry, medicine, communication systems and the military. 
Mortley [4] has invented the InterDigital Transducer (IDT) in 1962 and 
has employed this transducer in bulk acoustic wave devices. This same 
transducer can be used to generate and detect Surface Acoustic Waves 
(SAW), as demonstrated by Rowen in 1963 [5], [6] and by White and Volt-
mer [7] in 1965. The use of surface acoustic wave devices in electronic 
signal processing systems has stcadily been growing since 1965 [8]-[12], 
which has resulted in an annual estimated world wide market of approxi-
mately $100 million. New applications and new SAW device generations 
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F i g u r e 1.1: Top view of uniform interdigitai transducers with single and 
doublé electrodes. 

will fuel a further market growth. 

Figure 1.1 shows a uniform interdigital pattern, i.e. with thin, equidis-
tan t , plane and parallel, metal electrodes all of the same length and width. 
This pat tern becomes an electric-to-acoustic (and vice versa) energy trans-
ducer when it is placed on the (polished) surface of a piezoeiectric sub-
s t ra te and a Radio Frequent (RF) eiectrical signal is applied to it. Between 
the electrodes of opposite polarity an R F electric field is produced. As a 
result of the piezoelectricity, surface acoustic waves travel away from the 
transducer in both directions. Unwanted reflections at the edges of the 
electrodes in the IDT as a result of the discontinuity in acoustic wave 
impedance can be canceled out by using a double-electrode structure [13] 
(Fig. 1.1). In a SAW delay line, the most simple SAW device, the prop-
agating surface acoustic wave is reconverted into an eiectrical signal at a 
second, uniform output interdigital transducer, as shown in Fig. 1.2. It 
is clear that frequencies for which the acoustic wavelength corresponds to 
the period p of the interdigital pat tern are maximally converted into an 
acoustic signal. The synchronous or center frequency /o is related to the 
(frequency independent) phase velocity Vph of the acoustic wave, the pe
riod p of the IDT and the corresponding acoustic wavelength XQ according 
to 

/ o = Up/t/Ao = Vpk/p (1.1) 

The propagating acoustic wave Is in first order a plane wave when the 
acoustic beamwidth W is much larger than the acoustic wavelength AQ. 

Because surface acoustic wave velocities are five orders of magnitude slower 
than the velocity of light, delays of 3 ^ s / cm are obtained and used, for 
example, in radar systems. Coquin and Tiersten were, in 1966, among the 
first with a theoretical analysis of the excitation and detection of surface 
acoustic waves in piezoeiectric quartz [14]. 

Reproducible production in large quantities at low cost of such a metal 
interdigital pat tern on a piezoeiectric crystal is made possible by using sil-
icon planar technology, originally developed for manufacturing integrated 
circuits in electronics. Using the piezoeiectric transduction mechanism, 
the IDT is by far the most efficiënt transducer for signal processing de-
vices. Using, for example, a wedge transducer [15] (mounted on the sur
face) results in lower efficiency and is, in general, not suited for appfication 
in a microacoustic device for signal processing. 

Surface acoustic wave generation (and detection) on nonpiezoelectric 
substrates are achieved through the use of the magnetostrictive [16], [17], 
the electromagnetic-acoustic [17] and the thermoelastic [18] transduction 
mechanisms. Devices employing magnetostatic surface waves are poten-
tiaUy promising for carrying out signal processing, especially at microwave 
frequencies [19], [20]. ElectroMagnetic-Acoustic Transducers (EMATs) are 
based on the (weak) Lorentz force mechanism in a meander line structure. 
In this work only the piezoeiectric transduction mechanism is considered. 

On a piezoeiectric (and thus anisotropic) crystal the partiele displace-
ments ui,U2,U3 (in the xi,3;2,X3 directions, respectively, Fig. 1.2) of the 
surface acoustic wave, are coupled with the eiectrical potential (f>^ caused 
by the piezoelectricity. In SAW devices with the substrate thickness much 
larger than the acoustic wavelength, two types of surface waves are often 
used: Rayleigh waves and Surface Transverse Waves (STW). The type of 
wave propagation depends on the crystal properties, cut and direction of 
propagation [21]. The mechanical displacement normal to the surface is 
much smaller than the acoustic wavelength. The frequency independent 
phase velocities range from 10^ to lO'* m/ s . Operating frequencies thus 
range from approximately 10 MHz to above 10 GHz. The upper frequency 
is limited by the current limitations in lithography and the etching of the 
interdigital metal pat tern. Other types of acoustic waves which can travel 
from input to output transducer do exist but are not considered here. 

Pure Rayleigh-wave modes can propagate along the stress-free surface 
of a crystal in which the sagittal plane (the a;ia:3-plane) is a plane of 
mirror symmetry, causing a decoupling between (ui,U3, <̂ ) and (^2). A 
Rayleigh wave is thus a composition (in the sagittal plane) of a transverse 
and a longitudinal wave, with a retrograde elliptic polarization at the 

f 
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1X3 

IDT IDT 
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F i g u r e 1.2: Top view and cross section of a SAW delay line with input 
and output (metal) InterDigital Transducers (IDTs) on top of a piezoelec
tric substrate. 

crystal surface. Since the piezoelectric coupling increases the acoustic 
wave velocity, these waves are also called "(piezoelectrically) stiffened" 
Rayleigh waves. The penetration depth is in the order of one acoustic 
wavelength. 

STW waves exist when the sagittal plane in the crystal is perpendicular 
to an axis of two-fold rotation, resulting in a decoupling of (^1,1^3) and 
(u2,(t>). These waves are also called "Bleustein-Gulyaev" waves. The 
penetration depth of this type of surface wave is smaller, the greater the 
piezoelectricity. However, in general, the penetration depth is larger than 
that of Rayleigh waves. 

The efficiency of the electric-to-acoustic energy conversion in the in
terdigital transducer is of great importance in the apphcation of surface 
acoustic wave devices in electronic systems. It is expressed by the piezo
electric coupling coëfficiënt /s;̂  and depends on the type of crystal, its cut 
and the direction of wave propagation. The piezoelectric coupling coëffi
ciënt K̂  can be approximated (numerically and experimentally) with 

K^ -^ (1.2) 

T 

} 

as suggested by Campbell and Jones in 1968 [22]. The acoustic wave phase 
velocity Vpi^ is reduced to Vm when the piezoelectric fields at the surface 
are shorted by a metal layer. 

An equivalent circuit model of the interdigital transducer has been 
developed by Smith et al. [23]. It consists of a static capacitance parallel 
to an acoustic (frequency dependent) admittance. The real part of this 
admittance can be interpreted as a radiation conductance representing the 
electric-to-acoustic energy conversion. The conductance GQ at /o and the 
capacitance C are approximately related to each other, according to 

Go = Sfo^^CN (1.3) 

The static capacitance is determined by the interdigital pat tern layout 
and the equivalent dielectric constant e given by 

e = \/eiie33 - e?3 = eoÊ; (1.4) 

with €11,633 and 613 the dielectric constants of the anisotropic substrate 
and CQ the permittivity of vacuüm. The relative equivalent dielectric con
stants Ér are listed in Table 1.1. The aperture W of the transducer can be 
chosen to optimally match the IDT with the electronic circuitry driving 
and loading these IDTs. 

One of the longest known, although weak, piezoelectric materials is 
(natural) quartz (Si02) and it is still widely used because of its excellent 
temperature stability (ST-X quartz has a zero first-order temperature co
ëfficiënt of delay at room temperature) . High "piezoelectric" materials, 
but with worse temperature behavior, are the poled ferroelectrlc ceram-
ics, like PZT, lithium niobate (LiNbOs) and lithium tantalate (LiTaOs) 
[24]. The apphcation of electrostrictive ceramic materials enables a vari-
ation in induced "piezoelectric" coupling [26], [27]. For Hthium niobate, 
l i thium tantalate and quartz the basic surface acoustic wave propagation 
and transduction parameters are summarized in Table 1.1 and are dis-
cussed in more detail in the next paragraphs. 

In high-quality (scratch-free) polished piezoelectric substrates, the 
room-temperature propagation loss A of a surface acoustic wave as a func-
tion of the frequency ƒ (in GHz), can be approximated by [24] 

A = vac- p -\- air • f [dB//xs] (1.5) 

Air loading causes an attenuation proportional to the frequency. The 
P term is caused by attenuation of the wave where the substrate is in 
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Table 1.1: Basic surface acoustic wave propagation and transduction 
parameters for lithium niobate, lithium tantalate and quartz piezoeiectric 
substrates [24], [25]. 

Material 

LiNbOa 

LiTaOa 

Quartz 

Oriënt. 

Y,Z 
41.5,X 

Z,Y 
Y,Z 
Y,X 
ST,X 

Vpk 

[m/s] 
3488 
4000 
3329 
3230 
3159 
3158 

[%] 
4.5 
5.7 
0.93 
0.74 
0.23 
0.16 

Cr 

50.2 
67.2 
47.9 
47.9 
4.52 
4.55 

1 dv 1 1 ÖT 
vdT 1 rdT 

[ppm/K] 
-87 
-57 
-52 
-31 
38 
14 

94 
72 
69 
35 
-24 
0 

vac air 
[AMdB/fis] 
0.88 
0.75 
0.77 
0.94 
2.15 
2.62 

0.19 
0.30 
0.23 
0.20 
0.45 
0.47 

vacuüm. Numerical values for the constants vac and air can be found in 
Table 1.1. 

The frequency ƒ is temperature dependent since the propagation ve-
locity Vph, and the transducer period p depend on substrate temperature. 
A linear Taylor expansion (sufhcient for a 100 K temperature range) yields 

f{T) ^ /(To)[l + 
1 df 

f{To) dT 
{T - To)] (1.6) 

with the first-order temperature coëfficiënt of frequency related to the 
first-order temperature coefficients of the delay r (r^Z/fp/i, t an arbitrary 
length), phase velocity and thermal expansion a, according to 

1 dl 1 dvph Idf ldT_ 

dT 
1 dvph 

— a (1.7) 
ƒ a r rdT VpH dT l dT vpf, dT 

The temperature coefficients of delay and velocity for the three substrate 
materials are shown in Table 1.1. 

A uniform interdigital transducer produces a rectangular impulse re
sponse, which results (through Fourier transform) in a sinx/x shaped am
plitude response in the frequency domain with a linear phase response. 
The (—4 dB) bandwidth B depends on the length L of the uniform trans
ducer according to 

B = Vpf,/L = Vph/NXo - 1/Ts (1.8) 

with N the length of the transducer in wavelengths and Ts the duration 
of the impulse response in seconds. This results in a constant Time-
Bandwidth product TsB 

TsB = \ (1.9) 

CHAPTER 1: INTRODUCTION — SECTION 1.1 7 

In a SAW delay line the total transfer function is determined by the prod
uct of the transfer functions of the IDTs and the delay in between. Two 
basic types of SAW bandpass filters are: the SAW transversal filter and 
the SAW resonator filter. Both types are introduced below. 

The theoretical transversal filter concept, as introduced by Kallmann 
[28], is a Finite Impulse Response (FIR) filter. It can be approximated 
and physically implemented in a microacoustic device with the (typical) 
layout of the transducers as shown in Fig. 1.3. The overall frequency char-
acteristic of this device is in first order determined by the narrow-band 
transfer characteristic of the apodized (i.e. variable electrode overlap) 
IDT. The sketched truncated sina;/z apodization results in an approxi-
mately rectangularly shaped amplitude response in the frequency domain 
and a linear phase. However, in this type of filter amplitude and phase re
sponse can be independently and (to a great extent) arbitrarily designed. 
This advantage and the before-mentioned superior fabrication technology 
and filter size has resulted in the replacement of LC and ceramic filters 
by SAW transversal filters. To prevent differences in the velocity of prop-

DUMMY ELECTRODES 

UIDT APODIZED (DOUBLE-ELECTRODE) INTERDIGITAL TRANSDUCER 

Figure 1.3: Typical layout of the interdigital transducers in a SAW 
linear-phase transversal filter conüguration. 

agation (and thus variations in group delay), the areas (in the apodized 
transducer) with no electrodes present (Fig. 1.3) are fiUed with dummy 
electrodes [29]. SAW transversal filters, with as a special case the SAW 
delay line with uniform transducers, have a constant Time-Bandwidth 
product in the range 

1 < r ^ ^ < cx> (1.10) 

^ . 
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The shortest impulse response required to obtain a prescribed bandwidth 
is obtained in the SAW delay line. Putting stronger demands on passband 
ripple, stopband rejection and the shape factor results in a longer impulse 
response Ts. In general, the narrower the bandwidth or lower the shape 
factor, the larger the device; infinitely long in the case of realizing an ideal 
passband. The physical length of a transversal filter, for a given band
width, ripple, stopband rejection and transition bandwidth, is therefore 
proportional to (ciily) the phase velocity. In the case of a layered struc-
ture with disp' isive acoustic wave propagation properties, as discussed in 
the coming chapters of this thesis, the length is proportional to the group 
velocity. 

To limit the size of the microacoustic device, narrow bandwidths can 
be realized with SAW resonator filters, first presented by Ash in 1970 [30]. 
This type of filter has (at least in theory) an Infinite Impulse Response 
(IIR). Figure 1.4 shows a typical layout of a two-port resonator. Two re
flector arrays, each consisting of strips at distances of Ao/2, at both ends 
of the acoustic wave path form the resonant cavity, analog to the Fabry-
Perot type of cavity in opties. The amplitude characteristic consists of 
the ordinary SAW delay line response, on top of which the narrow band 
response produced by the resonant cavity is superposed. The amplitude 
and phase response in this narrow band, like that of any mechanical vi-
brating device, can be modeled with an RLC equivalent circuit, as proved 
by Butterworth in 1915 [31] and later rediscovered by Cady [32]. The 
SAW resonator filter is a minimum-phase filter. As a consequence, the 
amplitude and phase characteristic cannot be designed independently and 
with less freedom, in comparison with the SAW transversal filter. When 
the SAW resonator is used as the frequency determining element in a (low-
noise) oscillator this need not be a problem. The quality Q of a resonator 
filter is given by 

g = ^ = ^ L . , , ^ (1.11) 

DOUBLE-ELECTRODE INPUT AND OUTPUT INTERDIGITAL TRANSDUCERS 

B Ao i - rg 
In Eq. 1.11 B is the - 3 dB bandwidth. As shown by CoUin [33], this 
expression is only valid where FQ ^ 1. The length of the cavity is, as a 
result of the distributed surface wave reflections at the strips, given by the 
efFective length L^fj. The reflection factor FQ (where FQ ~ 1) is given by 

Po = tanh{Mr) (1.12) 

with M the number of strips in the reflector and r the absolute value of 
the reflection per strip. The device length, for a given (J, is in first order 
determined by the product Mr. As a consequence, a low phase velocity 

REFLECTOR ARRAY REFLECTOR ARRAY 
L 

F i g u r e 1.4: Typical layout of the metal pattern in a two-port SAW 
resonator Biter conEguration. 

and a high reflection per strip minimizes for a given center frequency /o 
the overall length of the device. In a layered structure with dispersion, 
the length is also determined by the phase velocity and not by the group 
velocity as has been found in SAW transversal filters. 

The use of SAW devices as bandpass filters in the VHF and UHF 
range is widespread. Today almost all television receivers, video cassette 
recorders and cable television converters contain one or more SAW filters, 
as do other telecommunication systems. In measuring equipment SAW 
filters and SAW based oscillators are key components, while SAW signal 
processing is pervasive in radar systems. Despite progress [34], conven-
tional LC or ceramic filters have a two to three orders of magnitude lower 
fabrication precision, are much larger and require complex and expensive 
adjustments. Moreover, SAW filters have proven their inherent rehability 
and durability in consumer electronics products and in space appfications 
[35]. 

1.2 S T A T E M E N T OF T H E P R O B L E M 

One of the research topics of the Microacoustics Group at Delft University 
of Technology is the realization of siUcon-integrated SAW devices. The 
reasons for interest in this area are basically twofold: the possibility of 
monoHthic integration of SAW devices with electronic circuitry and the 
development of new generations of SAW devices which use the acousto-
electric interaction between the surface acoustic wave and the (majority 
or minority) charge carriers in the sificon substrate. A combination of 
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both types of devices is possible as well. 
Sihcon is used as a substrate material because the sihcon-planar tech-

nology is available at the Delft Institute for MicroElectronics and Submi
cron Technology (DIMES). Moreover, sihcon is, and probably for the next 
decades will continue to be the most widely used substrate material. Since 
sihcon is not piezoelectric, a thin film of a piezoelectric material like ZnO, 
AIN or CdS must be added. The piezoelectric semiconductor GaAs is 
also used to realize monohthic SAW devices, as reviewed by Webster and 
Carr [36], and by Grudkowski et al. [37]. The main advantage is the high 
charge carrier mobihty. However, the degrees of freedom to design opti
mum SAW propagation and transduction properties are more restricted 
than for layered structures on a sihcon substrate. The piezoelectric cou-
pling of GaAs is very low (K^ < 0.1%) and its temperature coëfficiënt of 
delay cannot be made zero without additional layers. 

In the next paragraphs the reasons for conducting research in the 
above-mentioned two main areas are given in more detail and some of the 
work already done is shortly reviewed. The realization of sihcon-integrated 
SAW devices, especially the materials to obtain a thin piezoelectric film 
are also discussed. 

Monohthic integration of SAW devices 

In thirty years of continuing development in chip processing technology the 
number of transistors in one chip has at least doubled every two years, 
caused by further miniaturlzation and by the increase of the chip size. 
During the same period the price per elementary electronic function has 
fallen sharply. This development is driven by price/performance calcu-
lations and will continue some time before there is a levehng off due to 
fundamental scientific or technological limitations. Because of these de-
velopments the tendency in microelectronic engineering is towards the in
tegration of an increasing number of signal processing functions and even 
complete electronic systems in one single chip. 

In the last decade analog and digital circuitry are combined by fabri-
cating bipolar and MOS transistors in one single chip [38]. A next step, 
being developed, is the integration of non-electronic circuitry on that same 
chip. Examples are integrated opties [39] and sensors for the measurement 
of non-electrical quantities, Integrating sensors and signal-processing cir
cuitry in one chip leads to versatile, high-quahty "smart sensors" at low 
cost. A number of such sensors have been described by Middelhoek and 
Audet [40]. An on-chip SAW physical-electronic system for sensors has 
been reahzed, as described by Vellekoop et al. [41]. In this apphcation 

the SAW delay-line frequency selectivity is sufficiënt for proper operation 
of the SAW dual delay-hne oscillator. 

In analog electronic circuitry design there is a need for on-chip band 
pass filters. Switched-capacitor filters or continuous-time active filters 
can be used, but these types of filters are limited in their operating fre
quency and dynamic range. SAW filters are low noise devices and have 
a high Intermodulation-free dynamic range. Therefore, it is advantageous 
to implement SAW filters on chip. This is the main subject of this work 
and discussed in more detail in Sections 1.3 and 1.4. SAW delay hnes in 
CdS-Si02-Si layered structures have been realized by Venema [42], while 
SAW resonators in ZnO-SiOï-Si layered structures have been fabricated 
by A-Iartin et al. [43]. 

Acoustoelectric interaction 

When SAW devices are fabricated on silicon substrates, the interaction of 
the surface acoustic wave with the charge carriers in this substrate can be 
employed to manufacture a new generation of SAW components, such as 
SAW (acoustoelectric) convolvers, acoustic transport devices, SAW pro-
granumable filters and SAW amplifiers. The convolvers have been de
scribed in detail by Khuri-Yakub and Kino [44], and by Motamedi et al. 
[45]. Acoustic transfer devices in sihcon have been discussed by Augustine 
et al. [46]. Programmable filters have been developed by Hickernell et al. 
[47] and Green et al. [48]. In these filters interdigital transducers are used 
for generation of the surface acoustic wave and piezoresistive NMOS FET 
taps are employed for detection of the acoustic wave. A new SAW detec-
tion method, the Barrier Modulated Tap (BMT), has been introduced by 
Haartsen [49]. SAW amplification is examined in Chapter 3 of this thesis. 

Realization of sihcon-integrated SAW devices 

To obtain the piezoelectric thin film in sihcon-integrated SAW devices 
a low temperature process is required to enable a monohthic integra
tion with electronic circuitry. Further, it is often desirable to have the 
(aluminum) interdigital transducer underneath the piezoelectric layer, as 
shown in Chapter 2. Sputtering of materials like ZnO, AIN, CdS or fer-
roelectric materials has become one of the most rehable technologies. A 
review has been given by Shiosaki and Kawabata [50]. High-quahty and 
reproducible CdS layers are difficult to obtain. For this reason CdS is not 
considered anymore. Sputtering of ZnO or AIN is well understood and 
gives good results. The properties of acoustic propagation and transduc-

• - h * 
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tion in a ZnO-Si02-Si layered structure are better than in a A1N-Si02-Si 
layered structure, as is shown in Chapter 2. New piezoelectric materials 
are being developed. One promising group of materials are the piezoplastic 
polymers, which can be deposited by spinning as has been demonstrated 
by Fiorillo et al. [51]. A problem with this technology is the poling of the 
layer after deposition. 

With the current technology the piezoelectric thin film is the limiting 
factor in performance of sihcon-integrated SAW devices. This situation, 
however, is very similar to the situation in the fifties and the early sixties 
when the first siUcon transistors were compared with the superior germa-
nium transistors and somewhat later when the transistors on an IC were 
not yet as good as discrete transistors. In three decades the technology 
has been improved to the degree that 10^ transistors can be integrated 
on a single chip. In addition, the characteristics of these transistors have 
greatly been improved. Research by Yamazaki et al. [52] at Matsushita 
has shown the apphcability of sputtered ZnO on glass substrates for TV-IF 
filters. Such filters replace the expensive lithium niobate substrates and 
are manufactured by Murata Mfg., as reported by Shiosaki [53]. The next 
step in this development, described in this thesis, is the reaHzation of SAW 
filters in ZnO-Si02-Si layered structures and the monohthic integration of 
these filters with electronic circuitry in the same sihcon substrate. 

1.3 OBJECTrVES OF THIS W O R K 
j 

This thesis deals with the design and fabrication of SAW filters in ZnO-
Si02-Si layered structures. The ba^ic SAW filter structures, i.e. the SAW 
delay line, the SAW transversal filter and the SAW resonator filter, are 
realized. The layered structure with the aluminum interdigital patterns at 
the ZnO-Si02 interface is depicted in Fig. 1.5. The monohthic integration 
of these SAW filters with electronic circuitry in one chip is part of the 
problem, investigated in depth and realized. Important for apphcation 
of SAW filters in an electronic system are its contribution of noise and 
intermodulation to the complete system. Therefore, these aspects and the 
driving and loading of the SAW device are examined. In addition, the 
SAW amplification mechanism is examined and its apphcation in silicon-
integrated SAW filters is considered. This ampHfication mechanism is 
based on the acoustoelectric interaction of the traveHng acoustic wave 
with the (drifting) charge carriers in the sihcon substrate. 

This thesis attempts to cover the entire above-mentioned field, which 
is accomphshed by using existing numerical programs and first-order ap-
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Figure 1.5: ZnO-Si02-Si layered structure with the interdigitaï trans 
ducers at the ZnO-SiOj hiterface. 

proximations for analysis and synthesis. Only bidirectional transducers 
and no multistrip couplers have been employed. The emphasis lies on 
problems directly related to the use of a ZnO-Si02-Si layered structure, 
since SAW filter design itself (in particular the first-order modeling) is 
well known. In this context higher-order Rayleigh-wave modes are ex
amined and attention is paid to triple transit echo and electromagnetic 
feedthrough suppression. 

In the SAW filter design used in this thesis a number of second-order 
effects (diffraction, nonzero electrode resistance, SAW propagation losses 
etc.) are neglected. It is assumed that only pure Rayleigh-wave modes 
are excited in the ZnO-Si02-Si layered structure. Acoustic beam misahgn-
ment from the silicon crystal axes is neglected. However, misalignment 
is Inevitable because the transducer pattern cannot perfectly be aligned 
with the flat of the wafer, which itself is a cut with an imperfect ahgnment 
to the crystal axes. 

Analysis of bulk wave generation is not carried out since the layered 
structure with its interdigital transducers is, too a large extent, already 
determined by the demands on SAW propagation and transduction, and 
on the desired frequency response of the SAW filter. 

Since the feasibiHty of SAW filters in ZnO-Si02-Si layered structures 
and their monohthic integration with electronic circuitry in one single chip 
is demonstrated in this thesis, a more detailed analysis and design can be 
the subject of future research. In addition, the reproducibihty and long
term stability of these sihcon-integrated filters can be studied in more 
detail. 



14 SAW FILTERS IN Z N O - S I 0 2 ' S I LAYERED STRUCTURES — J .H. VISSER CHAPTER 1: INTRODUCTION — SECTION 1.4 15 

1,4 O U T L I N E OF SAW FILTER D E S I G N 

The operation of a microacoustic device in a ZnO-Si02-Si layered structure 
is described by Maxwell's equations of electromagnetism and the elasto-
dynamic wave equations. In addition, the boundary conditions at the 
layer interfaces and the constitutive equations completely determine the 
layered structure. To solve this three-dimensional problem, for example 
with flnite element malysis, to analyze and design the frequency response 
of the SAW filtCi", is by far too comphcated. Therefore, the design is split 
into two parts, as listed below 

• The layered structure causes the frequency response to be no longer 
solely determined by the geometry of the interdigital transducers. 
The layered structure must, therefore, be analyzed with respect to 
SAW propagation and transduction properties. A high piezoelectrïc 
coupling and a small temperature coefïïcient of delay are desired. 
Further, small phase and group velocities result in a small length 
of the SAW resonator filter and SAW transversal filter, respectively. 
Finally, the variations in phase velocity and group velocity must be 
minimal when the layer thicknesses vary (as a result of the fabrica-
tion tolerances). In Chapter 2 these demands will be examined in 
more detail for the ZnO-Si02-Si and A1N-Si02-Si layered structures. 

• When the layered structure with the location of the interdigital 
transducer have been determined the layout of the aluminum inter
digital patterns and reflector arrays (in the case of a SAW resonator) 
must be designed. 

In a SAW transversal filter the geometry of the apodized interdigital 
transducer corresponds in first order to a spatially sampled version 

r 

of the impulse response of the SAW filter. By using the "delta-
function" model, sampling and design concepts used in digital sig-
nal processing for FIR digital filters can be extended to SAW filters. 
This delta-function model WCLS first introduced by TancreU and Hol
land [54], and is closely related to the "impulse model" described 
later by Hartmann et al. [55]. The design is now a mathematical 
problem, no longer connected to the comphcated physics of the lay
ered structure. To improve the design an analysis of the complete 
design can be carried out, taking second order efFects into account as 
much as possible. The results of this analysis can be used to improve 
the design in an iterative manner. As already described this latter 
step in SAW filter design is not carried out in this work. The design 

is accomplished by using the delta-function model and the Remez 
Exchange Algorithm, as described in more detail in Chapter 5. 

A SAW resonator filter can be designed with the transmission matrix 
formulation or with the more versatile coupling-of-modes method. In 
this work only the first method is used. This transmission matrix 
formulation has been described in detail by Datta [56]. 

By splitting the design in parts successful experimental results of SAW 
filters in ZnO-Si02-Si layered structures have been obtained. In addition, 
this approach enables future improvement of the SAW filter design by 
including second-order eiïects. 
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2.1 I N T R O D U C T I O N 

In this chapter layered structures for sihcon-integrated SAW filters are in-
vestigated. The layered structure must have a high piezoelectric coupling 
and preferably a frequency and temperature independent group velocity 
Vg (variation in group velocity Avg{ujjT) = 0). When the disperslon can 
be neglected Standard SAW filter design techniques can be used to obtain 
a desired amplitude and phase response. Furthermore, the reproducibility 
in center frequency of the SAW filter must be guaranteed and the device 
length should be minimal to make a monolithic integration with elec-
tronic circuitry attractive. Hence, Vp^ and Vg must be as small as possible 
for SAW resonator and SAW transversal filter applications, respectively. 
In addition, Aup/i(A:/i,T) = O (with kh the normalized layer thickness). 

17 
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The piezoelectnc coupling for the second- and higher-order Rayleigh-wave 
modes must be small in comparison with the coupling of the fundamental 
mode. 

Whether the above^mentioned demands on the SAW filter performance 
can be met in the case of a realization in a layered structure depends on the 
materials chosen, the design and the fabrication procedure. The materials 
(especially the question of whether to use ZnO or MN as a piezoelectric 
thin film) and part of the design (namely the determinatlon of the layer 
thicknesses and the choice of the location for the interdigital transducer) 
are discussed in this chapter. The fabrication of the silicon-integrated 
SAW filter and the design of the interdigital pattern are discussed in Chap-
ters 4 and 5 respectively. To determine the best choice of materials and 
to find the optimum device configuration, Rayleigh wave propagation and 
transduction (as the key parameters in SAW filter design) are studied 
as a function of frequency, layer thicknesses and temperature. Kino and 
Wagers [57] were among the first to examina the excitation of SAW on a 
nonpiezoelectric substrate by the use of an interdigital transducer overlaid 
with a piezoelectric layer. The theory and some experimental results of 
Rayleigh wave propagation and transduction in three-layered structures 
have been published by Venema [58], Venema and Dekkers [59], Ghijsen 
[60] and Ono et al. [62], but a complete overview and a discussion of SAW 
filter design integrated with electronic circuitry in one single chip are given 
here. Second-order effects such as reflections, diffraction, nonlinear phe-
nomena, bulk waves e t c , have not been investigated. The interdigital 
metal pattern is considered ideal, i.e. perfectly conducting and infinitely 
thin. Interaction of the surface acoustic wave with the charge carriers in 
the siHcon substrate does not result in losses, since the silicon conductiv-
ity can be considered infinitely. Chapter 3 deals with the acoustoelectric 
mteraction (in the case of noninfinite and nonzero sihcon conductivity) 
and its influence on SAW propagation. 

Section 2.2 deals with the theory of Rayleigh wave propagation and 
transduction. In Section 2.3 an inventory of material constants is given. 
Numerical and experimental data of Rayleigh wave propagation and trans
duction are presented for the ZnO-SiOj-Si and the AlN-SiOa-Si layered 
structures in Sections 2.4 and 2.5, respectively. In Section 2.6 the differ
ent configurations are discussed and conclusions as to their applicability 
as layered structures for silicon-integrated SAW filters are drawn. 

2.2 THEORY OF PROPAGATION AND TRANSDUCTION 

2.2.1 Choice of M a t e r i a l s 

The aim is a monolithic integration of the SAW filter with electronic cir
cuitry on one single silicon substrate. A piezoelectric thin film is required 
since silicon is not a piezoelectric material. A maximum enhancement in 
piezoelectric coupling is obtained when the interdigital tranducer is lo-
cated at the bottom of the piezoelectric layer compelling the insertion of 
an extra, dielectric layer. As discussed in Section 1.2, ZnO and AIN are 
the most promising piezoelectric thin film materials at the moment. Si02 
is chosen CLS an IC compatible, high-quahty dielectric layer. The possl-
ble configurations are sketched in Fig. 2.1. The appKcation of a sihcon 

• • 

ZnO / AIN (6mni) 

Si0 2 (Fused Quartz) 

Si S u b s t r a t e (m3m) A B C D 

F i g u r e 2 . 1 : Layered sÈrucÉure for siiicon-inÉegrated SAW li ters with the 
investigated materials and the four different transducer configurations. 

nitride dielectric layer would be very attractive from a fabrication point 
of view (as discussed in Chapter 4), but an extensive literature search 
failed to provide the necessary material constants (and their temperature 
dependencies) to numerically evaluate the appHcation of this material. 
Values for permittivity, density and thermal expansion coefïicients can be 
found, but the stlffness constants are not known since only Information 
on Young's modulus for sihcon nitride layers WCLS found [63], [64]. Exper
imental results with a silicon nitride layer instead of an Si02 layer did 
not give much of an acoustic response, probably due to the non-optimum 
ZnO sputter conditions for this substrate material. Therefore, curve fit
ting with experimental results to obtain the relevant material constants 
has not yet been feasible. Another use of silicon nitride is the deposition 
of a nitride layer on top of the ZnO layer, AS a passivation of the ZnO, to 
improve the stabifity of the frequency response of the SAW device. Since 
this layer is thin its influence on SAW propagation and transduction is 

1 

t 

11 
J T 
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small as demonstrated by Vellekoop et al. [65]. 
The most simple implementation of the SAW filter with electronic 

circuitry can be realïzed when the silicon conductivity is determined by 
the IC process. In virtually all IC processes and with the 10 MHz - 1 GHz 
SAW device operating frequency range in mind, the following relation is 
obtained 

^ « 1 (2.1) 

with iüc determined by the silicon conductivity and permlttivity, according 
to 

(2.2) ŵ  = 
^Si 

Therefore, the conductivity of the sihcon substrate can be taken infinitely 
in all numerical calculations. In the numerical calculations thls infinite 
conductivity is modeled by the insertion of an infinitely conducting thin 
plate on top of the silicon substrate. The choice of the silicon crystal cut 
and orientation will be discussed in the next section. 

2.2.2 Rayle igh W a v e P r o p a g a t i o n 

In the present numerical calculations the starting point is the equation of 
motion (free from mechanical sources or losses), for each layer 

52 U; dT, 
IJ 

df^ dxj 
ï , i = 1,2,3 (2.3) 

with 

P 
Ui 

t 
r. 'j 

Xj 

mass density [kg/m^] 
partiele displacement [m] 
time [s] 
stress [Pa] 
position in Cartesian coordinates [m] (Fig. 2.1) 

together with the constitutive relations of linear, time-invariant and locally 
reacting materials 

.E 
^ 'J = ^ijhl^kl - GijkEk 

A = ^ikiSki + ^fk^k 

(2.4) 

(2.5) 

/ 

/ 

I 

i 
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with i,j,kj = 1,2,3, and 

Si-i — — 
1 f duk dui 

2 l dxi dxk 
(2.6) 

The vectors and tensors of the field quantities are 

Su 
Ek 
Di 

strain 
electric field [V/m] 
electric displacement [C/m^j 

and the material constants are 

^ijkl 

ekij 

^ik 

stiffness at constant electric field [Pa] • 
piezoelectric tensor [C/m^] 
permlttivity tensor at constant strain [F/m] 

The (assumed) absence of charge in the materials results in 

dPj 

dxj 
==0 (2.7) 

The quasi-static approximation (valid because the acoustic wave velocities 
are five orders of magnitude lower than the velocity of hght) results in 

Ek = -
dxi 

(2.8) 

where (p is the electrical potential associated with the surface acoustic 
wave. The problem of surface acoustic wave propagation is completely 
described by theequations aboveand can besolved iv applying thebound-
ary conditions at the layer interfaces. In general (ui, t/2, U3, (j>) are coupled. 
For optimum device operation the direction of propagation must be co-
linear with the direction of the energy fiow, the "pure modes." In addition 
the piezoelectric material has a 6mm (hexagonal) textured crystal orienta
tion with a preferred c-axis normal to the surface. Venema [58] has shown 
that pure (stifi"ened) Rayleigh-wave modes can propagate in such a layered 
structure which results in a decoupllng between (ui,U3,(^) and (^2)- The 
direction of propagation of the surface acoustic wave, with respect to the 
sihcon crystal cut and orientation is important. Si (100) is widely used 
in IC processing. By taking the [010] or [001] directions for SAW prop
agation, pure Rayleigh-wave modes result, as shown by Venema. Since 
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all experimental devices have been realized in such a structure, the nu
merical calculations only consider the Si(100)[001] - SiOs (fused quartz) -
ZnO/AlN (6mni, c-axis i . substrate surface) lai^ered structures. The effect 
of a deviation between crystal cut, orientation and the wave propagation 
has not been subject to investigation. The pure Rayleigh-wavemode prop
agation will be assumed to have a partiele displacement in the U2-direction 
equal to zero at all times, resulting in a two-dimensional plane-wave solu-
tion for the potential <p and the partiele displacements u; of the form 

Ui,<f>-- ei^i-^aeiMxi-t^p^O (2.9) 

All Solutions and boundary conditions can be expressed in one large 
systeni of equations. The related deternninant is zero for the surface acous-
tic wave solutions. However, the problem is often ill-conditioned and the 
determinant cannot be forced to zero in a machine computation because 
of round-off errors. A more attractive way to solve the problem (of in 
fact a structure of arbitrarily number of layers) has been developed by 
Ghijsen [60], and Ghijsen and Van den Berg [61], who have rcduced the 
problem to a dual-boundary-value problem for the potential and current 
density only. The number of equations is maximally equal to eight. The 
numerical results in this chapter have been obtained with the numerical 
programs developed by Ghijsen. 

In the ZnO-Si02-Si and A1N-Si02-Si layered structures higher-order 
Rayleigh-wave modes can propagate, because the bulk shear wave phase 
velocities of the layers are lower than that of the sihcon substrate. 

Design parameters u)h and kh 

The phase velocity can be determined as a function of toh or kh. Both 
design parameters are important in the design of SAW hlters as is now 
explained. 

To estimate the Influence of ZnO (or AIN) layer variations (inevitable 
due to the fabrication tolerances) the phase velocity must be determined 
as a function of the normalized piezoelectric layer thickness khznO (or 
khAiN)- The wavenumber k is related to the period p of the transducer 
according to fc = 27r/p and can, therefore, be considered constant. The 
variations In the Si02 layer thickness are small when compared with the 
piezoelectric layer thickness variations. Hence, the normalized Si02 layer 
thickness is constant. 

To determine the dispersion in surface acoustic wave propagation in the 
multilayered structure, the phase and group velocity must be calculated 

as a function of OJ/Ï, where hsio^ ^-nd hznO (or ^AIN) a-re constant. The 
group velocity Vg is then glven by 

1 dk (ojh) dvph 

u, duj Vpk Vph d{ijjh) 
(2.10) 

Temperature coefBcient of frequency 

Both phase and group velocity depend on the temperature of the sub
strate. To obtain a temperature-stable center frequency of the SAW filter 
transfer function a number a measures can be taken, as reviewed by Lewis 
[66]. The definitions of the hrst-order temperature coefficients of frequency 
and delay are given in Chapter 1. An attractive solution is the combina-
tion of materials with an opposite sign in their temperature coëfficiënt of 
frequency. This approach has been demonstrated by Nakagawa [67] and 
Defranould [68] for ZnO layers on pyrex glass. 

Numerical calculations for the ZnO-Si02-Si layered structure have been 
presented by Ono et al. [62]. They proved that the first-order temperature 
coëfficiënt of delay is mainly determined by the temperature dependence 
of the stiffness constants, the effect due to linear expansion being negli-
gible by comparison. The thermal expansion coefficients are only used to 
calculate the temperature dependent mass density of the different layers. 
Also for the ZnO-Si02-Si layered structure, Martin [69] has realized tem
perature coefficients of delay of about —1 p p m / K for a normalized Si02 
layer thickness of about 0.48. In the research presented in this thesis no 
a t tempts have been made to realize temperature-stable SAW devices. The 
SAW delay line, as presented in the next section and in Chapter 5, has a 
temperature coëfficiënt of frequency of about 15 ppm/K in the —40°C to 
-|-80°C temperature range. This temperature coëfficiënt is obtained for a 
normalized Si02 layer thickness of about 0.45 and is already better than 

for LiNbOg. 
For the A1N-Si02-Si layered structure, temperature stability should be 

feasible too. However, in this case both the AIN and the Si02 layer have a 
negative temperature coëfficiënt of delay. Temperature stability on silicon 
and AI2O3 substrates have been realized by Tsubouchi et al. [77], [78]. 

Propagation losses 

The at tenuation of the propagating surface acoustic wave is neglected in 
this thesis. Attenuation is caused by acoustic beam misahgnment, diffrac-
tion, reflections (caused by electrical and mechanical discontinuities), scat-
tering from surface imperfections and grain boundaries, and by interaction 
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with thermal phonons. A review on the attenuation of surface waves is 
given by Dransfeld and Salzmann [70]. Hickernell [71] has obtained in his 
experiments data on the SAW attenuation in ZnO films. The losses in 
the sputtered ZnO film can be considered dominant in the ZnO-SiOi-Si 
layered structure. 

2.2.3 Rayle igh W a v e T r a n s d u c t i o n 

The efficiency of the electric-to-acoustic energy conversion in the interdig
ital transducer is expressed by n"^. Ristic [72] and Kino [73] have shovvn 
that only K^ of the total input electrical energy is converted to elastic 
energy of the surface acoustic wave. This can easily be verified in the 
one-dimensional case. 

In a one-dimensional model the stifFness constant c in Eq. 2.4 can be 
replaced by 

c' = c 1 + 
ec 

= c (1 + «̂ ) (2.11) 

with K̂  the piezoelectric coupling coëfficiënt. The phase velocity Up/i of an 

acoustic wave is proportional to Je/p and in the case of a piezoelectric 

medium Jd/p. The piezoelectricity causes an increase in phase velocity 

of approximately | K ^ . When the conductivity of the medium becomes 
infinite, all piezoelectric fields are shorted and the phase velocity u^ is 
related to Vph as 

A V Vph -Vm 1 

V Vvh 
— K 
2 

(2.12) 

I 

Equation 2.12 is also valid as an approximation for the piezoelectric cou
pling of surface acoustic waves in multilayered structures. The phase 
velocity Vm is now obtained by the insertion of a perfectly conducting, 
infinitesimally thin metal plane at the interface where the IDT is located. 
Ghijsen [60] has shown that the Av/v approximation of the piezoelectric 
coupling is within 10% of the exact value. When the inaccuracy in the 
material constants (as discussed in the next section) is taken into account, 
the accuracy of the Av/v approximation is sufficiënt. The piezoelectric 
coupling must be calculated for a constant radial frequency w. The K"^ 
dependence of the electric to acoustic energy conversion is not only valid 
for the interdigital transducer but also in the acoustoelectric interaction 
mechanism of the SAW amplifier, as discussed in the next chapter. 
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Table 2.1: Materia.} constants at T — 300/<' of siUcon, silicon dioxide 
(fused quartz), ZnO (monocrystalline bulk material constants* and exper-
imentally obtained material constants for thin ülms'"') and AIN. 

p 
cfi 
cfs 
*-33 

C44 

eai 
e 33 

e i 5 

en 
C33 

On 
Q 3 3 

TC(cf,) 
TC(cf3) 
TC(cf3) 
TC(cS) 

Ref. 

10^ kg/m^ 
IQî  Pa 

C/m^ 

10-1° p / j ^ 

ppm/K 

ppm/K 

Si 
2.33 
1.66 

0.639 
1.66 

0.796 

1.03594 
1.03594 

2.6 
2.6 
-68 

-100 
-68 
-44 

[62], [80] 

Si02 
2.20 

0.785 
0.161 
0.785 
0.312 

0.33468 
0.33468 

0.55 
0.55 
239 
584 
239 
151 

[62], [80] 

ZnO-
5.68 
2.10 
1.05 
2.11 
0.425 
-0.61 
1.14 
-0.59 
0.737 
0.782 
4.0 
2.1 

-112 
-161 
-123 
-70 

[62], [80] 

ZnO" 
5.72 
1.57 
0.83 
2.08 
0.38 
-0.51 
1.22 
-0.45 

[76] 

AIN 
3.26 
3.45 
1.20 
3.95 
1.18 
-0.58 
1.55 
-0.48 
0.8 
0.95 
5.27 
4.15 
80 
160 
100 
50 

[77], [79] 

2.3 M A T E R I A L C O N S T A N T S 

To evaluate the different layered structures, sets of the material constants 
of amorphous, dielectric layers and polycrystalHne (textured) piezoelec
tric layers are required. Where the monocrystalline material constants 
are used, the theoretical results do not match the experimentally obtained 
results, as will be shown in the next section. Efforts, based on theoretical 
models, to calculate these material constants from the monocrystaUine 
material constants have not been very successful [74], [75]. A better ap-
proach is to accurately measure surface acoustic wave parameters, such as 
the wave velocities and piezoelectric coupling factors, and determine the 
matching material constants by curve fitting. This approach has been car-
ried out by Carlotti et al. [76] in the case of ZnO layers, and by Tsubouchi 
et al. [79] for AIN layers. 

Carlotti et al. have determined the ZnO material constants (with the 
exception of the dielectric permittivity) by measurements of the phase 
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velocity of RF magnetron sputtered ZnO on AI2O3 and Si substrates. 
Therefore, it is expected that the material constants do not completely 
match with the constants obtained in a DC magnetron sputtered ZnO 
layer on a SiOs-Si substrate. Tsubouchi made a computer calculation of 
the material constants of a metal-organic chemlcal vapor deposited (single-
crystal) AIN film. The epitaxial growth takes place at 1200°C, which is 
not very attractive in the case of a monohthic integration with electronic 
circuitry. 

In comparison with the uncertainties in piezoelectric material con
stants, the sihcon crystal material constants are very well known. The 
SiOa layer is taken equivalent to fused quartz since no better set of mate
rial constants for this layer is available. The material constants are tabu-
lated in Table 2.1. The material constants are given in matrix notation. 
In Table 2.1 a u and 033 are the (linear) thermal expansion coefficients 
and TC(c^) is the first-order temperature coëfficiënt of c^. 

2.4 T H E ZnO-Si02-Si L A Y E R E D S T R U C T U R E 

In Figs. 2.2 and 2.3 the two different sets of material constants for the 
ZnO layer (CLS listed in Table 2.1) have been used to calculate the phase 
velocity and piezoelectric coupling. Compared to the monocrystalline ap-
proximation of the ZnO layer, the phase velocity can be up to 10% lower 
when the computer fit ZnO material constants from Carlotti et al. are 

Table 2.2: Measured (normaUzed) layer thicknesses and center frequen-
cies. Phase velocities are calculated based on these measurements, based 
on a monocrystaUine approximation of the ZnO layer [80], and based on 
a set of experimentally obtained material constants [76]. 

Delay L. 
Transv. 
Reson. 

hsi02 
[firn] 

2.00±0.02 
1.53±0.02 
1.53±0.02 

hznO 
[fim] 

11.1±0.4 
5.6±0.2 
5.6±0.2 

Ao 
[fim] 
28.00 
9.333 
9.000 

khsi02 

0.449±0.006 
1.03±0.02 
1.07ib0.02 

khznO 

2.5ib0.1 
3.Sib0.2 
3.9±0.2 

Delay L. 
Transv. 
Reson. 

/o 
[MHz] 

100.4±0.2 
283.0±0.5 
292.2i0.2 

Up/i = Ao/o 

[m/s] 
2811±5 
2641±5 
2630±2 

vph [80] 
[m/s] 

2891±15 
2743±5 
2742±4 

Vph [76] 
[m/s] 

2773±18 
,2588±8 
' 2583±8 
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Figure 2.2: Phase velocities of three Rayleigh-wave modes in the case 
of a monocrystalline approximation of the ZnO layer (dashed). The solid 
line is obtained when the computer fit ZnO material constants are used. 

used. The piezoelectric coupling can be up to 20% lower. Experimen-
tal data have been obtained from a SAW delay line (Delay L.), a SAW 
transversal filter (Transv.) and a SAW resonator filter (Reson.). The 
transfer functions of these SAW filters are presented in Chapter 5, here 
the propagation properties are discussed. The ZnO layer thickness has 
been determined with a Tencor alpha-step 200. Because a sputter mask 
has been used to fabricate the ZnO layer, the layer is not uniform. In Table 
2.2 an average value and the variation across the acoustic beam are given. 
The silicon dioxide layer thicknesses are measured with an ellipsometer. 
Si02 layer variations are one order of magnitude smaller and 
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T 
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IDT at ZnO-Si02 interface 
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monocrystalline ZnO; / 

1.5 

1.0 

0.5 

0.0 
0.0 0.3 0.6 0.9 1.2 

^hzno (10'' rad m/s) 
1.5 

F i g u r e 2 .3 : Av/v of three Rayleïgh-wave modes in the case of a 
monocrystalline approximation of the ZnO layer (dashed). The solid line 
is obtained when the computer fit ZnO material constants are used. 

are, therefore, neglected. For the same reason the inaccuracy in the fabri-
cation of the transducer is neglected. The calculated phase velocities when 
a monocrystaUine approximation of the ZnO layer is used, are about 4% 
higher than the measured velocities. Using the computer fit ZnO material 
constants of Carlotti et al., the calculated phase velocities are 1.5-2% too 
low. Errors is this case can be caused by the fused quartz approximation 
of the silicon dioxide layer and by the fact that a Si02-Si substrate is used. 
In the rest of this chapter the computer fit constants are used, since they 
are more accurate. 
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Figure 2.4: Av/v of the fundamental Rayleigh-wave mode as a function 
of khznO with khsi02 — ^-0 for the four transducer conBgurations in Fig. 
2.1. 
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Figure 2.5: Av/v of the fundamental Rayleigh-wave mode relative to the 
Av/v ratio of the second- (solid) and third-order (dashed) Rayleigh-wave 
modes for transducer configurations A and C (Fig. 2.1). 
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Figure 2.6: Pha.se (soUd) and group (dashed) velocities of two Rayleigh-
wave modes as a function of ujhznO 'witb hsiOi/hznO constant. This figure 
shows the dispersion in the ZnO~Si02-Si layered structure. 

In Fig. 2.4 the piezoelectric coupling of the fundamental Rayleigh-
wave mode for the four different transducer conflgurations in Fig. 2.1 is 
given. Although the piezoelectric coupling is defined for constant tohznO, 
the errors are small when K^ is calculated as a function of hhznO- The 
piezoelectric coupling in Figs. 2.4 and 2.5 is calculated as a function 
of khznO because it directly yields Information about the generation of 
higher-order Rayleigh-wave modes in interdigital transducers. 

Figure 2.5 shows the piezoelectric coupling of the fundamental Rayleigh-
wave mode relative to coupling of the second- and third-order Rayleigh-

Av/v 

( % ) 

T 
1.6 

1.2 

0.8 

0.4 

0.0 
0.0 

ZnO-SiOj-Si {asi = 00) 
IDT at ZnO-Si02 interface 

hsiOj/hznO — 0.1, 0.35 

O.Z 0.6 0.9 1.2 

'^^ZnO (lO"* radm/s) 
1.5 

Figure 2.7: Av/v of the fundamental (soUd) and second-order (dashed) 
Rayleigh-wave modes as a function oftohznO "^1^^ hsi02/^ZnO constant. 

wave modes. Only the piezoelectric coupling for the configurations A and 
C are drawn. Configurations B and D are almost equal to A and C, re-
spectively. A low piezoelectric coupling of the second-order Rayleigh-wave 
mode can be obtained for khznO ^ 5. However, for this normalized ZnO 
layer thickness a strong piezoelectric coupling for the third Rayleigh-wave 
mode exists. This has been experimentally verihed, as briefly discussed 
in Chapter 5. For very small normalized ZnO layer thicknesses there is 
no second Rayleigh-wave mode. In that case the configuration B or D 
must be used to obtain an acceptable piezoelectric coupling for the first 
Rayleigh-wave mode. 

http://Pha.se
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Figure 2.8: Phase velocities of the fundamenta.} and the second Rayleïgh-
wavemodes as a function ofkhznO- This figure shows the infiuence ofZnO 
layer thickness variations. 

Figures 2.6 and 2.7 show the phase and group velocity, and the piezo-

electric coupling as a function of o;/i2-„o- Whena;/i2-nC> —* O, then w/i^.o^ —* 
O and the Rayleigh wave phase velocity (equal to the group velocity) of 
the sihcon substrate {vR^si = 4921 m/s) results. Finally, Fig. 2.8 shows 
the variation in phase velocity (and thus in center frequency of the SAW 
filter) by variation of the ZnO layer thickness. 

; 
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? 
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Figure 2.9: Phase velocities of the fundamental and the second Raylelgh-
wave modes as a function of kh^i^. This figure shows the influence of AIN 
layer thickness variations. 

2.5 T H E A1N-Si02-Si L A Y E R E D S T R U C T U R E 

Besides ZnO as a piezoelectric thin film, AIN seems a promising materïal. 
Therefore, the A1N-Si02-Si layered structure is subject to investigation in 
this section. 

The variation in phase velocity (and thus in the center frequency of 
the SAW filter transfer function) when the AIN layer thickness varies (due 
to the fabrication tolerances) is shown in Fig. 2.9. For thin SiOa layer 
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F i g u r e 2.10: Phase velocity (soUd) of two Rayleigh-wave modes and 
group velocity (dashed) of the fundamental Rayleigh-wave mode as a func-
tion of LÜKAIN v/ith hsi02/^AlN constant. This figure shows the dispersion 
in the AlN~Si02-Si layered structure. 

thicknesses no second- and higher-order Rayleigh-wave modes exist in the 
A1N-Si02-Si layered structure. Higher-order modes can exist, because the 
Rayleigh wave phase velocity in a bulk crystal of AIN (VR^AIN = 5607 
m/s) is less than the cut-ofF velocity of a semi-infinite silicon substrate 
{'^c,si = 5653 m/s ) . 

Figure 2.10 shows the dispersion in surface acoustic wave propagation 
in the A1N-Si02-Si layered structure. ' 

i 
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F i g u r e 2 .11 : Av/v of the fundamental and second-order Rayleigh-wave 
modes as a funcüon ofuhznO wHh hsi02l^ZnO constant. 

Figure 2.11 shows the corresponding piezoelectric coupling in the case 
of configuration A (see Fig.2.1). For configurations B, C and D results 
similar to those in Fig. 2.4 are obtained. An advantage of the A1N-Si02-
Si layer is the absence of higher-order Rayleigh-wave modes when the 
normalized SiOz layer thickness is chosen smaller than 0.7 (and khAiN < 
3). However, the piezoelectric coupling is almost one order of magnitude 
smaller than for the ZnO-Si02-Si layered structure. 
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2.6 D I S C U S S I O N A N D C O N C L U S I O N S 

For a monolithic integration of SAW filters with electronic circuitry the 
phase and group velocities must be small in the case of SAW resonator 
filters and SAW transversal filters, respectively. The length of the silicon-
integrated SAW device is doubled when AIN is used instead of a (thick) 
ZnO layer (khznO > 2). In addition, the piezoelectric coupling for AIN 
is about one order of magnitude smaller than for ZnO. For ZnO layers 
very low group velocities (smaller than 1000 m/s) are possible, but only 
for very thick ZnO layers, where a number of higher-order modes exist 
and the piezoelectric coupling for the fundamental Rayleigh-wave mode is 
small. 

The main disadvantage of the ZnO-Si02-Si layered structure are these 
higher-order Rayleigh-wave modes. As shown in Fig. 2.5 it is possible to 
prevent a substantial generation of these modes by choosing a thin ZnO 
layer. This results in a configuration where the interdigital transducer 
is on top of the ZnO layer. However, the dispersion and the phase and 
group velocities are much larger in the case of a small normalized ZnO 
layer thickness. In addition, variations in ZnO layer thickness result in 
large changes in the phase velocity. The addition of an extra AI2O3 layer 
could improve the performance, as shown by Davis [81]. The additional 
passband as a result of the second-order Rayleigh-wave mode is not neces-
sarily a drawback in the apphcation of the ZnO-Si02-Si layered structure, 
as shown in Chapter 6. Another attractive solution to suppress the spuri-
ous passband is the application of SAW amplification, a^ discussed in the 
next chapter. 

The optimum ZnO and Si02 layer thicknesses have, therefore, been 
chosen khznO ^ 3 and khs^02 > 1-0. The interdigital transducer is lo-
cated at the ZnO-Si02 interface and the ZnO deposition is the final pro-
cess step in the case of a monohthic integration with electronic circuitry 
(as discussed in more detail in Chapter 4). For these layer thicknesses 
a constant group delay in SAW transversl filters can be obtained, as ex-
perimentally verified and shown in Chapter 5. For a good temperature 
stability of the center frequency a normalized SiOs layer thickness of ap-
proximately 0.5 must be chosen. This results in a small degradation of 
the dispersion and piezoelectric coupling properties. 
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3.1 I N T R O D U C T I O N 

In this thesis the monohthic integration of SAW filters with electronic 
circuitry is the subject of investigation and has resulted in the use of a 
ZnO-Si02-Si layered structure. Here, the amplification of surface acous-
tic waves in sificon-integrated SAW filters is discussed. The used per-
turbational technique enables the accurate calculation of the amplifica-
tion/attenuation and of the SAW phase velocity in the case of nonzero or 
noninfinite conductivity of the silicon substrate. 

There are two principal mechanisms of amplifying the surface acoustic 
waves. The first mechanism, "travehng-wave type amplification," is by 
interaction of the acoustic wave with drifting charge carriers. The other, 
"parametric amplification," occurs due to the nonfinear interaction be-
tween acoustic waves. The nonhnearity is caused by the nonlinear space 
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charge distribution in the sihcon substrate. 
Parametric ampHfication of SAW was first reported in 1970 by Chao 

[82], where the parametric interaction occurs due to the nonhnearity in 
elastic properties of the LiNbOa substrate, A more efhcient paramet
ric amplifier is obtained when the above-mentioned nonhnearity in space 
charge distribution in the semiconductor is used, as described by Mina-
gawa et al. [83], [84]. The convolver in a ZnO-SiOa-Si layered structure, 
described by Khuri-Yakub and Kino [85], operates on the same principle. 

SAW travehng-wave type amplifiers are basically the sohd-state equiv
alent of the traveling-wave tube. The operation of the travehng-wave tube 
can be explained in terms of a coupling between a slow electromagnetic 
wave and a space-charge wave, as described by Pierce [86]. In the case 
of a SAW traveling-wave type amplifier the acoustic wave produces (as a 
result of the piezoelectricity of the ZnO laycr) a slow moving electromag
netic wave which couples with the stream of drifting charge carriers in 
the silicon substrate. Amplification occurs when the carrier drift velocity 
exceeds the phase velocity of the acoustic wave. By choosing the layer 
thicknesses in the ZnO-Si02-Si layered structure as proposed in Chapter 
2, a frequency independent phase-velocity is obtained which results in a 
broad bandwidth of the SAW amplifier. 

To obtain not only amplification of the acoustic wave but a suppression 
of spurious acoustic waves as well, the traveling-wave type amplification 
mechanism is suited only. This is discussed in more detail in Section 3.2. 
For this reason no more attention is paid to parametric amplification and 
"SAW amplification" refers in the rest of this thesis to the travehng-wave 
type amplification mechanism. The SAW amplification mechanism is ex
plained with a simple one-dimensional model in Section 3.3. A review of 
SAW amplifier structures is given in Section 3.4. Section 3.5 describes the 
macroscopic model, the approximations used, and the simple computa-
tional technique to determine the surface acoustic wave amplification (or 
attenuation) and the Rayleigh wave velocity in the case of a nonzero of 
noninfinite sihcon conductivity. Numerical results are presented in Sec
tion 3.6 and compared with a rigorous analysis. A discussion on potential 
appHcations of SAW ampHfication and conclusions are given in Section 
3.7. 

3.2 M E R I T S OF S A W A M P L I F I C A T I O N 

SAW amplification is possible when the drift velocity of the charge carriers 
exceeds the phase velocity of the surface acoustic wave. Otherwise, the 
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device acts as an attenuator. This distributed, nonreciprocal amplification 
mechanism has a number of advantages when compared with electronic 
amplification at the input or output of a SAW filter, or when compared 
with parametric amplification. It can be used for the suppression of unde-
sired acoustic waves, whïch are generated by the interdigital transducer, 
and for increasing the output signal of the SAW filter. Both improvements 
in the SAW filter transfer function are discussed in the next paragraphs. 

The SAW amplification mechanism can be used for suppression of 
higher-order Rayleigh wave modes by choosing a drift velocity higher 
than the first, but lower than the second- and higher-order Rayleigh wave 
modes. Since bulk waves have a phase velocity higher than the SAW phase 
velocity, the same kind of choice for the charge carrier velocity can be used 
to suppress bulk waves travehng near the substrate surface. This kind of 
bulk wave is difficult to suppress by other means because such measures 
will also influence the surface acoustic wave propagation. Choosing a lay
ered structure with different layer thicknesses to suppress the bulk waves 
is often not possible because of the restrictions on center frequency repro-
ducibility, phase linearity and on the technological limitations. In power 
matched SAW devices the Triple Transit Echo (TTE), as discussed in 
Chapter 5, is a serious problem, since it increases the ripple in amplitude 
and group delay response. To reduce the TTE the SAW amplification 
mechanism, or actuahy its potential to attenuate acoustic waves, can be 
used to suppress the backward moving surface acoustic wave. 

The other advantage of the amplification mechanism is the enlargement 
of the SAW filter output signal. In this way a larger stopband rejection 
can be obtained, since it is usually limited by bulk wave propagation and 
by the (direct) electromagnetic feedthrough between the input and out
put transducer. In addition, the bidirectionality losses in the interdigital 
transducer and the acoustic wave propagation losses can be compensated. 
An increased output signal of the SAW filter also reheves the demands on 
the electronic circuitry driving and loading the device. Especially in front
end applications (as discussed in Chapter 6) a substantial improvement 
of the total system performance can be expected. The noise contribu-
tion of the SAW amplifier is important in this context. The noise of a 
SAW amplifier in a ZnO-Si02-Si layered structure must be the subject to 
further investigation, since it is not treated in this thesis. For SAW am
plifiers in other (layered) structures, theoretical and experimental results 
show an adequate noise behavior of this type of amplifier. A noise figure 
calculation is given by Kino and Coldren [87]. 

The main disadvantage is the high power dissipation. Only a small part 
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of the supplied energy is actually used to amplify the surface acoustic wave. 
Measures to keep the dissipation within acceptable limits are discussed in 
Section 3.5. 

3.3 S A W A M P L I F I C A T I O N M E C H A N T S M 

To understand the SAW amplification mechanism a simple one-dimensional 
model (based on the conservation of energy) is introduced. It is valid for 
longitudinal balk waves, traveling in a (doped) semiconducting piezoelec-
tric medium. Only the majority charge carriers are considered. For SAW 
amplification in a layered structure the model is too simple, a more de-
tailed computational technique as given in Section 3.5 is necessary. 

Consider a bulk acoustic wave traveling through a piezoelectric semi-
conductor. As a result of this piezoelectricity the partiele displacements 
result in an electric field Ep^ with amplitude EQ of 

Ep^ = Eoe'^^^-"^'^ = EQC^"^ (3.1) 

where x is the direction of propagation, t the time, LÜ the radial frequency 
and k the wave number according to 

§Z AJ^ "I" 7 rt^ (3.2) 

For A:; = O a lossless acoustic wave propagation results. SAW amplifica
tion takes place for ki < O, attenuation for k^ > 0. The piezoelectrically 
induced field Epc is affecting the charge carriers in the medium and v.v. 
Electric currents are generated to form charge bunches, which in turn gen-
erate an electric field Ecb- The piezoelectrically induced electric fields are 
so large that the creation of charge bunches is not hindered by electro-
static repulsion of the charge carriers. The charge bunches tend to screen 
out the piezoelectric field, which results in a total electric field Etot 

Etot — Ejye -\- Ecb (3.3) 

The AC current density J , corresponding to the traveling wave of induced 
charge /?, is given by 

J = aEtot = pvph (3.4) 

with a the electrical conductivity of the medium and Vph the acoustic wave 
propagation (phase) velocity. The induced charge p is given by 

p = e 
dE^ 
dx 

eb 
(3.5) 
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with e the dielectric permittivity of the medium. The time derivative of 
the mechaniccd work W on the charge carriers by the acoustic wave is 
given by 

dtW = Ei,tJ (3.6) 

The acoustic wave is attenuated when EtotJ > 0. It losses energy to the 
charge carriers. Amplification occurs when EtotJ < 0. No acoustoelectric 
interaction takes place when EtotJ = O, which results in a lossless SAW 
propagation (acoustic losses are neglected in this model). In order to 
obtain an electric field Etot in phase with the current density J the electric 
field generated by the charge bunches must be 

Ecb = aEQe^^'^+^^ (3.7) 

where 7/ is the pha^e difference between Ep^ and Ecb and a is the relative 
amplitude factor. When Etot ^^^ J a-re not in phase, regions of ampli
fication and attenuation wiU exist within one wavelength, which is not 
possible. From Eq. 3.4 and using the Eqs. 3.1, 3.3, 3.5 and 3.7, it is found 
that 

ae^^ fi— 
V Wc 

- 1 = 1 (3.8) 

with u)c ~ fj/e the dielectric relaxation frequency. 
In the ccLse UJ/LJC >• 1, a —* O and T; —> 7r/2. There is a minimum creation 
of charge bunches, which are lagging behind the traveling wave by half an 
acoustic wavelength. Since in this case 7 —* O, no energy is transferred 
between the acoustic wave and the charge carriers. The semiconductor 
can be considered as an insulator. 

In the case w/wc <C 1, a —* —1 and Ï/ —v 0. There Is a maximum creation 
of charge bunches, which are in phase with the piezoelectric field Ep^^ 
resulting in an electric field Eiot —* 0. The charge carrier distribution can 
respond quickly enough to short the piezoelectric field Ep^. No energy is, 
therefoie, transferred between the acoustic wave and the charge carriers. 
The semiconductor can be considered as a metal. 

The energy lost by the acoustic wave is suppfied to the charge carriers. 
Taking into account that only a K? fraction of the acoustic wave energy 
is electric energy, the result after integration Eq. 3.6 over one acoustic 
wavelength is 

K 
Lü =r M 

1 + (u;/a;,)2 
(3.9) 

To obtain the normalized attenuation kijky as given in Eq. 3.9 the weak 
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coupling approximation (K^ <C 1) has been used, thus 

K 
< i (3.10) 

A maximum normalized attenuation of the acoustic wave of ki/kr = 1/4/c^ 
is obtained at co/ojc = 1. In that case a = —^v2 and T] = TT/A. The charge 
bunches are lagglng behind the acoustic wave by a quarter of a wavelength. 

In the case of drifting charge carriers with a drift velocity v^ Eq. 3.4 
must be replaced by 

J - p{vpk-Vd) (3-11) 

All equations are still valid, but relative to a frame of reference moving 
at the drift velocity uj. For Vd > Vp^, EtoiJ < 0) which results in an 
energy transfer from the drifting charge carriers to the acoustic wave. The 
acoustic wave radial frequency thus changes into the efFective (Doppler-
shifted) frequency 5cj, according to 

8iü=\l-
Vd 

Vr^h 
LJ (3.12) 

A small attenuation or amplification is now obtained for 

|(5wMI < 1 (3.13) 

an d 
\SUJILÜ^\ > 1 (3.14) 

This includes the case when 

Vd ^ Vph (3.15) 

In this latter case the medium behaves like a perfect conductor. Conser-
vation of energy now results in a normalized amplification of 

ki ÓLO/ÜJC 

K 2^^ i-\-(8ujiuj^y 
(3.16) 

A result also obtained by Adler [88], who has used an RC equivalent 
circuit model as basis for his derivation. In the case of amplification 
the acoustic wave is lagging behind the charge bunches. A maximum 
amplification is obtained when SiofijJc = —1. The acoustic wave is lagging 
behind the charge bunches by a quarter of a wavelength. Diffusion of the 
charge carriers due to their thermal motion is neglected. Diffusion reduces 
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the charge bunches, thus reducing p and J. As a result the interaction 
between the charge carriers and the acoustic wave is diminished. A review 
article by McFee [89] describes in more detail the effect of diffusion on the 
amplification of bulk waves. In the SAW amplifier this diffusion and the 
layered structure must be taken into account. Therefore, both longitudinal 
and transverse components of the fields are important. 

3.4 O V E R V I E W O F S A W A M P L I F I E R S T R U C T U R E S 

Acoustic wave amplification was first reported in bulk acoustic wave de-
vices by Hutson et al. [90] in 1961 and theoretically investigatedby Hutson 
and White [91], and White [92]. Reviews are given by McFee [89] and May 
[93]. Surface acoustic wave amplification was first demonstrated on a CdS 
bulk crystal by White and Voltmer [94] in 1966. Since then a number of 
SAW amplifier structures have been realized. A short review (with a few 
representative references) is given below. 

The cornbined medium amplifier 

The combined medium amplifier uses one semiconducting piezoelectric 
crystal such as GaAs, ZnO or CdS. The high mobility GaAs has a weak 
piezoelectric coupling which results in a low amplification. ZnO and CdS 
on the other hand have rather pooi semiconductor properties. The poor 
reproducibility of CdS is another disadvantage. In general, it is difficult 
to obtain the optimum piezoelectric (i.e. high piezoelectric coupling) and 
semiconductor properties (i.e. high mobihty and a wide range of available 
and reproducible conductivities) in one crystal. 

The separated medium amplifier 

The separated medium amplifier uses a piezoelectric substrate with a semi
conducting layer, separated by a uniform air gap in order to maintain the 
traction-free boundary conditions required for Rayleigh wave propagation. 
Now it is possible to make an optimum choice for the piezoelectric and 
the semiconductor media. The suggestion that SAW amplification could 
be obtained in this structure was made by Tien [95], and by Gulyaev 
and Pustovoit [96] in 1964. The external electric fields diminish rapidly 
when moving away from the piezoelectric surface and results in the need 
of sophisticated and expensive technology for the construction of the uni
form air gap. In experimental results for a lithium niobate piezoelectric 
substrate (with a thin siHcon film deposited on sapphire and separated 
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from the lithium niobate with the help of silicon dioxide rails) a gain of 
65 dB/cm at 108 MHz has been reported by Lakin and Shaw [97). 

The monolithic amphüer with a piezoelectric substrate 

Monohthic amplifïers have been constructed by using a thin semiconduct-
ing layer on top of a piezoelectric substrate, thus eHminating the critical 
air gap. The smal! layer thickness can and usually does severely reduce the 
charge carrier niobility. Another problem is the adjustment during fabri-
cation of the desired conductivity of the semiconducting layers. Coldren 
and Kino [98] used InSb vacuüm deposited on LiNbOa. Electronic gains of 
25 and 70 dB/cm at 220 and 660 MHz, respectively, have been observed. 
Hannebrekke and Ingebrigtsen [99] obtained 38 d B / m m (!) at 170 MHz 
in a structure of CdSe on LiNbOa. In this last experiment the required 
conductivity of the photoconductive CdSe could be accurately adjusted 
for a maximum amplification by ïllumination from a halogen lamp. 

The moDohthlc ampURer with a semiconductor substrate 
^ n — • — ^ H — ^ ^ ^ ^ ^ ^ ^ 

Theoretical and experimental results of SAW amplification in ZnO-Si lay
ered structures have been reported by Tarakci and White [100]. A max
imum gain of 21 dB/cm was obtained at 440 MHz (which WCLS not the 
optimum frequency for maximum gain). 

SAW amplification in the ZnO-Si02-Si layered structure is of interest 
in this thesis. To reduce the Joule heating the charge carriers are thought 
to drift in an epitaxial layer, which can be more or less depleted. Because 
of its better electron mobihty in sihcon an n-type epitaxial layer is used. 
With the proposed structure, shown in Fig. 3.1, the proper conductivity 
for a maximum amplification can be accurately adjusted during the fabri-
cation of the epitaxial layer. With former multilayer amplifier structures 
this was more difficult to achieve. With an epitaxial layer present it is also 
possible to contrei (together with the charge carrier drift velocity) the am
plification. The next section gives a simple, but accurate computational 
method to analyze the ZnO-SiOz-Si amplifier structure. 

3.5 C O M P U T A T I O N A L T E C H N I Q U E 

3.5.1 In troduct ion ^ 

To calculate the SAW amplification a number of approximations and as-
sumptions are made. The layers are assumed to be homogeneous with 
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Figure 3 . 1 : ZnO-Si02-Si layered SAW amplifier structure separated into 
an upper and lower half-space. The upper half-space contains the ZnO 
layer, the lower half-space is built up of the silicon substrate, the epitaxial 
layer and the silicon dioxide layer. 

respect to thickness, acoustic properties and doping. Attenuation re
sults from the acoustoelectric interaction only (acoustic at tenuation is 
neglected). A linear, macroscopic theory is used, i.e. kl •^ 1 [k is the 
acoustic wave number and / is the mean free path of the charge carri
ers). The piezoacoustic wave is treated classically as an electric potential 
wave for charge carriers. Further, the distribution in the charge carrier 
drift velocity is neglected and the drift velocity is taken much smaller 
than the thermal velocity. In addition, only the majority charge carri
ers (i.e. electrons in the case of an n-type epitaxial layer) are considered 
and electron-hole recombination and generation are neglected. In general, 
a good agreement between theory and experiment for the different SAW 
amplifier structures has been obtained. It is, therefore, concluded that the 
SAW amplification depends only on the average properties of the drifting 
s t ream of charge carriers. The difi'usion cannot be neglected in SAW am
plification calculations and is fully taken into account. Also taken into 
account is the piezoelectricity of the ZnO layer. It is assumed that the 
passivation of the silicon substrate by the silicon dioxide layer reduces 
sufficiently the presence of surface states, as shown by Venema [101]. The 
effect of surface states on SAW amplification have been discussed by Ze-
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mon and Conwell [102], and by Moore and Smith [103]. However, the 
model can be expanded to include the effect of charge carrier trapping by 
surface states by the introduction of an effective drift mobility, as shown 
by Hutson and White [91], and Uchida et ah [104]. Finally it is assumed 
that no nonlinear effects, instabilities and saturation of the amplifier take 
place. These effects have been examined by McFee [105], Moore [106] and 
Skeie [107]. Noise induced saturation has been described by Hanlon [108]. 

A number of computational techniques to determine the SAW am
plification have been developed in the past. A rigorous analysis can be 
developed but is complicated. It is more profitable to consider an ap-
proximate simplified theory, in order to obtain practical design choices. A 
perturbation theory (checked with an exact analysis) for ZnO-Si layered 
structures has been given by Fahmy and Adler [109]. However, a basic 
assumption in their derivatlon is to neglect diffusion and thus the results 
are only valid within a certain range of semiconductor conductivity and 
frequency. Kino and Reeder [110] have used a normal mode expansion of 
the Rayleigh wave piezoelectric fields to calculate the amplification in a 
separated medium amplifier. An alternative approach which uses a pertur-
bational method based on field theory has been developed by Ingebrigtsen 
[111], [112]. Basic to the analysis is the introduction of an electric surface 
impedance Z, which relates at the surface the electric potential <f> (asso-
ciated with the surface acoustic wave) to the normal component of the 
electric displacement D3. The effective dielectric constant or permittivity 
Cc/f which is equivalent to the electric surface impedance was later intro-
duced by Greebe et al. [113]. Although other definitions for the effective 
permdttivity are possible [114], [115], the definition given by Greebe et al. 
suits the problem to calculate the SAW amplification in the ZnO-Si02-Si 
layered structure: 

-̂ = ̂  = ê ^'-''^ 
In the equation above, k is the wave number and Vp^ the phase velocity 
of the acoustic wave. The use of electric surface impedances or effective 
permittivities is rather simple and direct in comparison with the normal 
mode theory. Lakin and Shaw [97] used this perturbational method for 
analyzing their separated medium amplifier. Their numerical results are 
in close agreement with the normal mode theory and with experiments. 

3.5.2 Perturbat ion T h e o r y 

The perturbational method introduced in this subsection to determine 
the amplification (or attenuation) and velocity of Rayleigh-wave modes in 

ZnO-SiOa-Si layered structures, is based on the application of the effective 
permitt ivi ty in Eq. 3.17. Lossless SAW propagation is considered as the 
unper turbed situation and is used to start the perturbational method. 
The numerical programs for lossless SAW propagation and transduction 
developed by Ghijsen [116] have already been used in Chapter 2 to obtain 
the velocity and piezoelectric coupling as a function of layer thicknesses, 
frequency and temperature. 

The effective permittivity has the dimension of a dielectric permittivity 
and is equal to it in the case of an isotropic dielectric half-space. In the 
effective permittivity of a half-space the surface charge must be included 
and the X3-axis points into the interior. A structure divided into two half-
spaces, each characterized by an effective permittivity and only electrically 
coupled, yields the dispersion relation 

^cff,l{k,Vph) -\- ^c/jA^.Vph) = O (3.18) 

where £ejf,i ^md ^efj,2 s-re the effective permittivities of both half-spaces. 
The mechanical and electrical fields are assumed to be plane-wave solu-
tions of the form 

gi(t^,-u.o cj = kvpH (3.19) 

In the case of lossless SAW propagation real values for the effective per
mittivities, k and Vph. are obtained. Otherwise these variables become 
complex (but the radial frequency co remains real and constant) 

k' = k-\- Akr-\-jki 

V ph = Vph + Avph,T -\-jVph,i 

(3.20) 

(3.21) 

The perturbation technique discussed in this subsection can be used be-
cause 

|AA:r|,|A:,| < k 

\Ayph,r\ , \VphA < Vph 

(3.22) 

(3.23) 

The dispersion relation in Eq. 3.18 gives an exact solution, but is 
only of practical interest when expressions for the effective permittivities 
for both half-spaces can be formulated. As long as dielectric and semi-
conducting materials are involved, analytlc expressions for the effective 
permitt ivi ty of a half-space can be obtained in a straightforward manner 
(see Section 3.5.3). In the case of Bleustein-Gulyaev waves an analytic ex
pression for the effective permittivity of a piezoelectric half-space can also 
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be calculated [113]. However, for the more complicated Hayleigh waves it 
is not possible and here the Ingebrigtsen approximation for the effective 
permittivity of a piezoelectric half-space can be used [111], [112] 

^ejj = e 
^ph ^OpCTljl 

yph — V 
(3.24) 

m 

vi'here 

e 

Vph 

^opcn,! 

= y 

Vm = 

f 11 f33 — ^13 

SAW phase velocity 
SAW phase velocity in the case of 
an adjoining medium with zero effective permittivity 
SAW phase velocity in the case of 
a metalized surface 

As soon as the half-spaces are not only electrically, but also are me-
chanically coupled, the mechanical boundary conditions enter the prob-
lem. It is no longer possible to divide the structure into two independent 
half-spaces. Only half-spaces with nonpiezoelectric material keep an ef
fective permittivity independent of the other half-space. Therefore, Inge-
brigtsen's approximation no longer holds when a piezoelectric substrate is 
covered with a semiconducting layer of arbitrary layer thickness. However, 
by redefining Uopen.i and v^ as 

V open,! 

Vm = 

SAW phase velocity in the case of 
a semiconducting layer with zero permittivity 
SAW phase velocity in the case of 
a metahzed piezoelectric-semiconductor interface 

the mechanical and electrical boundary conditions are satisfied for both 
these velocities. The effective permittivity of the piezoelectric half-space 
for these velocities can be considered as the unperturbed (exact) value. 
Perturbations are caused by changes in the electrical parameters in the 
semiconducting layer. This approach has proven to be successful by Voges 
[117], who used an approximation to obtain Vopcn,i-

To calculate the gain and velocity the ZnO-Si02-Si layered structure 
of Fig. 3.1 must be divided into two half-spaces. The lower, independent 
one (Section 3.5.3) contains the sihcon substrate, epitaxial layer and the 
silicon dioxide layer. The upper, dependent one (Section 3.5.4) consists 

/ 
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of the ZnO layer and vacuüm. Thus by only demanding the continuity of 
tcff at one interface the amphfication can be calculated. The electrical 
boundary conditions are satisfied not only in the unperturbed, but also in 
the perturbed situation. The mechanical boundary conditions however, 
are only satisfied in the unperturbed system. This of course influences the 
electrical boundary conditions (because of the piezoelectricity), but this 
effect is neglected (weak coupling approximation from Eqs. 3.20-3.23). 

3.5.3 Effective P e r m i t t i v i t y of the Lower Hal f -Space 

The effective permittivity eefj of an isotropic nonpiezoelectric semicon
ducting layer with dielectric permittivity e, electrical conductivity a and a 
normalized layer thickness kh on a substrate with an effective permittivity 
ê ui, can be derived from the quasi-static approximation for the potential 
ó and the Maxwell equations 

E = -V<f> 

R = eE_ 

V • D, = -qui = p 

(3.25) 

(3.26) 

(3.27) 

with rix the perturbation from the equilibrium electron density, p the space 
charge and —q the charge of an electron. The electric current densities Ji 
and J3 (including diffusion effects and the presence of drifting electrons) 
are given by 

Ji = aEi - qniV^-\- qDn 
dril 

d^i 
(3.28) 

J3 = aEs + qDn 
dril 

8x3 
(3.29) 

V - J = q 
dril 

'dt 
(3.30) 

This last equation is the continuity equation. Dn is the electron diffusion 
constant and uj is the electron drift velocity. £"1 and E^ are the elec
tric fields generated by the piezoelectric material. The drift velocity Vd 
is caused by an externally applied DC electric field. Using plane wave 
Solutions of the form 

^jkbxz gJ^Cxi-Upht) (3.31) 
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the following relation is obtained 

(l + 5 ^ ) [ i u ; ( l - ^ ) - - - i ? „ P ( l + 6 )̂ 
ï^p/i e 

= 0 

Eq. 3.32 has four solutions for b 

(3.32) 

b = ±j or b=±a (3.33) 

with 
LH 

a = j 
m 

üj 

.ÓLü + OJ 
+ 1 

ÜJ. iü 
(3.34) 

m 

wnere 

Wc 

UJD 

Wm 

6 

= 

— ' 

^ ^ 

^ ^ 

a/e 

vlJDn 
\/^c^D 

1 - (Ud/Up/x) 

the dielectric relaxation frequency 
the diffusion frequency 

the normalized electron drift velocity 

The solutions b = dtj correspond to the solution of Laplace's equation 
and don't carry space charge. Therefore, these solutions for b do not 
contribute to the ampliflcation. The solutions 6 = ± a are associated with 
space charge. In order to obtain a decay of the mechanical displacements 
and electric potential for increasing positive 3:3 values, only positive values 
of the imaginary part of b can be accepted. Thus only two solutions for b 
are left. 

The boundary conditions require J3 = O at 0:3 = O and X3 = kh and 
Dzlk(j> = e^^b at X3 ~ kh. The problem is thus restricted to structures with 
insulators adjoining the semiconducting layer. The effective permittivity 
of a semiconducting layer is then given by [112] 

(3.35) 

where 

= j a 11 — j — tanh(/:/i) ta.nh(jakh) + 

-i- a-^ i&nhQakh) + - ^ tanh(fc/i) 
e Lü. 

I 

1 
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N = ja \l — j — 1 (ta.B.h{kh) + a— ta.n]i{jakh) ] + 
ÜJ. w. 

+ ^3ub 
1 + a' 

S^io^ 

iü 
taxih{kh) ia.nh{jakh) + 

+ 2 a ^ ^ l l -
1 

e w, cosh{kh) cos\i(jakh) 

For kh —^ co Eq. 3.35 reduces to 

^^fl = ^ 
1 + jLüjêüj 

1 — (jJclaSuj 
(3.36) 

The diffusion of the charge bunches by the thermal motion of the charge 
carriers can be neglected when the Debye screening length is much smaller 
than the surface acoustic wavelength. The Debye screening length Ao is 
given by 

\D = W— (3.37) 
LJ. 

Thus the diffusion free limit (w/w^ O, kXo < 1) of Eq. 3.36 is 

^-iS (3.38) 

Eq. 3.36 reduces in the case of ^ = O (uj = Vph) to 

£,ƒƒ = tJl + 
W C W D 

w 
(3.39) 

The diffusion effects cause a finite value for the effective permittivity. For 
(T —*• O Eq. 3.34 reduces to a = _ƒ and Eq. 3.35 reduces to 

f=// 
_ ftidM\i(kh) + tsuh\ 

Ê+ e5ü6tanh(A:ft)/ 
(3.40) 

The effective permittivity of the ZnO-Si02-Si layered structure, as 
shown in FIg. 3.1 can be calculated by repeatedly using Eq. 3.35 or one 
of the four Eqs. 3.36, 3.38-3.40. The sihcon substrate has an effective 
permittivity defined by Eq. 3.36. The depletion layer can be taken into 
account by using Eq. 3.40. For the epitaxial layer the complete Eq. 3.35 
must be taken and with Eq. 3.40 the Si02 layer is brought into the effective 
permittivity of the lower half-space. In this way the effective permittivity 
of every nonpiezoelectric half-space can be evaluated. The only, already 
mentioned, restriction is that two semiconducting layers must be separated 
by a dielectric one. 
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3.5.4 EfFective permit t iv i ty of the U p p e r Half-Space 

In this subsection expressions for the efFective permittivity of a half-space 
containing one piezoelectric layer are derived. A generalization of Inge-
brigtsen's approximation for the effective permittivity of a ZnO layer (with 
a c-axis normal orientation) is in analogy with Eqs. 3.24 and 3.40 

^^fl 
_ /tia.nh{bkh) + t^gA fvph - Vopen.i 

e + Cvac tanh(fefc/i)y \ Vph - v^ 
(3.41) 

where 

e 

b 
kh 

= y 

•vac 

y/^11^33 

^ 1 1 / ^ 3 3 

the normalized piezoelectric 
layer thickness 
the permittivity of vacuüm 

When the ZnO layer is net piezoelectric Uopen.i — ^m and Eq. 3.41 reduces 
to the effective permittivity of a nonisotropic dielectric layer. The phase 
velocities Vopen.i a-nd v^ can exactly be calculated with the numerical pro
grams used in Chapter 2. 

To obtain a higher accuracy the effective permittivity of a ZnO layer 
as a function of the phase velocity is examined by using Fig. 3.2. For 
simpllcity a ZnO-SiOa-Si layered structure with a thick epitaxial layer is 
assumed. Rayleigh wave propagation is only possible when the real part 
of the effective permittivity is negative. When a particular Rayleigh-wave 
mode is considered, variation of the electrical parameters of the adjoining 
half-spaces result in phase velocities 

Vm < Vph < Vopen,l (3.42) 

All mechanical material constants and layer thicknesses are kept constant. 
As soon as the dielectric permittivities are chosen the phase velocity can, 
dependent on the conductivities, vary according to 

Vm < Vph < VQ (3.43) 

When only the silicon conductivity is varied, the possible phase velocities 
are 

Woo < Vph < VQ (3.44) 
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Figure 3.2: Rea.1 part of the effective permittivity of a ZnO layer half-
space as a function of the phase velocity The influence of the electrical 
parameters of the adjoining half-space is shown. The subscript "ox" is an 
abbreviation for Si02-

with the corresponding wave numbers 

h — ft-00 — 

CJ 

V 
(3.45) 

00 

KQ — 
07 

VO 
(3.46) 

The parameter u; can be chosen arbitrarily, but is kept constant during 
variation of the electrical parameters. In this way the effective permittivity 
(for lossless SAW propagation) can be calculated for five different phase 
velocities 

- • - • - r -
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Vm = 

v^ = 00 

VQ = 

^open, l 

yopen,7 — 

SAW phase velocity in the case of 
a metalized ZnO-SiOi interface 
SAW phase velocity in the case of 
an infinite silicon conductivity 
SAW phase velocity in the case of 
a zero siUcon conductivity 
SAW phase velocity in the case of 
a zero siUcon permittivity 
SAW phase velocity in the case of 
a zero sihcon dioxide perinittivity 

I 
' \ ' 

By using an interpolation formula F{Vph} through these points an ana-
lytic expression for the eifective permittivity of the ZnO layer is obtained 

^eff = 
^ ( ^ P O 

Vph — V 
(3.47) 

m 

In the case of a second-order Lagrange interpolation polynomial through 

Uoo, VQ a n d Vopen,! 

n^pk) = 
jVm - yoo)^SiO 

ia.nh{khsi02) 
(3.48) 

F(VQ) = (v^ - Vo)esiO: 
^Si02 tanh(/:/is.o-;) + tsi 

^Si02 + ^Si tanh(fc/ï5i03) 
(3.49) 

F{Vopen,\) = O (3.50) 

The accuracy of the effective permittivity in Eq. 3.47 can be obtained with 
a minimum of numerical calculations and is more accurate than Eq. 3.41. 
Further improvement can be obtained if Uopcn,2 is also used in the interpo
lation formula for F(vph). 

3.6 N U M E R I C A L R E S U L T S 

In the numerical calculations for the ZnO-SiOi-Si layered structure a 
monocrystaUine approximation for the layers is used. The correspond-
ing material constants are listed in Chapter 2. Calculations have been 
carried out for Si(100)[001], but the perturbational method is apphcable 
to other siHcon crystal cuts and directions of Rayleigh-wave propagation 
as well. The amplification/attenuation and velocity of the Rayleigh-wave 

' ! 

J 

i 
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modes in the ZnO-SiOj-Si layered structure depend on a number of pa
rameters, i.e. the frequency, the silicon and epitaxial layer conductivities, 
the charge carrier drift velocity (relative to the SAW phase velocity), the 
normalized layer thicknesses (of the ZnO, Si02 and epitaxial layers), the 
extent of depletion of the epitaxial layer, and the diffusion of the charge 
bunches. The foUowing (normalized) parameters have been used: SLO/LJC, 

kh^ uj/üjrn and ki/kf. 

The figures only show the normalized attenuation ki/kr > O for 
Stü/ujc > O since for negative values of SLJ/LOC the same value (but wIth 
opposite sign) for ki/k,. is obtained. The numerical results, therefore, ap-
ply for both amplification and attenuation of the Rayleigh waves. In all 
calculations the radial frequency to is kept constant, since the frequency of 
the propagating wave cannot change. To get a better idea of the required 
layer thicknesses for optimum SAW amplification, values for the normal
ized layer thicknesses kh are given. However, it must be kept in mind 
that these kh values are not constant. In the cases below the kh values 
are exact for a zero conductivity of the sihcon substrate. The changes in 
kh when one of the above-mentioned (normalized) parameters is varied 

are small (Eqs. 3.20-3.23). 
In Figs. 3.3-3.8 a thick (with respect to the acoustic wavelength) 

epitaxial layer is assumed, thus kh^pi -^ 00 and Eq. 3.36 together with Eq. 
3.40 are used. The normalized thickness kh^pi is defined in Fig. 3.1. Figs. 
3.9 and 3.10 show the SAW amplification in the case of a finite epitaxial 
layer thickness and the influence of its depletion on the amplification. 

The influence of the normalized ZnO and Si02 layer thicknesses on 
the amplification/attenuation of the fundamental Rayleigh-wave mode 
are shown in Figs. 3.3 and 3.4, respectively. The diffusion is neglected 
(cj/wrn —+ 0). The amplification is proportional to the piezoelectric cou-
pling coëfficiënt K^, as expected (Section 3.3). The maximum amphfication 

is obtained for SD/UJC ^ 0.6. 
In Figs. 3.5 and 3.7 the phase velocities of the fundamental Rayleigh-

wave mode and the second Rayleigh-wave mode are shown as a function 
of SLÜILÜC with w/ujni as parameter, The phase velocities vary between UQ 

and Voo- To obtain SLV/LOC = O either er = 00 (which results in io/ujn = 0) 
or 6' = 0. In the latter case the effective permittivity does not become 
infinite as a result of the diffusion and the phase velocity is not equal to 
Uoo- Figures 3.6 and 3.8 show the corresponding normahzed amplification. 
It is clear that the diffusion efFects can only be neglected when io/tOrn ^ 1-

Hl. 
'M 

L i l L 
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F i g u r e 3 .3 : Normalized amplification of the fundament al Ray lei gh-wave 
mode as a function ofSuj/uJc- The values for ujhznO are 5012, 6763, 8484, 
12510 radm/s. 
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F i g u r e 3.4: Normalized amplification of the fundamental Rayleigh-wave 
mode as a function ofSuj/ujc- The values for ujhsio^ are 29.50, 292.5, 722.3, 
2780 rad m/s. 1 
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Figure 3.5: Phase velocity of the fundamental Rayleigh-wave mode for 
LühznO = 8484 radm/s as a function of SUJ/UJC- The normalized layer 
thicknesses for asi = O are khznO = 2.9 and khsio,, = 0.1. 
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Figure 3.6: Normalized amplification of the fundamental Rayleigh-wave 
mode for ujhznO = 8484 radm/s as a function of SOJ/UJC^ The normalized 
layer thicknesses for crsi = O are khznO ~ 2.9 and khsio^ = 0.1. 
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Figure 3.7: Phase velocity of the second Rayleigh-wave mode for 

ojhznO = 13746 radm/s as a function of 5UJ/OJC. The normallzed layer 

thicknesses for asi = O are khznO = 2.9 and khsi02 = O-l-
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In the case of an epitaxial layer of finite thickness on top of an highly 
conductive siHcon substrate the depletion layer is mainly located in the 
epitaxial layer and it is, therefore, assumed that 

khcpi + khdepi = constant (3.51) 

The effective permittivity of the depletion layer and the conductive siHcon 
substrate is (assuming an infinite silicon substrate conductivity) given by 

^^Jf = 
^Si 

tanh(fc/i(fep:) 
(3.52) 

For kh^pi + khdepi = 2 the influence of a depletion of the epitaxial layer 
on the SAW phase velocity and the amplification are shown in Figs. 3.9 
and 3.10, respectively. In the case of a complete depletion the SAW phase 
velocity is not UQ as a result of the infinitely conductive sihcon substrate 
underneath the depletion layer. When kh^pi + kh^epi is chosen smaller, 
the influence of the substrate increaaes. For khepi/(khcpi + khdepi) = 1 the 
velocity and amplification approach the values given in Figs. 3.5 and 3.6, 
respectively (for ÖLÜ/LJC = 0.6). 
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Figure 3.8: NormaUzed ampUücation of the second Rayleigh-wave mode 
for LühznO = 13746 radm/s as a function of SUJ/LÜC. The normalized layer 
thicknesses for ffsi = O are khznO = 2.9 and khsi02 ~ 0.1. , 
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Figure 3.9: Phase velocity at SLÜJÜJ^ = 0.6 as a function of the depletion 

of the epitaxial layer. Layer thicknesses are kh^pi + khdepi ~ 2.0, khznO = 

2.9 and khsiOj = 0-1 (^o^ ^si = 0). 
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F i g u r e 3.10: NormaJized amplification at êüj/tOc = 0.6 as a function of 
the depletion of the epitaxial layer. Layer thicknesses are kh^pi + kh^epi = 
2.0, khzno = 2.9 and khsio^ = 0.1 (for asi = Oj. 

3.7 D I S C U S S I O N A N D C O N C L U S I O N S 

An accurate and simple perturbational method to determine the amplifi
cation (attenuation) and velocity of Rayleigh wave modes ïn multilayered 
structures has been developed. The validity of the computational tech-
nique and the accuracy of the theoretical results have been compared with 
a rigorous analysis [116]. The error in the phase velocity u /̂i is less than 
0.1%, while the errors in the normalized amplification/attenuation ki/k^ 
are less than 0.5%. Using only Eq. 3.41 to obtain the effectivepermittivity 
of the upper-half space results in errors of approximately 5%. 

An optimal SAW amplification is obtained for a thin SiOz layer, as 
could be expected. Maximum amplification is obtained for Sm/iOc ~ —0.6 
and khznO ^ 2.9. Assume the center frequency of the SAW device is 300 
MHz and that SUJ/UJC, S and Vp^. are —0.6, —1.0 and 2900 m/s , respectively. 
Then Wc ^ 3*10^ rad/s and (Xsi ~ 0.3 S/m {psi ~ 330 ficm). The mobility 
of charge carriers in a layer can be drastically lower than the bulk value, 
as a result of additional scattering at the surface. Assuming an electron 
mobility (in ^ 750 cm^/Vs [118], the difFusion coefhcient Dn ^ 20 cm^/s, 
where 

Dn = I — ] fin = 26* lO-'fin (T = 300K) (3.53) 

with ks the Boltzmann constant, T the absolute temperature and q the 
charge of an electron. Ilence u;„i = 3.6*10^ rad/s and OJ/CJ^ Pa 0.5. In that 
ca^e a normalized amplification of 0.002 is feasible as shown in Fig. 3.6. 
This results in an amplification of about 10 dB/mm. With smaller Si02 
layer thicknesses an even higher amplification is possible. The required 
DC electric field EDC ca-n be calculated from 

Vd = (InEoC (3.54) 

and is in the case of 6 — —1.0 approximately 75 V/mm. The dissipation is 
approximately 3 m W / m m in the ca^e of an acoustic beamwidth of 1 mm 
and a normalized epitaxial layer thickness kh^pi = 1. This layer thickness 
does not reduce the amplification as shown in Fig. 3.8. 

Using the segmented-drift-field structure as introduced by Turner et 
al. [119], the appHed voltages can be reduced. The apphed DC electric 
field produced by the surface drift electrodes can no longer be consid-
ered uniform. As a result the amplification is reduced as calculated and 

experimentally verified by Hsu and White [120]. A symmetrie segmented-
drift-field structure can be used to obtain a bidirectional amplification, as 
shown by Solie [121], [122]. This can be used to amplify the surface acous
tic waves in SAW resonator filters. When an cLsymmetric segmented-drift-
field structure is applied, the amplification of SAW in one direction and 
the suppression of SAW in the opposite direction is stiU possible. This 
latter structure can be used in SAW transversal filters. 

SAW amplification is not limited to süicon-integrated SAW filters but 
the construction of a SAW oscillator is also feasible, as discussed by Mori-
izumi et al. [123] and Owashi et al. [124]. This oscillator could be apphed 
as a physical-electronic system for sensors, Instead of the delay-üne os
cillator now employed in the sensor system presented by Vellekoop et al. 
[125]. 

i . 1 * * ^ 
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, 4 .1 I N T R O D U C T I O N 

In this chapter the fabrication technology for SAW filters in ZnO-Si02-
, Si (and other, related) layered structures is discussed. Since SAW filters 

on silicon substrates are of particular interest In the case of a monohthic 
integration with electronic circuitry, the fabrication process to obtain SAW 
filters must be compatible with IC processing. Such an integration of SAW 
filters with electronic circuitry in one silicon substrate has been realized. 

In Section 4.2 the high-resolution etch technology required to obtain 
an accurate and reproducible aluminum electrode width and shape, is 
the subject of investigation. Thïs high-resolution technology is necessary, 
because of the relatively low phase velocity of Rayleigh waves in the ZnO-
Si02-Si layered structure and because of the strong tendency to use SAW 

f filters with higher center frequencies (up to 1 GHz) in electronic systems. 
The high-resolution technology is based on electron-beam (e-beam) lithog-

63 
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raphy, dry etching of the bilayer mask system in a low pressure 02-plasma 
and patterning of the aluminum layer in a SiC^-plasma. 

The monohthic integration of SAW devices with electronic circuitry 
in the modified Delft BIFET process is discussed in Section 4.3. The on-
chip aluminum interconnect between SAW device and electronic circuitry 
has been realized. In these monolithic devices, both wet etching and 
the (above-introduced) high-resolution etch technology have been used to 
obtain the aluminum interdigital pattern. 

Section 4.4 deals with the technology to fabricate piezoelectric ZnO lay-
ers by DC magnetron sputtering. The problem of packaging and bonding 
of the SAW devices is discussed ïn Section 4.5. This chapter on fabrication 
ends with a discussion and conclusions in Section 4.6. Most photographs 
in this chapter are Scanning Electron Micrographs (SEM), obtained with 
a Jeol JSM-840. To improve the quality of the photos the devices have 
been coated with a 2-3 nm (sputtered) Au layer. 

4.2 I N T E R D I G I T A L P A T T E R N F A B R I C A T I O N 

I 

( 

In this section the interdigital pattern fabrication in different layered struc
tures is discussed. An extensive review on SAW device fabrication on 
monocrystalline substrates has been glven by Smith [126]. The ohmic 
losses in the interdigital pattern must be small enough to prevent a dete-
rioration of the SAW filter performance as has been shown by Manner et 
al. [127]. The influence of electrode width and shape on SAW filter per
formance has been investigated by Asakawa et al. [128], Engan [129], and 
Veith [130], however, further research especially for high-frequency and 
silicon-integrated SAW filters is necessary and can be carried out with the 
technology described in this section. 

Especially the transfer function of SAW resonator filters depends strong-
ly on the width and shape of the electrodes, as found by Takahashi et al. 
[131] and Veith. The width and shape of the electrodes in the reflec
tor arrays of SAW resonator filters influence the center frequency of the 
transfer function, This is caused by mcLSS loading, short circuiting of the 
piezoelectric fields and by the energy storage in the electrode walls. To 
give an example, Veith reports on a ±15 ppm shift in the 461 MHz cen
ter frequency of quartz resonators when the electrode width varies with a 
Standard deviation of ±30 nm (and an aluminum layer thickness variation 
of ±0.4 nm). ' 

The use of submicron technology can be circumvented when the SAW 
device is operated at a higher-harmonic frequency. Campbell [132] has re-

j ^ <u 
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ported on the efficiënt operation up to at least the eleventh harmonie (on 
monocrystalhne substrates). Especially the use of the stepped-finger inter
digital transducer enables the suppression of all but the desired harmonie. 
Up to now, only GHz harmonie SAW delay Unes have been realized. 

4.2.1 Inventory of Fabrication Techniques 

Six different structures to obtain an interdigital pattern are discussed. Ex-
perimental results are given when these structures have been experimen-
tally realized. The six structures are shown in Fig. 4.1 and are fabricated 
by implantation, anodic oxidation, wet (chemical) etching, lift-off tech
nology or dry etching. The IDTs consist of a metal interdigital pattern, 
except for the junction IDT. Aluminum is the favored metal, because of 
its good conductivity, good acoustic impedance matching with the sub-
strate and its compatibility with IC processing. Gold is incompatible with 
a monolithic integration of the SAW device with electronic circuitry. Not 
shown in Fig. 4.1 are the possible deposition of a metal layer on top of 
the ZnO layer (as discussed in Chapter 2) and the possible deposition of 
a thin silicon nitride layer (as discussed in Section 4.4). 

SiO AJEOS 

IMPLAN
TATION 

Si 

(A) (C) (E) (F) 

F i g u r e 4 . 1 : Six different interdigitaï patterns: a) implantation (junction 
IDT); b) anodic oxidation; c) wet etching or Uft-off; d) structure with an 
additional metal layer on the siUcon substrate; e) dry etching and f) dry 
etching with the IDT incorporated in the Si02 layer (buried IDT). 

Implantation (junction IDT) — Fig. 4.1a 

An interdigital pattern for surface acoustic wave generation and detection 
can be obtained with the junction interdigital transducer. In a junction 
IDT a highly doped inlay in the siHcon substrate (or epitaxial layer) form 
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the electrodes as realized by Borden et al. [133] and Venema et al. [134]. 
A flat surface is thus obtained which results in a minimum of mechanical 
reflections of the acoustic waves. This flat substrate surface forms a good 
starting point for the piezoelectric film deposition. Passivation of the sil-
icon surface by thermal oxidation is crucial to prevent short circuits by 
surface states. Successful operation of SAW junction interdigital trans-
ducers has been reported by Borden et al. [133], but the (present) losses 
in these devices are too high for practical apphcation in SAW filters at 
this moment. 

Anodïc oxida^iion — Fïg. 4.1b 

By using anodic oxidation, as described by Schwartz et al. [135], the 
aluminum is converted to an insulating film of aluminum oxide. The 
process is carried out in a oxalic acid solution and the required voltages 
are compatible for semiconductor device fabrication. An additional metal 
layer is required at the Si02-AI interface to enable the anodic oxidation. 
The most suitable underlay is found to be a thin layer of hafnium which 
is thermally oxidized after completion of the anodic oxidation. Anodic 
oxidation is attractive for its inherent planarization. Electrode widths 
down to 2-3 fim can be obtained. This technology is, therefore, not suited 
for the fabrication of interdigital patterns in sihcon-integrated SAW filters 
with center frequencïes above approximately 100 MHz. 

Wet (chemJcal) etch'mg—Fig. 4.1c 

Although with optical projection systems and conventional wet etching 
very small electrode widths (200 nm) have been achieved by Van den Berg 
et al. [136], it is found that a good yield (i.e. absence of short circuits 
between electrodes) and dimensional control of electrode width and shape 
are only guaranteed in the case of electrodes wider than several micrometer 
(which result in an operating frequency of the SAW device below 100 
MHz). \ 

tH 

Lih-oïï technology — Fig. 4.1c 

To fabricate high-frequency SAW devices, e-beam llthography and lift-
off techniques are commonly used and described in detail by Pendergrass 
and Studebaker [137], and by Yamanouchi et 'al . [138]. However, lift-ofF 
technology depends critically on the resist development, it cannot produce 
electrodes with high aspect ratios and the requirement of normal incidence 
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deposition limits the accuracy in the case of full wafer deposition or of 
fabrication of long SAW devices. The main advantage (compared with dry 
etching) is that the substrate surface is not damaged during processing. 

Additional metal layer on the siUcon substrate — Fig. 4.ld 

To increase the suppression of the electromagnetic feedthrough an addi
tional metal layer on top of the sihcon substrate is required. Experimental 
results of this structure are discussed in more detail in Chapter 5, here 
only the technological aspects are discussed. After the metal layer is de-
posited (by evaporation) on the sihcon substrate, it is not possible to grow 
a SiOa layer thermally. A low temperature IC compatible deposition of 
a dielectric layer is required. Devices with a sputter deposited Si02 layer 
and with a plasma deposited silicon nitride layer have been realized. 

The sputtered Si02 layers are fabricated with a magnetron sputter 
unit (Alcatel SCM600), with a Si02 target using Ar and 10% O2. The 
substrate holder is water-cooled. The sputter rate is about 2.5 //m/h. To 
prevent the oxidation or melting of the aluminum layer annealing of the 
sputtered Si02 layer is not possible. The etch rate of the sputtered oxide 
is much larger than that of the thermally grown oxide, probably due to 
the high porosity of the sputtered oxide. Due to pinholes in the sputtered 
silicon dioxide layer, many samples have short-circuits. 

A more suitable material for the dielectric layer is silicon nitride, de
posited by Plasma-Enhanced Chemical Vapor Deposition (PECVD). In 
this process N2, NH3 and SiH4 are fed into a parallel plate reactor with a 
molecular ratio of 330:3:1. The deposition is carried out with a pressure 
of 130 Pa, a substrate temperature of 350 °C and an RF power density of 
0.1 W/cm^ at 100 kHz. The deposition rate is about 1.5 / /m/h. 

Dry (plasma) etching— Fig. 4.1e 

To fabricate süicon-integrated SAW filters at frequencïes from 100 MHz 
to above 1 GHz and to do research on the influence of electrode width 
and shape on SAW filter performance, a high-resolution technology to 
etch aluminum electrode patterns (down to a 200 nm electrode width) 
has been developed. To obtain the desired dimensional control, e-beam 
lithography and the highly anisotropic reactive ion etching are used. This 
plasma etching requires a bilayer mask system to compensate for the low 
selectivity. In the next subsection the fabrication process is discussed in 
full detail. 
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Dry etching with buried IDT — Fig. 4Jf 

A planarization can be obtained when the interdigital pattern is incorpo-
rated in the Si02 layer. The structure is especlally attractive for thick 
(relative to the ZnO layer thickness) and narrow electrodes. The realiza-
tion of this layered structure is the subject of current research. 

4.2.2 High-Resolut ion Aluminum Etch Technology 

All devices are fabricated on standard 2 inch p-type (100) sihcon wafers 
(2-5 fïcm), as used in the Delft high-frequency BIFET process. The Si02 
layer is obtained by thermal oxidation. In order to obtain a high resolution 
in the fabrication of the electrode structures, a bilayer resist system is used, 
as depicted in Fig. 4.2. For electrode widths down to 0.5 fim, it consists 

iü 
SNR 

A2 1470 

Al 

SiOa 

Si 

SiOs 

AZ 1470 

EXPOSURE DEVELOPMENT Og-PLASMA SiCU-PLASMA 

Figure 4.2: Processing scheme of the high-resolution technology, using 
e-beam lithography, bilayer masking and plasma etching. 

of a 1 fim thick bottom layer of hard-baked (200 °C, 1 h) photoresist AZ 
1470 (Shipley) and a 50 nm thick Sihcon-based Negative e-beam Resist -
SNR - (Toyo Soda) on top. For an electrode width below 0.5 //m a thinner 
AZ layer is to be preferred for reeisons of mechanica] stability. SNR as an 
e-beam resist has been introduced by Kakuchi et al. [139]. 

Direct-write electron beam exposure is carried out with a Philips 
EBPG/03 operating at 50 kV. The nominal electron beam diameter is 
chosen to be 50 nm and 200 nm for electrode widths of 0.2 fim and 1.0 
/im, respectively. The SAW device covers several scan fields of the EBPG. 
The stitching error between adjacent scan fields is about 30 nm. The 

J 

required dose depends somewhat on the periodicity in the electrode struc
ture and is about 60 ^C/cm^. After development in xylene (10 s) and a 
rinse in isopropyl alcohol (30 s) the sample is dried, 

The subsequent etching step of the bilayer mask in a low pressure (0.5 
Pa) 02-pla5ma is described in detail by Van der Drift et al. [140]. A 
parall el-plat e plasma reactor (Leybold-Heraeus Z401) is used which oper-
ates at 13.56 MHz in the Reactive Ion Etch (RIE) mode, i.e. with the 
sample on the driven quartz electrode. A surface layer (a few tens of nm) 
of the SNR is converted into Si02 which is an excellent mask for the AZ 
resist layer (etched in this same process step). The aspect ratio obtained 
in this mask process is in the order of 50 to 100, yielding a lateral resolu
tion of about 10 nm. A 0.3 fim width electrode pattern in resist is shown 
in Fig. 4.3. 

Figure 4.3: Electrode (width 0.3 fim) pattern in the bilayer mask. 

An earlier approach had a multilayer masking which consisted of a 1 
^m layer of AZ resist, a 15 nm Ge layer and a 200 nm PMMA layer. 
This is a more coniplicated masking system and requires a longer e-beam 
writing since PMMA is not a negative e-beam resist. The PMMA and 
AZ resist layers are etched in a O2 plasma, while Ge is etched in a SFg 
plasma. This fabrication technology has been used by Van der Drift et al. 
[140]. Because of the above-mentioned reasons this multilayer system has 
been used only at the start of this project. 
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Figure 4.4: Electrode structure (width 1 fim) after the SiCU plasma etch 
with the hilayer resist still on top. 

Next the electrode pattern is transferred to the aluminuni layer by 
etching in a SiCU-plcisma. Details on aluniinum plasma etching have 
been given by Hess [141] and Purdes [142]. The anisotropy is not only 
determined by the gas pressure, but also dcpends on the passivation of 
the vertical surfaces of the etched structure, as has been examined by 
Allred et al. [143]. Figure 4.4 shows the result for an electrode width of 
1 fim with the resist still on top of the aluminum. The Cl-based plasma 
processing was carried out in a Leybold-Heraeus Z401 S reactor (load lock 
version of the Z401), with the substrate on an electrode of either SiOs of 
AI2O3. Optimum anisotropy and an acceptable selectivity with respect to 
the mask (3.6) and to the SiOa underlayer (7.2) are obtalned at a power 
denslty of 0.25 W/cm^, a gas pressure of 1.3 Pa and a gas flow of 28 sccm. 
The aluminum etch rate is 42 ± 1 nm/min, Below a power level of about 
0.2 W/cm^ the etch rate is negligible due to the etch resistance of the 
native aluminum oxide layer. Throughout, the electrode temperature is 
kept at 64 °C. After the plasma etch residual chlorine is removed in a rinse 
of H2O and the mask is removed in 100% HNO3. The results for 1 //m 
electrodes are shown in Figs. 4.5 and 4.6. Figure 4.7 shows the obtained 
result for 0.2 fim electrode widths. , 
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Figure 4.5: Aluminuin electrode structure (1 fim electrode width). 

Figure 4.6: Detail of Fig. 4.5, electrode width 1 fim. 
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F i g u r e 4.7: Aluminum electrode structure (0.2 fim electrode width). 

The aluminum electrode structures have been searched for chlorine 
because it is known that aluminum patterns obtained in a chlorine con-
taining plasma can easily and very fast corrode. However, no chlorine has 
been detected by Augcr electron spectroscopy and after many months no 
corrosion of the aluminum pattern could be detected. 

Instead of a single layer metalization, an aluminum layer on top of 
a thin underlay of chromium (used for better adhesion to the substrate) 
can be used, Chromium is etched in a plasma of CI2/O2 (l^l)- In future 
research the aluminum etching can be further optimized (with respect to 
selectivity and etch rate) by using mixtures of SiCU and CI2. In particular, 
the improved selectivity will further reduce the plasma induced damage 
to the substrate. 

4.3 M O N O L I T H I C I N T E G R A T I O N , 

To integrate SAW devices with electronic circuitry, the IC processing must 
be slightly modified. As an example of the feasibility of the monoHthic in-
tegration of SAW filters with electronic circuitry, the Delft high-frequency 
BIFET process {fr = 3 GHz) has been taken as a starting point. This IC 
process has been developed by Nanver [144]. However, other comparable 
processes are also suitable. The process flowchart in Fig. 4.8 shows the 
Standard Delft BIFET process with the addition of the following steps 

A) V-HOLE Si-SUBSTRATE 

B) 
^ ^ 

~ ^ ^ 

BURIED 
LAYER 

^ SiOa V ^ 

EPITAXIAL LAYER 

Si-SUBSTRATE 

c) 

D) 

Figure 4.8: Process Bowchart for a SAWdeviceintegrated with electronic 
circuitry: a) V-hole markers; b) Thermal silicon dioxide in SAW area; c) 
NPN transistor; d) ZnO'Si02'Si layered SAW structure. 

9 Fabrication of V-hole makers to align the SAW electrode pattern 
to the electronic circuitry and to the sihcon crystal axes via Mix 
and Match lithography (Fig. 4.8a). Mix and Match hthography has 
been described in detail by Verhaar et al. [145]. 

• Thermal oxidatlon to obtain a thick silicon dioxide layer in the SAW 
device area. This process step is performed directly after the buried 
layer and the epitaxial layer are fabricated, but before any critical 
difFusion or implantation steps (Fig. 4.8b). 
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Deposition of an extra, thin aluminum layer to reallze the SAW 
electrode structures after the IC processing including the completion 
of the two-layer interconnect (Fig. 4.8c). The aluminum layer is an 
effective electron sink during the e-beam writing process. Removal 
of the electrons is required to avoid beam distortion effects. 

Deposition of ZnO by sputtering (Fig. 4.8d). The ZnO deposition 
is thus a final process step and cannot contaminate equipment or 
destroy the proper functioning of electronic circuitry. 
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Figure 4.9: ELIS-552 chip: SAW devices integra.ted with electronic cir
cuitry on one single chip. The ZnO hyer is not yet deposited, see Fig. 
4.13. 

Figure 4.9 shows the ELIS-552 chip, as a result of an integration of 
SAW devices with BIFET electronic circuitry. Besides SAW delay lines 
(center frequency 100 MHz), the chip contains bipolar switching mixers, 
balanced transimpedance amplifiers and process control modules. The 
total chip measures 10x10 mm. The electronic circuitry is located elther 
under the ZnO layer in the propagation path of the acoustic wave (see 

I 

Fig. 4.13) or outside this region. The influence of surface acoustic waves 
on the electronic circuitry was too small to be measured. 

In the final system-application an on-chip interconnect between SAW 
device and electronic circuitry can be used. This interconnect has been 
realized (but not in the ELIS-552 chip) and is shown schematically in Fig. 
4.8. Experiments show a proper interconnect when the Si02 layer in the 
SAW device is not in contact with the silicon nitride layer. In addition, 
the Si02 layer in the SAW device is etched in two steps (shown in Fig. 
4.8b) to enable the use of the standard 1.4 /im aluminum layer thickness. 

Measurement of the process control modules show that the modifica-
tions of the BIFET process, necessary to implement the SAW devices, have 
no significant influence on the performance of the electronic circuitry. The 
buried layer which could have been diffused into the neighboring implan-
tations or diffusions shows normal breakdown voltages (< —60 V) and 
capacitances, The measurements have been carried out after the ZnO 
deposition. 

4.4 ZnO D E P O S I T I O N 

The piezoelectric ZnO layers are deposited by DC magnetron sputtering 
with an S-gun sputter unit (Varian, 3119 R&D). This sputter station 
is described in more detail by Defranould [146]. Because no thickness 
monitor WCLS installed, the desired layer thickness is obtained by timing, 
which proved to be not a very accurate method. The variations in layer 
thickness in different runs were ±10%. The structural and piezoelectric 
proporties of ZnO sputtered films for apphcation in SAW devices have been 
extensively investigated, as reviewed by Hickernell [147] and Yamamoto 
et al. [148]. 

The ZnO layer consists of hexagonal crystaUites, oriented perpendicu-
lar to the plane of the substrate. This is the "c-axis normal orientatlon." 
For apphcation of ZnO in SAW devices the following parameters must 
be considered: the c-axis orientation, the grain size, the electrical con-
ductivity of the thin film, the presence of voids, the difFerence in growth 
on metalized and non-metalized regions of the substrate, and the sur
face roughness. These parameters are interrelated and cannot, in general, 
all be optimized. Furthermore, for different substrate materials the op
t imum choice of the sputter parameters will be different. In this work a 
iixed recipe has been used for ZnO sputtering on Si02-Si substrates which 
proved to give high-quahty piezoelectric layers on relatively thick Si02 
layers (hsiOi > 0.5//m). The sputter parameters are listed in Table 4.1. 
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On other substrates like sputtered Si02 layers on silicon substrates or sili-
con nitride layers on silicon substrates the quality of the piezoelectric ZnO 

layers is less. 

Table 4.1: ZnO DC magnetron sputter conditions. 

Target composition 
Sputtering gas 
Sputtering gas pressure 
Substrate heater temperature 
Target-to-substrate distance 
RF power 
Deposition rate 

Zn 
100 % O2 

1 Pa 
400 °C 

9 cm 
1.5 kW 
6 //m/h 
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Figure 4.10: ZnO layer (6 fim) on top of an interdigital transducer with 
an electrode w'idth of 1 fim. 

In this work the sputtered ZnO films are characterized SEM pho-
tographs, X-ray diffraction, Auger electron spectroscopy, and by their 
piezoelectric and acoustic properties. The latter properties have already 
been discussed in Chapter 2. The other measuring methods and obtained 
experimental results will be discussed below. The electrical conductivity 
of the (semiconducting) ZnO layer in SAW devices can be neglected. A 

F i g u r e 4.11: X-ray diffract'ion pattern of a ZnO layer of thickness 11 fim 
on a SIO2-SI substrate, showing a Standard deviation angle in the c-axis 
norwai orientation of approximately 5°. 

qualitative measurement of the presence of voids between the crystallites 
can be obtained by a pole figure which gives a rotation distribution of the 
crystallite axes parallel to the plane of the substrate, as shown by Venema 
[149] for a vapor deposited CdS layer on glass. 

Figure 4.10 shows an approximately 6 ^m thick ZnO layer on top of 
an interdigital pattern with electrode widths of 1 fim. The aluminum 
interdigital pattern (A^/ = 0.3 //m) is placed on a thermally grown S)02 
layer {hsiOj ~ 1-6 ftm) on a p-type silicon wafer. 

The crystallographic texture is measured by X-ray diffraction using 
a Debye-Scherrer apparatus and a C U K Q source. The c-axis has to be 
normal to the plane of the substrate. When the c-axis is randomly oriented 
on the substrate, circles long the (002) and other orientations would be 
observed. Figure 4.11 shows a typical X-ray diffraction pattern of a ZnO 
layer. In this case for a 11 ^m ZnO layer thickness (on a 2 /xm Si02 layer 
on a silicon substrate) a standard deviation angle of the c-axis normal 
orientation of approximately 5*̂  has been found. The measured dots in 
the right-hand side of Fig. 4.11 are caused by the X-ray diffraction at 
the monocrystalline silicon substrate. The horizontal distribution in the 
pattern is caused by impurity of the X-ray source. The ZnO layer of 
approximately 6 fim thickness (as shown in Fig. 4.10) shows a standard 
deviation angle of the c-axis normal orientation of about 2.5°. In both 

L, 



^ 

78 SAW FILTERS IN ZNO-S1O2-S1 LAYERED STRUCTURES — J . H . VISSER C H A P T E R 4; TECHNOLOGY — SECTION 4.5 79 

I 

fii 

ti. 

iii 

F j ^ 

CST260689TUD 
€102 25KU xee^aee lean» M D I 2 

Figure 4.12: ZnO Ia.yer (0.8 fim) on top of an interdigita.} transducer 
with au electrode width of 0.2 jim. 

cases no significant difFerences in c-axis orientation have been observed 
when an aluminum interdigita! pattern under the ZnO layer is present 
or not. Better results in c-axis orientation have been obtalned, but the 
results listed above correspond to the SAW delay line, SAW transversal 
filter, and SAW resonator filter presented in Chapter 5. 

ZnO is a very reactive material, a property that can cause stability 
problems in device operation, when it is in contact with its environment. 
By covering the ZnO layer with another material it can be passivated. 
A simple technology for the passivation of ZnO with sihcon nitride has 
been reported by Vellekoop et al. [150]. The thin film of silicon nitride is 
deposlted by (low temperature) Plcisma-Enhanced Chemical Vapor Depo
sition (PECVD). This silicon nitride layer proved to be without pinholes 
and internal stress. In addition, a conformal step coveragè at the edge 
of the zinc oxide layer can be realized with nitride thicknesses of at least 
30% of the step-height. The additional silicon nitride layer does not sig-
nificantly influence the propagation and transduction properties of the 
layered structure. The center frequency drift and instability caused by 
the presence of gases decreased by at least one order of magnitude, as 
shown by Visser, VeUekoop, et al. [151]. An advantage of this passivation 
method is its compatibility with the standard IC processing, where sihcon 
nitride is often used as a scratch protection layer for integrated circuits. 

The packaging of silicon-integrated microacoustic devices in air instead of 
in an inert gas is one of the important potential applications. 

Figure 4.12 shows the insufficiënt ZnO coveragè in the ccLse of 0.2 ^ m 
electrode widths (0.3 ^m thick). This might be the reason why the fabri-
cated GHz devices did not show any response. By reducing the aluminum 
electrode thickness, by adapting the ZnO sputter conditions or by ap-
plying the buried interdigital transducer (as introduced in Section 4.2) a 
conformal step coveragè of the aluminum electrodes will be realizable. 

The ZnO layers have been obtained by using a stainless steel sputter 
mask because the device must not be completely covered with ZnO to 
be able to contact the interdigital transducer under the ZnO layer. As a 
result the uniformity of the layer thickness was not optimal, as already 
described in Chapter 2. At the edges of this sputter mask the aluminum 
leads were frequently destroyed, probably by discharge (despite proper 
grounding of the sputter mask). Auger electron spectroscopy revealed the 
presence of typical stainless steel elements like Fe, Cr, Ni and Mo at (only) 
the regions of destruction. This problem is best solved by deposition of 
ZnO over the entire wafer and a subsequent etch step, as described by 
Vellekoop et al. [150]. In this way a better layer thickness uniformity can 
be obtained. This method is also better suited to mass production. 

4.5 P A C K A G I N G 

The aging mechanisms and the related (long-term) performance of a SAW 
filter are not only determined by the fabrication process and the way 
it is used (temperature, driving power e t c ) , but also by the SAW filter 
packaging. Packaging and rehabihty of SAW filters have been studied by 
Meeker and Grise [152]. The frequency response, in particular the center 
frequency, of microacoustic devices is sensitive to substrate strain. The 
eff'ects of strain on the propagation of surface acoustic waves in ZnO thin 
films on fused quartz substrates have been investigated by Nalamwar et al. 
[153]. Packaging is critical due to differences in thermal expansion of the 
SAW device and package. The SAW device must, therefore, be mounted 
with a rubber adhesive. This adhesive should preferably be electrically 
conductive to effectively ground the silicon substrate which is necessary 
for an adequate electromagnetic feedthrough suppression. This rubber 
adhesive also reduces the reflections of bulk waves at the bot tom of the 
substrate. Other methods to prevent spurious bulk waves from reaching 
the output transducer are the roughening or canting of the bot tom surface 
and the fabrication of a notch in the bot tom of the substrate [130]. The 
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devices presented here have been mounted wIth a conductive silver in 
methyl-isobutyl-ketane glue (Electrodag 1415 from Acheson), 1-1.5 hours 
at 100 °C. 

F i g u r e 4 .13: ELlS-552 chip mounted on a 68 pins SLAM pnckage. Two 
ZnO Jayers are visible and no acoustic absorber bas been applicd at the 
substrate edges. Forprotection, the chip can be sealed with a inetal cover. 

An acoustic absorber is necessary in order to reduce rcflections of the 
surface waves at the edges of the substrate. These reflections cause spu-
rious time responses which results in a degradation of the frequency re
sponse. In the devices described in this thesis, Rhodorsil Sihcones CAF4 
(from Rhóne-Poulenc) has been used, but a better absorber (especially 
for high frequencies) is required. Furthermore, for mass production these 
(often manually applicd) silicones are not suited. Polyimide seems to be 
a good acoustic absorber in high-frequency SAW devices with the advan-
tages of being fabrication compatible with the silicon planar technology 

and of displaying good high-temperature behavior, as demonstrated by 
Johnson et al. [154]. 

Two types of packages have been used: a 28 pins dual-in-line IC pack-
age (suited for maximal chip size of 15x13 mm) and a 68 pins SLAM 
package (maximal chip size 10x10 mm). The 28 pins DIL package in 
combination with the inevitable long bonding wires caused a considerable 
electromagnetic feedthrough between the input and output interdigital 
transducers of the SAW device. This feedthrough has been reduced by 
using the 68 pins SLAM package. The 68 pins package WÏLS also required 
for the bonding and subsequent testing of the ELIS-552 chip, as shown 
in Fig. 4.13. In a final realization of an electronic system with on-chip 
SAW filters, the on-chip interconnect will be used and will thus reduce 
the length and the number of bonding wires drastically. 

4.6 D I S C U S S I O N A N D C O N C L U S I O N S 

An IC compatible high-resolution technology has been obtained for pat-
terning aluminumelectrodes in silicon-integrated SAW devices with yields 
approaching 100%. Reproducible electrode widths down to 200 nm have 
been fabricated successfully. No rests of chlorine or corrosion could be 
detected. On ST-X quartz this would result in center frequencies up to 4 
GHz (single-electrode interdigital transducers). In the ZnO-Si02-Si lay
ered structures the maximal obtainable center frequencies depend on the 
choice of layer thicknesses. Taking the configuration with the interdigital 
transducers at the ZnO-Si02 interface, center frequencies up to at least 
3 GHz are feasible. For these small electrode widths the thickness of the 
aluminum should be reduced to enable proper ZnO deposition or the ZnO 
sputter conditions should be modified. A more attractive solution is the 
embedding of the aluminum pattern in the sihcon dioxide layer. Where 
a larger group delay variation in the passband of the filter and a larger 
spread in center frequencies of fabricated devices is acceptable, the inter
digital transducer can be placed on top of the ZnO layer as well. In this 
latter case the ZnO layer thickness for optimum coupling at an acoustic 
wavelength of 800 nm will be approximately 150 nm. The quality of such 
films with respect to its piezoelectric properties should be investigated. 
The e-beam lithography is a drawback in mass production but can be 
replaced by UV or X-ray lithography. 

Concerning the technology aspects described in this thesis, at the start 
of this work only the fabrication of piezoelectric, sputtered ZnO layers and 
a monolithic physical-electronic system for sensors (in an fr = 500 MHz 
bipolar process) had been realized. Now, an IC compatible high-resolution 
technology for patterning aluminum electrodes, and an integration of SAW 
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devices and electronic circuitry in an / y = 3 GHz BIFET process have been 
realized. In addition an on-chip interconnect between the SAW device and 
the electronic circuitry has been tested. Such an ïntegration can be ac-
complished In comparable IC processes as well. In even higher-frequency 
processes the fabrication of the Si02 layer in the SAW device by thermal 
oxidation could become a problem. If, however, the center frequency of 
the SAW device also increases, the sihcon dioxide layer thickness can be 
reduced in proportion. This in turn reduces the expansion of the buried 
layer by difFusion processes and no malfunction of transistors is expected. 
The thermal oxidized sihcon dioxide layer could be replaced by a (low 
temperature) sputtered one, but experiments show a very low yield due 
to short circuits in the interdigital patterns which is caused by pinholes. 
Other methods of SiOa deposition (for example Chemical Vapor Deposi-
tion - CVD) can be considered. When the thermally grown silicon dioxide 
layer is replaced by a sihcon nitride layer, this critical and time-consuming 
process step can be omitted. The silicon nitride layer ïs now only used in 
the double-layer metalization. The effect on the propagation and trans-
duction properties must be considered. Initial experimental results show 
an increase in phase velocity. Furthermore, the sputter conditions for 
growing high-quality piezoelectric layers on sihcon nitride must be sorted 
out. 

In order to obtain a better reproducibility in the frequency character-
istic of the SAW devices, the reproducibility in quality and thlcknesses of 
the ZnO layers requires further attention, but its achievement is certainly 
possible. The encountered problems of the destruction of aluminum pat
terns by sputter masks is circumvented by ZnO deposition over the entire 
wafer and subsequent etching of the ZnO. This method will also result in 
a better uniformity of the film thickness and is suited to mass production. 
To ensure the (long-term) stabihty and functioning of the device, the ZnO 
layers must be passivated against gases by the deposition of a thin sili
con nitride layer. This passivation layer can at the same time serve as a 
scratch protection for the electronic circuitry which is integrated in the 
same chip with the SAW filters. ' 
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5.1 I N T R O D U C T I O N 

This chapter discusses the experimental results obtained with SAW filters 
in ZnO-Si02-Si layered structures. SAW filter design has been split up into 
two parts. The first part consists of the determination of the optimum 
layer thicknesses and the determination of the transducer configuration, 
as discussed in Chapter 2. The design of the metal interdigital pattern is 
the other part. This is an extensively studied problem and because the 
here realized silicon-integrated SAW filters have been designed by using 
first-order models only, the problem of the interdigital pattern layout is 
only briefly discussed in Section 5.2. Treated in more detail are the elec-
tromagnetic feedthrough suppression and the problem how to drive and 
load sihcon-integrated SAW filters. The experimental results obtained 
from SAW delay lines, SAW transversal filters and (two-port) SAW res
onator filters in ZnO-Si02-Si layered structures are presented in Section 
5.3. Discussion and conclusions can be found in Section 5.4. 
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5.2 SAW FILTER T H E O R Y 

The two bcLsic SAW filter structures are briefly discussed, i.e. the SAW 
transversal filter and the SAW resonator filter. The SAW delay line is a 
SAW transversal filter with uniform interdigital transducers, as explained 
in Chapter 1. 

orous acoustoelectric field analysis of multilayered SAW devices, Ghijsen 
[165] has calculated the IDT admittance including piezoelectric coupling. 

SAW tra.nsversa.} Bïter 

The geometry of uniform and apodized interdigital transducers corre-
sponds in first order to a spatially sampled version of the impulse response 
of the SAW transversal filter. In the delta-function model each pair of elec-
trodes is considered as an independent source of acoustjc wave generation 
wlth an amplitude proportional to the overlap of the electrodes. By ap-
plying this delta-function model SAW transversal filters can be designed, 
a5 discussed in more detail by Tancrell [155] and Morgan [156]. 

In this work only linear-phase SAW transversal filters with symmetrie 
passbands have been designed. The design of these FIR filters is ex-
tensively treated by Rabiner and Gold [157]. To obtain a rectangular-
shaped frequency response on a substrate of finite length, the correspond-
ing sinx/x impulse response must be truncated. A deterïoration of both 
amplitude and phase response is the result. The optimum transducer 
layout can be obtained by windowing, as reviewed by Harris [158], by ap-
plying the Remez Exchange Algorithm, as discussed by McClellan et al. 
[159] or by using linear programming techniques as developed by Ruppel 
et al. [160]. 

The SAW transversal filters presented in this thesis have been designed 
by using the Remez Exchange Algorithm. Only beam-centered apodized 
transducers, i.e. the overlap regions of the electrodes are symmetrical 
about the center of the acoustic beam, have been fabricated (see Fig. 
1.3). A study on the efFects of apodized transducer geometries on the 
filter performance has been presented by Vigil et al. [161]. 

The equivalent first-order circuit model, as introduced by Smith et al. 
[162] can be applied to calculate the transducer admittance in piezoelectric 
substrates. A more accurate numerical determination of the IDT admit
tance in a layered, anisotropic, semiconducting structure, assuming weak 
coupling has been carried out by Quak and Den Boon [163]. Also assum
ing weak coupling, Venema [164] has presented a flexible lumped network 
approximation for the IDT admittance in a SiOj-Si structure covered with 
a (6mm) piezoelectric layer. In this network approximation the effect of 
depletion and the presence of surface states have been included. In a rig--

SAW resonator filter 

In SAW resonator filter design there are two approaches: the coupled
mode formalism or the transmission matrix formalism. The SAW res
onators described in this thesis have been designed by using the latter 
approach. This transnnission matrix formalism is described in more detail 
by Dat ta [166] and Eikenbroek [167]. 

In a practical realization of a SAW resonator different types of reflec
tor arrays (metal or dielectric electrodes, grooves, diffused or implanted 
electrodes) and interdigital patterns (single or doublé electrodes, unidirec-
tional IDTs, buried electrodes) can be appfied. The different types have 
been reviewed by Coldren and Rosenberg [168]. Here doublé electrodes 
have been used in the interdigital pattern to minimize the distortion in the 
SAW resonator transfer function as a result of reflections at the edges of 
the electrodes. The reflector array consists of metal electrodes spaced by 
half the wavelength of the center frequency. These metal reflector arrays 
are made in the same fabrication step as the interdigital patterns. 

ZnO film on glass substrate SAW resonators have been presented by 
Ono et al. [169]. SAW resonator filters have been realized in ZnO-Si02-Si 
layered structures by Martin et al. [170]-[172]. However, in their two-port 
resonators the interdigital pattern is placed on top of the ZnO layer to ob
tain a low propagation loss and a high Q. This low propagation loss can be 
obtained since the maximum piezoelectric coupling in this configuration 
is obtained at smaller ZnO layer thicknesses. However, the variations in 
phase velocity due to fabrication tolerances in the ZnO layer deposition 
and thus in center frequency are much higher. This is a serious problem, 
in particular for high-Q devices. Therefore, in this work the interdigital 
pattern is located at the ZnO-Si02 interface. To compensate for the prop
agation losses in order to obtain high-Q resonators the SAW amplification 
mechanism, as described in Chapter 3, could be used. The metal reflector 
arrays are made in the same fabrication step as the interdigital patterns. 

The equivalent electrical circuit of the two-port SAW resonator filter 
can be modeled by a series RLC resonant circuit with a parallel capaci-
tor. This latter capacitor is the interdigital transducer static capacitance. 
This two-port SAW resonator equivalent circuit was first described by 
Shreve [173]. The stopband rejection can be improved by the application 
of coupled SAW resonators, as discussed by Cross and Schmidt [174]. 
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5.3 EXPERIMENTAL RESULTS 

Electromagnetic feedthrough 

Electromagnetic feedthrough occurs as a consequence of the direct capac-
itive and inductive coupling between input and output Interdigital and 
interconnecting patterns (on the substrate), bonding wires and connector 
pins. The direct feedthrough signal interferes with the delayed acoustic 
signal, deteriorating the overall transfer function. SAW devices in ZnO-
Si02-Si layered structures exhibit a higher electromagnetic feedthrough 
than SAW devices on (non-conductive) piezoelectric substrates, as shown 
by Visser and Venema [175]. Since the difference in dielectric constants 
cannot account for this difference, it is concluded that the feedthrough 
between the input and output interdigital transducers mainly takes place 
through the conductlve silicon substrate and can, therefore, not be ade-
quately eliminated with a good packaging technlque. 

A metal plane, placed perpendicularly between the input and output 
transducers to suppress the electromagnetic feedthrough more than 100 
dB has been apphed by Oates [176]. He used an edge-bonded transducer. 
An IC-compatible analogon could be a grounded p+ diffusion between 
both interdigital transducers. However, in practice this diffusion does 
not reach deep enough. Increasing the distance between the transducers 
reduces the feedthrough, but is not a very attractive solution in the case 
of a monolithic integration. In SAW two-port resonator filters it is not 
even possible. Symmetrically driving the transducers has proven to be 
successful, as shown by Venema et al. [177] and can easily be implemented 
when amplifiers that drive the SAW filter are monolithically integrated. 
Grounding the epitaxial Iayer and substrate decreases the electromagnetic 
feedthrough, but not sufficiently [177]. Implantation or difïusion of a 
highly doped Iayer on top of the epitaxial Iayer or on the substrate (buried 
Iayer) to improve the conductivity and subsequently grounding of these 
layers does not noticeably improve the feedthrough suppression. This 
is also found in the case of a grounded metal plane between the metal 

interdigital patterns. 
Therefore, the use of a grounded, metal Iayer between the sificon sub

strate and the interdigital pattern should reduce the feedthrough more 
effectively. For this purpose the IDT configuration D (in Fig. 2.1) could 
be used. However, optimum piezoelectric coupling in this configuration 
is obtained for ZnO Iayer thicknesses approximately one order of magni
tude smaller. This results in a higher phase and group velocity and in 
an increased dispersion, when compared with the configuration with the 
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F i g u r e 5 .1 : Electromagnetic feedthrough in SAW filters in a ZnO-Si02-
Si layered structure with (ÏCL-266) and without (ICL-232) a metal Iayer 
on top of the silicon substrate. The SAW filters ICL-266 have a 2 fim 
thick dielectric Iayer of silicon nitride (see also Chapter 4). 

interdigital transducer at the ZnO-Si02 interface. By inserting a metal 
Iayer on top of the silicon substrate, as shown in Fig. 4.ld, the electro
magnetic feedthrough can be suppressed by 10-15 dB as shown in Fig. 
5.1. The technology for this configuration has already been described in 
Chapter 4. 

Driving and loading 

To determine the optimum source and load of the SAW filter the appli-
cation must be known. However, SAW filters are mainly used in signal 
processing appHcations, where signal transfer instead of power transfer is 
desired. To avoid a regeneration of the surface acoustic wave at the inter
digital transducers, both IDTs should form a short-circuit for a bypassing 
acoustic wave. For the input transducer this means that a voltage source 
must drive the SAW filter. The output transducer should be loaded with 
a short-circuit. The current is then the output signal. In practice this can 
be realized by using an ampHfier with a low input impedance, such as a 
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transimpedance amplifier or a current amplifier. In this case an optimum 
signal transfer is obtained and the transfer function of the device is essen-
tially a transconductance. Additional mechanical or electrical reflections 
at the edges of the electrodes are canceled by the application of doublé 
electrodes. 

1^ 
Y i { f ) U 

I 
Gi2 ( f )*U Ï 2 ( f ) 

R, 

î ' 
Figure 5.2: Equivalent circuit model of a SAW device. 

In Fig. 5.2 the equivalent circuit model for a SAW device is shown. In 
the case of a SAW resonator filter this equivalent circuit applies only to the 
SAW delay line part of the device. The model in Fig. 5.2 is valid as long 
as the source Impedance is much smaller than the acoustic admittance 
Yi(f). The capacitances Ci and C^ are the static IDT capacitances. The 
real parts of the frequency dependent admittances Yi(f) and Y^if) can 
be interpreted as radlation conductances and represent the conversion 
of electrical power to acoustic power, as described by Smith [162]. The 
optimum aperture of the SAW device with respect to the noise attribution 
to the complete system is treated by Van Zeijl [178]. 

Figure 5.3 shows the effect of driving and loading circuitry on the im
pulse response of a SAW transversal filter on a LiNbOa substrate. Figure 
5.3a shows the impulse response when power matching of the SAW filter 
(and an inductor tuning of the IDT capacitance) is used. In the case of a 
short circuiting of both transducers (in this case with 10 Q) an improved 
triple transit echo and bulk wave suppression is obtained. In addition, the 
SAW filter bandwidth is no longer disturbed by the circuit effect [156]. 

SAW delay line 

The experimental results of the SAW delay lines integrated on chip ELÏS-
552, as shown in Figs. 4.9 and 4.13 are now presented. The ZnO and Si02 
layer thicknesses are 11.8 and 2.0 //m, respectively. With external trans-
formers, the device is driven by a balanced voltage and loaded with a 
differential short circuit. The transconductance in the 100 MHz passband 
is about 1 mA/V, as shown in Fig. 5.4. The s inx / i delay line responses 
of the first- and second-order Rayleigh-wave modes are severely disturbed 
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Figure 5.3: Impulse response of a SAW filter on LiNbO^ in the case of 
optimum power transfer (A) and in the case of optimum signal transfer 

(B). 
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Figure 5.4: Amplitude response of the SAW delay line in a ZnO-SiOj-
Si layered structure. The marker indicates the center frequency of 100.4 
MHz. 

by electrode reflections sïnce only single electrodes have been used in this 
device. The aperture is about 0.7 mm. The electromagnetic feedthrough 
between input and output transducer increases with frequency, but is ade-
quately suppressed. In Fig. 5.5 the third-order intermodulation distortion 
of the SAW delay line is shown. Two signals with equal amplitude (1.2 
Vc//) have been applied to the large IDT (100 pairs of electrodes). The in
termodulation components at 100.7 and 101.3 MHz are about 70 dB lower. 
When the small IDT (15 pairs of electrodes) is chosen, the intermodula
tion is less (cLS shown by the lower curve In Fig. 5.5). Noise measurements 
performed on this delay-line show that the noise (referred to the input) 
generated by the SAW device is less than 10 nV/v/Sz at 100 MHz. From 
these measurements it ïs concluded that for a 180 kHz bandwidth (CLS 
used in the FM upconversion receiver discussed in the next chapter) the 
dynamic range is at least 130 dB, while the third-order intermodulation-
free dynamic range amounts to at least 105 dB. The SAW delay line and 
the SAW transversal filter have a noise behavior which is less than their 
equivalent transimpedance. 
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Figure 5.5: The SAW delay line (in a ZnO-Si02-Si layered structure) 
third-order intermodulation. 

SAW transversal filter 

Figure 5.6 shows the frequency characteristic of a SAW transversal filter 
with a 18.7 MHz bandwidth at a center frequency of 283 MHz. The alu-
minum layer thickness of the electrodes is 0.3 fim. The ZnO and Si02 
layer thicknesses are approximately 5.8 //m and 1.6 fim, respectively. For 
optimum performance the ZnO layer thickness should have been approx
imately 4.5 fim. The 5.8 //m ZnO layer thickness results not only in a 
second Rayleigh-wave mode, but also in a third. This SAW filter has dou
blé and dummy electrodes. The aperture is 35Ao (AQ = 9.33 /im). The 
uniform IDT consists of 10 pairs of electrodes and the apodized IDT ha^ 64 
pairs. The designed bandwidth is in good agreement with the measured 
bandwidth. A constant group delay in the passband has been realized, 
despite the large bandwidth and the layered structure. The peak-to-peak 
ripple in group delay is about 25 ns. No special measures have been taken 
to suppress the electromagnetic feedthrough in this device. Instead, the 
direct feedthrough has been removed by gating (—10 ns - 30 ns) in the 
time domain with the network analyzer. 
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Figure 5,6: Amplitude response (upper curve) and group delay (in the 
passband) of a SAW transversal filter in a ZnO-Si02-Si layered structure. 
The marker indicates the center frequency of 283 MHz. 

SAW resonator filter 

The frequency characteristic of a SAW resonator filter (500 kHz band-
width) is shown in Fig. 5.7. It consists of a resonance peak superposed 
on the ordinary SAW delay line response. The presence of a second delay 
line passband is caused by the second Rayleigh-wave mode. However, on 
this passband no resonance peak is present. The interdigital transducers 
consist of 20 pairs of (doublé) electrodes. The antinodal reflection of the 
surface acoustic wave at the reflector array results in a distance between 
the edge of the reflector and the center of the electrodes in the interdig
ital transducer of ^nAo (n integer). This result ha^ also been obtained 
by Martin et al. [170], however for a different configuration. The layer 
thicknesses are the same as for the SAW transversal filter. In this case the 
electromagnetic feedthrough has also been gated by the network analyzer. 

The distance between the reflector arrays is 50.5Ao (AQ = 9 fim). The 
reflector arrays consist of 250 electrodes. No difFerence between shorted 
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Figure 5.7: Amplitude response of a SAW resonator Elter in a ZnO-
Si02-Si layered structure with a distance of 1/2XQ between reflector and 
transducer. The marker indicates the center frequency of 292.25 MHz. 
The inset shows the frequency characteristic for a 3/4XQ distance. 

and open reflector arrays is found. No transverse modes are detected, 
which is expected since the aperture is 40AQ. PreHminary noise measure-
ments of the SAW resonator fllter show a noise behavior equivalent to the 
impedance R in the series RLC equivalent circuit of the resonator filter. 

5.4 D I S C U S S I O N A N D C O N C L U S I O N S 

SAW delay lines, SAW transversal filters and SAW resonator filters have 
been realized in a ZnO-Si02-Si layered structure. An optimal signal trans
fer is obtained when the device is driven with a balanced voltage source 
and loaded with a difFerential short-circuit. Under these conditions no re-
generation of acoustic waves at the IDTs is possible. Balanced driving and 
loading of the device suppresses the electromagnetic feedthrough, which 
can be further reduced by the insertion of a thin metal layer on top of 
the silicon substrate. Doublé electrodes are necessary to prevent a severe 
distortion in the passband. A proper choice of the layer thicknesses, as 
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discussed in Chapter 2 can result in a Hnear phase and a high piezoelec-
tric coupling. The obtained transconductances of the devices, together 
with thelr low noise contribution and high intermodulation-free dynamic 
range make these sihcon-integrated SAW filters attractive for apphcation 
in electronic systems. 

Chapter 6 

P O T E N T I A L APPLICATIONS 
OF SILICON-INTEGRATED 
SAW FILTERS 

III 

Ih 

6.1 INTRODUCTION 95 

6.2 PERFORMANCE OF SILICON-INTEGRATED SAW FILTERS 96 

6.3 FM RADIO RECEIVER WITH ON-CHIP SAW FILTER 100 

6.4 DISCUSSION AND CONCLUSIONS 108 

I 

J ! 

^ 

Ih 

6.1 I N T R O D U C T I O N 

Surface Acoustic Wave (SAW) filters realJzed in a ZnO-Si02-Si layered 
structure offer the opportunity for monolithic integration with electronic 
circuitry, as demonstrated in Chapters 4 and 5 of this thesis. Since the 
fabrication of these filters is compatible with the silicon planar IC technol-
ogy and no adjustment of the fabricated devices is required, a high-volume 
production of compact electronic systems with high-performance on-chip 
selectivity becomes feasible. The reduced size and weight of the complete 
system will be an advantage in cordless telephone, car radio, all kinds of 
portable consumer electronics products, and military applications. Taking 
the general trend in IC technology into account (as described in Chapter 
1), the price/performance ratio of these fully integrated electronic systems 
with on-chip SAW filters might very well be superior to that of systems 
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built up of a number of discrete components. 
Moreover, receiver architectures, such as in radio [179], television [180], 

[181] and other telecommunication systems, are making increasing use 
of higher Intermediate Frequencies (IF) to improve the interferïng sig-
nal rejection and to allow for the use of wider bandwidths. These wider 
bandwidths are in demand for new systems, such as High-Definition Tele-
Vision (HDTV) and Direct Broadca^t Satelhte (DBS) television. The IF 
selectivity is obtained by using SAW (transversal) filters. These high-IF 
systems give a better performance, even when the tuned front-end fil
ters are replaced by fixed-frequency filters. At these high frequencies, the 
use of discrete SAW components is not very attractive because of the in-
creased pin-to-pin feedthrough between the different components. The 
cost of packaging is an overriding cost. Therefore, reducing the number 
of packages in the total system can substantially reduce its cost. It can 
be concluded that sihcon-integrated SAW filters will be attractive in the 
above-mentioned applications. 

In Section 6.2 the performance, crucial to the future apphcation of 
SAW filters in ZnO-Si02-Si layered structures is reviewed and compared 
with implementations on conventional monocrystaUine substrates. As an 
example of the use of sihcon-integrated SAW filters, Section 6.3 deals with 
the overall system design of an FM upconversion radio receiver with on-
chip SAW filters, while taking the discussed performance into account. 
This chapter ends with a discussion and conclusions in Section 6.4. 

i 

6.2 P E R F O R M A N C E O F S i - I N T E G R A T E D S A W F I L T E R S 

Considering the SAW filter as an isolated component, the performance of 
such a filter realized in the ZnO-Si02'Si layered structure can be compared 
with a realization on conventional (monocrystaUine) substrates. The main 
differences have already been discussed in various sections of this thesis. 
For reasons of clarity the differences are reviewed below and the theoretical 
and (present) experimental results of SAW filters in a ZnO-Si02-Si layered 
structure are summarized. • 

Phase velocity and piezoelectric couplmg 

For monohthic integration of SAW filters and electronic circuitry to be 
attractive, the device length of the SAW filters should be minimal. The 
length of a SAW transversal filter is in first order determined by the group 
velocity, while the length of a SAW resonator filter is (in first order) de
termined by the phase velocity. The phase or group velocity of the fun-
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damental Rayleigh-wave mode in the ZnO-Si02-Si layered structure can 
be 10-30% lower than on substrates like quartz and lithium niobate, thus 
reducing the length of the device by 10-30% (for a given bandwidth). In 
addition, the piezoelectric coupling in the ZnO-Si02-Si layered structure 
is better than on quartz, but lower than on lithiumniobate. These low ve-
locities and high piezoelectric couplings are obtained when the interdigital 
transducer is located at the ZnO-Si02 interface and 

i II 

fohs^o, > 400 

fohznO f-^^ 1200 

(6.1) 

(6.2) 

All experimental results show high-quality ZnO sputtered layers when 

l/zm < hznO < lOfim (6.3) 

For ZnO layer thicknesses of 

10/im < hznO < 20/i7Ti (6.4) 

the quality is less, but still acceptable, as shown in Chapter 4- In the 
case of thick ZnO layers, it is advisable to choose a layer thickness smaller 
than Eqs. 6.1 and 6.2 require. This reduces the theoretical piezoelectric 
coupling but increases the actual, realized piezoelectric coupling. Another 
possibility, especially for low frequency applications, is the fabrication 
of the interdigital transducer on top of the ZnO layer. The theoretical 
piezoelectric coupling is lower, but since it can be obtained at 

f,h ZnO 
l - ^ H j 120 (6.5) 

the actually obtained piezoelectric coupling (as a result of the smaller ZnO 
layer thickness) can be as good as in the case described above. However, 
in this configuration the reproducibility of the center frequency is more 
difficult to control and the phase velocity and disperslon are higher, as 
discussed in Chapter 2. In the research described in this thesis, the sihcon 
dioxide layer thickness was limited to 2 fxm (corresponding to 8 hours of 
thermal oxidation at 1200 °C). 

I Ü 

I 

Higher-order Rdyleigh-wave modes 

In the ZnO-SiOa-Si layered structures, higher-order Rayleigh-wave modes 
can be generated. The degree of generation of these surface acoustic wave 
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modes depends on the normalized layer thicknesses. Especially the gen-
eration of the second-order mode is difficult to circumvent, as shown in 
Chapter 2. In SAW filters, these higher-order modes result in multiple 
passbands, thus deterlorating the stopband rejection. This deterioration 
is most critical in SAW transversal filters (and SAW delay lines), while in 
SAW two-port resonator filters the higher-order modes are not effectively 
reflected by the reflector arrays, as shown in Chapter 5. The application 
of SAW amplification (Chapter 3) by the interaction of the propagating 
acoustic wave with the drifting charge carriers in the siÜcon substrate will 
be an attractive and adequate solution to reduce these spurious passbands. 

Using the higher-order modes can doublé the surface wave phase veloc-
ity, which results in a doubling of the maximal obtainable center frequency 
for a given minimal realizable interdigital electrode width. However, dou
bling of the phase velocity (and larger group velocity) also increases the 
device length for a given frequency response. 

li Dispersion 

In contrast to the homogeneous substrates, the layered structure is a dis-
persive medium for surface acoustic wave propagation, with a dispersion 
determined by the layer thicknesses of the ZnO and Si02 layers. As shown 
in Chapters 2 and 5, a constant group delay can be obtained in these lay
ered structures by the proper choice of the layer thicknesses, even for wide 
band SAW transversal filters. Not only the phase and group velocities de
pend on the layer thicknesses, but the piezoelectric coupling as well. This 
is an advantage when the frequencies in the passband of the SAW filter 
have a higher piezoelectric coupling than frequencies in the stopband. 

Reproducibility and (long-term) stability 

The center frequency of the SAW filter is proportional to the phase ve
locity of the surface acoustic wave. Variatlons in material properties and 
layer thicknesses limit the reproducibility and (long-term) stability of the 
center frequency of the SAW filter. These variatlons are critical in narrow 
band filters. Improvement of the stability of the ZnO layer is enabled by 
the deposition of a silicon nitride layer on top of it. A reproducibility 
and stability as obtained on polished, homogeneous crystals will be more 
difEcult to obtain, and thus limit the applicability of narrow band silicon-
integrated SAW filters. However, with the constantly improving fabrica-
tion techniques and the possible use of compensation as is discussed in 
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the following item, these limitations will not hamper a widespread use of 
narrow band SAW filters in ZnO-SiOj-Si layered structures. 

Temperature coëfficiënt of frequency (TCF) 

The temperature stability of a SAW device in a ZnO-Si02-Si layered struc
ture depends on layer thicknesses and material constants. A temperature 
coëfficiënt of frequency better than on lithium niobate is easily obtained, a 
temperature stability comparable to that of ST-X quartz can be obtained. 
Theoretical and experimental data show a zero temperature coëfficiënt of 
frequency in the case 

fohs.o, ^ 250 (6.6) 

In practice, problems of reproducibility and stability in device character-
istics reduce the temperature stability. Compensation methods, involving 
a second SAW device as a reference, are another solution to the improve
ment of the temperature behavior of these silicon-integrated SAW filters. 

Propagation losses 

As a result of the presence of polycrystalline layers, the propagation losses 
of acoustic waves in SAW filters in ZnO-Si02-Si layered structures are 
somewhat higher than in conventional substrates. These propagation 
losses depend on the layer thicknesses and the surface roughness, and are 
proportional to the square of the center frequency and can be compensated 
for in the filter design. At high frequencies the propagation losses can be-
come too high. In this case the insertion of SAW amplification in the filter 
(as discussed in Chapter 3) can be used to improve the performance. 

L 

Electromagnetic feedthrough 

As shown in Chapter 5, the electromagnetic feedthrough of SAW filters on 
conductive siHcon substrates is worse than on the conventional (noncon-
ductlve) substrates, but can be suppressed to a great extent. In (silicon-
integrated) SAW devices the stopband rejection is usually limited by the 
electromagnetic feedthrough. A choice for a configuration with a high 
piezoelectric coupling is, therefore, required to obtain a sufficiënt stop
band rejection. 

Matcïiing networks 

Baslcally, a SAW filter can be (optimally) matched to the other parts of 
the electronic system by either optimal power transfer or by optimal signal 
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transfer. In low power systems, where additional amphfication is unde-
sired, an optimal power transfer is preferred. Power matching is difficult to 
obtain on-chip since it requires tuning by inductors. For most communi-
cation and signal processing applications an optimal signal transfer is the 
best choice. This is obtained by driving the interdigital transducer with a 
voltage source and loading the transducer with a short-circuit by using an 
amplifier with a low input impedance (such as current or transimpedance 
amplifiers). 

It is concluded that SAW filters in ZnO-Si02-Si layered structures 
have a piezoelectric coupling better than that of quartz substrates and 
a temperature stability superior to lithium niobate substrates. These 
silicon-integrated SAW filters can be fabricated with center frequencies 
from approximately 10 MHz to above 1 GHz. However, with the present 
technology and the need of a high piezoelectric coupling and a low dis-
persion, the minimum center frequency is about 100 MHz. Accepting a 
suboptimal performance can lead to a possible minimum center frequency 
down to about 10 MHz. The upper limit is determined by the lithogra-
phy and etch technology used for the interdigital transducer fabrication. 
The minimum bandwidth of these SAW filters is limited by problems with 
the (long-term) stability, temperature stability and reproducibility of the 
center frequencies of the transfer function. Since these problems have a 
technological origin, great improvement is expected in the near future, 
not only in the ZnO deposition and in the fabrication of the aluminum 
interdigital transducers, but also in the availability of new piezoelectric 
materials. Moreover, compensation methods can be used. 

Taking this performance evaluation into account, it is clear that siHcon-
integrated SAW filters cannot simply replace the conventional (SAW) fil
ters in a system. The complete system should be considered and revised in 
order to find out whether these on-chip SAW filters can be used and how 
an optimal (overall) system performance can be obtained. In Section 6.3 
such an approach, as a case study to demonstrate the feasibility of on-chip 
SAW filters, has been carried out for a new, one-chip FM upconversion 
radio receiver. 

6.3 F M R A D I O R E C E I V E R W I T H O N - C H I P SAW FILTER 

6.3.1 Radio Rece ive r A r c h i t e c t u r e s , 

The task of a radio receiver is to reproduce the information originally 
modulated on a carrier broadcast from a transmitter. This recovery of in-

m 
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formation is hindered by noise, distortion and by interference from other 
channels. In the received Radio Frequent (RF) signal at the antenna, 
noise is already present (galactic, atmospheric or man-made) and noise 
is generated in the radio receiver. Interference is created in the receiver 
and limits its performance, especially in the case of a (weak) desired sig
nal in the presence of (strong) undesired signals in adjacent and image 
channels. This situation increasingly occurs due to the growing density of 
transmitted electromagnetic signals in the entire R F spectrum. 

The tendency today in radio receiver design is towards a fully inte-
grated receiver with a minimal number of adjustments and external com-
ponents. These types of receivers are feasible because of the recent devel-
opment of high-frequency IC processes and insight gained into the design 
of electronic circuitry, and are increasingly popular because of their fa-
vorable price/performance ratio and their small size. An introduction to 
analog communication, including Amplitude Modulation (AM) and Fre
quency Modulation (FM) is given by Carlson [182]. 

Nauta [179] has made an extensive inventory and performance com-
parison of various types of AM radio receiver architectures, taking the 
possibility of a monoHthic integration into account. As has already been 
mentioned, noise, distortion and the level of interference in the reproduced 
signal are the parameters which are important in determining the perfor
mance. A classification of AM and FM receiver architectures can be made, 
which is based on the type of detection and on whether or not a frequency 
conversion in front of this detector is used. Tuned Radio Frequency (TRF) 
receivers (with a non-selective detector, such eis an envelope detector) or 
direct-detection (homodyne) receivers (with a selective detector), as de-
picted in Fig. 6.1, constitute the most basic receiver architecture. These 

RF 
^ 

TUNED 

(FILTER 
AUDIO 

Figure 6.1; Genera.} block diagram of tuned radio frequency or direct-
detection receiver architecture. 

receivers use no frequency conversion and different signals can be selected 
by tuning the filter to the proper channel frequency. In practice tuned 
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bandpass filters are not easüy implemented and a sufficiënt overall dy-
namic range of the receiver in the order of 100 dB is not feasible without 
the use of very complicated electronic circuitry, which makes these receiver 
architectures of theoretical interest only. 

Using a frequency conversion before detection offers the advantage 
of applying fixed-frequency filters for channel selectivity, which results 
in "heterodyne" radio receivers. The general block diagram of a single-
conversion receiver architecture is shown in Fig. 6.2. The frequency cou-

KF 
^ ^ 

TUNED MIXER IF-FILTER 

FILTER 

DETECTOR 
AUDIO 

y 
LOCAL O^ILLATOR 

7 

Figure 6.2: Genera.1 bJock diagram of a heterodyne (single-conversion) 
receiver architecture. 

version is obtained by a multiplication of the input signal with a local-
oscillator signal. In practice this multipHcation is realized by using a 
mixer. Apart from the desired frequencies, this type of receiver also ex-
hibits an increased sensitivity to other input frequencies: image frequen
cies (inherent to the frequency conversion) and frequencies related to the 
harmonies of the local-oscillator signal and the switching action of the 
mixer (and their associated image frequencies). The resulting image and 
spurious responses can be rejected by filtering at the input of the receiver. 
There are two possible frequency conversion receiver architectures: 

• The downconversion receiver in which the intermediate frequency is 
lower than all frequencies in the R F tuning range. 

• The upconversion receiver with an intermediate frequency higher 
than all frequencies in the RF tuning range. 

The conventional (consumer) FM radio receiver with an IF frequency of 
10.7 MHz and an R F frequency broadcast range of 87.5-108 MHz is thus 
a downconversion receiver. The image frequencies are at a distance of 
only 21.4 MHz from the broadcast channels and located in the 66.1-86.6 
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MHz or 108.9-129.4 MHz bands for local-oscillator frequencies below and 
above the broadcast channels, respectively. These frequency bands are 
extensively used for air traffic control and other purposes. Therefore, the 
input filter must be a bandpass filter tuned to the receiving frequency 
in order to adequately suppress image and spurious responses. Due to 
the tunable bandpass filter at the input and its required coupling to the 
local oscillator, the architecture of a downconversion receiver is not very 
attractive for monolithic integration. In the case of an upconversion re
ceiver with the signals at the intermediate frequency and local-oscillator 
frequencies higher than all RF input signals, a better reduction of image 
and spurious sensitivities can be obtained, even in the case of a non-tuned 
low-pass input filter. With the high-frequency IC processes now available, 
Nauta [179] concluded that the upconversion receiver in a monolithic im-
plementation is on a price/performance basis more attractive than the 
classical downconversion receivers. Nordholt et al. [183] and Nauta et 
al. [184] realized an AM upconversion car radio receiver for the long-wave 
(150-365 kHz) and medium-wave (512-1625 kHz) bands. Eikenbroek [185] 
investigated the AM upconversion receiver front-end, including the short-
wave (1.8-30 MHz) band. 

Here, the analysis, design and partial reallzation of an FM upconver
sion radio receiver with on-chip SAW filters is discussed. This research 
has been carried out in cooperation with Van Zeijl, his Ph.D. Thesis [186] 
contains detailed Information on system and electronic circuitry design. 
Results have been published by Visser et al. [187] and Van Zeijl et al. 
[188]. 

6.3.2 F M Upconversion Receiver with On-Chip IF Select iv i ty 

The aim is to develop a fully monolithic integration of an FM radio re
ceiver without any (trimming) adjustments of filters or offset voltages. 
Kasperkovitz [189] has realized a single-chip FM receiver with an interme
diate frequency of 70 kHz. For a channel spacing of 300 kHz, in theory, 
no signals will be present at the image frequencies 140 kHz away from the 
chosen broadcast station. In practice, signals can be present and disturb 
the proper operation of the receiver. Here, to develop a single-chip FM 
radio receiver, the upconversion architecture has been chosen. 

The IF frequency selectivity (for the FM signals with a bandwidth of 
approximately 180 kHz [182]) must be realized on-chip to prevent pin-
to-pin feedthrough (between ICs or other components) and to reduce the 
overall size and cost of the receiver. At low frequencies switched-capacitor 
filters or continuous-time active filters can be made on-chip, but these 
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filters have a limited dynanaic range. High-performance on-chip filters, 
i.e. with a low noise contribution and a high intermodulation-free dynanaic 
range in the frequency band of 50 MHz - 1 GHz, are available in the form 
of acoustic wave filters. The two basic types are: 

h 

• The thin-film (or composite) bulk wave resonator. 

• The SAW trarsversal filter or the SAW (coupled) resonator filter. 

Both acoustic wave filters can be realized on a silicon substrate and have 
a piezoelectric ZnO thin film for generation and detection of the waves. 
The thin-film or composite resonator [190], [191] is a bulk acoustic wave 
resonator consisting of a piezoelectric membrane on a silicon diaphragm. 
Typical membrane dimensions are 200-500 fim (square) with a thickness 
of 5-30 fiin. To construct resonators with a low temperature coëfficiënt 
of frequency (TCF) doublé or triple layer thin-film composite membranes 
can be used [192], as shown in Fig. 6.3. Recently, the need for etching the 
back of the sihcon substrate has been eliminated with the introduction of 
air-gap type thin film resonators [193], [194]. The advantage of the com
posite resonator is its small size. The center frequency is, however, directly 
related to the ZnO layer thickness. In SAW filters, the variations in layer 

/ ZnO 

EPITAXIAL LAYER / / 

/ TOP AND BOTTOM \ 
O-j / ELECTRODES 

\ ^ ^ 

siOp 
Si 

Figure 6.3: Schematic cross-section of a (temperature compensated) 
ZnO-Si02-Si thin film bulk wave resonator. \ 

thicknesses are a second-order effect, while the lithography determines the 
center frequency in first order, resulting in a better reproducibihty. More-
over, the SAW transversal filters have the advantage of an independent 
design of amplitude and phase characteristic. 

Now a summary of the FM upconversion receiver system design and 
some of the experimentally obtained performance results will be discussed 
[188]. The block diagram of the FM upconversion receiver is shown in 
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Figure 6.4: Block diagram of the FM upconversion radio receiver. 

Fig. 6.4. The voltage from the whip antenna passes through a bandpass 
filter (with a bandwidth covering the entire FM band from 87.5-108 MHz) 
to the input amplifier (amp.1). By using the local-oscillator (LO) signal 
and the mixer, the R F signal is conveited to a signal at the intermediate 
frequency. The second amplifier is used to drive the IF filter with the 
mixer output signal. The IF filter is loaded with an amplifier (amp.3), 
which drives succeeding stages for the detection of the FM signal. 

The demands placed on each block specified in the diagram of Fig. 6.4 
wiU now be discussed beginning with the choice of the intermediate fre
quency. The IF filter is an on-chip SAW filter, either a transversal filter 
or a resonator filter. The most dominant (spurious) passband in the filter 
is caused by the second Rayleigh-wave mode at approximately 1.7 times 
the fundamental passband frequency. The signals passing through this 
spurious passband may disturb the detection of the desired signal. For in-
stance, FM detectors using phase-look loops may be pulled out of lock. A 
low-pass filter between the IF SAW filter and the FM detector will atten-
uate these undesired signals. However, such a filter cannot be made in a 
form compatible with the intention to fully integrate the receiver. The sig
nal frequencies arriving at the antenna, from which the disturbing signals 
may originate,.can be placed far away from the FM broadcast range by 
choosing the proper intermediate frequency. Thus maximum attenuation 
by the input filter is achieved. Choosing these spurious frequencies higher 
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than the FM broadcast band leads to intermediate frequencies above 500 
MHz, which puts impractical demands on the electronic circuitry that is, 
at present, realized in the Delft high-frequency BIFET process (fr = 3 
GHz). The spurious frequencies can be set lower than the FM broadcast 
band by choosing an intermediate frequency of about 160 MHz. 

The local-oscillator frequency may be chosen lower or higher than the 
intermediate frequency of 160 MHz. An LO frequency higher than the 
intermediate frequency gives far fewer spurious responses in the receiver 
[179]. t h e local oscillator should then be tunable from 247.5 MHz to 268 
MHz. Oscillators using only small capacitances, like regenerative types, 
are to be preferred. The frequency determining element could be a SAW 
device, further research in this subject is required. 

The input filter must sufficiently attenuate signals at the image fre
quencies (407.5-428 MHz) and the spurious frequencies due to the sec-
ond Rayleigh-wave mode (approximately 4-24.5 MHz). Either a SAW 
transversal filter or an LC filter may be applied. 

A mixer is used to perform the frequency conversion of signals from the 
FM broadcast band to signals on the intermediate frequency. The mixer 
has to handle the total FM broadcast range of signals and must, therefore, 
be extremely linear to maintain a sufficiënt selectivity. The linearity can 
be described by the intermodulation-free dynamic range (IMFDR), the 
dynamic range in which the intermodulation components cannot be dis-
tinguished from the noise. A bipolar current switching mixer is the best 
circuit with respect to noise and distortion performance [179]. A balanced 
version is preferable to compensate for local-oscillator feedthrough. Both 
input and output signals of the mixer are balanced currents. 

The input amplifier (amp.1) also has to be extremely linear. A noise 
floor of 1 fiV (5=180 kHz) and a maximum input levelof 100 mVfor linear 
operation of the input amplifier are desirable. Furthermore, this amplifier 
has to terminate the LC filter at the input to obtain a signal transfer 
which is sufficiently independent of the impedance of the whip antenna, 
which can vary, depending on the position of the antenna relative to the 
ground plane of the receiver. The output signal of the amplifier must be a 
current for driving the bipolar switching mixer. Amplifiers employing two 
feedback loops are to be preferred for a low-noise, linear input impedance 
for the termination of the filter and for driving the bipolar mixer with a 
current [195]. Such an amplifier has been realized by Van Zeijl [196]. 

Amplifier 2 in Fig. 6.4 has a balanced current as input signal and must 
deliver a balanced voltage for the SAW filter. As this amplifier has to 
handle the total upconverted FM broadcast range this amplifier must also 
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be extremely linear. A balanced transimpedance amplifier can fulfill these 
demands. 

As an IF filter, either a SAW transversal filter or SAW resonator filter 
may be applied. A properly designed SAW transversal filter shows little 
variation in group delay and, therefore, does not distort the audio signal. 
Resonator filters are minimum phase devices and do show a variation in 
group delay, thereby distorting the audio signal. SAW coupled resonator 
filters may be appfied to increase the selectivity or to decrease the group 
delay variation. The IF filter should have a —3 dB bandwidth of about 180 
kHz. The length of a SAW transversal filter will be more than 10 mm for a 
180 kHz bandwidth, resulting in chip sizes, with an (according to current 
standards) impractical length and length/width ratio. Thus, either SAW 
resonator filters (length approximately 6 mm) must be used or a SAW 
transversal filter with a bandwidth of about 400 kHz, to comply with a 
10 mm chip length. In the latter case a selective FM detector should be 
applied. 

A further important aspect is the fabrication reproducibility and tem-
perature stability of these SAW filters. For a maximum deviation from 
the center frequency of 50 kHz, the filter must be reproducibly made with 
a tolerance of maximally 300 ppm, while the center frequency drift must 
be smaller than 3 ppm/K over a 100 K temperature range. As these de
mands are quite stringent, techniques such as compensation will have to 
be applied to circumvent these problems. The extra circuitry and SAW 
device required for this compensation must be the subject of further in-
vestigation. 

6.3.3 Conc lus ions 

An FM upconversion radio receiver with (on-chip) SAW filters for IF se
lectivity can be realized. The chip wiU have an acceptable length of about 
6 mm (SAW resonator filter) or 10 mm (SAW transversal filter). The 
following front-end specifications can be obtained: 
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Input frequency range 
Input noise floor (B=180 kHz) 
Maximum linear input level 
IMFDR3 
Intermediate frequency 
IF filter 

LO frequency rar\,e 
Suppression of L.punous responses 

87.5-108 MHz 
1 /iV 
100 mV 
> 70 dB 
160 MHz 
SAW (coupled) resonator 
or SAW transversal filter 
247.5-268 MHz 
> 50 dB 

i | 

It is found that the amplifier at the input (ampl.1 in Fig. 6.4) limlts the 
overall performance with respect to noise and dynamic range. Therefore, 
no signal loss can be accepted in the input filter, because it would lead to 
deterioration in the overall system performance. A fourth- or higher-order 
LC filter can be used as an input filter. Experiments show a suppression of 
image and spurious responses of at least 50 dB. A low loss SAW filter with 
a 20% fractional bandwidth can only be realized with a SAW transver
sal filter using unidirectional interdigital transducers, matched with in-
ductors, and the use of a substrate with a high piezoelectric coupling, 
such as lithium niobate. The relatively high propagation losses of surface 
acoustic waves in sihcon-integrated SAW devices, the lower piezoelectric 
coupling (compared with lithium niobate) and the difficulty of matching 
the output transducer on-chip with an inductor, make the application of 
a silicon-integrated SAW filter not very attractive as input filter unless 
SAW amplification is used. 

The main problem in the application of the IF SAW filter lies with 
the temperature stability of the center frequency (3 ppm/K) and with 
the reproducibility and (long-term) stability of the center frequency (300 
ppm) of the filter. In theory this can be accompfished and the preliminary 
experimental results point in that direction, but an increased efFort in 
technology will be required. 

6.4 D I S C U S S I O N A N D C O N C L U S I O N S 

Sihcon-integrated filters seem promising at high center frequencies in par-
ticular, where pin-to-pin feedthrough and related, expensive packaging 
problems require the development of (high-performance) on-chip selectiv-
ity. At these frequencies only relatively thin, inherently high-quahty (with 
the present technology) layers are required for optimal performance. How-
ever, the SAW filter should no longer be considered as a single component, 
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but a complete system design must be undertaken. The experimentally 
obtained piezoelectric coupling is high enough to implement these filters 
in IF stages, without deterioration of the overall system performance. 

Integration of SAW filters is especially attractive for wide bandwidth 
applications (HDTV and DBS receivers), since these bandwidths require 
only a small-length device and make only moderate demands on repro
ducibility, (long-term) stability and temperature behavior. With further 
improvement in technology and design, sihcon-integrated filters can be 
applied as narrow band filters and also as filters in systems that transmit 
analog signals in digital form, using for example Quadrature AmpHtude 
Modulation (QAM). 

For low-loss (front-end) applications the passive silicon-integrated fil
ters are not very suited, because of the propagation losses and the (on-
chip) matching problems. The addïtion of SAW amplification in the filter 
structure will theoretically improve the filter performance for this appli
cation. 

In this thesis the feasibility of on-chip selectivity by means of transver
sal filters and resonator filters in ZnO-Si02-Si layered structures has been 
demonstrated. In addition a monolithic integration of these filters with 
electronic circuitry in one single chip has been realized. A high resolution 
IC compatible aluminum etch technology has been developed to fabri-
cate electrodes with 200 nm widths. An incorporation of the aluminum 
electrode pattern into the silicon dioxide and the realization of reflector 
arrays in SAW resonator filters, consisting of grooves instead of electrodes, 
are relevant subjects to be further investigated. In future research, more 
comphcated devices, such as chirp filters, Reflective Array Compressors 
(RAC) etc. can be reaüzed, while in addition the modeling and technol
ogy for realizing accurate SAW transversal and resonator filters can be 
improved- A practical realization of SAW amplification in a SAW filter, 
as theoretically investigated in this thesis, is another interesting subject 
for further research. 
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SUMMARY 

The research work presented in this thesis deals with the design and tech-
nology of Surface Acoustic Wave (SAW) filters in ZnO-SiOs-Si layered 
structures. SAW propagation and transduction properties with respect to 
dispersion, hlgber-order Rayleigh-wave modes and fabrication tolerances 
in the piezoelectric layer thickness have been studied. In addition, the 
conditions for SAW amplification by the interaction of the acoustic wave 
w^ith the drifting charge carriers in the silicon substrate are examJned. 
The monolithic integration of these SAW filters with electronic circuitry in 
one single chip and the fabrication of interdigital patterns with electrode 
widths down to 200 nm have successfuUy been realized. Experimental 
results of SAW delay lines, SAW transversal filters and SAW resonator 
filters are given. Application of sihcon-integrated SAW filters in an FM 
upconversion radio receiver (on one single chip) is discussed. 

Chapter 1. The propagation and transduction properties of sur
face acoustic waves on homogeneous piezoelectric substrates are shortly 
reviewed and the two basic SAW filter types, i.e. the SAW transversal fil
ter and the SAW resonator filter are introduced. Silicon-integrated SAW 
filters are low-noise devices with an high intermodulation-free dynamic 
range and are, therefore, excellently suited to obtain high-performance 
on-chip frequency selectivity in electronic systems. The design of SAW 
filters in ZnO-SiOj-Si layered structures is split into two parts. The first 
par t consists of the determination of the layer thicknesses and the location 
of the interdigital transducer. The second part deals with the design of 
the metal interdigital pattern. This latter part is not discussed in detail 
in this thesis since only first-order models for SAW filter design have been 

^ 

used, which are well known and identical to the models used for SAW 
filter design on monocrystalline piezoelectric substrates. 

C h a p t e r 2 . The layered structure for silicon-integrated SAW filters 
is investigated with respect to acoustic wave propagation and transduc-
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tion properties. It is shown that a monocrystaUine approximation of the 
sputtered ZnO layer results in values of the phase velocity up to 10% too 
high and values for the piezoelectric coupling up to 20% too high. For 
ZnO and AIN the phase and group velocity, and the piezoelectric cou
pling are given as a function of OJ/Ï, with OJ the radial frequency and h the 
layer thickness. The numerical results are obtained for a constant ratio of 
the piezoelectric and dielectric layer thicknesses. The figures, therefore, 
can be used to estimate the dispersion in acoustic wave propagation in 
the layered structures. Further, the influence of the piezoelectric layer 
thickness variations (due to the fabrication tolerances) on the center fre
quency is given. With respect to the ZnO-SiOz-Si layered structure, it is 
shown that the A1N-Si02-Si layered structure has more dispersion, a lower 
piezoelectric coupling, a higher phase and group velocity and the device 
center frequency is more vulnerable for piezoelectric layer thickness vari
ations. The only advantage of AIN is the possible absence of higher-order 
Rayleigh-wave modes. 

C h a p t e r 3 . The SAW amplification mechanism, to be applied in 
SAW filters or oscillators, is studied. Amplification is possible by the 
interaction between the surface acoustic wave and the drifting charge car
riers in the silicon substrate. In this way not only ampHfication can be 
obtained, but a suppression of triple transit echoes, higher-order Rayleigh-
wave modes and bulk waves as well. First, a one-dimensional model to 
understand the SAW amplification mechanism is given, then a perturba-
tional method, based on the continuity of the efFective permittivity at the 
ZnO-Si02 interface is discussed. A new approximation for the effective 
permittivity of a piezoelectric layer is given and the phase velocities and 
amplification/attenuation of the Rayleigh waves are calculated with errors 
smaller than 0.1% and 0.5%, respectively. The numerical results show the 
influence of the frequency, the sihcon and epitaxial layer conductivities, 
the charge carrier drift velocity (relative to the SAW phase velocity), the 
normalized layer thicknesses (of the ZnO, Si02 and epitaxial layers), the 
extent of depletion of the epitaxial layer, and the diffusion of the charge 
bunches. 

C h a p t e r 4 . The technology to fabricate silicon-integrated SAW 
devices is discussed. An inventory of interdigital pattern fabrication is 
given. A high-resolution aluminum etch technology ba^ed on electron 
beam lithography, dry etching of the bilayer mask system in a low pressure 
Oj-plasma and patterning of the aluminum layer in a SiCU-pIasma has 

J 
1 

been developed for accurate dimensional control of the electrode width and 
shape. Electrode widths down to 200 nm have been fabricated. Further, 
a monolithic integration of electronic circuitry and SAW devices on one 
chip has been realized in a modified version of the Delft high-frequency 
BIFET process. Attention is paid to ZnO deposition (by DC magnetron 
sputtering) and its passivation. 

C h a p t e r 5 , Experimentalresultsof SAW delaylines, SAW transver-
sal filters and SAW resonator filters are presented in this chapter. A 
new configuration to suppress the electromagnetic feedthrough in silicon-
integrated SAW devices is presented and a 10-15 dB additional suppres
sion is experimentally obtained. For an optimal signal transfer the input 
and output transducers must be short-circuited for the signal. Therefore, 
the device is driven by a voltage source and loaded with a short-circuit. 
The short-circuit current is the output signal and the transfer function 
is essentially a transconductance. Noise and intermodulation measure-
ments show an excellent performance when compared with the electronic 
circuitry. 

C h a p t e r 6 . The performance of silicon-integrated SAW filters is 
reviewed and possible apphcations of these filters are discussed. As an 
example of the use of siHcon-integrated SAW filters, the (single chip) FM 
upconversion radio receiver with on-chip SAW filters is discussed in more 
detail. The SAW device determïnes to a large extent the total chip area 
of this receiver. The performance is mainly limited by the input amplifier. 

b _ ^ _ _ -_ -^ r^ 
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Het onderzoek dat in dit proefschrift wordt gepresenteerd gaat over het 
ontwerp en de technologie van akoestische oppervlaktegolf (SAW) filters 
in ZnO-Si02-Sl gelaagde structuren. De eigenschappen van akoestische 
oppervlaktegolfpropagatie en -transductie met betrekking tot dispersie, 
hogere-orde Rayleigh-golf modi en fabricagetoleranties in de dikte van 
de piezoelektrische laag zijn bestudeerd. Bovendien zijn de voorwaar
den voor akoestische oppervlaktegolfversterking door de interactie van de 
akoestische golf met driftende ladingsdragers in het siHcium substraat on
derzocht. De monohthische integratie van deze SAW filters met elektro
nische schakelingen op éen enkele 'chip' en de fabricage van interdigitale 
patronen met elektrodebreedtes tot 200 nm zijn succesvol gerealiseerd. 
Experimentele resultaten van SAW vertragingslijnen, SAW transversale 
filters en SAW resonator filters worden gegeven. Toepassing van silicium-
geintegreerde SAW filters in een FM upconversie radio-ontvanger (op éen 
enkele 'chip') wordt besproken. 

H o o f d s t u k 1 , Een kort overzicht van de propagatie en transduc
tie eigenschappen van akoestische oppervlaktegolven op homogene sub
straten wordt gegeven en de twee basis SAW filtertypen, te weten het SAW 
transversaal filter en het SAW resonator filter, worden geïntroduceerd. 
Silicium-geintegreerde SAW filters zijn devices met een lage ruis en een 
hoog intermodulatie-vrij dynamisch bereik. Ze zijn daarom uitstekend 
geschikt om 'on-chip' frequentie-selectiviteit in een elektronisch systeem 
te verkrijgen. Het ontwerp van SAW filters in ZnO-Si02-Si gelaagde struc
turen wordt in twee delen gesplitst. Het eerste deel omvat de bepaling van 
de laa,gdikten en de plaats van de interdigitale transducent. In het tweede 
deel wordt het ontwerp van het metalen interdigitale patroon bepaald. 
Dit laatste deel van het ontwerp wordt in dit proefschrift niet in detail 
behandeld omdat alleen eerste-orde modellen voor het SAW filterontwerp 
zijn gebruikt. Deze modellen zijn reeds goed bekend en identiek aan de 
modellen die voor SAW filterontwerp op monokristallij ne piezoelektrische 
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substraten worden gebruikt. 
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H o o f d s t u k 2 . De gelaagde structuur voor silicium-geintegreerde 
SAW filters wordt met betrekking tot akoestische golfpropagatie en -
transductie onderzocht. Er wordt aangetoond dat een monokristallijne 
benadering van de gesputterde ZnO laag resulteert in waarden van de fa
sesnelheid die tot 10% te hoog kunnen zijn en waarden voor de piezoelek-
trische koppeling die tot 20% te hoog kunnen zijn. Voor ZnO en AIN wor
den de fase- en groepssnelheid en de piezoelektrische koppeling gegeven 
als functie van LJ/I, met oj de radiale frequentie en h de laagdikte. De nu
merieke resultaten worden verkregen bij een constante verhouding van de 
piezoelektrische en dielektrische laagdikten. De figuren kunnen daarom ge
bruikt worden om de dispersie in akoestische golfpropagatie in de gelaagde 
structuur te bepalen. Bovendien wordt de invloed op de fasesnelheid van 
laagdiktevariatie in de piezoelektrische laag (als gevolg van fabricageto-
leranties) gegeven. In vergelijking met de ZnO-SiOa-Si gelaagde struc
tuur heeft de A1N-Si02-Si gelaagde structuur meer dispersie, een lagere 
piezoelektrische koppeling, een hogere fase- en groepssnelheid en de lig
ging van de centrale frequentie is gevoeliger voor laagdiktevariatie van 
de piezoelektrische laag. Het enige voordeel van AIN is de mogelijke 
afwezigheid van hogere-orde Rayleigh-golf modi. 

H o o f d s t u k 3 . Het akoestische oppervlaktegolf versterkingsme
chanisme wordt, om toegepast te kunnen worden in SAW filters en SAW 
oscillatoren, bestudeerd. Versterking is mogelijk door de interactie tussen 
de akoestische golf en de driftende ladingsdragers in het siHcium substraat. 
Op deze wijze kan er niet alleen versterking worden verkregen, maar 
tevens een onderdrukking van 'triple transit ' echo's, hogere-orde Rayleigh-
golf modi en volumegolven. Allereerst wordt een ééndimensionaal model 
gegeven om het SAW versterkingsmechanisme te begrijpen, vervolgens 
wordt een perturbatie methode, gebaseerd op de continuiteit van de effec
tieve permittiviteit op het ZnO-SiOz grensvlak, besproken. Een nieuwe 
benadering voor de effectieve permittiviteit van een piezoelektrische laag 
wordt gegeven en de fa^esnelheden en versterking/verzwakking worden 
berekend met fouten, respectievelijk kleiner dan 0.1% en 0.5%. De nu
merieke resultaten tonen de invloed van de frequentie, de geleidingen van 
het silicium substraat en van de epitaxiale laag, de driftsnelheid van de 
ladingsdragers (ten opzichte van de SAW fasesnelheid), de genormahseerde 
laagdikten (van de ZnO, Si02 en epitaxiale laag), de mate van depletie 
van de epitaxiale laag en de diffusie van de ladingspakketjes. 
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H o o f d s t u k 4 . De technologie om sificium-geïntegreerde SAW de-
vices te maken wordt besproken. Een inventarisatie van interdigitaal pa-
troonfabricage wordt gegeven. Een hoge-resolutie aluminium etstechnolo-
gie gebaseerd op elektronenstraal lithografie, droog etsen van het dubbel-
la^Lgs resistmasker in een lagedruk Oj-plasma en het etsen van de alu
minium laag in een SiCl4-plasma zijn ontwikkeld om de elektrodebreedte 
en -vorm precies in de hand te hebben. Elektrodebreedtes tot 200 nm 
zijn gefabriceerd. Bovendien is er een monolithische integratie van elek
tronische schakeHngen en SAW devices op één 'chip' gerealiseerd in een 
gewijzigde versie van het Delftse BIFET proces. Aandacht wordt besteed 
aan ZnO-depositie (door DG magnetron sputteren) en -passlvatie. 

H o o f d s t u k 5 . Experimentele resultaten van SAW vertragingslij-
nen, SAW transversale filters en SAW resonator filters worden in dit hoofd
stuk gegeven. Een nieuwe configuratie om de elektromagnetische over-
spraak in siHcium-geintegreerde SAW devices te onderdrukken wordt ge
presenteerd. Een 10-15 dB extra onderdrukking wordt met deze methode 
experimenteel behaald. Voor een optimale signaaloverdracht moeten de 
ingangs- en uitgangstransducenten kortgesloten zijn voor het signaal. Daar
om moet het device worden gestuurd met een spanningsbron en belast 
met een kortsluiting. De kortsluitstroom is het uitgangssignaal en de 
overdrachtsfunctie is dan in wezen een transconductantie. Ruis- en in-
termodulatiemetingen tonen een uitstekende prestatie vergeleken met die 
van de elektronische schakelingen. 

H o o f d s t u k 6 , De prestatie van siHcium-geintegreerde SAW fil
ters wordt samengevat en mogelijke toepassingen van deze filters worden 
besproken. Als een voorbeeld van het gebruik van silicium-geintegreerde 
SAW filters wordt de FM upconversie radio-ontvanger met 'on-chip' SAW 
filters in meer detail besproken. Het SAW device bepaalt in grote mate de 
totale oppervlakte van de 'chip' voor deze ontvanger. De prestatie wordt 
hoofdzakelijk beperkt door de versterker aan de ingang. 
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