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RESEARCH OBJECTIVES

Introduction

The role of monolithic surface acoustic wave (SAW) devices in performing the
“real-time” analog of various signal processing functions is by now widely accepted.
Monolithic structures are intrinsically rugged, reproducible, and compatable with
modern integrated circuit fabrication techniques. The emphasis of the research
reported herein involves the evaluation of monolithic SAW structures and materials,
with the research treating in large part modified structures and prototype device con-
cepts.

Specific Tasks

1. An important consideration in the ultimate application of SAW signal processing
devices to real systems is the available bandwidth. As a consequence, a major
aspect of the project involves measures aimed at increasing the available
bandwidth of monolithic SAW devices.

2.  ZnO has proven to be an acceptable piezoelectric material for the implementation
\ of monolithic, ‘‘on-silicon” device concepts. An alternate material, AIN, has been
4 proposed as representing a possible improvement over, and replacement for ZnO.
A portion of the project has been devoted to an examination of AIN for monol-
' ithic SAW applications.

3. It has been established that the electrical properties of the Si-SiO, subsystem are
N adversely affected by the ZnO deposition process. Methods for minimizing the
N effects of the sputtering damage are being examined and evaluated. Also, an ins-
> tability related to the injection of electrons from the metal gate electrode into the
underlying ZnO is observed upon applying a d.c. gate bias. We are seeking an
- understanding and constructive control or blocking of this injection process.

- 4. A wide range of analog linear and nonlinear signal processing functions are now
y feasible as a result of continuing developments in acoustic surface wave tech-
niques. Under investigation are problems associated with achieving practical dev-
ices, such as correlators and resonators, using the monolithic technology. A brief
review of SAW devices on silicon is included as Appendix A.
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o A. Multilayer Structures-Bandwidth Considerations

1:\0
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:::: A key consideration in the development of SAW materials and configurations is
2 the matter of bandwidth. In dealing with layered media, some success has already been
- achieved as evidenced by the significant increase in bandwidth available to monolithic
< convolvers and correlators resulting from our demonstration of the advantage provided
., by use of the Sezawa mode for wave propagation. More recently we demonstrated the
;3:: separate comb transducer, a development in the direction of increased operation fre-
i quency and bandwidth for monolithic devices.

54

The layered configuration under conmsideration is known to support a series of
o guided propagating modes. The lowest order of mode is called the Rayleigh mode; the
" o next higher mode is named the Sezawa mode. Last year we reported experimental evi-

)

dence of an efficient coupling between these two modes. A phase match between con-
o trapropagating Rayleigh and Sezawa modes was obtained by employing an ion-milled
array of grooves in the ZnO layer. Although these measurements were made in the
context of developing an improved monolithic convolver configuration, it was found
that a coneptually new resonator/filter was a direct result of mode coupling. Details of
this development are found in the section of this report concerned with SAW resonator
structures.
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o B. Charge Injection-Induced Junction Storage Correlator

Loy Last year we reported a fabrication procedure for MZOS devices which resulted in
O the first bias-stable convolver. The stability was achieved through use of a particular

annealing procedure. All previously reported MZOS convolvers and correlators exhibit
. the bias instability.

i

.\, In contrast to efforts directed at stabilizing the MZOS configuration, the bias insta-

o) bility in question, resulting from injected charge at a gate electrode, has been employed

in a new storage correlator configuration which we reported last year. The new device

= concept utilizes charge stored in deep states at the ZnO-SiO, interface to induce

- discrete, isolated, inverted regions at the silicon surface. The resulting MOS diode

- regions perform the task of informatinn storage, and serve as replacement for pn and

Schottky diode arrays employed in previously proposed storage configurations. The

oo advantage here is a significantly reduced fabrication complexity.
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Most recently, we have reported an additional feature of the induced junction
correlator, that of electronic erasure of the stored reference. Last year we speculated
that electronic erasure of a stored signal could be readily implemented with an induced
junction correlator. Details of the ease with which the stored signal can be erased, and
the resulting availability for storage of a new reference signal, is described in Appendix

B.

A new configuration for the induced junction correlator, expected to exhibit
improved characteristics, is currently under study.

C. SAW Resonators on Silicon

During the past year we have examined several aspects of the performance of our
previously reported (A complete discussion of SAW resonators on silicon is included in
the reprint of Appendix C.) on-silicon resonators; in addition a conceptually new
resonant structure based on mode conversion has been developed.

One study concerned a preliminary examination of the ageing characteristics of the
temperature stable ZnO/SiO,/Si resonator. Automated measurements performed on
several resonators by E. Staples at North American Rockwell revealed a degree of sta-
bility comparable to a control group of quartz resonators. The time involved was
several weeks, so only preliminary conclusions are possible. Results of these measure-
ments were reported, and are included as reprints in Appendix A and D.

Recently reported experiments have demonstrated an improvement in optical loss
in ZnO guiding films resulting from a laser annealing procedure. We have subsequently
performed CO, laser annealing experiments to determine the effect on acoustic propa-
gation loss.

It is believed that the dominant loss mechanisms for a properly fabricated
Zn0/Si0,/Si VHF or UHF resonator is associated with propagation loss in the ZnO
layer. We had, in fact, proposed that resonator Q is a sensitive measure of propagation
loss. (Propagation loss is an important, and often controversial measure of ZnO film
quality.) The results of our laser annealing experiments were evaluated by measurement
of resonator Q and center frequency. It was found that the relatively small reduction
in acoustic loss was reflected in an increase of resonator Q. Since it is thought that the
anneal primarily affects the ZnO/SiO, interface, the improvement in Q is expected to
become increasingly significant as resonators are constructed for higher frequencies.
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Details of the laser annealing experiment were reported at the Frequency Control Sym-
posium (Appendix E).

The operation of the mode conversion resonator, a conceptually new device based
on the propagation of surface acoustic waves in layered structures, was reported this
year. Both Rayleigh and Sezawa modes propagate when the ZnO layer is sufficiently
thick. By employing a periodic array of milled grooves, it is possible to couple (phase
match) modes propagating in opposite directions, the result is a mode conversion
“reflector”. A resonator has been constructed in which input and output transducers
are bracketed by a pair of such arrays. Mode conversion resonator Q values of 3000
have been measured, indicating an extremely high mode-to-mode conversion efficiency.
The advantage of a mode conversion resonator over one using Bragg reflctors lies in the
reduction of direct acoustic coupling between input and output transducers, as each is
optimized for coupling to a different mode. (Input and output transducers are fabri-
cated with different element perrodicity.) Details of this work are found in
reprints/preprints in Appendix D, E, and F.

During the past year we performed experiments designed to explore the feasibility
of using ZnO/Si0,/Si resonators as the basis of an accelerometer, with applications, for
example, to aircraft navigation. We fabricated a cantilever mounted resonator for sens-
ing force. It was found that the frequency of the VHF resonator varied linearly with
applied force up to the fracture point of silicon. From the results of these experiments,
one could envision a device exhibiting a dynamic range of 10%. Details are given in the
reprint found in Appendix G.

D. ZnO Film Properties

A recent development is the completion of a study comparing the properties of rf
diode and magnetron sputtered ZnO-SiO,-Si structures. A major impetus for the com-
parative evaluation was the previously described achievement of bias stability in
annealed magnetron-sputtered films but not in similarly processed diode-sputtered
films. The comparison incorporated both electrical data and physical data derived from
SEM, X-ray diffraction, and other analytical techniques. The interfacial trap and net
effective charge densities at the Si-SiO, interface, ZnO film morphology, ZnO film con-
ductance, and the electrical and physical effects of post-deposition annealing were
among the topics addressed in the comparison. One interesting result of the work was
the observation that radiation damage produced in the underlying Si-SiO, subsystem
during sputtering of the ZnO film was a function of the substrate positioning on the

...................................
...........................

T Ty
. N B




'
'. L]
N
o:..: - 5 -
,; sputtering platform, with the spatial dependence being especially pronounced for mag-
1 netron sputtering. Magnetron films were also found to have a coarser fiber morphology.
3y It was generally concluded from the data that the magnetron films contained a much
s higher density of upper band gap traps whose numbers were increased by annealing. It
T is our belief that these traps play the key role in the bias stability of annealed mag- !
:,' netron devices and arise as a direct consequence of the large fiber morphology of the :
‘5 magnetron films. A reprint describing these results is included in Appendix H.
)
::.v
f E. New Materials
v The recent acquisition of an MBE facility has led us to examine the possibility of
. new materials/configurations. During the past year we have theoretically examined the
b device implications of the propagation of an acoustic plasma mode in a multi-layered
i structure. It is found that the existence of such modes in the 500 GHz range is feasible,
although the design of a suitable transducer appears difficult. Details of the analysis
2 are given in the preprint of Appendix I.
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(Invited) Surface Acoustic Wave Devices on Silicon

!

." R. L. GUNSHOR, S. J. MARTIN and R. F. PIERRET
." s Iy . . .
v:.' School of Electrical Engineering, Purdue University,

West Lafayette, IN 47907, U.S.A.

» Surface acoustic wave (SAW) devices can be used to perform a number of real-time signal
’-; processing functions. Originally, SAW devices were constructed on single-crysial piezoelectric
.ti- materials such as LiNbO; and quartz. In this paper we discuss the manner in which several
A, SAW devices can be implemented on non-piezoelectric silicon substrates, thereby facilitating
K their use in integrated circuits. The pn diode memory correlator and the SAW resonator are

discussed in detail. The ZnO/SiO,/Si laycred medium can be made temperature stable by con-
trolling the thermal SiO, thickness. This, together with new ageing data, demonstrates the
practicality of including SAW devices in monolithic integrated circuits.

strate it is necessary to incorporate a

§1. Introduction piezoelectric film such as ZnO or AIN. These

For many years bulk-wave acoustic devices
were used in electronic systems to perform
various signal processing functions. With the
discovery of an efficient means of electrical to
acoustic transduction around 1965 [1], surface
acoustic wave (SAW) devices have produced a
resurgence of interest in acoustic waves in
electronics. The existence of a propagating
acoustic mode which is confined by the
waveguiding nature of a surface makes
possible planar acoustic devices. The use of a
piezoelectric substrate, in which mechanical
displacement is coupled to electric field,
permits the efficient excitation of the surface
wave by means of an interdigital transducer

(IDT). In addition to efficient transduction,

the planar nature of SAW devices is advanta-
geous for other reasons. Not only is the wave
accessible along its path for modification or
sampling, but also SAW devices are potentially
compatible with integrated circuit technology.

In order to be IC integrable, or to take
advantage of other semiconductor properties,
a technology has evolved for fabricating several
SAW devices on silicon substrates. The first
device to be discussed, a SAW storage correla-
tor, relies on an interaction between acousto-
electric fields and charge carriers in the silicon
substrate. The need for IC components
with good UHF performance, such as in high-
Q tuned circuits, provides the motivation for
building SAW resonators on silicon, the second
device to be discussed. To implement SAW
devices on the non-piezoelectric silicon sub-

films are typically deposited onto the silicon by
RF or diode sputtering [2] or by chemical
vapor deposition. The electromechanical
coupling provided by the piezoelectric film
varies with film thickness, dictating a film
thickness to acoustic wavelength ratio 4/4 of
between 0.05 and 0.5.

§2. ZnO/Si0,/Si Storage Correlator

The main signal processing task of SAW
convolvers or correlators is to serve as analog
to the mathematical functions for which they
are named. These non-linear signal processing
tasks can be performed electronically by digital
and CCD circuits, with each competing
technique having its advantages and disad-
vantages. The digital techniques of today are
not fast enough for certain broadband applica-
tions and are relatively expensive; charge-
coupled devices and presently most widely
applied for bandwidths less than 10 MHz.
Where real-time, wideband (10 to 300 MHz)
performance is desired, SAW devices provide
an alternative.

Convolution is accomplished with surface
waves by applying two modulated signals,
V\(t) and V,(r) of a common carrier frequency
to two IDT's separated by a gate clectrode,
as shown in Fig. 1. The electric fields accom-
panying the counterpropagating waves are
multiplied through a nonlinear interaction
with chargecarriers in the semiconductor [3]
and are summed over the interaction region by
means of the intervening gate electrode. [4) The
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Fig. 1. Zn0-on-Si SAW convolver device configura-
tion.

envclope of the output signal, Vi(r), taken
from the gate electrode, is the convolution of
the two input signals, following the prescrip-
tion:

Vi(t)y=A4 }. V(@) (t—-1)dt )

If V(1) is a time-inverted form of V¥ (1), the
output is then the autocorrelation of V,(¢)
with the convolver functioning as a matched
filter. In radar applications, where good time
resolution as well as the elimination of inter-
fering signals is important, the delay time/
bandwidth product is the figure of merit. As
the return time of the interrogating pulse is
unknown a priori, it is advantageous to in-
corporate stQrage capability for the reference
signal. This is the so-called storage correlator.
Several schemes have been devised for signal
storage, all involving properties of the semi-
conductor substrate. The reference signal
memory function has been achieved using ine
storage of reference-related charge in Si-SiO,
interface states [5), Schottky diodes [6], pn
diodes (7, 8], and most recently in isolated
induced-junction arrays [9].

Herein we describe a recently reported pn
diode storage correlator, the configuration of
which is shown in Fig. 2. An RF reference
signal to be stored is applied to the gate (w,

-]
[_ FIR IR I T R TR TR IR TR TR TR TR TR 1) ~ ot
. % . .j
Fig. 2. SAW mcnuwy correlator on silicon utilizing
m dixde urray lor reference signal strouge.

k =0) in coincidence with a narrow acoustic
pulse (w, k) propagating under the gate. The
simultaneous presence at the silicon surface of
the RF reference signal and the electric field
associated with the acoustic signal produces a
resultant electric field component normal to
the silicon surface. This electric ficld com-
ponent, arising from a nonlinear interaction
between the reference signal and the narrow
acoustic pulse, serves to inject charge into the
diodes. The result is that a spatially varying
charge pattern (w=0, k}, representing the
sampled reference signal, is maintained in the
diode array. The signal storage tirne, limited
by diode leakage current, is typiclty tens of
milliseconds to a few seconds.

Upon arrival of the interroga®  signal, it
is applied to the ggte electrode. B s¢ of the

nonlinear interaction of the interr¢  .ng SAW
(w, k=0) with the stored charge m (o=
0, k), a correlation output (w, k) ¢ zcted
at an IDT. ZnO-on-silicon mo: con-

volvers and storage correlators nave been
operated at frequencies up to 355 MHz [10],
with fractional bandwidths of up to 20%;[11].
Device efficiencies (P,,(dBm)— P,,,(dBm)—
P,.o(dBm)) of —53 dBm have been achieved
in convolvers, with —66 dBm for memory
correlators.

§3. VHF-UHF Resonators on Silicon

The second class of SAW devices fabricated
on silicon, the SAW resonator, does not involve
the electronic properties of the semiconductor.
By converting an clectromagnetic signal into
an acoustic wave, the SAW resonator utilizes
acoustic resonance to form high-Q reactive
elements for filters, tuned circuits, and to
perform frequency control functions. Wideband
integrated circuits are readily implemented
with film capacitors and active devices as
inductors however, such circuits are char-
acterized by low Q values.

The SAW resonator is formed by creating a
resonant cavity between two distributed Bragg
reflectors.  These  distributed  reflectors  are
lormed by perturbing the acoustic propagation
path at half~wavelength intervals with metal
strp overlays [12], or with grooves ctehed in
the surface [13). Each feature reflects ap-
proximately 1% of the incident wave amplitude,
so that the array produces strong coherent
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Fig. 3. ZnO-on-Si SAW 1iwo-port resonator with
etched groove reflectior arrays. Typically 400 gro-
oves per reflector array and 8 finger-pair IDTs are
used.

reflection within a narrow frequency range. In
addition to minimizing the surface wave con-
version to bulk modes, the distributed reflection
scheme—by virtue of its narrow bandwidth—
permits single mode resonators to be con-
structed. The best resonator performance to
date has been achieved with grooves formed
by ion beam etching of the ZnO surface, as
shown in Fig. 3.

Energy is coupled into and out of the SAW
resonant cavity by means of one or two
interdigital transducers placed such that fingers
lie at the maxima of the standing wave potential.
Two-port resonators function as narrow band
filters, while single port devices serve as high-Q
reactive elements. The transfer characteristics
of a two-port device, as measured on a network
analyzer, is shown in Fig. 4. SAW resonators
on silicon exhibit Q values in the 3,000 to 12,000
range near 100 MHz. Q-values are limited by
propagation loss, which is believed to originate
predominantly in the ZnO film. In fact, the

Wi LSS (@)
1

" ..._A_,_—J
P PSP SO W

- » -l L] " " e ws ”"e
TOIONEIK Y (Ml
Fig. 4. Insertion loss measured between transducers
of a two-port SAW resonator vs Irequency. At
resonance, the transmission is enhanced 28 dB over
the delay-line response.

Q measurement is_a useful technigue for
evaluating propagation loss.

Applications requiring a high-Q filter or
reactive element generally require stability over
time and temperature. Temperature will in-
fluence resonant frequency if either the diinen-
sion of the medium in the direction of
propagation is changed or the phase velocity is
changed. Typically resonators exhibit a
parabolic fluctuation in resonant fre.uency
with temperature. The standard for temperature
stability is set by resonators fabricated on the
ST cut of quartz. These devices show a
turn-over temperature—the point where the
derivative is zero—near 20°C, with a sccond
order temperature coefficient of frequency of
—0.0315 ppm/(degC)>.

The ZnO-on-Si medium does not exhibit the
extraordinary temperature stability of ST-
quartz at room temperature. The turn-over
temperature lies well below room temperature
so that a 25 ppm/(degC) decrease in resonant
frequency is measured at 20°C. It is found,
however, that the presence of a thermally
grown silicon dioxide layer between the
silicon substrate ~ad the ZnO layer serves to
increase the turnoves temperature in proportion
to SiO, thickness. Consequently, when SiO,
thickness is 0.076 1,, where 4, is the resonant
SAW wavelength, the turn-over temperature
occurs at room temperature and displays a
second order temperature coefficient of —0.052
ppm/(degC)®. This ability to temperature
compensate the ZnO/Si medium with SiO, is
due to the opposing sign of the temperature
coefficient of stiffness.
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Fig. 5. Deviation in resonant frequency vs tempera-
ture for several ZnO/SiO,/Si layer configurations.
kh, denotes ZnO thickness, k4, denotes SiO, thick-
ness, both normalized to acoustic wavelength.
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Compensation provides temperature stability
comparable to that of ST-quartz, with the
option of elevating the turn-over temperature
for use in an oven-maintained environment.
In Fig. 5, the drift in resonant frequency with
temperature is shown for several values of SiO,
thickness. Data for devices built on ST-quartz
are shown for comparison [14]. It should be
noted that the temperature compensating
SiO, thickness quoted is for a (111)-cut Si
substrate and scems to be relatively independ-
ent of the thin ZnO layers typically used.

With regard to resonator stability over time,
an initial ageing study has been performed.
After a 24 hour vacuum bakeout at 125°C,
live ZnO-on-Si resonators were hermetically
packaged. The devices were not fixed to the
header in order to eliminate possible age-
inducing stresses. The resonant frequency of

cach port of the five two-port devices was
monitored over a several-week period as
shown in Fig. 6. All of the devices exhibited a
rapid increase in frequency of from 15 to 50
ppm over the first 24 hours; the cause of this
initial jump in frequency is unknown. The
subsequent gradual decline in resonant frequency
observed for some devices is characteristic of a
failure to achieve a hermetic seal in device
packaging. Two of the devices, however,
displayed promising ageing characteristics,
drifting less than 10 ppm during the subsequent
ageing period. The temperature characteristics
and ageing behavior of SAW resonators, it
should be added, may possibly be influenced
by mounting and bonding methods.

§4. Conclusion and Acknowledgements
The most recent generation of SAW devices
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Fig. 6. Aging characteristica of ZnO-on-Si SAW resonators. The two traces in each plot
represent deviation in resonant frequency for each of the two resonator ports.
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Surface Acoustic Wave Devices on Silicon 41

are fabricated on semiconductor wafers to form
monolithic circuits. Although both silicon and
gallium arsenide substrates have been used,
this paper emphasizes Si devices as the majority
candidate. The Zn0Q/SiO,/Si device configura-
tion comes closest to the initial SAW promise
for compatability with conventional IC tech-
nology.

The authors wish to thank Dr. E. J. Staples
of North American Rockwell Corporation for
performing the ageing test, and Gary McGee
of the Naval Avionics Center for help in
making photomasks. The work was supported
by the Air Force Office of Scientific Research,
the National Science Foundation, and the NSF-
MRL program.
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APPENDIX B

ELECTRONIC ERASURE OF STORED
REFERENCE SIGNALS IN A METAL-
Zn0-Si0,-Si INDUCED JUNCTION
STORAGE CORRELATOR ‘

Indexing terms: Semiconductor devices and materials, Surface-
acoustic-wave devices, Signol eraswre

The surface-acousticowave storage correlator is used to store
a reforsnce signal for subsequent correlation with an un-
known signal. We describe and demonstraie a method for
the electronic erasure of stored signals in the context of the
MZOS-induced junction storags correlator.

The ability of surface-acoustic-wave (SAW) devices to perform
nonlinear signal processing functions such as convolution and
correlation is enhanced by incorporating a reference signal
storage capability into the device. Several SAW correlator
device configurations have been described in which the stor-
age correlation operation iy achieved through the storage of a
reference signal as a spatially varying charge patiern at the
silicon surface. Within the storage time limitation of the parti-
cular storage mechanism (surface states,' Schottky diodes,? pn
diodes®* or an array of induced junctions®), the stored signal
can be correlated with an ‘unknown’ input signal by employ-
ing a nonlinear interaction betwesn the signe) and the stored
charge patiern. In many envisioned signal processing applica-
tions it would be desirable 10 have the capability of rapidly
erasing and replacing the stored reference signal. Removal of
the stored signal in a SAW storags correlator has been pre-
viously demonstrated for an array of Schot*kv diodes;* there
the diodes were illuminated by an LED wiv. an appropriate
output wavelength. In this letter we describe and demonstrate
a new method of stored signa! srasure, electronic erasure, im-
m?uﬁumuwjmzmmw-
relator.

The schematic of the induced junction storage correlator
empiloyed in the electronic erasure experiment is shown in Fig.
1. The key featurs of an induced junction device is the incor-
poration of an aluminium grating at the ZnO-Si0, interface.
When a negative bias is applied to the gate of an MZOS
correlator, electrons are injected into the ZnO film and are
subsequently trapped at or near the ZnO-SiO, interface. This

n0
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Fig. 1 Induced junction storage correlator
@ Cross-eection of device
b Top metallisation
¢ Intweface Al grating
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same phenomenon is known to cause the major bias insta-
bility associated with MZOS SAW devices.” However, with
the introduction of a metal grating, the charge injection phe-
nomenon can be used constructively to create signal storage
regions beneath the silicon surface. Under operational condi-
tions, inversion regions of minority carrier storage at the sili-
con surface are separated by depleted or slightly accumulated
regions under the aluminium strips. The reference signal is
stored as a result of the interaction between the reference
signal applied to the gate and a narrow acoustic pulse propa-
gating under the gate. The electric fields resulting from this
interaction produce a nonequilibrium minority-carrier charge
density (a charge deficit) within the inversion regions; this
deficit constitutes the signal storage. Storage times of up to 80
mh (corresponding o a 3 dB decrease in output) have been
achieved in prototype devices. |

Electronic erasure of the storage signal is achieved by cre-
ating shunting paths between the induced junctions while si-
multancously promoting the lateral flow of minority carriers
between these regions and the inverted ares surrounding the
gate. The shunting paths which result in the loss of the stored
signal are produced through the application of a sufficiently
large negative DC pulse to the gate. On application of such a
pulse, electrons are injected into the ZnO and rapidly collect
on the Al grating. The silicon surface under the Al grating
responds to this pulse by being forced into deep depletion.
(Decp depletion is a nonequilibrium condition inside the sili-
con where the depletion region is extended deeper into the
bulk than the maximum width at thermal equilibrium.) Be-
cause the surface potential beneath the grating is lower than
surrounding regions, minority carriers originally in the in-
duced junctions and the area lateral to the gate now migrate
into the grating region, thereby tending to establish a more or,
less uniform distribution of minority carriers throughout the
structure. The envisioned carrier motion is very similar to that
in charge-coupled devices. It should be noted that the inver-
sion layer lateral to the gate is established during the initiation
procedure which produces the induced junction. Owing to
high lateral conductivity at the ZnO surface, electrons are
injected into the ZnO-SiO, interface outside the delay line
and drive the silicon surface surrounding the induced junction
array into inversion. It is these inversion layer charges which
move laterally into the gated area.
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In performing the signal erasure experiment, applied nega-
tive DC pulses of different amplitudes and durations were
applied to the gate within the signal storage time. The results
of this experiment are shown in Fig. 2. For the given device
structure and a gate puise bias more positive than —2:5 V, no
signal erasure was observed. The reference signal was com-
pletely erased, however, with pulses more negative than —2-75
V and having durations longer than 200 us. Since thermal
generation in the near-surface region is relatively slow, it
cannot account for the short 200 us time for erasure. The
formation of a shunting path under the grating is clearly con-
trolled by the Iateral flow of minority carriers. Fig. 3 illustrates
the erasure of a stored signal with a —3 V, 200 us pulse. The
upper trace shows the output without an crasure pulse, while
output following a negative erasure pulse is shown in the
lower trace. (The small residual puise in the lower trace is a
spurious signal from the measurement set-up, and can also be
seen at end of the output signal in the upper trace.)

Fig. 3 Correlation output

a Without erasure pulse
b With erasure pulse

After application of the erasure pulse and subsequent return
of the gate bias to zero volts, injected electrons located on the
Al grating are rapidly withdrawn from the interior of the
structure. The excess minority carriers beneath the Al grating
are in turn annihilated through recombination and possibly
lateral motion to regions surrounding the gate. In other words
the shunting path under the Al grating is thereby removed,
returning the device to a condition where an array of isolated
minority-carrier storage regions are ready for the storage of a
fresh reference signal. Experimentally, by varying the time in-
terval between the erasure pulse and the following writing
pulse, we have observed that at least 400 us is needed before a
new signal can be stored.

In conclusion, we have described and demonstrated a new
method for electrically erasing the stored signal in an induced
junction storage correlator. The electronic erasure method
may be useful in signal processing applications where ready
replacement of the stored reference signal is required.

*The authors thank S. Phillips and G. Magee of the Naval
Avionics Facility for photomasks. The research was supported
by AFOSR grant AF-848244 and NSF grant ECS 8009793.
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4 APPENDIX C

» Surface acoustic wave resonators on a ZnO-on-Si layered medium
N S.J. Martin, S. S. Schwartz, R. L. Gunshor, and R. F. Pierret
! School of Electrical Engineering. Purdue University, West Lafayette, Indiana 47907

- {Received 22 March 1982; accepted for publication § October 1982)

~t The adaptation of surface acoustic wave resonator technology to a ZnO-on-Si layered medium is

- presented. Several distributed reflector schemes are considered, including shorted and isolated
P metallic strips, as well as grooves etched in the ZnO layer. In the case of etched groove reflectors, a
first-order velocity perturbation arises due to the dispersive nature of the layered medium. Unique
resonator design considerations result from the reflector array velocity and reflectivity

characteristics. Transverse mode resonances are characterized and their effect on resonator
N response eliminated by a novel transducer design. A technique for temperature compensating the
- devices by use of a thermal SiO, layer is discussed.
o
. PACS numbers: 43.35.Pt, 62.40. + i, 84.30.Vn, 85.40. — ¢
Y3 I. INTRODUCTION boundary conditions imposed at the interfaces between lay-

NP The surface tic wave (SAW) resonator has been ers govern the distribution of wave amplitude in the surface-

developed over the past decade into a practical means for
achieving narrow-band frequency filtering in the VHF to
UHF range. Devices having resonant frequencies in the
range 20-2600 MHz perform the tasks which fundamental
bulk wave resonators perform below 20 MHz. Applications
for such devices include frequency control functions in oscil-
lators, for which the narrow bandwidth and high rejection of
off-resonant frequencies ensure precise frequency selectivity
and spectral purity. Also used as tuned circuits, SAW reson-
ators have recently been applied for clock recovery in digital
PCM regenerators.' Heretofore, SAW resonators have been
built almost exclusively on single crystal piezoelectric sub-
strates. As examples, lithium niobate is atrractive for its high
value of electromechanical coupling, while temperature sta-
bility favors ST-quartz. This paper is an expansion of earlier
reports on the adaptation of SAW resonator technology toa
ZnO-on-Si layered medium.>* The motivation for using sili-
con as a substrate lies in the possibility of incorporating the
SAW resonator in monolithic integrated circuits, thereby
eliminating the neced for off-chip components as are present-
ly required in the single-crystal embodiments.

In the next section we discuss the fabrication of the
Zn0-on-Si SAW resonator. Sections III and 1V are devoted

normal direction.® This dependence of wave distribution on
layer properties is reflected in the values of electromechani-
cal coupling and surface wave velocity, as well as the wave
reflectivity arising from perturbing features on top of the
ZnO. Consequently, the disposition of surface features, in-
tended to transduce or reflect acoustic waves, is highly de-
pendent on the layer configuration forming the acoustic me-
dium. By “layer configuration”, we mean the combination
of substrate orientation, together with layer thicknesses and
electrical boundary conditions imposed by conductive short-
ing planes which determine the acoustic and electrical char-
acteristics of the medium. The ZnO and SiO, layer thick-
nesses, normalized to wavenumber, are denoted by Ak, A,k,
respectively, while for acoustic purposes the aluminum
shorting plane, shown in Fig. 1, is regarded as vanishingly
thin. It is apparent that there are a large number of variables
in the layered acoustic medium; practical considerations will
tend to provide limits.

In fabricating the devices, both (100) and (111) cuts of
silicon have been used as substrates, with wave propagation
along the (010) and (211) directions, respectively. These
pure mode directions result in a decoupling of the transverse
mode from the Rayleigh-like mode, permitting selective ex-

citation of the latter by means of an interdigital transducer

-~ to analyzing metal grating and etched groove distributed re- ; . ) X
T fiectors. The unusual characteristics of the etched groove {IDT). The essential purpose of the SiO, layer is to provide
e reflector lead to unique design considerations with regard to
::,:.: transducer positioning and apodization, presented in Secs. V
. i ilization i i i REFLECTOR ARRAY
;:cd z:l Finally, temperature stabilization is considered in / TRANSDUCER
L . VIL ~

»

s . BASIC DEVICE STRUCTURE //////////////

)

X The two-port SAW resonator consists of separateinput [ Zn0 h

oK " ., ]

- and oulput interdigital transducers positioned inside a reso- — (7 LTl
nant cavity formed by two distributed reflectors.** Figure 1 / si
9 shows the banic Zn0-on-Si device structure. Like the SAW /

';-\. venonnntonn biodlt on sligle coyatal sulmtenten, the Zn€) on-Nj ALUMINUM
.?:, version Is u planar device with acoustic energy confined to FIG. 1. Surf . woport o using piezoelectrc Zn0

., g s . . 1. Surtace acoustic wave two-| resonator using piezoelectric Znf

.f-::. within roughly one m"c Y‘ve,length of thf s“rfw_e’ In layer on thermally oxidized Si substrate. An aluminum shorting plane is
i contrast to the Rayleigh distribution of acoustic amplitude included to enhance transduction as well as shielding carriers in the sub-
"-:; found in a semi-infinite half-space, however, the added  strate from clectric fields.
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temperature compensation and/or substrate passivation,
with the piezoelectric ZnO layer permitting transduction
between electrical and acoustic energies. It is significant to
note that recent results have shown that AIN could serve as
an alternative to ZnO as a piezoelectric layer.”

In Sec. VII we discuss the varniation in the first-order
temperature coefficient of resonant frequency with SiO,
thickness. When temperature compensation is desired, $iO,
thickness is fixed with regard to wavelength with
h.k = 0.47; otherwise, a simple passivation layer is grown
with a 0.1 um nominal thickness.

The aluminum shorting plane of 0.1 zm thickness is
vacuum deposited onto the SiO, layer. This conductive layer
enhances electromechanical coupling while shielding mobile
charge carriers in the silicon substrate from interacting with
clectric fields originating in the ZnO layer.” The wave-car-
rier interaction can cause a degree of Q-degrading acousto-
electric attenuation.

Onto the aluminum layer a ZnO layer is deposited by
diode or rf magnetron sputtering with grains of the hexagon-
al structure having c axis oriented normal to the surface.
Details of the sputtering procedure can be found in the litera-
ture.* '' The ZnO film thickness 4, is typically 0.7-1.9 um
for devices operating near 100 MHz, and is determined by
electromechanical coupling considerations. Figure 2 indi-
cates the vanation in electromechanical coupling Av/v with
normalized ZnO thickness for both temperature compensat-
ing, and simple passivating thicknesses of $i0,. From this
figurcat is seen that the presence of the temperature compen-
sating $i0, layer on (111}-cut Si permits one to achieve us-
able 4v/v values at a decreased ZnO layer thickness. For
example, a typical 4v/v value of 0.003 is obtained with any of
the following configurations: (h,k = 0.24, A,k = 0.02, 111-
cut Si), (hk =0.12, hk = 0.02, 100-cut Si), (h,k =0.11,
h.k - 0.47, 111-cut Si). Two advantages result from allow-
ing thinner ZnO layers to be used. First, it is easier to grow
thin films of good quality than thicker ones. In particular,
surface roughness is found to increase with ZnO film thick-
ness. Second, the propagation loss, believed to be dominated
by the polycrystalline ZnO film, is diminished by using a
thinner layer.

500
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%90

é\'! T
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X
FIG 2 Eleciromechanical coupling factor vs normalized ZnO thickness
with 1A} simple passivating Si0, thickness 4,k = 0.02 on (100}-cut Si; (B)

temperature compensating Si0, thickness 4,k == 0.47 on (111)cut Si; (C)
simple passivating SiO, thickness A,k = 0.02 on (111)-cut Si.

562 J. Appl. Phys., Vol. 54, No. 2, February 1963

DRI ST Y
P} Lal

T
Car

c’_‘\'-ﬁ'.'.‘.'.‘.'".v\\v“v' W L w S N TN TN TN TN _"T

The Q-value obtained fos a resonator is proportional to
the ratio of stored energy to power dissipated, and is ultima-
tely limited by propagation loss in the medium.'’ Thus,
higher Q-values are obtained with the temperature compen-
sated configuration using a thirtner ZnO layer. For this con-
figuration, measured Q-values in excess of 12 000 indicate an
upper bound of 0.64 dB/cm for propagation loss at 123
MHz. Q-values are obtained by taking the reciprocal of the
measured (3 dB) fractional bandwidth at resonance. In esti-
mating loss mechanisms occurring in the resonant cavity, it
is preferable to use devices whose transducers are weakly
coupled to the resonant cavity, since electrical loading di-
minishes the apparent Q value. For cases where the coupling
between input/output transmission lines and the resonant
cavity was optimized for minimum insertion loss, the un-
loaded Q was determined by introducing shunt capacitance
at the IDT terminals to decouple the cavity. In all cases mea-
surements of cavity frequency response for the purpose of Q
calculation were performed using a vector voltmeter togeth-
er with a synthesized signal generator.

While obtaining low propagation loss is critical, the re-
quirements on electromechancial coupling provided by the
film are not. For off-resonant frequencies the transducer im-
pedance level, proportional to 4v/v, is desired 10 be low in
order that the impedance mismatch at device ports will re-
sult in a large rejection of out-of-band signals. Hence, maxi-
mum 4v/v, crucial for delay-line responses, is not required
for resonator transducers. At resonance, it should be added,
the impedance level of each transducer is increased drasti-
cally due to the location of the transducers in the resonant
cavity, i.c., with IDT finger centers positioned at maxima of
the standing wave potential. It is preferable to use a single
masking step to define transducers and reflector arrays due
to this stringent requirement on the positioning of trans-
ducer fingers with respect to the reflector arrays.

The planar features located on top of the ZnO, forming
IDT's and distributed reflectors, are defined by standard
photolithography. Several distributed refiector schemes
have been tested, following the earlier development of single-
crystal SAW resonators. Figure 3 illustrates portions of re-
flectors formed either from isolated metallic strips, shorted
metallic strips, or grooves modulating the ZnO layer thick-
ness. Again normalizing to acoustic wavenumber, the height
of the wave-perturbing features in each case is denoted by
hk, with h < A, in the case of grooves.

When metallic reflector gratings are used, transducers
and reflectors are defined simultaneously from aluminum
(by alkaline etching) or chrome-gold (by liftoff). The range of
metal film thicknesses employed is 0.05-0.2 um. When
etched grooves are employed, aluminum transducers and re-
flector masking strips are defined simultaneously. Protect-
ing the transducer region with photoresist, grooves are
etched between masking strips. Chemical etching of the ZnO
has been fairly successful, but is found to be surpassed in
uniformity and repeatability by ion beam etching. A low
energy argon beam is used, with an accelerating potential of
300 V, to minimize crystalline damage to the remaining
ZnO. The ZnO etch rate is approximately 9% greater than
that of aluminum when the ion beam is incident at 10° from
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FIG. 3. Portions of distributed reflector arrays formed either from electri-
cally isolated metallic strips, shorted metallic strips, or grooves modulating
ZnO layer thickness. In each case, reflector array periodicity is half the
acoustic wavelength.

normal. Proper choice of aluminum thickness permits si-
multaneous removal of masking strips with ZnO groove de-
fintion.

The extent to which a Rayleigh wave is reflected by a
small perturbing feature, such as a metal strip on, or groove
in, the top layer, is dependent on the acoustic fields in that
layer, and hence on the solution for the layered configura-
tion. We have examined the reflection characterisitcs of an
array of metal strips and grooves in several layer configura-
tions. The selected configurations by no means exhaust the
combinations of &k, h,k, shorting plane, and substrate ori-
entation which determine the acoustic and electrical proper-
ties obtainable in ZnO/SiO,/Si layered medium, but repre-
sent several found to be useful for resonator applications.

1l. METAL REFLECTOR ARRAYS

There are several mechanisms whereby metal strips can
giverise to a Rayleigh wave reflection'?, these are as follows:

(1) 4v/v shorting: Conductive strips eliminate the tan-
gential surface electric field, weakening piezoelectric stiffen-
ing. In the layered medium the result is a lowering of the
Rayleigh velocity, and a decreased acoustic wave imped-
ance: :
(2) 4v/v regeneration: For electrically isolated strips,
the induced potential, which alternates between strips
placed at half-wavelength intervals, regenerates a backward
wave;

(3) Mass loading: When strips having a high mass den-
sity are used, each strip loads the wave, decreasing both the
velocity and acoustic wave impedance;

(4) Topological discontinuity: As in the case of ridges or
grooves etched in the surface, the field mismatch across a
topological discontinuity caused by a metal strip may result
in Rayleigh reflection.

The first two reflection mechanisms are dependent on
electromechanical coupling strengh; thus the contribution
from each can be controlled through ZnO thickness, 4,. The
contribution from the last two mechanisms is determined
primarily by metal thickness, A.

It is found that when aluminum reflector gratings are
used, we must rely on 4v/v reflection mechanisms. Since the

maximum 4v/v available from the ZnO/SiO,/Si configura-
tion for the range of ZnO thicknesses usually available is
0.0045, we are thus limited to Rayleigh reflectivities of
0.5%. That the 4v/v contributions actually outweigh mass
loading or topological effects when using aluminum is evi-
denced by the measured phase reversal of refiection between
isolated and shorted strips.

In the case of gold strips, however, the high mass den-
sity gives rise to a mass-loading contribution which is found
to increase the net reflectivity of Rayleigh waves. Figure 4
shows the measured variation in reflectivity per quarter
wave strip versus gold thickness 4 for a shorted chrome-gold
grating on a particular layer configuration. (The thin chrome
layer is present merely to insure adhesion of the gold.) The
reflectivity per strip p referenced at the leading edge of a
strip, is deduced from the measured data of Fig. 4 as

= —1438% _034k). (1)
v

It appears that the Av/v shorting and the mass-loading con-
tributions are acting in phase. As the contribution from dv/v
regeneration is 180° out of phase with these mechanisms, the
most efficient metal grating Rayleigh refiectors are expected
from shorted gold strips. Furthermore, with regard to these
reflector arrays employing high mass density conductive
strips, we note the following additional consideration. Since
resistive losses are proportional to Av/v, then for a constant
gold thickness, reflector efficiency is expected to increase as
4v/v is reduced. For this reason, a ZnO thickness is chosen
which yields less than maximum Av/v. As mentioned above,
the use of a thinner ZnO layer also presents opportunities for
higher Q values through a reduction in propagation loss in
the ZnO.

Reflection magnitude of a particular surface perturba-
tion scheme is determined experimentally by measuring the
stop band depth of a signal transmitted through an array of
400 strips; the reflection phase is deduced from the standing
wave pattern implied by the IDT positioning required for
optimum coupling into a two-port resonator. Transducer lo-
cation is generally specified by the distance of IDT finger
centers from the reflector array edge. This has been experi-
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FIG. 4. Rayliegh-wave reflectivity per quarter-wave metallic strip vs not-

malized strip thickness for a refiector array formed from shorted Cr/Au
strips on the layered configuration: A,k = 0.29, h,k = 0.02, (111}-cut Si.
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mentally determined to be [(#/2) + (1/4)]R in the case of iso-
lated or shorted Cr/Au strips or shorted aluminum strips,
and [(#/2)]4 in the case of isolated aluminum strips.

Figure 5 shows the two-port transmission characteris-
tics of a resonator employing 400 shorted Cr/Au strips per
array.

IV. GROOVE REFLECTOR ARRAYS

To eliminate losses associated with the conductivity of
metal grating reflectors, it has been found advantageous to
use etched groove reflector arrays. Modulating the ZnO lay-
er thickness with etched grooves as indicated in Fig. 3, has
resulted in effective distributed Rayleigh-wave reflectors.
The wave reflection, occuring at the topological discontin.
uity associated with each change in ZnO thickness, is due to
the mismatch between incident and transmitted acoustic
fields. The reflectivity per groove p is found to increase lin-

‘early with groove depth as indicated in Fig. 6; that is,

p = ahk, in which a, the coefficient of reflectivity, varies
with the layer configuration chosen. Comparing the cases
graphed in Fig. 6, one concludes that the thick SiO, layer
concentrates wave energy at the ZaO surface since a given
groove depth provides some 3.5 times the reflectivity as the
same groove without SiO,.

An important characteristic associated with waveguid-
ing structures is the associated velocity dispersion. In the
layered acoustic medium under consideration, the presence
of both the ZnO and SiO, layers decreases the wave velocity
from that of the bare substrate in proportion to their normal-
ized thicknesses Ak, h,k. Figure 7 illustrates the theoretical
variation of velocity with normalized ZnO thickness for the
temperature compensating and passivating thicknesses of
SiO,.

Since etching a groove in the ZnO layer acts to decrease
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F1G. 5. Insertion loss measured between acoustic ports vs frequency for a
resonator employing 400 shorted Cr/Au strips per reflector array. At reso-
nence, the transmission is enhanced some 23 dB over the delay-line re-
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FIG. 6. Rayleigh-wave reflectivity per groove vs normalized groove depth
for grooves modulating the ZnQ layer of the following configurations: (A}
hk =0.11, hk = 0.47,(111)-cut Si; (B) b,k = 0.29, b,k = 0.02(100)-cut Si;
(C) bk = 0.28, h,k = 0.02, (111)cut Si.

the substrate loading in the etched region, the resultant wave
velocity will be higher. This is neglecting, for the moment,
the contribution made by energy storage at groove edges.
Recourse to the velocity dispersion characteristics shown in
Fig. 7 thus indicates a nearly linear increase in velocity with
groove depth. This is in marked contrast to the nondisper-
sive nature of single crystals, in which energy storage at sur-
face discontinuities predominates to produce a decrease in
velocity proportional to (hk )*."*
. In order to examine the variation in grating velocity
perturbation with groove depth, test devices were designed
to permit a phase comparison between signals transmitted
through an unperturbed propagation track and one contain-
ing 200 grooves.'* Figure 8 illustrates the observed first-or-
der increase in grating velocity with groove depth for
hk <0.80. While no second order roll off from energy stor-
age is evident in the cited experiment, it might become evi-
dent at larger relative groove depths. With linear velocity
dispersion, and neglecting energy storage, the array velocity
at the Bragg frequency is expected to depend on groove
depth as (see Appendix A)

v, = voll + rDhk ), 2)

where v, is the unperturbed Rayleigh velocity; ris the ratio of
groove width to reflector periodicity; 4 is the groove depth; k
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FI1G. 7. Rayleigh-wave velocity vs normalized ZnO thickness for the SiO,/
substrate combinations examined in Fig. 2.
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is the wave number; D is the fractional rate of decrease in
Rayleigh-wave velocity with normalized ZnO thickness (the
“dispersion’’), defined by

l a)dhlk.hzk)
Dihkhk)= — — ZehAk) 3

Thus, calculating the velocity in the grating region as an
appropriate average of the perturbed and unperturbed half-
periods [Eq.(3)) yields the dashed line in Fig. 8.

Due to the dispersive nature of the medium, resonant
frequency is sensitive to film thickness. Also, film thickness
uniformity is important. Nonuniformity which results in a
velocity gradient along a reflector array tends to produce a
*“chirp reflector,” degrading reflection magnitude and in-
creasing reflection bandwidth. The latter effect contributes
to the emergence of spurious longitudinal modes. To obtain
maximum uniformity along refictors, ZnO sputtering is per-
formed so that constant thickness contours tend to be paral-
lel to the propagation direction.

V. DESIGN CONSIDERATIONS FOR A DISPERSIVE
PROPAGATION MEDIUM

The velocity perturbation with groove depth must be
considered in the design of SAW resonators for a dispersive
medium. In order to realize a high-G, single mode resonator,
itis imperative that the resonant frequency coincide with the
reflector center frequency.'® To accomplish this, the phase
shift between reflector array edges must be a multiple of 7 at
the reflector center frequency. The difference in velocity per-
turbation caused by metal strips and grooves modifies the
wavelength between the transducer region and the reflector
array. Consequently, the specification of array separation
and the location of transducer fingers in the resonant cavity
is dependent upon the munner in which these features per-
turb the velocity of the medium, and hence upon the layered
configuration employed.

For resonators built on single crystals and those using
metal reflector gratings in the layered medium, the trans-
ducer and reflector elements each decrease the wave velocity
only slightly so that resonance coincidence with reflector
center is easily reconciled. In these cases, the velocity may
usually be considered unchanged between regions. With
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groove resonators in the layered medium, however, the first-
order increase in reflector array velocity, due to the presence
of grooves, combined with a 4v/v velocity reduction in the
transducer region, produces a sizeable velocity differential
between regions. Unless a corresponding variation is made
in the reflector and interarray periodicities, the phase shift
between arrays will not result in resonance at the reflector
center frequency. Frequently the result of the misalignment
is the introduction of spurious longitudinal modes. The cited
velocity differential gives rise to the following relationship
between the interarray wavelength 4, and the reflector array
wavelength 4, :

1—rf Ay

AT v (@)

A, \ + r,Dhk '
where / is the fraction of the array separation region occu-
pied by transducers; r, is the fraction of the transducer peri-
od occupied by metallic fingers, while 7, is the fraction of
each array period occupied by grooves. (Typically
r,=ry=05)

Given Eq. (4), one then proceeds as follows to generate a
resonator pattern for use on the dispersive medium:

(a) Choose 4, /4 to be a multiple of the pattern generator
step size to enable equal groove/ridge spacing, as well as
avoiding aliasing errors in the reflector array.

(b) For the layer configuration at hand, determine dv/v
and groove depth A& for the desired reflectivity. Calculating
A, from Eq. (4), choose the array separation to be both a
multiple of 4,/2 and close to a multiple of the generator step
size. The result will be the coincidence of resonance with the
reflector center frequency.

(c) Generate reflectors with periodicity 4, /2 and groove
width A, /4. In the transducer region, finger centers are posi-
tioned (n/2) A, from the reflector array edge. The transducer
will have periodicity 4, but is subject to any discretization
error.

As has been mentioned above, the major poriton of the
velocity differential between reflector and transducer re-
gions is due to the velocity perturbation caused by grooves in
the ZnO. The desired groove depth A, is dictated by the re-
quired level of reflectivity p, according to p, = ah.k. Thus,
for a given array reflectivity there results a fractional reflec-
tor velocity change given by

Vs — U _ ’zPo(—g")- (5)

Vo

We note that the influence of the layered medium is con-
tained in the ratio of dispersion to the reflectivity gradient
D /a. Although this velocity change has been accounted for
in the design of the resonator pattern, a reproducibility prob-
lem arises when the groove depth realized deviates from the
design value A4,. Any deviation in groove depth from A, re-
sults in a detuning of the reflector center frequency from
resonance. The magnitude of this detuning is proportional to
the fractional groove depth error and also to D /a. Conse-
quently, those layered media yielding a minimum D /a value
are the ones on which groove resonators are most easily im-
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TABLE 1. Properties of several ZnO/Si0,/Si layer configurations.

Configuration

volm/s) & D a L
v a
hk Ak Si cut
o1 0.47 (1) 4410 0.0030 0.27 0.48 0.56
0.25 0.02 {111 4390 0.0032 0.28 0.12 2.3
0.29 0.02 {100) 4460 0.0047 0.29 0.17 1.7

plemented. Table I lists the features of several possible con-
figurations, including the figure of merit D /a. The values of
a are obtained from measurements of reflectivity versus
groove depth (Fig. 6}.

From Table I we once again note the desirability of the
thick SiO, sample, providing high reflectivity with disper-
sion essentially identical to the thin SiO, case. It is also sig-
nificant to observe that the nearly linear dispersion charac-
teristic associated with thin ZnO films allows a wide range of
post-fabrication trimming (using ion beam etching) of reso-
nant frequency without displaced resonance from the reflec-
tor center frequency.

VI. TRANSVERSE MODES AND IDT APODIZATION

Advantage may be taken of the velocity dispersion with
ZnO layer thickness by constructing reflective arrays with
waveguiding properties. In etching grooves in ZnO layer, th
ZnO outside the beamwidth is simultaneously etched to the
level of the groove depth as shown in Fig. 9. The uniformly
etched region at the boundary of the reflector array thus has
a higher Rayleigh velocity ¢’ than does the array itself, offer-
ing greater lateral confinement of the acoustic beam.'” One
expects decreased diffraction loss as a result.

Transverse modes arise due to the finite width of the
device. Each mode represents an eigenfunction satisfying the
condition that the wave amplitude must go to zero outside

APODIZED TRANSDUCER
/ IDUMMY FINGERS

; ALUMINUM

Zn0

—-113
Si

FIG. 9. Increased velocity v’ alonp'idc the etched groove (ridge) reflector
array leads to a highly overmoded resonator. A transducer employing
fingers of varying active length is used to couple preferentially to the funda-
mental transverse mode. The presence of the ground plane necessitates a
modification of the apodization scheme used in single crystal substrates.
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the beamwidth of the device. Transverse modes can be
thought of as arising from the propagation of a straight-
crested wave at some small angle 9 to the longitudinal axis.
Since the angle increases for each higher order mode, corre-
sponding parallel resonances are observed at successively
higher frequencies.'® The overall result is that a large num-
ber of transverse mode peaks are experimentally observed
due to the waveguiding nature of the reflector array. These
subsidiary peaks are evident as distortions on the high fre-
quency side of the fundamental resonance response in the
upper trace of Fig. 10. By analogy with the dielectric wave-
guide in electromagnetics, there are a limited number of con-
fined modes. Those having a wavevector more oblique than
some critical angle are leaky. The number of confined modes
is proportional (o the velocity differential across the reflector
boundary {v, — v'), which for a given array reflectivity
proportional to D /a.

An explicit and fairly accurate determination of the
transverse mode resonances can be made by modeling the
resonator as a two-dimensional box whose boundaries are
the beamwidth and effective cavity length of the device.

The longitudinal axis lies along a pure mode propaga-
tion direction of the silicon substrate. Deviation from this
axis results in an approximately parabolic velocity vari-
ation'%:

wd)=vyll —9d . . (6)
o T T AJ Al
10 |- . 4
20 4
@
° L
-~ 30} \ .
g J\'\//\/
20 |- 4
§
x
= 30}
w
z
40 |-
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1 1 " 1
1084 1088 109.2 1096
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F1G. 10. Two-port resonator transmission responses with uniform trans.
ducer (1op), and using the proposed finger-length apodization scheme (bot-
tom).
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where ¢ is a small angular deviation from a pure mode direc-
tion and 7 related to the propagation anisotropy. The trans-
verse mode spectrum is heavily dependent on substrate ani-
sotropy and is given by (Appendix B)

of=fo—fi= BB s23e., )
u."

whers w, is the beamwidth of the device in wavelengths and
y = (1 — 29)"/% is the anisotropy factor. The value of y is
0.53 for the (111) cut, (211) propagation direction, and 1.1
for the (100) cut, (010) propagation direction in silicon. The
anisotropy is modified slightly by the presence of the SiO,
and ZnO layers, the layers tending to make the medium
more isotropic. With a uniform transducer, resonances are
observed on the high frequency side of the fundamental at
frequencies £, for n = 3,5,7,9,... corresponding to the higher
order symmetric modes. These modes are clearly evident in
the upper trace of Fig. 10.

The distortion of ideal amplitude and phase response
characteristics caused by the presence of the transverse
mode resonances is undesirable. In order to couple preferen-
tially to the fundamental transverse mode and eliminate ex-
cition of higher-order resonances, it is necessary to apodize
the transducers, weighting the coupling across the beam
path according to the fundamental mode shape.?” Tailoring
finger overlap is an effective means of apodization in trans-
ducers built on single-crystalline substrates, where that por-
tion of each finger which is adjacent to one of opposite polar-
ity is effective in coupling to an acoustic wave. The
conventional method of weighting, however, is ineffective
for transducers on a layered medium employing a ground
plane. In the layered medium the piezoelectric thickness is
normally much less than the transducer periodicity, with the
conductive plane providing capacitive coupling between en-
tire combs of the transducer. (In fact, Melloch ef al. have
shown that only one comb is necessary for effective trans-
duction in the presence of a ground plane.?!)

In the layered configuration finger lengths must thus be
tatlored to provide weighting, or alternatively the ground
plane must be suitably shaped to weight portions of fingers
lving immediately above. Approximating the fundamental
transverse mode shape by a cosine function, Fig. 9 shows an
apodization scheme designed to couple preferentially to the
fundamental mode in the layered medium. Dummy fingers
are included which are not electrically connected to either
termnal, but serve 1o equalized the velocity perturbation
across the beam path. The effect of the dummy fingers on
device @ has been inconclusive todate. A comparison of two-
part resonator responses between the apodized transducer
and one employing uniform finger lengths is shown in Fig.
111 Both resonators were fabricated on the same wafer. Due
¢ e increase in bus—bar capacitance, the apodized trans-
Arwer exhibits greater insertion loss. Apodized transducer
~ouphing may be increased by minimizing bus- bar capaci-
tance, optimization of acoustic beamwidth, or by inductive
tuning.

-an I R Y R camna

Vil. TEMPERATURE COMPENSATING THE LAYERED
STRUCTURE

For the majority of applications requiring an extremely
narrow bandpass filter, the stability of the center frequency
must be on the order of the bandwidth. It is imperative,
therefore, that SAW resonators contemplated for such use
have a resonant frequency stable over time and temperature
variation. With regard to aging characteristics, the only ob-
servation to date has been a significant increase in resonant
frequency for devices exposed to the atmosphere. Since this
effect is reversed by high temperatures or low pressures, it is
attributed to moisture absorption by the ZnO layer. Aging
studies of hermetically sealed devices remain to be per-
formed.

The temperature stability of a SAW substrate material
is usually specific in terms of a first-order temperature coeffi-
cient of phase delay, defined as

rc,-Ld _1dl 1 "

Note that this quantity is dependent on both changes in di-
mension of the medium in the direction of propagation, L, as
well as changes in phase velocity, v, with temperature.’> A
SAW resonator displays a first order temperature coefficient
of resonant frequency TC,, which is the negative of 77°,,.
Resonators built on LINbO,, for example, drut at a rate of 80
ppm/°C near room temperature. The single crystalline sub-
strate of current practical value yielding the lowest TC,,
value is the ST cut of quartz.

Rather than be constrained to using a temperature sta-
ble substrate, it is possible to obtain a stable structure by
adding a temperature compensating layer. For example, a
layer having a 7C,, of the opposite sign can be added to the
substrate to form a temperature stable composite. The tem-
perature compensation, dependent on film thickness relative
to SAW wavelength, will be effective only within a narrow
frequency range. This behavior is not objectionable for reso-
nator use, but may be undesirable for broad-band devices.
Silicon dioxide, unusual in having a negative 7°C,,, has often
been used as a compensating layer on piezoelectric sub-
strates such as the YZ cuts of LiNbO;, and LiTa0,.?* The
SiO, layer is typically sputtered onto these substrates.

Silicon dioxide is particularly attractive as a compen-
sating layer on the silicon substrate because high quality,
precisely controlled SiO, films can be obtained by thermal
growth. Groove resonators were constructed using various
thicknesses of thermatl SiO, in an attempt to find 4 tempera-
ture compensated ZnO/SiO,/Si configuration. Figure 11
shows the variation found in the first-order temperature co-
efficient of frequency (7°C;) at 23° C for a structure consisting
of a ZnO/Si0,/Si resonator bonded with silver epoxy to a
steel header; the normalized SiO. thickness is 4 .A. Without
Si0,, TC, = — 25 ppm/” C; TC, increases with S$iO. thick-
ness reaching zero when h,k = 0.47. While predictions have
been made® concerning the influence of ZnO thickness and
grooves in the ZnO layer on TC, we have thus far found such
factors to have negligible effect. Thus, coupling consider-
ations alone determine ZnO thickness in the temperature

a8 . als ~n



s
a

E ]
[N S Wy

ais

\Y 2

+

TR AT

(L
-

P A
DL S LAY

’

‘ ’n ‘l’.v;{-..‘\‘. -

'."‘-"".".,.‘ [

" .I. :.,5

¥
v
s » »
s .

s
e
Y

-

. L abok Bradan ot e a0 it
_._‘.._"-.' RISl I et A3 .

kh

TCF (ppm/°C)

FIG. 11. First-order temperature coeficient of resonant frequency vs nor-
malized SiO, thickness. For etched-groove resonators on (111)-cut Si at
23°C.

compensated configuration. It is expected that the nature of
the mounting configuration will affect the temperature char-

- acteristics.

A Zn0/Si0,/Si resonator, mounted on a steel header,
has been constructed with k,k = 0.46. The resulting tem-
perature stability is shown in Fig. 12 and is compared to
uncompensated and overcompensated characteristics. In
addition, experimental results for ST quartz are included for
comparison.?

A feature of the layered configuration is an ability to
vary the turnover temperature of the resonator by changing
the A,k value. The second order temperature coefficient re-
mains nearly unchanged, having a value of — 0.052 ppm/
deg. C)*.

It has been apparent at several points in this paper that
the advantages of using a thick SiO, layer have been found to
go beyond that of achieving temperature stabilization. Once
again referring to Fig. 2, we see that the temperature com-
pensating SiO, thickness causes a more rapid increase in
electromechanical coupling with ZnO thickness. Conse-
quently a thinner ZnO layer is normally used; typically

800}
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FIG. 12. Deviation in resonant frequency from room temperature {23 °C)
value vs temperature. Undercompensation, compensation, and overcom-
pensation are exhibited for various values of normalized SiO, thickness and
sre compared with reported ST-quartz behavior.
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hk = 0.11. In addition, the low ratio of dispersion to reflec-
tivity gradient D /a obtained with the temperature compen-

. sating SiO, layer, results in less reflector velocity perturba-

tion for a given reflectivity.

VHi. CONCLUSION
We have detailed the manner in which temperature

- compensated SAW resonators can be implemented on a

Zn0/Si0,/Si layered medium. As in the case of single-crys-
tal devices, metal reflector gratings can be used; here the
layered medium offers variability in the contribution from
each reflection mechanism through control of the metal/
ZnO thicknesses. The most efficient reflectors are realized
using etched groove arrays, but these present additional
problems due to the velocity dispersion associated with the
layered medium. However, grooved array design difficulties
can be minimized by choosing a layer configuration (h .,
h,k, substrate) displaying a minimum value of D /a.

It has been shown that prominent transverse mode re-
sonances arise with normal beamwidths, but the undesirea-
ble effects can be suppressed with a novel transducr design.
Finally, the ZnO-on-Si SAW resonator, potentially useful as
a fully integrated semiconductor component, is also promis-
ing as a tool for further reasearch on layered media.
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APPENDIX A: CALCULATION OF GROOVE REFLECTOR
ARRAY VELOCITY

The center frequency of the reflector array is that which
results in a 7 phase shift per reflector period. Due to the
dispersive nature of the layered medium, the groove portion
of each reflector period has a higher Rayleigh velocity than
does the unetched portion; thus, the array consists of regions
of alternating velocity values. By “array velocity,” we mean
to associate a single velocity with the array which would
result in the same Bragg frequency, i.e., v, = 2/. 4 where A
is the array periodicity. Letting s be the groove width in each
periodic section, the phase shift per period is given by

w(f)=2wf(-:— +422), (A1)

' Vo

where v,, v, denote Rayleigh velocities in the unetched and
etched portions of the reflector period, respectively. At the
reflector center frequency f, we have @{ f,) = rand v, = 2f,
A, 30 that the array velocity is given by

g=—A (A2)
s  A-s
v, Vo

From the nearly linear velocity characteristi~s of Fig. 7, we
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can write the groove velocity in terms of the unperturbed
velocity as
v, = Vol(hy — h)k,hk )
= vl ykhsk ) — [ L ;(';l";‘")"‘ ) ]hk, (A3)
]
in which A is the groove depth, A, the unetched ZnO thick-
ness, and A, the SiO, thickness. Defining D as

D= — 1 dolhk,hyk ) ) (A4)

Vo oh,k)

we have the groove velocity
v, = voll + Dhk). (AS)

Substituting this expression into Eq. (A2), the array velocity
may be written as

, = _Wll + Dhk) (A6)
1+ (1 — r)\Dhk
For Dhk <1, the array velocity is given by the simplified
expression

, = vgll + rDhk). (A7)

APPENDIX B: CALCULATION OF TRANSVERSE MODE
SPECTRUM

The SAW resonator is modeled as a two-dimensional
cavity whose length is the effective cavity length L and
whose width is the actual device width w. A resonance con-
dition is satisfied whenever

k, = 2T, k, = 27 ma=123,. (B1)
L w

where k_ is the wavenumber along the length of the device,

and k, the wavenumber in the transverse direction. Due to

the amsotropy of the crystalline substrate.

x

od) =l — 99?3, (B2)
50 that the resultant k vector can be written as
k =k, X+ rk,7, (B3)

with 7 = (1 — 29)'/2. Then the resonant frequencies are giv-
en by

moom(Z) ()] o

w
The narrow reflector bandwidth limits the cavity to a single
longitudinal mode, m = my. The frequency interval between
the fundamental transverse mode (m,, 1) resonances and
higher order transverse mode resonances (m, n) is given by
» \2
- (ﬂ) (' —1), n=234,., (BS)
w

Dp — Dy

or approximately,

. 2
2 (@ — Oy ) = (%) n*—1), n=234,..

(B6)
Thus, the transverse mode spectrum is given by
Lyiin®—1) . w
, with = — (B?
af, =1l -hi= 8 with w, = ~ (B7)
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APPENDIX D

SAW Resonators on Stlicon

S. J. Martin, S. Datta, R. L. Gunshor, R. F. Pierret,
Lt 4 M. R. Melloch®, and E. J. Staples**

- School of Electrical Engineering, Purdue University
West Lafayette, IN 47907

. SAW resonators have been successfully demonstrated II. Device Structure

- oo the ZnO/Si0,/Si Ilayered medium. Distributed
- reflector arrays, central to these devices, can be formed The configuration for the two port SAW resonatoy
by modulating the ZnO layer thickness with grooves. on a Zn0/Si0,/Si layered medium is shown in Fig 1| 1

The Rayleigh wave reflectivity and velocity perturbation fabricating the devices, both (100) and (111) cuts of s

caused by these grooves are examined along with the con have been used as substrates, with wave propagatiog

resulting resonator design considerations. along the <010> and <2T1> directions, respectively,
Layer configurations may be formed which support a These pure mode directions result in a decoupling of the
higher order (Sezawa) propagating mode in addition to transverse mode from the sagittal mode. With the i
- the lowest order (Rayleigh) mode. Perturbations on the and ZnO layer thicknesses narmally employed, only m:
- surface of such media scatter wave energy between modcs lowest order sagittal or Rayleigh-like propagating mode
T in such a way that distributed mode converting reflectors may he excited by means of an interdigital trancdyce
- may be formed. Resonators have been constructed which (IT).

utilize both propagating modes and offer potential advan-

tages for improving out-of-band signal rejection. REFLECTOR ARRAY
s A theoretical model based on the normal mode / LTRANSDUCER

< theory of Auld has been developed which allows Rayleigh

o . . A 7
- wave reflectivity and mode conversion magnitudes to be
calculated. Theoretical results compare favorably with
ot experimental values, particularly for scattering from
Zn0

Sezawa to Rayleigh modes.

h,
\3 ' Si02 hy
~ 1. Introduction
Si
This paper describes recent developments in surface
acoustic wave (SAW) resonators [abricated on a L
Z0n0/Si0,/Si layered medium.  Adaptation of SAW reso- ALUMINUM
": nator technology to silicon has paralleled the prior reso-
- nator  development on piezoelectric single-crystalline Fig. 1. SAW two-port resonator using piezoelectric 7n()
~. materials such as quartz and lithium niobate [1-2]. Ini- layer on thermally oxidized Si substrate.
o tially metal strip reflectors were used (3], subsequently
- ﬂclu_wl grooves were found to produce the most cfﬁcient The RF sputtered piczoelectric ZnO layer permits
: d!""'h‘!‘°d reflectors [j']- Use of etched grooves in the transduction between clectrical and acoustic energies «p
dispersive layered medium, however, gives rise to a first- the non-piezoelectrie 8i/Si0, substrate. The 7ZnO thick.
. order vq'loc!ty perturbation. 'Thns ve'loclty' porturbauqn ness, whose normalized value is denoted by hk, in chowen
A teads to unigue resonator design cqnsndorahonm Also in to yicld a moderate value of electromechanical coupling;
“,: contrast to devices constriicted on single crystals, resona- typically Av/v=0.003 [5]. The thermally grown S$i0,
N tors constructed on the layered medium may utilize a layer provides control of the temperature characteristies
& higher order propagating mode. of resonant frequency. By proper choice of SiO, thick-
L” The motivation for using silicon as a substrate lies in
the possibility of incorporating the SAW resonator in + Present address: Central Research Labs, Texas lustru.
monolithic integrated circuits. Envisioned applications ments, Dallas, TX 75265.
v include frequency control of on-chip oscillators, digital *+  DPresent address: Microelectronics Research and
A PCM regenerators, pressure and acceleration sensors, ete. Development Center, Rockwell International. Thonsan
".{ Oaks, CA 91360
N
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ness, whose normalized value is denoted h,k, temperature
stability on the order of ST-quartz may be achieved. The
aluminum ground plane between the SiO, and ZnO
layers, having 0.1 pm nominal thickness, serves to
enhance Av/v and also tends to decouple mobile charge
carriers in the sybstrate from electric fields in the ZnO.
The planar features on top of the ZnO include IDT's
positioned inside a resonant cavity formed by two etched
groove reflector arrays. The grooves in the top of the
200 layer are formed by ion beam etching.

. Reflector Array Characteristics

The periodic modulation of ZnO thickness by etched
grooves causes reflection of an incident Rayleigh wave at
the Bragg wavelength. The reflection magnitude of each
groove depends on groove depth and also on the wave
distribution in the surface-normal direction of the layered
medium.

A series of measurements have been made to deter-
mine the magnitude of reflection of a Rayleigh wave due
to a groove in the ZnO layer. By noting the stop-band
depth for an acoustic signal transmitted through an array
of grooves, the reflection magnitude per groove was deter-
mined [6]. As seen from the experimental points in Fig.
2, Rayleigh wave reflectivity increases linearly with nor-
malized groove depth, denoted by hk. Reflection magni-
tude is also seen to depend substantially on the layer
configuration (b,k, h,k, and substrate orientation) which
determines the acoustic wave distribution.

.4
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Fig. 2. Rayleigh-wave reflectivity per groove vs. normal
ized groove depth for grooves in the ZnO layer of several
layer configurstions.

The reflection of Rayleigh waves from grooves in sin-
gle matenal substrates has been treated by Datta and
Hunsinger (7] using the normal mode theory of Auld [8).
The same method was exended to the Ilayered
In0/5i0,/Si medium with the results indicated by solid
lines in Fig. 2. The details of this calculation will be
published shortly.

Due to the dispersive nature of the layered medium,
modulation of the ZnO thickness by reflector array

grooves causes an increase in phase velocity and conse-
quently an increase in the Bragg frequency. By measur-
ing the phase shift between acoustic signals transmitted
through an unperturbed track and one containing 200
grooves, the velocity perturbation caused by etched
grooves was measured. As indicated by the experimental
points in Fig. 3, a linear increase in array velocity with
groove depth is observed.
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Fig. 3. Perturbation in groove reflector array phase velo-
city vs. normalized groove depth in the ZnO layer.

Assuming a linear velocity change over small ranges
of ZnO thickness, and neglecting energy storage at groove
edges, the array velocity, v,, is expected to depend on
groove depth as

v, = v (1 + rDhk) (1)

yvhere v, is the unperturbed Rayleigh velocity, r is the
ratio of groove width to reflector periodicity, h is the
groove depth, k is the Rayleigh wavenumber, and D is
the fractional rate of decrease in Rayleigh wave velocity
:ith normalized ZnO thickness (the “dispersion”) defined
y:

D(b,kbyk) = —-L Zre{Bik bak)

v  8bK) @)

Calculating the velocity in the array in this manner yields
the dashed line in Fig. 3.

IV. Design Considerations Due to Velocity Dispersion

The velocity perturbation caused by grooves must be
considered when designing SAW resonators for a disper-
sive medium. In order to obtain a high-Q, single mode
resonator, it is imperative that the resonant frequency
coincide with the reflector center frequency. With groove
resonators inthe layered medium, the first-order increase
in reflector array velocity (due to grooves), combined with
a Av/v velocity reduction in the transducer region, pro-
duces a asizeable velocity differential between regions.
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Unless a corresponding variation is made in the reflector
and inter-array periodicities, the phase shift between
arrays will not result in resonsace at the reflector center
frequency. The cited velocity differential gives rise to the
following relationship between inter-array wavelength X,
and the reflector array wavelength \,:

Av .
No_ 1-nt5-
> _ 1+ r;Dbk 3)

where { is the fraction of the array separation region
occupied by transduceérs, r; is the fraction of the trans-
ducer period occupied by metallic fingers, while r, is the
fraction of each reflector array period occupied by
grooves. Determining D and Av/v for the Ilayer
configuration to be employed, one can adjust inter-array
and reflector periodicities according to Eq. 3. When the
reflector periodicity is a multiple of \,/2 and the reflector
separation is & multiple of X;/2, then resonance will occur
at the reflector center frequency. Resonators so designed
exhibit a single resonance mode. Device Q-values are
typically in the range of 3,000 to 12,000 for resonant fre-
quencies near 100 MHz, decreasing as 1/f at higher fre-
quencies.

V. Ageing Characteristics

Recently a month long pre-ageing study of
Zn0/Si0,/Si resonators fabricated in our laboratory was
conducted at Rockwell International [9]. Several devices
were attached to dual in-line headers using gold wire
bonds to strap down the substrate. This method of
mounting eliminates age-inducing stresses which might
arise if the substrates were bonded to headers. After
bonding to the device, a 24 hour vacuum bakeout at 125°
C was performed. Steel lids were then welded undér
vacuum onto the package bases to hermetically seal the
devices.

Ageing tests of five devices were performed by moni-
toring the impedance st each transducer port. Two
traces per plot are shown in Fig. 4 representing the
change in resonant frequency for each resonator port.
The devices were maintained at 85° C for the duration of
the test. All of the devices exhibit a rapid increase in fre-
quency of from 15 to 50 ppm over the first 24 hours. The
csuse of this initial jump in frequency is unknown. The
subsequent gradual decline in resonant frequency for
some devices is characteristic of a failure to achieve a her-
metic seal in device packaging. Two of the devices, how-
ever, display promising sgeing characteristics, drifting less
than 10 ppm during the subsequent ageing period.

V1. Devices Uliliaing Two Propagating Modes.

In s layered Z00/Si0,/Si medium for which h;k is
sufficiently large, it is "possible to propagate a second
order sagittal mode in sddition to the fundamental Ray-
leigh mode. Using a (100)-cut Si substrate, with wave
propsgation in the <010> direction, for example, this
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Fig. 4. Ageing characteristics of several hermetically

packaged Zn0O/SiO,/Si SAW resonators.

second order “Sezawa” mode will propagate when hk >
0.8 [10]. The Sezawa mode is characterized by a higher
phase velocity and Av/v than is the Rayleigh mode.

Melloch et al {11] demonstrated that when a pro-
pagating mode of one type is incident on an array of
grooves or metal strips having the proper periodicity,
energy can be coherently scattered into the other pro-
pagating mode. One periodic section of a mode conver-
sion reflector is illustrated in Fig. 5. The fundamental
coherent reflection between Rayleigh and Sezawa modes
occurs when :

2x

kn'.’ ks=—d' (4)

where kg and kg are the Rayleigh and Sezawa
wavenumbers (positive irrespective of direction), and d is
the array periodicity.

Measurements have been made to determine the
scattering magnitude between an incident Sezawa wave
and backward Rayleigh wave due to a groove in the ZnO
layer. Using the procedure described previously (for
determining Rayleigh reflectivities), the Sezaws-to-
Rayleigh scattering magnitude, denoted |pgg|, can be
deduced from the stop band depth accompanying Sezawa
wave transmission through & mode converting array. As
each mode has a unique wave distribution, the meaning
of an amplitude reflection coefficient is unclear. Conse-
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Fig. 5. One periodic section of a mode-converting
reflector array.

quently, we define:

|ese] = A/ B (5)

where Py, is the time-averaged incident Sezawa wave
power and Pg_ is the time- averaged reflected Rayleigh
wave power. The normal mode theory has been extended
to calculate mode conversion reflectivity. The result,
indicated by a solid line in Fig. 6, is seen to agree very
well with experimental measurements.
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Fig. 8. Magnitude of Sezawa-to-Rayleigh mode scatter-
g vs. groove depth in the ZnO layer.
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In a layered acoustic medium which supports two
propagating modes, refiection between modes of the same
type remains possible when the usual Bragg condition is
satisfied. However, the ability to convert between modes
upon reflection affords potential advantages in resonstor
performance, particularly with regard to improving out-
of-band signal rejection.

A resonant cavity may be formed between two
mode-converting reflector arrays. A Rayleigh wave
traversing the resonant cavity in one direction will be
reflected as a Sezawa wave at the same frequency, pro-
vided Eq. 4 is satisfied. After traversing the cavity in the
opposite direction as s Sezawa wave, it will be re-
reflected as a Rayleigh wave. A resonance condition is
satisfied whenever the round trip phase shift is a multiple
of 2x.

In one version of the mode conversion resonator, one
transducer having periodicity Ag is placed in the resonant
cavity to couple optimally to the resonant standing Ray-
leigh wave, while a second transducer having periodicity
Ag is placed to couple optimally to the standing Sezawa
wave. Outside of the mode conversion bandwidth of the
reflector array the difference in transducer periodicities
reduces the acoustic transmission level between ports,
thereby increasing the rejection level of the device.

The frequency response of 8 mode conversion resona-
tor is shown in Fig. 7. The device Q is approximately
3,000, indicating that mode conversion reflectors operate
efficjently without excessive losses to spurious modes. In
fact, the device Q is thought to be limited primarily by
propagation loss occurring in the 6.5 ym ZnO Blm. Out-
of-band signal rejection could be enhanced, we feel, by
apodizing transducers so that each couples only to its
designated mode.
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Fig. 7. Frequency response of s mode conversion resona-
tor; Ag=19.5 ym, A\g= 35.0 pm, d=12.7 pm.
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VII. Conclusion

Using design considerstions which account for the
dispersive nature of the layered medium, high-Q, tem-
perature stable SAW resonators may be fabricated on sili-
con. Moreover, the favorable ageing rates obtained over
the initial 30 day period following hermetic packaging
indicates the feasibility of using resonators on silicon for
commercial applications. In addition, the demonstration
of resonators using two propagating modes indicates the
possibility of constructing devices with erhanced rejec-
tion.

The authors would like to thank Dr. R. Razouk and
L. Lie of Fairchild Corp. for preparing thick SiO, sam-
ples, and G. McGee of the Naval Avionics Center for
making photomasks. This work was sponsored jointly by
AFOSR grant AF810214 and NSF-MRL grant 8020249.
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SURFACE WAVE RESONATORS ON SILICON
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INTRODUCTION untuned resonant insertion loss of 9 dl3. An attractive

Over the past few years & development effort has been
undertaken to adapt the surface acoustic wave (SAW) reso-
nator to a silicon based configuration. The motivation for
using silicon as the substrate lics in the possibility of incor-
porating SAW resonators in monpolithic integrated circuits.
The Zn0-on-5i two port resonator configuration, shown in
Fig. 1, wutilizes a thermally oxidized silicon substrate on
which a piezoelectric ZnO layer is deposited to permit sur-
face wave excitation. Surface features include aluminum
interdigital transducers as well as distributed reflector arrays
which are formed from grooves ion beam etched in the Zn0O
layer. An aluminum underlayer is deposited prior to Zn0O
sputtering. This underlayer serves to enhance the elec-
tromechanical coupling, in addition to isolating charge car-
riers in the semiconductor substrate from electric fields ori-
ginating in the Zn0 layer. '

Two port SAW resonators fabricated on silicon have
achieved Q-values of 12,000 at 100 MHz. Reflector arrays,
formed by modulating the ZnQ layer thickness with etched
grooves, have been characterized by a linear change in
reflectivity and wave velocity with groove depth!. Rejection
levels of 30 dB have been obtained in devices with an
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Fig. 1. SAW two-port resonator configuration using a
o piezoclectrie ZnO layer on a thermally oxidized Si
'~. substrate.
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feature results from the fact that the thermal expan<ion
coeflicient of S5i0, is opposite in sign to that of Si and Zn0);
it is possible to use the thermal oxide layer to temperature
compensate the layered acoustic medium. The temperature
stability of ZnO-on-5Si SAW resonators has been shown (0 be
comparable to those fabricated on ST quartz when the Si0),
thickness is properly chosen®. To complement the temper:-
ture stability, a preliminary ageing study of hermetically
packaged resonators has indicated that ageing rates of lias
than 5 ppm per month are obtainable,

In this paper we will discuss two topics new 1o the
7Zn0-on-5i resonator development:
1) The use of SAW resonators to determine the effect of a
laser anneal on layered medium propagation loss,
2) A conceptually new device, ealled the mode conversion
resonator, which utilizes two propagating normal modes of
the layered medium in order to gain enhanced out-of-hand
signal rejection.

LASER ANNEALING OF THE LAYERED MEDIUM

A fundamental limitation on the Q-value achievable hy
a SAW resonator is set by the susface wave propagation loss
In the Zn0-Si0,-Si layered medium, propagation loss s
believed to dominate in the polycrystalline ZnO) layer as evi-
denced by an increase in attenuation with ZnO thickness. A
correlation has been found between the density of defects in
the sputtered ZnQ film and the propagation loss ohserved?,
These  defeets, while much smaller than an
wavelength, apparently act as Rayleigh wave scatterig

acoustic

conters,

By using a ZnO layer on an oxidized Si substrate as an
optical waveguide, Hickernell has <uggested that optical pre-
pagation loss is dominated by defeets located at the ZnO-
5i0; interface. 1t was conjeetyred that these interface
defects, arising during the initial stages of ZnO sputter-
deposition, may also contribute significantly to surface wave
attenuation.  Attempts were made to reduce defoets i the
ZnO fim through furnace anncaling treatments. A decrease
in tensile stress, as well as increased crystallographic ordening
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revealed microfractures formed during the anneal. The accu-
mulation of microfractures in suceessive seans at faser power
densities above 10° W/em? seems to eause wave seattering
leading to Q-degradation.  This observed effect of o laser
anneal at excessive power levels might have been antici-
pated, sinee Hickernell has reported bulk reerystalization and
miere-fracture formation in ZnQ films subjected to furnace
anneals at temperatures between 500-700° €.

At the optimum laser annealing power density, the
deerease in acoustic propagation loss is less dramatic than
that observed for optical prepagation loss by Dutta ef al. It
s conjectured  that optical waveguiding, which relies on
reflection at the upper and lower ZnO surfaces to confine
hght energy, may be more sensitive to defects at the ZnO-
Si0a inteeface than is SAW propagation.  SAW  devices
operating at higher frequencies and having a greater propor-
tion of acoustic energy in the vicinity of the Zn0-8i0, inter-
face may be more sensitive to interface defects. Such devices
inay benefit more from a laser anneal than those tested.
Alternatively, propagation loss may not be the dominant
souree of loss in the resonant cavity. If other sources dom-
inate losses, the improvement in propagation characteristics
would not be fully reflected in the Q-value increase.

MODE CONVERSION RESONATOR

The second new development in ZnO-on-Si resonators
which we address here is the operation of the mode conver-
st resonator. The devices discussed previously are con-
structed on a layered medium having a ZnO layer which is
made as thin as possible in order to minimize surface wave
attenuation.  Consequently, only the lowest order sagittal
maode (the Rayleigh mode) will propagate, as is the case at
the surface of a semi-infinite homogencous medinm. When
the ZnO layer is made sufliciently thick in relation to acous-
tic wavelength, it is possible to exeite a second order sagittal
made or Sezawa mode.

In Fig. 4 the solid lines indicate the dispersion charac-
tersties for Rayleigh and Sezawa modes propagating in a
forward direction in a layered medium designed o support
both mades. By using a periodie array of metal strips or
roovis, il is pussible to couple these forward modes into
backward modex (indicated by dashed lines in Fig. 4) at
points where the forward and backward branches intersect.
The dispersion characteristies indicate the possibility of con-
strneting a mode-converting reflector array. At wpg an
meident Rayleigh mode R, is coherently scattered into a
backward  Sezawa mode S, and  vice versa. The
wavensmmbers of the Rayleigh and Sezawa waves which par-
neipate in this reflection between modes must satisfy the

relation

ky + kg = 2% (1)

d
in which d is the mode conversion reflector periodicity. A
resonant  cavity  may  be formed  between two mode
converting reflector arrays. A Rayleigh wave traversing the
resomant cavity in one direction will be reflected as a Sezawa

-:Q
®
2
R
3
2x
k (x 105 m!)
Fig. 4. Dispersion diagram illustrating Ravleigh and

Sezawa mode propagation characteristics in a lay-
ered medium consisting of 6.5 gm ZnO on 1.0 pm
SiO4 on (100)-cut, <010>-propagating Si.

wave at the same frequency, provided Eq. 1 is satisfied.
After traversing the resonant cavity in the opposite direction
as a Sezawa wave, it will be re-reflected as a Rayleigh wave.
A resonance condition is satisfied whenever the round trip
phase shift is a multiple of 27, i.e,,

{kR + ks]l.,n = 2nr (2)

where L q is the eflective cavity length of the device and n is
the longitudinal mode index. The transducers forming input
and output ports are designed to couple energy into the
resonant cavity in one propagating mode and out of the cav-
ity from the other. As indicated in Fig. 5, one transducer
having periodieity My is positioned to couple optinally to the
Rayleigh wave, while a second transducer, having periodicity
Mg is placed to couple optimally to the Sezawa wave. The
difference in transducer periodicities ensures a significant
reduction in direct acoustic coupling hetween transducers,
thereby inreasing the rejection level of the resonator. In
designing transducers to couple to each mode, it is necessary
to have appreciable electromechanical coupling to both
modes with a given ZoO thickness. This condition is best
achieved by placing transducers at the 7ZnO-SiO. interface,
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were observad in films annealed at 400° C*. However, no
change was obtained in either optical or acoustic propagation
loss.

On the other hand, anncaling methods which provide
localized heating at the ZrO-SiO, interface at a level which
reduces defects were found to be suceessful in decreasing opt-
ical propagation loss. By exposing the substrate side of
7n0-on-Si optical waveguides to the radiant energy of a strip
heater, in a process called "rapid isothermal anncaing,” Hick-
ernell was able to reduce optical propagation loss by a factor
of two®,

An alternative means of providing loealized heating was
to use laser illumination in the infra-red region of the spee-
At a laser wavelength of 106 gm ZnQ and Si are
nearly transparent, while the SiQ, layer absorbs strongly.

trum.

As shown by the laser absorption profile in Fig. 2, front side
IR iltumination of the layered medium provides localized
heating at the Zn0O-5i0, interface, precisely at the location
where the defeet density is believed highest. Dutta ef al®
found that by laser scanning optical waveguides at power
densities of approximately 2 x 10> W/em? at a scan rate of 1
em/see, one could achieve a reduction in optical propagation
luss of one to two orders of magnitude.
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Fig. 2. Absorption profile of the incident (0, laser

energy in the ZnO-5i0,81 lyered  medium.
Defeets at the Zn(-Si04 interface are reduced by
the localized heating.

In both the rapid isothermal anncaling experiment and
the laser annexling experiment outlined above, experiments
i whick <ignificant reductions in optical propagation loss
were found, the experimenters did not determine the effect
on acoustic propagation Joss. [t was our intention to use
resonators fabrieated on the Zn0O-%10,-Si layered medium as
a sensitive means to detect changes in acoustic loss caused
by the laser anncal. The resonators employed in the experi-
ment were fabricated on (111) S, xing a 3 pm 510, layer
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and 075 pm ZnO layer. The 3 um $10, Inyer provides
suflicient electrical isolation of the substrate from the Zn0O
electric fields so that an aluminum underlayer is not required
for this purpose. In addition to eliminating transducer losses
from the cavity, placing the transducers outside the resonant
cavity enables one to eliminate aluminum from the region to
be scanned. (Aluminum has proven detrimental in high tem-
perature steps, di’” .ing into the ZnO layer and increasing
the bulk conductivity.) By minimizing all sources of loss,
these externally coupled resonators exhibited Q values of up
to 14,000 at 100 Ml

A CO4 laser was used to scan the surface of each exter-
nally coupled resonator. A scanuing apparatus containing an
xy-transtator was constructed to enable the stationary laser
beam to raster-scan the surface of the device at a rate of 1
cm/sec. The scanner was capable of accomodating the dev-
ice mounting case so that center frequency f. and Q could be
measured immediately before and after the laser scan at each
power level. Placing the device 3¢ ¢m behind the lens (hav-
ing a focal length of 40 cm) produced a spot size with a
diameter calculated to be 0.125 mm.

The variation in resonant frequency and Q-value found
after the laser anneal of a single device at successively higher
laser power densities is shown in Fig. 3. We note a 3°C max-
imum increase in Q-value after annealing at . laser power
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Fig. 3. Variation in resonant frequency and Q-value after

laser annealing a single externally coupled resona-
tor at successively higher power densities,

density of 9 x 10* W/em?  This power level is 427 of the
value reported for optimum optical loss reduction. As our
devices used a greater thickness of Si0u (3 pm as opposed to
1 pm), a greater efliciency is expected for localized heating.
Thus the slight improvement in Q-value is attnbuted to a
decrease in surface wave propagation loss through a redue-
tion in interface defects. At higher laser power densities we
note a rollofl in Q-value and a marked increase in resonant
frequency. Microscopic examination of the device surface
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Fig. o Schematie of SAW mode conversion resonator.
Input and output ports are tuned to different pro-
pagating  modes,  with  distributed  arrays
coherently scattering between modes.

and employing a ground plane on top of the Zn(). Using a
00 thickness of 6.5 gm and an Si0, thickness of 1.0 um on
(100)cut  <010>-propagating Si, the following values of
clectromechanieal coupling were ealeulated: Ag = 0.018, Ag
= 0.021.

In order to use a single masking step to simultaneously
define IDT's and mode conversion reflector arrays, the array
grooves were ctched to a depth of 0.1 gm in the SiO, layer
prior ‘o the deposition of Zn0O. The frequeacy reponses for
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Fig. 6. Frequency response of a two-port mode conver-

sion resonator. The ealenlated  direet coupling
level between transducers tuned to a single pro-
pagating mode is indicated by the dashed curve.

two prototype mode conversion resonators are shown in Fig.
8 and “ix. 7. The device whose characteristics are shown in
Iig. 6 exhibits two resonances. The large separation hetween
mode converting areays (52 g or 20Xg), along with the
detuning of resonance from the mode-conversion center fre-
quency, causes Eq. 2 to be satisfied twice within the mode
conversion bandwidth of the areays. The out-of-hand acous-
tic coupling level is seen to fall off more rapidly than that
calculated for transducers tuned to the same propagating
mode. Employing a smaller separation between mode-
converting arrays (32\g or 18\g), the device whose charae-
teristics are shown in Fig. 7 exhibits a single resonance peak.
Due to the smaller number of transducer fingers, however,
the rollofl in out-of-band acoustic coupling between transdue-
ers is less dramatic in this casc.

Mode conversion resonator Q-values ranging from 2300
to 3000 have been obtained, indicating that power conversion
efficiency between Rayleigh and Sezawa modes can cxceed
905 with a 400-period array. In fact, device ) is thought to
be limited primarily by propagation loss occurring in the 6.5
pm-thick ZnO film.
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APPENDIX F
Surface acoustic wave mode conversion resonator -

S. J. Martin, R. L. Gunshor, M. R. Melloch,® S. Datta, and R. F. Pierret
School of Electrical Engineering. Purdue University, West Lafayette, Indiana 47907

(Received 13 December 1982; accepted for publication 16 May 1983)

It is well known that a ZnO-on-Si structure supports two distinct surface waves, called the
Rayleigh and the Sezawa modes, if the ZnO layer is sufficiently thick. Herein we report a unique
surface wave resonator that operates by efficiently converting between the two modes at the
resonant frequency. The mode conversion resonator promises enhanced out-of-band signal
rejection since input and output coupling is effected through different modes.

C LA T e e e

PACS numbers: 43.35.Pt, 43.88.Fx

In this letter we describe a conceptually new surface
acoustic wave resonator in the ZnO-on-Si device configura-
tion which employs mode conversion instead of simple re-
flection’-? to form a high Q resonant cavity. The conversion
occurs between two propagating modes which are coupled
through distributed mode-converting arrays. The proposed
device offers potential advantages for improving out-of-
band signal rejection in narrow band filters and resonators.
Of particular interest is the high efficiency of mode conver-
sion revealed by the experimental Q values exhibited by the
device. ’

The layered acoustic medium formed by depositing a
low velocity layer on a higher velocity substrate supports
propagating surface acoustic modes in a manner analogous
to the electromagnetic dielectric waveguide. The acoustic
surface modes of interest are elliptically polarized with parti-
cle displacement confined to the sagittal plane and with am.
plitude decaying irto the substrate in a manner similar to
Rayleigh waves in a semi-infinite single material. The modes
under consideration can be excited by means of an interdigi-
tal transducer placed either on top of the ZnO layer or
between this layer and the SiO,-Si substrate.’

The propagation characteristics for a particular layered
configuration supporting two surface modes are shown in
the dispersion diagram of Fig. 1. The lowest order sagittal
mode, also called the Rayleigh mode, has no cutoff wave-
length. The second order sagittal mode, called the Sezawa
mode, propagates when the wave number exceeds some criti-
cal value. The dashed lines in Fig. 1 indicate the dispersion
curves for backward Rayleigh and Sezawa modes which
may be coupled to forward modes by an array of periodicity
d. At intersection points wave energy and momentum are
conserved, allowing forward waves to be converted into
backward waves. Thus, several surface wave scattering
events may occur at a periodic perturbation of such a bimo-
dal layered acoustic medium. At wy, an incident Rayleigh
wave R, will be reflected as a backward Rayleigh wave R _,
while at wy; an incident Sezawa wave S, will be reflected as
s backward Sezaws wave S . Conventional surface wave
resonators are designed 10 resonate at wy, vt w s, reflecting
ecither Rayleigh or Sezawa waves between distributed reflec-
tor arrays.

At wyy either of two events may occur, involving the

Present address: Central Research Labs, Texas Instruments Inc., Dallas,
IX 75268

2% Agpl. Phys. Lett 43 (3), 1 August 1963
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coherent scattering from a forward mode of one type into a
backward mode of the other type. We previously demon-
strated this type of scattering between an incident Sezawa
mode S, and a backward Rayleigh model X . by an array of
metal strips or grooves in the ZnO layer.** From Fig. 1 it is
apparent that at the same frequency an incident Rayleigh
wave R, is scattered into a backward Sezawa wave §_.
Thus, a mode-converting reflector is formed by an array of
periodicity d satisfying the relation

kg + kg =2nw/d, (n
at a fixed frequency, where k; and kg are the wave numbers
of the Rayleigh and Sezawa modes participating in the con-
version, respectively.

In the surface wave resonator reported herein, a reso-

14
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w (x10% 5°Y)

-

k (x 10° m!)

FIG 1. Dispersion diagram illustrating Rayleigh and Sezawi mode propa-
gation charactcristics in a layered surface wave medium consisting of 6.5
#m ZnO on 1.0 um SiO, on {100})-cut, (010)-propagating St. Dashed lines
indicate backward wave characteristics.
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nant cavity is formed between two mode-converting reflec-
tor arrays, as shown in Fig. 2. A Rayleigh wave traversing
the resonant cavity in one direction will be reflected as a
Sczawa wave as detailed previously. After traversing the
cavity in the opposite direction as a Sezawa wave, it will be
re-reflected as a Rayleigh wave as indicated by the loop in
Fig. 2. Wave energy is thus confined by alternately employ-
ing the scattering events at wzs rather thanatwy, orwgg. A
resonance condition is satisfied whenever the roundtrip
phase shift—one way as a Rayleigh wave, one way as a
Sezawa wave—is a multiple of 2. This resonant condition
may be expressed as

(ke + ks)Lg = 2nm, (2)

where n is the resonant longitudinal mode index and Ly the
effective cavity length of the resonator. Since bidirectional
transducers are used, another loop having the opposite sense
is excited; together these loops form simultaneous Rayleigh
and Sezawa standing waves.

The transducers forming input and output ports are de-
signed 10 couple energy into the resonant cavity in one prop-
agating mode and out of the cavity from the other. One
transducer having periodicity A, is positioned to couple op-
timally to the standing Rayleigh wave, while a second trans-
ducer, having periodicity 4 is placed to couple optimally to
the standing Sezawa wave. The difference in transducer per-
iodicities ensures a significant reduction in direct acoustic
coupling between transducers, thereby increasing the rejec-
tion level of the resonator.

In designing transducers to couple to each mode, it is
necessary to have appreciable electromechanical coupling to
both modes with a given ZnO thickness. Employing trans-
ducers on top of the ZnO yields high electromechanical cou-
pling to the Sezawa mode 4, but negligible coupling to the
Rayleigh mode 4 5. Transducers placed at the ZnO/SiO,
interface, however, provide 4, = 0.024 and 4, =0.016
with a ZnO thickness of 6.5 um and SiO, thickness of 1.0 zm
on a {100)-cut, (010)-propagating Si substrate. A metal
shorting plane is deposited on top of the ZnO to yield the

239 Appl. Phys. Lett., Vol. 43, No. 3, 1 August 1983
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values of coupling cited. In order to achieve a similar level of
transducer static capacitance as well as radiation conduc-
tance, the number of finger pairs in the Rayleigh wave trans-
ducer is 1.6 times that of the Sezawa wave transducer.

In fabricating the mode-conversion resonatoi, alumi-
num transducers and mode-converting reflector grooves
were defined on the SiO, layer in a single masking step. The
grooves in the SiQ, layer were ion-beam etched to a depth of
approximately 0.1 um. In addition to modulating SiO,
thickness, the periodic grooves caused a corresponding topo-
logical variation on the surface of the subsequently deposited
ZnO layer. This represents a departure from the previous
practice of forming grooves on the top surface of the SAW
propagation medium.*’ The net result of each period of this
stacked perturbation is to scatter roughly 2% of the incident
mode energy into a backward mode of the alternate type. At
a frequency of 147 MHz a Rayleigh wave with 4, = 19.6
pm is coupled to a Sezawa wave with A = 34.9 um by an
array having periodicity d = 12.9 um.

The frequency responses for two prototype mode con-
version resonators are shown in Figs. 3 and 4. The device
whose characteristics are shown in Fig. 3 exhibits two reson-
ances. While a single resonance peak was desired, the large
separation between mode converting arrays (524, or 294 ),
along with the detuning of resonance® from the mode-con-
version center frequency, causes Eq. (2) to be satisfied twice
within the mode-conversion bandwidth of the arrays. The
mode conversion bandwidth is approximately 1.3 MHz.
From the frequency separation of 0.64 MHz between reson-
ances, we obtain an estimate of the effective cavity length:
L.y = 1484, or 83 A;. We note that conventional resona-
tors utilizing a single propagating mode may also exhibit
multiple cavity modes. Each resonant cavity mode is com-
prised of contrapropagating Rayleigh and Sezawa modes,
which together satisfy the periodic boundary conditions im-
posed at each end of the cavity by the mode-converting ar-
rays. The nonresonant acoustic coupling level is seen to fall
off rapidly away from resonance when compared with the
direct coupling level calculated for transducers tuned to a
single propagating mode.
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FIG. 4. Frequency response of a two-port mode conversion resonator cxhi-
biting a single resonance peak. :

Employing a smaller separation between mode-con-
verting arrays (3245 or 184 ), the device whose characteris-
tics are shown in Fig. 4 exhibits a single resonance peak.
Owing 1o the smaller number of transducer fingers, how-
ever, the level of cross coupling (between Rayleigh trans-
ducer and Sezawa mode, Sezawa transducer and Rayleigh
mode) is higher.

The off-resonance rejection of the mode conversion res-
onator could be enhanced by designing the transducers to
minimize the level of cross coupling between transducers

and propagating modes. The uniform transducers employed
in the devices shown yield moderately high cross-coupling
levels due to the sidelobes in the response characteristic.

Device Q values ranged from 2300 to 3000, indicating
that power conversion efficiency between Rayleigh and
Sezawa modes can exceed 90% with a 400 period array. In
fact, device Q is thought to be limited primarily by propaga-
tion loss occurring in the 6.5-um-thick ZnO film.
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UNIAXIALLY STRAINED 2Zn0/SiO,/Si
SAW RESONATORS

Indexing terms: Ultrasonics, Surface-acoustic-wave devices,
Resonators

Surface-acoustic-wave (SAW) resonators [fabricated on a
Zn0O/SiO,/Si layered medium have been cantilever-mounted.
By deflecting the frec end of the substrale, uniaxial biasing
strains are induced in the SAW resonator. The effect of these
stalic strains on resonant frequency and SAW phase velocity
is assessed.

The propagation of surface-acoustic waves (SAW) in a
strained medium of such materials as quartz, ithium niobate
or Zn0-on-quartz has been investigated in the past.’? A sig-
niticant portion of the recent studies is device-oriented, and
deals specitically with the effect of an externally applied strain
on the operating frequency of SAW delay-line or resonator
oscillators. The extremely narrow bandwidth associated with
high-Q SAW resonators, coupled with a strain dependence of
resonant frequency, makes these devices particularly well
suited for sensing displacement, force and pressure. By incor-
porating such sensors in an oscillator feedback loop, a strain-
dependent frequency output is obtained which can readily be
converted to digital form by a frequency counter.

Here we report the variation in resonant frequency with
externally applied strain for resonators constructed on a
7n0)/Si0,/Si-layered medium. The measurements were car-
ried out by deflecting a cantilever-mounted resonator as
shown in Fig. 1. This method permits the resonant frequency,
and ultimately the surface-wave phase velocity, to be ex-
pressed in terms of a single biasing strain in the direction of
wave propagation.

The externally coupled SAW resonator employed here con-
sists of input and output interdigital transducers (1DTs) lying
outside a resonant cavity formed by two etched-groove reflec-

transchcer groove reflectors

- ',r"‘—‘ -~ 7__K

//,//7////////4//!4//////////{0%
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380pm Si substrote '
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e

Fig. 1 ZnO/Si0,/Si surface-acoustic-wave resonator mounted in canti-
lever fashion

tor arrays. The functioning of the device is analogous to that
of the optical Fabry-Perot cavity, with the exception that here
the distributed reflectors have a narrow bandwidth. As a result
of the reflector bandwidth, a single resonant mode exists and
is characterised by a higher Q-value than would be obtained
by placing transducers inside the resonant cavity. The device
Q is 12500 and is found to vary slightly with applied strain.
This variation of Q is due in part to the velocity gradient
which accompanies the nonuniform straining of the surface.

In fabricating the device, a thermal oxide is grown on a
(111)-cut silicon substrate with wave propagation in the (211)
direction. Proper choice of SiO, thickness results in a tem-
perature stable resonant frequency.’ A piezoelectric ZnO film
is deposited by RF diode or magnetron sputtering and permits
transduction between the electrical signal and the propagating
acoustic wave. The planar features on top of the ZnO are
defined by standard photolithography. with reflector array
grooves formed by ion-beam etching.

There are several advantages to using ZnO-on-Si SAW res-
onstors as lorce/displacement sensing devices: these include:
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(i) excellent mechanical properties, including high yield
strength and low fatigue rate for highly polished. low defect
density samples* ’

(i) IC compatability, permitting integration of electronics
along with sensing elements

{iii) the availability of preferential etches, delineated by doping
characteristics, permitting the formation of thin membranes
and intricate geometries®

(iv) the ability to vary turn-over temperature through SiO,
thickness

(v) favourable ageing rates, on the basis of a recently reported
preaging study.®

Deflection of the cantilever-mounted device results in an axial
strain ¢, of opposing signs on the upper and lower surfaces.
The SAW resonator, whose acoustic energy is contined to
roughly one acoustic wavelength (i, = 40 um) of the top sur-
face, and whose deposited layers are thin compared to sub-
strate thickness, experiences essentially the strain occurring on
top of the silicon.

Resonant frequency, which depends on both changes in pro-
pagation path length, as well as changes in phase velocity due
10 the biasing strain, deviates from the unstrained resonant
frequency as

y_t AL, "
I v Loy

where L, is the effective cavity length of the resonator.

The biasing strain £, varies linearly in going from the de-
flected to tixed ends of the device so that the fractional change
in eflecuive cavity length is equal to the strain at the cavity
centre, i.e. &, = AL, /L, ... Measuring beam deflection J with
a micrometer, the value of strain at cavity centre x_is given
by®

_3ix d

T

2)

where 1 is the total thickness of the substrate plus deposited
layers anu L is the unsupported beam length, as indicated in
Fig. 1.

Reson -t Tequency is monitored during the strain test with
an HP 84 A vector voltmeter. At each 0-001 in increment of
beam defle.*. .n, ~pplied at the free end of the device. input
frequency from a.. HP 8656A signal generator is altered to
restore the resona.i' phase shift between transducer ports.
Owing to the rapid ~hase variation near resonance. transmis-
sion phase provides a more sensitive measure of detuning than
does transmission amplitude. The variation in resonant fre-
quency with biasing strain £, is shown in Fig. 2. From the
linear characteristic, we can write Afff = 1-07&,. Using eqn. 1,
with £, replacing AL, /L,,,. we conclude that surface-wave
velocity is influenced by biasing strain in the direction of pro-

pagation, such that Auv/v = 2-07¢,. We note that the major
effect of a strain in the direction of propagation is to increase
surface wave velocity, resulting in a net increase in resonant
frequency. In comparison. resonators fabricated on crystalline
quarts or lithium niobate are found to decrease In resonant
frequency with applied strain due 10 a smaller fractional
chunge in surface-wave velocity with strain.” *
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in implementing a force sensor, crystal geometry governs
the relationship between strain and applied forces. By using a
thinner cantilever beam, for example, a greater threshold
sensitivity is achieved. The threshold strain is that which prod-
uces the minimum resolvable resonant frequency shift. This is
ulumately limited by the short-term frequency stability of the
resonator. Short-term stabilities for quartz resonators are typi-
cally in the order of 1 Hz or less'® (for integration periods of
I s) with similar stability expected for resonators built on
silicon.

1t is found that resonant frequency of the ZnO/SiO,/Si de-
vices varies linearly with applied strain up to the point of
substrate fracture. Silicon yields by (racture, rather than by
plastic low, with maximum strain in the order of 107>, The
dynamic range of a ZnO/SiO,/Si resonator sensor of any ge-
ametry will be limited by the ratio of maximum strain o
threshold strain. On the basis of the measured maximum
srain. and the estimated short-term resonator stability, the
dynamic range of a 100 MHz sensor is estimated 10 be 10°.
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Abstract

A comparative evaluation of rf diode
and magnetron sputtered 2n0-5i02-Si structures
is described and summarized. The comparison
incorporates both electrical data and physical
data derived from SEM, X-ray diffraction,
and other analytical techniques. The inter-
facial trap and net effective charge densities
at the $i-5i102 interface, Zn0 film morphology,
In0 film conductance, and the electrical
and physical effects of post-deposition annealing
are some of the topics examined in the comparison.

Over the years rf diode sputtering,
and more recently, rf magnetron diode sputtering '
have been the most widely utilized methods
for depositing the Zn0 film which forms the
heart of metal-Zn0-Si02-5i (MZ0S) device
structures, Magnetron sputtering has tended
to supplant non-magnetron rf diode sputtering
(henceforth referred to as diode sputtering)
because of an enhanced deposition rate and
the routine attainment of thicker films of
acceptable device quality. Another possible «
advantage of magnetron sputtering is reduced
damage to the underlying Si=-5102 subsystem
due to the decreased number of electrons
bombarding the substrate during the deposition
process.

Herein we summarize and report the results
of a comparative evaluation of MI0S structures
formed by diode and magnetron sputtering.

The study was originally initiated to examine

the relative levels of sputtering damage

in the respective systems. Previous observations
[1) of sputtering damage have been confined to
the diode sputtering process and contained
Limited quantitative information. Ffurther
impetus for a comparative evaluation has

come from observed differences in the electrical
behavior of structures subjected to post-
deposition annealing. As reported at the

1981 Ultrasonics Symposium [2], bias stable

M20S devices containing magnetron deposited

In0 films have been fabricated in our laboratory
by annealing the In0-$i02-Si substrate in

a nitrogen atmosphere for one hour at 380 - 490°C.
The cited anneal, however, had no effect

on the bias stability of M20° devices containing
diode sputtered films.
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The majority of the data to be presented
was derived from standarized structures with
approximately 2um thick 2n0 films. The film
in turn was typically deposited on (100) n-type
Si substrates covered with a 0.1um thick tayer
of thermally grown Si02. In examining the
data it should be understood that the precise
nature of the results is not only dependent
on the device parameters, but is sensitive
to even minute variations in the In0 film depngi-
tion parameters and praocedures (details of
which are included elsewhere (31). Overatd
trends, however, should be characteristic of
the specific sputtering process, either diode
or magnetron. The following section contains
3 review of representative sputtering damaqge
observations. Physical observations including
SEM, X-ray, and Auger data is presented in
Section 3. A third distinct set of observations,
results derived from small signal conductance
measurements, are described in Section &, while
Section 5 contains an overall summary of
results and conclusions.

2. Sputtering Damage Observations

The effect of radiation incuded damage
on the Si-Si02 subsystem during sputter-deposi-
tion of an overlying Zn0O film is most readily
characterized in terms of (1) the density
(D;¢) of midgap surface states at the Si-5i0p
interface and_ (2) the net effective interface
charge per cm? (AQgs) added to the system
during the deposition process. The midgap
D;y provides a direct measure of the interface
states created during sputtering. MsS,
computed from the flat band voltage of the
system before deposition less the flat band
voltage after deposition, is a combined measure
of all charges added to the svstem., These
typically include the positive charge associated
with holes generated by ionizing rad-ation
and trapped in the silicon dioxide near the
$i1-5i0, interface, added fixed charge, and
changes in the interface state charge at flat
band. Measured vatues ot Dt before sputtering
were less than 1070 states/cm-ev for the (100)
oriented Si substrates employed in the investiga»=
tion. AQSS was of course identically zero
for an undamaged $1-510> subsystem.
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figs. 1 and 2 respectively display post-
deposition °it and Aﬂsslo values typical
of M20S structures formed by magnetron or
drode sputtering. The x-axis on both plots
1dentitfies the position of the $i-Si0p substrate
within the sputtering chamber during the
deposition process. In collecting the data,
a 3 inch $i-S10, substrate was appropriately
sectioned and the pieces positioned along
a straight Line through the center (x = 0)
of the substrate platform as pictured in
Fig. 3. After sputtering the In0 film, the
wafer preces were further subdivided laterally
and the upper halfs were post-Zn0-deposition
(Pl) annealed at 380°C for one hour in an
oxygen atmosp..ere.s MOS capacitors were
then formed on all wafer pieces and probed
as a function of position, The solid (8, &)
data points appearing 'n Figs. 1 and 2 were
derved t-om unannealed devices; the open
(0,") data pownts, from PZ annealed devices.

Several features of the damage produced
durinq magnetron and diode sputtering are
cleariy evident from Figs. 1 and 2. First
ot all, the as-deposited (unannealed) damage
's a strong function of the substrate positioning
insi1de the sputtering chamber, with the positional
dependence being especially pronounced for
magnetron sputtering. In comparing the damage
between varigus runs, or between magnetron
and diode sputtering, it is absolutely essential
to note the spatial positioning of the respective
substrates on the substrate ptatform. Ffailure
to note the spatial positioning can readily
lead to confusing, seemingly irreproducible
data, and possibly 1ncorrect conclusions.
Whereas lower minimum D;, values are obtained
with magnetron sputtering, the overall damage
is on ihe same order of magnitude for both
sputtering methods.

Secondly, PZ annealing minimizes the
spati1al non~uniformity and drastically reduces
the interface state density in highly damaged
regions. However, the anneal has little
etfect on the midgap Dj¢in moderately damaged
reqions and, more importantly, a Pl anneal
atone will not restore the Si=5i0) subsystem
to pre-deposition guality. In fact, we have
consistently observed a midgap Djyof
1-2 « 1077 states/cm-eV in _annealed magnetron
structures compared to <10 states/cm2-ev
arior to sputtering.

Finally, although the midgap Dj¢ is unaffect-
ed by the anneal for substrate positionings
rear x = 0, the AQgq of devices in this region
increases after annealing. Since holes trapped
in the oxide are undoubtedly removed by PZ
anneal ing (which would tend to yield a negative
~h1f1 in AQgg), the tixed charge is not affected
te the anneal, and ionic contamination has

+Th7< anneal was proposed in reference 1 as
s means of minimizing the damage associated
with <puttering.

22
3 of
o "
5
at
P
2 of
o L
Z af
o L
2 -+
ob—— 1 1
Position (cm)
Fig. 1 Midgap interfacial trap density at

the $1-5i0y nterface as a function of substrate
platform positioning.

8Qcc  (oem?)
Q

Position &m)

Fi%. 2 Net effective interface charge per
cm¢ at the Si-Si0> interface as a function
of substrate platform positioning.

Substrate
Holder

Fig. 3 Experimental arrangement of wafer pieces
on the substrate platform teading to the data
presented in Figs. 1 and 2.
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been ruled out by subsidiary experiments,

one can only conclude that the band edge
distribution of acceptor-like and donor-like
interface states is modified during the anneal.
The uniformity of both D;, and AQgg after
annealing also suggests the number and distribu-
tion of interface states are totally specified
by the thermodynamic equilibrium condition
established at the Si-$i07 interface during

the annealing procedure. -

3. Physical Observations

The primary motivation for performing
a physical comparison of M20S structures
formed by magnetron and diode sputtering
was the achievement of bias stability in
Pl annealed magnetron’ structures but not
in PZ annealed diode structures. Also of
interest was the effect of the anneal on
the physical nature of the Zn0 films and
the underlying Si-5i0 substrate. Thus,
included in the analysis were magnetron-sputtered
test structures, both annealed and unannealed,
plus diode-sputtered test structures, both
annealed and unannealed. The In0 film in
all cases was approximately 2um thick and
was deposited on a Si substrate covered with
a ~0.7um thick layer of thermally grown $i0;.
The PZ anneal was performed at 490°C for
one hour in a nitrogen atmosphere. The test
structures were eventually subjected to the
following probes: scanning electron microscopy
(SEM), X-ray diffraction (XRD), Auger depth
profiling (AES), and electron spectroscopy
for chemical analysis (ESCA).

As displayed in Figs. 4, the SEM analysis
revezldd that the magnetron films contained
a coarser fiber morphology and a less regular
columnar structure than the diode films.
These results suggest a significantly larger
grain size in the magnetron films and a more v
random growth pattern. PZ annealing appeared
to have little effect on the gross morphology
of the films, although the annealed samples
did exhibit a somewhat increased surface
roughness.

X-ray evaludtion of the In0 fiims was
performed employing both a Read (powder)
camera and an X-ray diffractometer. A qualitative
comparison of the Read camera results again
suggested that the magnetron films were not
as well-oriented crystallographically as
the diode films. The results further suggested
that PZ annealing, and the attendant relaxation
of stress in the 2n0 films during annealing,
enhanced the random orientation of crystallites—~-
with the cited effect being decidely more
pronounced for the magnetron films. The
position of the 002 plane in the different
In0 films, as measured by the X-ray diffract-
ometer, quantitatively confirmed the relaxa-
tion of film stress as & byproduct of PZ
annealing. The measured 20 values were
33.95°, 34.38°, 34.20° and 34.40° for the
unannealed magnetron, annealed magnetron,
unannealed diode, and annealed dinde films,
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Fig. 4 SEM photographs of (a) magnetron
sputtered and (b) diode sputtered InQ

films after PZ annealing. The spacing between
hash marks is 1 pm.

respectively. By way of comparison, 20 is
ideally 34.43° for the 002 plane in an unstress=-
ed Zn0 film. The degree of deviation from

the ideal 20 value clearly indicates considerable
stress in the unannealed magnetron films and

a significant reduction in stress upon annealing.

Auger depth p-ofiling of the test structures
established that *1e elemental composition
of the Zn0 fil.. as uniform to within ¢ 2
atomic X throughout the thickness of the fitms,
In all cases, profiles of the In0-Si02 and
$i=$i02 interfaces were observed to be "smeared-
out”, which can be attributed in part to the
intrinsic nature of the measurement technique
and in part to uneven sputter~etching of the
relatively thick Zn0 layer. For both magnetron
and diode structures, nonetheless the smearing
out of the interfaces was enhanced after
annealing as illustrated in Fig. 5.
Unfortunately, it is not clear if intercomponent
diffusion has actually occurred, or if this
enhanced smearing is just an artifact caused
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(The 2ero point on the depth scale was chosen
arbitrarily).

by the greater 2n0 surface roughness of the
annealed structures.

Finatly, ESCA data indicated that, to
“'thin the accuracy of the measurement, zinc
4"d onygen were present in.only one valence
;tgte each and that atl films were stochiometric
n -

4, Small Signal Conductance Measurements

The small signal capacitance recorded
as a function of voltage is a widely used
tool for probing the internal properties
of metal - insutator - semiconductor structures.
C-V characteristics were, in fact, employed
in establishing a portion of the data reported
in Section 2. The admittance of alt MIS
structures, however, also exhibits a typically
small but readily measurable lLoss component.
Since the degree of bias stability exhibited
by MZ0S structures is intimately tied to
carrier transport and trapping in the In0
film, both of which contribute to the overall
Loss, it was felt that Loss measurements
might provide direct insight into the origin
of behaviorat differences displayed by magnetron
and diode films.

The loss component, expressed in terms
of the equivalent series resistance or equivalent
paratlel conductance, is generally a strong
function of the a.c. measurement frequency
and is therefore monitored as a function
of both frequency and applied bias. For
probing MZ0OS structures the capacitance and
conductance measurements are complementary
in nature. Whereas the constant capacitance
portions of the C-V characteristics (correspond-
ing to accumulation and inversion of the
Si surface) provide only minimal structural
information, the G-V and G-f characteristics
are potentially rich in information over
the same biasing regions. The observed conduct~
ance, on the other hand, is totally dominated
by the $i-Si0p interface state loss under
depletion biasing, thereby obscuring losses
related to carrier transport and trapping
in the Zn0 film. For this reason, the conduct~-
ance results to be reported are confined
to the accumulation and inversion regions
of operation. It should be, noted that severe
lateral effects under inversion biasing further
restrict measurements performed with standard
MZ0S devices to only accumulation biases
{to positive gate voltages for n-~type devices).
Inversion bias conductance data has nevertheless
been obtained utilizing specialized "mesa"
structures where the Zn0 film is etched away
in ungated areas.

Representative conductance versus frequency
data derived from diode~sputtered M20S-C's
are displayed in Fig., 6. Other than predictable
variations in magnitude associated with a
square dependence on the device capacitance,
the same results are obtained for all accumulat~
ing biases, all inverting biases, and whether
the device is maintained in the dark or iltluminat-
ed. Noting that the electric field distribution
in the 2n0 film is quite different under
accumulation and inversion biasing, we are
led to conclude the observed conductance
has nothing to do with carrier transport
and trapping in the In0 film. The apparent
Ltack of film photosensitivity, particularly
under inversion biasing, further supports
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the cited conclusion. Additional measurements
have in fact isolated the source of the observed
Lloss to be the metal-2Zn0 contact. Absolutely

no conclusions can be drawn sbout carrier
conduction in the diode films, other than

the film conductivity is below a certain

calculable value. -
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Results derived from magnetron-sputtered
MI0S-C's are decidely different. first of
all, as displayed in Fig. 7, the measured
conductance of magnetron devices is always
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biases. Secondly, illumination can increase 103 104 10
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by orders of magnitude as shown in Fig. 8. : t (H2)
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data is the persistence of a perturbed conduct-
ivity long after the iltumination has been

. removed. Memory of a prior illumination,
however, can be quickly erased by cycling

the gate voltage from the set voltage to zero
and then back again to the set voltage.

Given the history and memory effects, it is

our conclusion that the described behavior

can be attributed to a high concentration of
active upper band gap traps distributed through-
out the bulk of magnetron-sputtered 2n0 filams.
These traps are either absent in the diode

films or present 2t lowor concentrations.
fFinally, P2 annealing apparently leads to

an increased trap density in the magnetron
films.

S. Summary and Conclusions

In this paper we have presented a brief
overview of results comparing the electrical
and physical properties of MZ0S structures
formed in our Laboratory by diode and magnetron
sputtering. One major result was the observa=~
tion that damage produced during sputtering
was a3 function of the substrate positioning,
with the spatial dependence being especially
pronounced for magnetron sputtering. Magnetron
sputtering gave rise to lower as~deposited
damage for devices formed in the center of
the substrate holder, but the overall sputtering
damage was comparable for the two sputtering
techniques. Although PZ annealing did not
restore the Si-$i0, subsystem to pre-deposition
quality, it drastically reduced the interface
state density in highly damaged regions and
essentially eliminated th spatval ngn-unifornity.
A midgap Dy = 1 -~ 2 x 10 states/cm“~ev
is considered representative of the residual
damage in annealed magnetron structures.

Physical observations generally indicated
the sputter-deposited films to be of SAW
device quality. AllL films were confirmed
to be oriented stochiometric 2Zn0 with an
elemental composition uniform to t2 atomic
percent throughout -the thickness-of the film.
Ragnetron films, however, were found to have
4 coarser fiber morphology and a less regular
¢olumnar structure. In addition, considerable
Compressive stress was detected in as-deposited
Sgnetron films. PZ annealing ted to a reduction
in film stress, » somewhat increased surface
roughness, and an enhanced smearing in the
Mger profile of the component interfaces.

Finally, the measured small signal conduc-
tance derived from magnetron and diode-sputtered
devices was distinctly different. The conductance
of diode MZ0S~C's was dominated by losses
Stemming from the metal-Zn0 contact and provided
little if any information about the Zn0 film
tself. The G-V and G-f characteristics
Grived from magnetron devices, on the other
Mnd, vere clearly correlated with carrier
&tion ingide the Zn0 film. It was concluded
from this data that the magnetron films con-
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tained @ high density of upper band gap traps

whose numbers are increased by PZ anneal ing.

These same traps undoubtedly play a key role

in the bias stability of annealed magnetron

vevices and may in fact arise as a direct

consequence of the Larger fiber morphotogy

of the magnetron films. {
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Space Charge Waves in Multilayered Heterostructures |
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ABSTRACT
Space charge waves in multilayered heterostructures are discussed using coupled

Boltzmann equations. Acoustic plasma modes are investigated with practical examples.
The formulation includes both degenerate and non-degenerate electron systems;
exchange and correlation effecta are incorporated using a local density approximation

and are shown to affect the acoustic plasma mode significantly; lattice collisions are

included using the relaxation time approximation.
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1. Introduction.

The development of molecular beam epitaxy has made it possible to fabricate mul-

tiple layers (thickness ~1001) of lattice-matched semiconductors with a very low den-
sity of interface states!. Various combint;tions of semiconductors have been used to
build multilayered heterostructures, the most popular combination being GaAs and
Al;_,Ga,As (Fig. la). The idealized conduction and valence band edges for such a
configuration are shown in Fig. 1b. The electrons are confined in narrow gap GaAs
layers where they are free to move in the x-y plane; the result is a series of potential
wells, each well within which a system of two dimensional free electrons is confined.
Electrons confined in two dimensions support space charge waves that have a
plasma frequency proportional to the square root of the wavenumber. In multilayered
structures the space charge waves in different wells are coupled through the Coulomb
interaction. The coupling of two distinct electron systems leads to the appearance of
two modes - the optical plasma mode where the space charge waves in the two systems
are in phase, and the acoustic plasma mode where they are out of phase. The latter
mode type possesses interesting possibilities for application to practical devices; such
modes exhibit an approximately linear frequency - wavenumber relationship with velo-
cities of the order of 10® cm/second. This velocity range is about 3 orders of magni-
tude faster than ultrasonic waves, and 2 orders of magnitude slower than electromag-

netic waves. It may thus be possible to use such acoustic plasma waves to implement
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submillimeter wave signal processing components. The use of these plasma waves is
limited on the low frequency side by the collisional damping of the lattice and impuri-
ties. However, modulation doping techniques have been reported that make it possible
to obtain very long collision times (far in excess of the Brooks - Herring limit for bulk
materials) in multilayered heterostructures®. Collision times in the range of 1 ps.
would make acoustic plasma waves useable at frequencies in the 1000 GHz range.

Acoustic plasma modes were first discussed in three dimensional systems having
two distinct species of electrons such as s-and d-electrons or electrons and holes4.
However, acoustic plasma modes in these systems are Landau damped by the lighter
species® and are difficult to observe. Collective modes of spatially separated two
dimensional electron systems in solids were first investigated by Dassarma and
Madhukar® using the Random Phase approximation (RPA) for the dielectric constant.
They found that an acoustic mode exists even if the two systems are identical; more-
over, if the spatial separation exceeds a certain critical value the mode is not Landau
damped by either species.

In this paper we will present an aixalysis of the acoustic plasma modes in spatially
separated two dimensional electron systems using coupled Boltzmann equations. The
Boltzmann formalism is equivalent to the RPA for long wavelength excitations; so as
we might expect, this analysis gives the same results as Ref. 6. However, the present

formulation, we believe, is more suitable for further extending the analysis in order to




incorporate additional effects. The effects of correlation and exchange are incorporated

using a local density approximation; both degenerate and non-degenerate (classical) sys-
tems are included in the analysis. The effect of collisions (with the lattice) is incor-
porated through a relaxation time 7. A similar formalism has recently been used to
describe acoustic plasma modes in three dimensional systems with two species of elec-

trons. s

3. Coupled Boltsmann Equations for a Palr of Wells

Consider a pair of wells (Fig. 1b) each of width W and separated by a distance d.
In each well the electrons are distributed in different subbands depending on the width
of the well, the carrier concentration and the temperature. We will assume for simpli-
city that oﬁly the lowest subband in each well is occupied, so that we have two groups
of electrons, one in each well; however, electrons in multiple subbands can also be
incorporated into the formalism in a fairly straightforward manner.

We have two species of two dimensional electrons spatially separated by d. Let
f,(7,V) and f,(¥,7) be the distribution functions, both ¥ and V being in the x-y plane.

We can write a set of coupled Boltzmann equations for f; and f,:

2 A
-gt-""i‘-i-vi'V. “i-jglv'vii._;:'—.zov i=12,.. (1)

where 8f; = f, - 1

f? = equilibrium distribution function




9.y = gradients in ¥ and V space respectively
V;; = potential at the location of electrons in system i,
arising from charge bunching in system j.
m;’ = effective mass of electrons in system i.

Let us consider space charge waves with frequency w and wavenumber k; Equation (1)

then becomes
. 1. 2. o, . _
ju + < - jk-w;] of, + ;E=x kv vy BE 0, i=12.. (2)

at.
where we have used ¥ f, = mv; a—E'- Taking K as the reference direction in the x-y
i

plane we can represent V; by its magnitude v; and its angle 8, from k. We then bave

from (2),
_ ot kv; cos 6, .
6fi - 8E. - kvi cos oi ¢iv 1= 1,2,..- (33)
where } = w - j/7, and
2
%=V (3b)

The potentials V;; are related to the excess carrier concentration én; by

V“ = 2¢k Gni y 1) (4a)
= ;ﬁ- eXn, i#j (4b)

where k is the magnitude of the wavenumber, d is the separation between wells, ¢ is the
static dielectric constant and q is the electronic charge. Eq. (4) is derived from

Poisson’s equation, neglecting the spatial spread of the space charge in the 2-direction

......................................
..........................
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assuming that the charge forms a sheet in the x-y plane at the center of the well. The
exchange and correlation effects can be included approximately in a local density
approximation by modifying Vj; using the Slater coeﬁicientss. The excess carrier con- 1

centration is related to the distribution function by

m?
m=;§jwm (5)
Using Equation (3a) in (5),
m? *° kv; cos 0. ot
. - —L— . N Y. ] ] o fo ——L- 6
= o { i { 46%; Q - kv; cos §; [ an] (6)
Using the result
2x
1 cos 8 A
— — =] 4+ —
2{x—cosﬂdo ! \~1
= g(»)
we have from Equation (6),
[ <]
P-— . .' . i)— . —.:_gfj. .
én; = ¢N; { dE; g[kvj] [ 3E ()

where Nj' = ;-th and represents a two dimensional density of states in the jt'll ‘band,

while E; = -;- m;’ vjz

FAPAr AR andndr. 4

The integral in Equation (7) is evaluated using the equilibrium distribution func-

tion f? for f;. If the carrier concentration is high and the temperature is low such that

J—
Pl

Ep >> kgT it is appropriate to set




..........

-7-
[ _A e
o5 ™ €~ Ex) (8)
i~
"j so that Equation (7) reduces to
el ,
: where
:. A= 0/ kij
g vy; = Fermi velocity of electrons in system j
)
- A carrier density n of 10'2/cm? (corresponding to a bulk density of 10'8/cm? if
:::;: °
w = 100A) gives

v kp = V2 = 2.5 x 10° em™!

) vp =43 x 10 em/s.  (m°® = .068 m,)

" Ey = 35.8 meV
Thus the approximation (8) is valid at low temperatures. The subband separation for
o o
o w = 100 A is about 56 meV so that the neglect of carriers in higher subbands is also
!

E justified.
4 If the carrier concentration is low and the temperature high enough, the
T Boltzmann distribution is more appropriate
O _ 1 Emr, D
"j The constant has been chosen so that the integral of f over energy yields the correct
-.: carrier.concentration n. We then have from (7),
2
\\.
e
(]
.
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n: ’ .
én; = ¢ ;;‘1: g (%) (10)

where
'(X-) = O; dx e* [_XL]
&t ° ¢ vx

X, = O/kv”

Thermal velocity of _ [2kBT'I ]l/2

Vi = electrons in system j m

Equations (9) and (10) can be written together as

where F();) and N; are defined by Equation (9) for degenerate system and by Equation

(10) for a non-degenerate system. The intermediate case is more complicated algebrai-

cally since the exact Fermi-Dirac function has to be used for f(E).

Using Equation (11) in Equation (4) and substituting in Equation (3b) we have

1+ aq aged {¢,] {o}
a e kd 1+ ap) (82) (0 (12a)
where
= - LN F(\
a; 2¢k N; F(\) (12b)

The plasma modes of the coupled wells are obtained from the condition

14+ a agekd

det ale_kd 1+ 02 =0 (13)

The present formalism is easily extended to multiple systems of electrons; it only makes

the order of the matrix in Equation (13) larger. The a;'s are actually the

............................




polarizabilities of the electrons in system i, so that the matrix in Equation (13) is really
a generalized permittivity for the coupled system. If the off diagonal terms were
absent, Equation (13) would give 1 + a; =0or1 + a, =0 which describes the
plasma modes of the individual systems. But because of the coupling we now have

1+ (a0 + ay) + ajay(l —e ) =0 (14)

The different space charge modes predicted by Equation (14) will be discussed in
the next section. As we mentioned earlier, exchange effects can be approximately
incorporated by subtracting an exchange potential V.. from the V;; (i=j) in Equation
(4a); since the two systems are spatially separated, exchange does not aflect the V;; for
i # j (assuming there is no overlap in the wave functions). The exchange energy per

electron U,, can be estimated for a degenerate electron system using®

2 dK
U =~ 1 7
lk'{sn 2¢|R-KR'| 4=

2
=- ?ch— n 0K =0, K being the electron wavevector.
F

A change in the electron density by én produces a change in the exchange energy which

can be approximately accounted for by an exchange potential

3
Vie —-9—2“? on.
For degenerate systems the effect of exchange is to reduce a; and a; appearing in the

disgonal elements of Eqs. (12) and (13). This modifies Eq. (14) to

1+ ofay + ag) + agag(r?—e ) =0 (16)

.......................
.....................
..............
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7~1-k/kp

For long wavelength excitations « is close to 1; but e™*4 is also close to 1 for small d.
As we shall see, the frequency of the acoustic modes depends on the difference
(7 = e%4d), 50 that exchange effects could pls a significant role in degenerate systems.

Exchange effects are usually smaler in nondegenerate systems.

3. Acoustic Plasma Mode for Identical Wells

We will now discuss the acoustic plasma mode for a pair of wells; which are
assumed identical. It will be shown that the acoustic mode is not Landau damped if
the spacing d between the wells is large enough. Since the wells are identical we have

a =a; = a
From Equation (14),
a = (1 & ekt
m-%or—k—ld- if kd<<'1

The eigenvalue @ = —1/2 leads to the optical plasmon where space charge waves in the
two wells are in phase; @ = —1/kd corresponds to the acoustical plasmon where they
are out of phase. The association between wave type and eigenvalue can be seen by

considering the corresponding solutions ¢,, ¢, in Equation (12a). For the acoustical

plasmon,

akd = -1

----------------------------------------------
..............................................
......
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20 _ 1

Lp F(\) (17)

where L represents the screening distance for a degenerate electron system given by

1

28 °

Lp = |21 =70A
P | aret? I

if m* = .068 m,, ¢ = 10 ¢, (typical values for GaAs). Let us assume that A >> 1 so

that the mode is not Landau damped. This means that the wave velocity is much

larger than the Fermi velocity of the electrons (for degenerate systems) or their thermal

velocity (for non degenerate systems). We then have

g(\) >1/2 22
For degenerate systems one has F(\) = g(\); for non-degenerate systems the integral in

Equation (10) gives approximately the same resutl, so that we may set

D S 2
T 2« (/kv) (18)
with v equal to the Fermi velocity (vp) for degenerate electrons and to the thermal

velocity (v,) for non-degenerate electrons. Using Equation (18) in (17),

0_,../ /4
T = ﬁ (19)

If d >> Lp, the mode velocity is much larger than v and the assumed condition of zero
Landau damping is satisfied; however, we may still have collisional damping unless the

frequency is high enough that w >> 1/7 (since 2 = w—j/7).

[ ]
Consider 8 potentially practical example. If d = 1000A and n = 10'3/cm?, then

for GaAs we have (assuming a degenerate system) Vg = 4.3 x 107 cm/s.

...............................
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% = 3.6 Vg = 1.55 x 10® cm/s.
At a frequency of 500 GHz, the wavelength is =~ 3.1 um, so that interacting structures
can be fabricated on the surface by photolithographic techniques. However, the design
of transducers for these waves may prove difficult because of the necessity to excite two
nearby wells having a 180° phase difference.

Finally, it should be noted that the velocity of the acoustic mode depends on the

difference 1-e”*d so that it might be significantly affected by exchange and correlation

<

b Y

N as mentioned at the end of the last section.

S 4. Conclusions

N

o In this paper we have described a Boltzmann formalism for describing coupled
space charge waves in spatially separated two dimensional systems as encountered in

- multilayered heterostructures. Both degenerate and nondegenerate electron systems

..

" can be handled by this formalism. Acoustic plasma modes are investigated using :

y potentially practical examples of realizable structures in GaAs to illustrate the results. i
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§ Figure Captions
)

:'1‘ Fig. 1:  Multilayered Heterostructure

B (a) Configuration

% (b) Conduction and Valence Band Edges
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