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RESEARCH OBJECTIVES

g
»
Introduction
The research effort reviewed in this report reflects a transition in specific objec-
tives, while continuing to be directed at the development of monolithic microwave
acoustic structures. Although considerable progress has been achieved at frequencies of :
up to a few hundred MHz, little or nothing is known of the behavior of thin film monol- ;
ithic devices at microwave frequencies (above 1Ghz). The emphasis of the research pro-
£_V gram. therefore, has been shifted to the exploration of the limits of several materials 7
L‘- and configurations at higher frequencies with the objective of determining the dom- {
L inant factors (such as the relationship between propagation loss and film microstruc- ’
ture) which act to limit device performance. The change in emphasis is greatly facili-
{ tated by the installation of a high resolution electron beam lithography system; the
installation is to be completed in the month of November 1984. At the same time we J
have greatly increased the sophistication of our materials preparation and characteriza- »
tion capability through our involvement in the growth of films by molecular beam epi- ';j
taxy. Routine collaborations with Professor N. Otsuka has added high resolution (3A) ]
transmission electron microscopy to our capability. The information resulting from y
interface imaging is expected to prove critical in the preparation of very thin (dictated -
by higher frequencies) oriented piezoelectric films. .{
Finally it is important to observe that although SAW devices have developed into 1
a mature technology for high speed signal processing in the 50-500 MHz range, they ]
have had only a tenuous connection to the areas of integrated electronics and
integrated optics. We perceive two main reasons why a widespread integration has not ®
occurred despite the obvious motivation: ]
1. Incompatibility of substrates: SAW technology is centered around lithium niobate
and quartz, while integrated electronics is based on silicon and gallium arsenide, »
with integrated optics involving lithium niobate and gallium arsenide. :
)
2. Incompatibility of dimensions: The wavelengths used in SAW devices are typically {
10-30 gzm; these values are large compared to the dimensions associated with either ."
1

integrated electronics or optics.

To overcome these inherent problems we are proposing a novel and unique
approach using high frequency (1GHz and above) guided acoustic waves in an AlGaAs-
GaAs-AlGaAs structure. The initial effort, commencing during the current reporting
year, is described in section A of this report.
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Specific Results

A. Double heterostructure Waveguides

Our most recent work involves studies of an AlGaAs-GaAs-AlGaAs structure.
AlGaAs has an acoustic wave velocity which is 20 to 25 higher than GaAs. As a
consequence, an acoustic wave can be guided along the buried GaAs layer. These
waves have the following attractive features:

1. Substrate compatibility: integrated electronics and integrated optics are both cen-
tered around GaAs.

2. Dimensional compatibility: the acoustic energy resides in a buried layer away from
the surface. The scattering losses associated with the surface are minimized, and it
should be possible to propagate acoustic waves with frequencies exceeding 1GHz;
losses due to the interface are expected to be minimal, since light waves with simi-
lar wavelengths are known to propagate well in these structures. The associated
acoustic wavelengths are lum or less, and hence compatible to typical optical
wavelengths.

3. Compatibility of Configuration: In a.. AlGaAs-GGaAs-AlGaAs both acoustic and
optical waves are guided along the GaAs layer so that large acousto-optic interac-
tions should be possible. Moreover, MODFET's which are becoming increasingly 4

popular also use exactly the same structure. J

%

We believe that the possibility of using the same identical structure for integrated :
clectronies, optics and acoustics is rather unique and this can lead to a whole new field :
of integrated acoustics which will be compatible with both integrated electronics and . J

integrated optics. A true integration of these technologies could have a significant
impact on both the areas of acousto-optics and acousto-electronies.

3. Implanted Isolated Storage Correlator

During the past year a new configuration for a monolithic storage correlation was
conceived, constructed, and tested. The new device is called an Implant Isolated
Storage Correlator and utilizes an ion-implanted array to isolate sampled signal storage
regions. The device is simple to fabricate, requiring neither pn or Schottky diode
arrays for <ignal storage. The memory function is accomplished through alteration of
depletion widths of MOS induced junctions with storage times longer than previous
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S monolithic configurations. A complete deseription of the implant isolated memory
L~

correlator is found in the preprint manuscript for the snvited paper included as Appen-
dix A.
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C. Theory For Perturbations in Layered Media

Appendix B contains a copy of the tnvited paper delivered at the 1983 IEELE Ultra-
sonics Symposium. This work represents the first computation for the prediction of
wave reflection and Rayleigh-Sezawa mode conversion produced by ion-milled grooves
in monolithic thin film acoustic devices. The theoretical estimates conform closely to

— frwf, -
'

experimental measurements. Further details concerning the theory of mode conversion
p produced by grooved arrays in layered media are given in the report of our article in
the Journal of Applied Physics (Appendix ).

D. Mode Conversion Resonator

Theoretical considerations related our recently proposed mode conversion resonator
have led to predictions of a SAW resonator whose transducer position in the cavity is
not a critical design parameter. This rather surprising result has important implica-
tions for the fabrication of SAW resonators, as critical alignment steps can be elim-
inated. Furthermore, the grooved reflector array and aluminum transducer can be
defined in separate fabrication steps; an advantage not possible with pievious SAW
resonators. Mode conversion resonators utilizing this relaxed spacing requirement are
being examined in both one and two port configurations. The initial results of this
effort will be presented at the 1984 IEEE Ultrasonies Symposium.

E. High Q Resonators

During the past vear we addressed the problem of achieving Q values for the on-
silicon resonators which are greater than the 12,000 we previously reported. Since the
7Zn0 layer contributes to the propagation loss, and hence to a reduction in Q, we have
fabricated externally coupled resonators with Zn0 limited to the regions of transduc-
tion. in the externally coupled device configuration resonant at 110 MHz we obtained
Q values of 25900 for propagation on Si02-Si, and up to 31.400 for propagation on
unoxidized silicon. Details of this work were reported at the 1983 IEEE Ultrasonices
Symposium, and the Proceedings paper is included as Appendix D. We are currently
involved in the fabrication of high-Q). Zn0-limited resonators in an internally coupled
resonator configuration.
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IMPLANT-1SOLATED SAW STORAGI: CORIUSLATOR

S. 8. Schwartz, R. L. Gunshor, and K. }. Plerret j;

School of lectrical Engincering, Purdue University, ;J
West Lafayette, In. 47907 ‘f
ABSTRACT k

The development of surfuce ucoustic wave (SAW) convolvers and correla-

tors is first reviewed. This 1s followed by the introduction of a new type of

oL

monolithic metal-zinc oxide-silicon dioxide-silicon storage correlator. abri-

cation and operalion of Lthe implant 1solated storage correlalor, which relies

ke k"

on ion implantation for confinemenl of storage regions, 1s next detailed. A
capacitance-time measurement procedure for cvaluation of Lhe charge

storage capabllily of the device 1s described, and correlation outpul infornia-

e Sk o N

tion i1s used to estimale the efleclive recombination rate of the inversion

layer charges. Finally, operational characleristics are examined and Lhe new

o AW

bias stable device is shown Lo cxhibit o 3 dB storage time in excess of 06

> -

seconds. The cited storage Liume exceeds reported storage tumes of other

structures fabricated :n the Zn0/ 810,/ 51 layered medium configuration.
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L. INTRODUCTION

Surface acoustic wave convolvers and mwemory correlators are devices ;}J
which ulilize the nonlinear interaclion of the clectrie field assoctated with A
acoustic waves in a piesoclectric medium to perform real LUnie mulliphcation \
of two signals. A representative monelithic metal—piezoelectric ilm-310,-5t ;‘J
convolver is shown in Fig. 1 The piecoclectric layer enables one to excite }
surface acoustic waves in the silicon by applying rf signals to interdigitated g
transducers on the surface of the substrule ‘The electric field pattern pro- i;
v,

duced by fingers of allernating polarity nduce pertodic time and spatial 1
stresses 1n the plezoelectric layer, thereby exciting a surface acoustic wave. :
Assoclated with cach propagaling surfuce wave 1s an acconipanying electric 'i

e

field. 1t i1s the nonlinear interaction within the semiconductor between the
electric field palterns of Lwo conlra-propagating waves that produces a signal

proportional to the product of the two acoustic signals al every point in the

device. The function of the third electrode, known us Lhe gale, 1s Lo sum the

product signal over the lenglh of the device  When two signals are apphied

simultaneously to the two transducers, the oulpal ab the gate s proportional

D,
to the Lime-compressed convolution of Lhe Lwo signals.

The development of monolittue SAW devices has ecmiphasized the use of )
Zn0 and AIN as piezoclectric fimis. Although 4n0O has reccived the most b
altention, AINY2 has somic altractive fua’ dres related Lo ruggedness and the ﬂ:
potential for low dispersion Both malerials can be utilized to achieve a tem- ‘
peratur: stable configuration !

It should be noted that the Fig 1 cunfiguration s but une of several ways \

\
v
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to realize the piezoelectric-semiconductor interaction. PFor cxainple, a
separated medium technique has been employced where a semiconductior (51)
and a bulk piezoeiectric crystal (usually LiNbO;) are mounted n close prox-
imity3.4.5.6,7.8, The separated medium structure, although mechanically
more complex than a monolithuc configuration, has a wide bandwidth capabil-
ity? as a result of the high electromechanical coupling coefficient of LINDOy.
To increase the bandwidth capabilily of devices fabricated in the monolithic
Zn0/ Si0y/ Si system, thereby making them more altractive as practical sig-
nal processing devices, higher electromechanical coupling was sought by
employing a higher order Rayleigh mode. It has been shown that the second
order or Sezawa mode of the laycred 7Zn0/ 510,/ Si configuration can be
efliciently excited in high quality films!0. The electromechanica! coupling
coeflicient available from this mode exceeds that for Rayleigh waves in bulk
Zn0, and is close to Lhe value for LINDO, Several convolvers and diode
storage correlators which exploit Lhe bandwidth advantage of Lhe Sezawa

mode have been reported?! 12,13, 14,

Convolvers, 1t should be pointed out, can be used to perform correlation
between two signals. A disadvantage of correlating two signals using a con-
volver is that the reference signal miust be time reversed An electronic time
reversal techruque?!® has been demonstrated 1n a convolver systemi?8, but at
a sacrifice of high insertion loss which leads to a degraded dynamic range
Additionally, an incoming signal arriving al an unknown lUime necessitates
repeated application of the reference signal to counter the uncertainty of

the arrnival time which 1n turn leads to a smaller efleclive time-bandwidth

product.
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The storage correlator is a device whicti performs bolh convolution and
correlation without the need for time reversal and withoul concern for the

uncertainty of the arrival Lime of the signal to be interrogated. lence, two

of the major drawbacks of perforining correlalion with the convolver system
are eliminated by utilizing a memory correlator

A sumplified description of Lthe storage correlation process can be given
with the aid of Fig. 2 which depicts a typical memary correlator. Under nor-
mal operation, one introduces a signal al one of the transducers such that a
sampled version of thus reference signal, S(t), ts stored beneath the gale of
the device by onec of several possible wriing procedures. At some later
wnstant, but stll within the storage Lime of the reference signal, a second sig-
nal, R(1), 1s applied to the gate of the corrclator. The introduction of R(t) at

the gate electrode exciles two contra-propagating signals representing the

product of R(t) and S(1), which subscquently appear at the two output Lrans-
ducers; it can be shown thal the correlation uppeurs at one Ltransducer, while

the convolution Gulpul 1s available at the other

aaeliaflibfosfinadsbuddefo

o date, several memory array configurations have been employed in

the fabrication of storage correlators  Schenies for signal storage by means
of surface states!” 18, pn diodes?d.20. 122122 ynd Schotlky diodes?3:24.2% have

been examined. More recently, a new Lype of junclion storage correlator has

been introduced?® 1n which the spatial variation of inversion layer charge at
the 5i0y/ 51 interface of the Zn0 monolithuc configuration has been utilized
for signal storage With the exception of this "induced junclion” storage
correlator, the various storage schemes have been emplayed in both monol-

ithic and separated medium configurations
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The first memory devices utilized senuconductor surface stales for sig-
nal storage!” 8. In a surface state memory correlator, the electrie field pat-
tern assoclated with an applied signal causes a bunctung (periodic spatial
concentration) of free electrons at the Si/ 310, interface. Subscguently, a
portion ol the electrons are trapped al the interface thereby producing a
spatially varying charge pattern. ‘The slorage time ol these devices
corresponds Lo the delrapping time wiuch s a funclion of Lthe propertes of
the interface. Surfuce state storage was subsequently replaced by more
easily controlled and repeatable diode storage arrays. Mare recenlly, refer-
ence signal storage in induced junctions was reported?® ln both diode and
induced junction array processes, the principle of charge storage is essen-
tially the same. Recombination of minority carriers injected out of a p*
region (or inversion layer in the case of the induced junction device) by an
applied signal causes an alteration of the diode (induced junclion) depletion

width.

The monolithic metal/ Zn0/ Si0,/ S (MZ0S)?7.28 memory correlator
introduced this paper utilizes depletion regions in the silicon to store a refer-
ence signal, but in an MOS region of n-type silicon only; that is. no diodes or
surface states are employed for storuge. lMurtherniore, the uncontrotlable
and often undesirable charge injection process®® 30.20.3) which was used con-
structively by the induced junction storage correlator 1s successlully 1gnored
in the implant isolated storage device.

In the following section we present a delaided description of the
implant-1solated storage correlalor fabricalion and operation as well as
experimental veriflcalion of the cxistence of induced junclion storage

regions. Section llI consists of an wn-depth discussion of charge storage in

|
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J
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L‘ the implant-i1solated device. An approximation for the effective recombina-
;

tion lifetimie of nunorily carriers is also prescaled  Lixperimental resulls for
: the implant-tsolated storage correlator are given in Section IV followed by

F conclusions 1n Section V.
L
Y
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1. 'THE IMPLANT ISOLATED STRUCTURE

Device Structure

The implant isolated storage correlalor, pictured in Fig. 3, consists of an
n-type 10 0—cm (100)-cut silicon substrate which is ion iniplanted with phos-
phorus in a grating pattern at the sample surface. Charge storage. it should
be noted, occurs in the non-implanted regions. Subsequent to the grating
region implantation, a wet oxidation s performed at 900 °C for 40 munutes.
This oxidation, yielding a 1000 X thick insulating layer, simultaneously pas-
sivates the silicon surface and activates the implant. Prior to depositing the
1.7um Zn0 layer by rf sputtering, 1000 X thuck aluminum shorling planes are
evaporated on the substrate in the regions below the transducers to enhance
the electromechanical coupling. The top aluminum metallization pattern
consists of two pairs of single comb transducers3? and a split gate electrode
arranged so as to form a dual track structure33. The transducers, used to
excite Rayleigh waves, have equal 17.75 um finger widths and gaps; the
center frequency of the transducer response 1s 128 MHz. The separate comb
dual track structure 1s employed because thus technique has been shown to
suppress the self convolution caused by rcflections from the transducers. By
slanting the gatc metallization pattern adjacent to the transducers one
minimizes the undesirable oulput observed at Lhe transducers caused by

waves launched at the ends of the gate.
Implant Isalation Concept
Insight into operation of the implant isolated storage correlator can

best be achieved by understanding the method in which charge is stored in

the device. We present a qualitalive explanation bascd on typical n-lype MOS

capacitance versus voltage characlenstics. To first order the Zn0 layer can

A A e, 40 DETSINIW ¥ SRS
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be modeled us a constanl capacitance in series with the constant SiU, layer
capacitance, the combination can in turt be modeled as o single effeclive
iInsulating layer. C-V curves for two structurally identical but differently
doped MIS-capacitors are displayed in Fig 4. Note that tor bLoth devices,
accumulation occurs over the same bias range  However, the onsct of inver-
sion occurs for different values of capacitor bius  Suppose Lhe two differently
doped devices were side-by-side as parl of the same substrate and covered
by the same insulator and metal gate. Under this condition a range of gate
blas voltages would exist where the lugher doped device would be depleled
and the lower doped device would be nverted. In the iniplementation of the
implant-isolated storage correlator, higher doped depletion regions are used

to isolate the lower doped storage or inversion regions.

To achieve lateral vaniations in doping density one can emplay either 1on
implantation or diffusion; ion implantation was chosen because it offered
advantages in ease of fabrication. Phosphorus was implanted into the unoxi-

dized silicon wafer through a photoresist mask at a concentration level of

8.0X10'%/ cm? using an implant energy of 25 KeV. The implant concentration

)

varies of course as a function of depth into the semiconductor. An estimate

AT Al

of the doping profile derived from the C-V profiling technique, however, indi-
cates that the semiconductor may be approximately modeled as uniformly

doped (~10'" /em® in the bias ranges of interest. As a result of the ion

implantation, a periodic grating patlern of alternating highly doped and lowly
doped semuconductor is established beneath the gale of the correlator. The

periodicity of the graling corresponds Lo bum wide slorage regions

AWa . At A A

separated by 5 um wide implanted regions. A sunple electrical mode| tor the

correlator gate appears 1n Fig. 5, while Fig. 6 shows experimental C-V curves




derived from an wumplanted wafer, a wafer iniplanted over its entire surface
L. area, and a grating structure wafer. (The risc in the capucitance of the grat-
ing structure capacitance near -8.0 volls 15 caused by lateral effects.) |t is

apparent from the curves in Mg. 6, thal one can select a bias voltage

E between -1.0 volts and -10.0 volts such that the inverted storage {(non-
i umplanted) regions will be electrically isolated [rom one-another by depletion
’-.-i reglons in the implantad areas. This is the desired result as illustrated
;" schematically in Fig. 7. The implant-isolated storage regions, however, in
r‘ contrasl to those formed by charge injection and Lrapping al Lthe Zn0/ 5i0,

interface®8, are established by a repealable, well-controlled tabrication pro-

4 cess and simple seleclion of the proper operaling gate bias. i#
b

t
Yerification of Storuge Ilegion Isolulion

Subsequent to ion implantation, implant aclivation during thermal oxi-

P

dation, and deposition of the shorting pad metallization, special gate-pattern )
test structures were formed direclly on the oxidized silicon surface. The

test structures were subjected Lo a post-metallization anneal at 480 °C for

"

five minutes to minimize the 9510,/ 51 interface stale concentration.

.
et h

Capacitance-versus-time (C-t) transient nieasurements were then performed R

P iy

on the S10,/ Si system 1n order to determuinc the storage capability of the

grating, and to examune Lhe eflecltiveness of the implant in isolating the

storage regions.

The C-t transient results can be readily explained with the aid of Figs. 8

and 8. Figure B shows a series of capacitance-versus-time characternistics of

the grating region when pulsed from an cquilibrium state al Vg = V, (aceu-
mulation) Lo various voltages (Vy. Vp, elc ) labeled in 1g. 6 Irace A shows

the result of pulsing the capacitor from the accumulation reference bias VY, L

i m e m_A.m—a
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to an applied bias which ts still in accumulation. As expected, there is no
change in capacilance wilth bme. Sinularly for Curve B, when both the
storage and isolation regions are depleted the t>0 capacilance 1s time
independent, but is lower because of the increased depletion widths of the
two regions. Once the device is pulsed such that the non-implanted region
beneath the gate is inversion biased (curve C), Lhe sudden pulse causes a
deep depletion condition 1n the non-implanted region with an accompanying
finite relaxation time back to equilibrium. The difference in the C-t transient
of curvces C and D is thai a larger negalive pulse causes a grealer degree of
depletion in the 1mplanted region and also a greater deep depletion width in
the non-implanted regions. After relaxaltion, the non-umplanted depletion
widths remain at their maximum values. However, the total equlibrium
capacitance 1s lower due to the larger depletion width in the implanted
region. Once the gate 1s pulsed from accumulation to a bias tending to invert
both the implanted and non-implanted regions, Lthe Lotal capacilance always
relaxes to Lthe same minimum value as exemplified by Curves £ and F. This is
true even though a larger negative pulse deep depletes the capacitors
farther and for a longer Lime. The existence of a biasing range where the
device relaxes to a decreasing final capacitance, followed by a biasing range
where the final capacitance Is always the same independent of bias, is direct
verification of the underlying device concept -- mmiplant 1solation of the
storage regions. The biasing range over which the device relaxes to a
decreasing final capacitance corresponds, of course, to the set of biases used

in the normal oparation of the storage correlator.
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1. CHARGE. STORAGE

In tlus section u simple model 1s presented to desceribe the information

A_‘?h'." (AR

storage process. To gain physical insight, we first examine the response of

Nl

the storage region inversion layer charge and depletion capacitance Lo a sin-
gle narrow pulse. After analyzng the effecl of @ narrow pulse, the actual rf

signal 18 next treated as a discretized sequence ol narrow pulses {details 1n

oottt s

Appendix).

Charge Slorage i,
1
Consid:r the application of a narrow positive pulse to the gale of a dev- ]

ice which 1s biased for normal operation. Under equilibrium inversion condi-
tions, there is a maximum depletion width associated with a given gale vol- é

tage. Application of a shorl duration positive pulse Lo the gate while it is
under equilibrium inversion bias will cause the depletion width to narrow by
some amount dependent upon the pulse amplitude and duration; at the same ‘

time, minority carrier holes in the inversion layer will be injected into the

R NN

semiconductor depletion region where some will recombine. Termination of

this pulse causes the depletion width Lo instantancously assume a new value
equal io its equlibrium width plus an increment dependent upon the amount
of muuority carriers which recombined during the pulse. Herewn 1t 1s

assumed thal the recombination rate of injected holes, crucial Lo informa-

Y L2 RSP . Y

tion storage, can be modeled by an eflective recombination Lfetime, Ty

'

Moreover, the generation of carriers during the negative going portion of the

writing cycle can be neglected because, as 1s obvious from the lengthy

J
storage times, the return Lo equilibrium is very slow compared to the writing
recombination rate. Surface slates, traps in the semiconductor and Zn0,
and charges in the oxides will also be neglected because they complicate the )

.t N
L T U WAIUP U G V. I W W e W W ¢ N PR
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:‘ analysis without offering any insight into the writing process.

As discussed 1n Seclion 1], proper operation of this device 1s dependent

upon the selection of an appropriate operating poinl gate bias. Assuming
that a bias of V¢ has been applied to Lhe gate, one can, using the 6-depletion
approximation, calculate the inversion layer charge at Lhe siicon surface.
Because the Zn0 layer is only scominsulating, the d.e. charge applied Lo the
gate 15 readily injected into the ZnO film and 1s subsequently stored In traps
adjacent to the Zn0/ Si10, nterface, 1 €., under steady-state conditions a vir-
tual gate 18 formed at the Z4n0/ 810, interface3). The ZnO layer, therefore,
can be neglected when calculating the equilibrium minority carrier inversion

charge density whose magnutude 15 given by

_ _2kr,, _ 9Ny \/47,5: KT
QIUI] - Co lvc q ‘Jl" Co an q IUI"I ] ' (1)

where C, 1s the capacitance (per unit area) of the 510, layer, Ny 1s the back-

ground doping level of the n-type silicon substrate, and Uy 1s the substrate
doping parameter. The dielectric constant of the silicon is represented by
k. the temperature by T, ¢, is the permutuvily of free space, and K is

Boltzmann's constant. The constant U is given by

Up = - ln[i? . (2)

where n, Is the intrinsic carrier concentration. 4
"

Due to the localization of injected charge at the Zn0O/ S10; interface, the -1
equilibrium inversion layer charge 1s independent of the Zn0 layer capaci-
A

tance. However, this is not true of the inversion layer charge densily when ;
there are rapud changes in the gate bius  For rf signals in the frequency :

range of interest, vollage changes aru joo fust for the gale-injected electrons
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to follow the applied signal. Hence the capacitance of the 2n0 luyer must be
included in any calculation of the redistributed surface charge  The condi-
tion just described can be visualized more easily with the aid of g 9. In
this figure, the solid curve represents a normal C-Y characteristic for an n-
type semiconductor; Vg 1s the bias pontl. In a normal MOS capacttor one
would have to pulse the gate to some bias greater than Vr to move out of
inversion and into depletion. In the case of a correlator with an injecting Zn0

film, however, the gate must be pulsed to V¢, (on the dashed curve) to be at

the edge of inversion. For comparison to the redistributed charge it is there-
fore more convenient to rewnrite the equiibrium inversion layer charge den-

sity (Eq. 1) for a given gate bias V¢ in terms of Vr_ and C (the series combi-

nation of the ZnO and Si0, capacitances). The resulting expression for Quq is

- _2kr,, M 4xetq KT
Quq-Clth+V'r,, A Ve (3)

given by

where

Csi0,Crn0

(4)

1 - e ——r———
Csi0, + Cuno

It the applied pulse were of amplitude V,, repeated applications of such
& pulse within an interval that is short compared to the device storage Lime
(~ 1 sec) eventually leads to a "steady-state” decp dcpletion condition
beneath the gate where the new inversion layer surlace charge density, Q,,

gaturates at

. 2kT, _ M \/4_'“ KT ||
Qu=C Yo~ VatVr, q Vr - ¢ N q ’Up, : (5

Cadl oo L oden oL siRR e .r*'.f,v.T
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:‘ The maximum charge storage in the implant-isolated storage correlator for a

' given V, 1s therefore

AQ = Qn:q - QA = CIVA : (6)

Assuming an eflective recombination hifelime, the application of a de 3

pulse of amplitude V, and arbitrary duration t, changes the inversion layer R

charge by an amount ‘*

8Q, = CiVa(1 — ™7™ (7) ﬁ

The expression for the inversion layer surface charge as a tunction of gate ]

bias, applied pulse magnitude, and applied pulse duration is given by .1

-t

Q(VeVatp) = Queg = CVa(1 =77 ™) (8) !

It ane were to pulse the device again immedialely after the application of the »

1

first pulse, the starting inversion laycer munority carrier density would be ]
Qs(Vg.Va.tp) instead of Queq.

As mentioned above, the change 1n surface charge caused by recombina- %

tion during a positive pulse of duration t, resulls in an increase 1n the deple-

tion width of the storage regions, the new deplelion width is given by

. ¥
VQ _ Qs(\’C'vA-Le)
Kt Co

tataa e Ol

W(Ve.Vaty) = C -1+ |1+ v \ (9)
where
%
_ k¢ qNy .

The modified depletion width corresponds Lo a decreased capacitance given

by ’j
C,
C(Ve.Vaty) = W {11)
c VC _ Q.(VQ(‘VALE)
Ly 214 |y — —o22
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Effective Kecombination [ifetime

P,

An experiment was performed Lo obtain the effeclive recombination hife-
time, Tg. Determination of 1;; was accomplished by monitoring the variation

. in correlation output with the number of 1dentical writing sequences between

N . W

h each i1dentical readout step. Lach write sequence consisted of ¢ 1.0 us gale
reference signal writlen by a 400 ns rf writing signal which was applied Lo one
& transducer (gate-acoustic writing mode). wkesults of thus variable-write
¢ correlation experiment are shown in Fig. 10 which 1s a senulog plot of one >
3 minus the normalized correlation outpul versus cflective write time.
. Effective write time 1s simply the number of writes performed belween each
readoul multiplied by the write signal duration (400 ns). (It should also be .1
-
3 noted that in this experiment the Lime belween readouls was several seconds 1
to ensure sufficient decay of Lhe stored signal before iniliating a new write 1
sequence.) The value of 7y was determined to be 8.3 us by fitting the eq. (7) .i
dependence to the measured correlation output. '.21
L
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IV. OPERATIONAL CHARACTERISTICS

In this section we present experimental results for the correlation of two
1.0us rf bur.ts in order Lo examine correlator storage time, dynamic range
and efliciency All correlation measurements were performed using the rf
gate-acoustic writing mode and the gate-lo-acoustic reading mode. It should
be pointed out thal the implant-isolated storage correlator presented in thus
paper is bias stable; resuits of all correlalion measurements are totally
repeatable at any time without any special precautions, wrrespective of the
previou- gate bias.

A key feature of the implant isolated correlator device is the ime the
device 1s capable of storing a reference signal. Figure 11 displays the corre-
lation output versus storage ume, the dala poin's [all along the dashed curve
which corresponds to a 3 dB storage tume of 0.56 seconds. Although this is
certainly a long storage time compared lo other previous MZOS correlator
configurations, with advanced fabrication procedures it is nol unreasonable

to expect storage times of at least several seconds

A plot of normai.ced correlation oulpul versus gale bias ts shown in Fig.
12 for three different values of read-write power level combinations. It s
seen that for gale biases less than a cerlain value, the correlation output
always remains withun 85% of ils maxiniuni. Thus indicates a very wide bias
range over which one may operate the device without signuficant degradation
of the output signal. Based on theoretical considerations, one might expect
that once the d.c. gale bias was suflicicntly large to wnvert not only the
storge regions, but also the ion implanled scparation (and lateral) reglons,
then the lateral flow ol nversion layer munorily carricers from implanted

regions surrounding the slorage areas would chnnnate the stored signal. The

. P O U SU U W W g ous FPUPEPEPLPLVEVETEIEY § PR & 5
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experimental resull presented, howcuvuer, indicates that the tmiplanted region
is of insufhicient area to supply the signal climinaling flow of minorily car-
riers. The top surface of the device alter sawing and mounting c¢xtends
approximately one millumeter to either side of the one millimeter wide gate.
This area is subject to lateral eflects and should contribute to the overall
relaxation, but it is apparently Loo snuall Lo degrade the oulput signuficantly.
An rf writing signal of 140 nanoseconds (18 cycles) was found to produce
the highest correlation output, and this writig pulse duration was used when
performing the correlalion measurcments shown in fig 13, Figure 13a
shows the correlation outpul versus the refcrence signal amplhitude and the
result 1s linear over a 25 dB range 1n correlator output power. The correla-
tion output versus read pulse power can be scen n Figure 13b, here again
the dynamic range of the device is approximately 25 dB. In all measure-

ments the correlation efliciency is between -100 and -110 dBm. The

efficiency and dynamic range of this device are lower than expected. ZnO 1
flm quality during this particular sputler produced a delay line insertion
loss some 14 dB more than in previous devices with the same dimensions. .]J
(The same was true for non-implantled test structures.) A belter piccoclectric 1

film should upgrade both figures of merit into the range of previously

reported monlithic memory correlators ]
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1IV. CONCLUSIONS

A menolithic MZ0S surface acoustic wave tnerory correlator has been
presented which vlilizes 1on unplantation Lo confine induced junction storage
regions. The storage time capabilily of the device before fabrication 1s com-
pleted has been demonstrated by means of a pulsed capacitance-versus-lime
experiment. A simple model of the writing process was delaled which allows
one Lo delermine an eflective cunorily currier hfctune for the iaversion layer
charge. It has been demonstrated that 3 dB storage times in excess of 0o
seconds are acluevable with the pronise of signhal storage up Lo several
seconds. Finally, this device exhibits bias stubilily muaking the aaptlant iso-

lated storage correlator an altractive device for use as an on-chip circwut ele-

ment.
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APPENDIX
For a single pulse applicd Lo a sturage regiun one has, alter o« reclungu-

lar pulse of amphitude V, and duration At;, a odified surface charge density

of Q; given by

Q=Queq = CIVi(1 = ¢ ™ (A1)

It one applies another pulse of ampltude Vy and duration At, al some 1nstant

immediately after turning off pulse V,, then the surface charge densily is

given by

Qe = Queg = CVe + [ Q1 = (Queg — Ci¥)] €™ (A2)

= Q“q - Cle(l _ e-bl"/TR) _ Clvle—blirk(l _ e“ALl/TR)

Simularly, with the application of numerous narrow pulses of amplitudes V,,
one can replicate any time varying signal. If ocne discretices the desired sig-
nal into uniform increments of duration Al, one can determine the surface

charge density for the application of a signal NAU long by

Qv = Quug ~ Ci(1 - e""*“)[ﬁlv‘e A ""“”’“} . (A3)
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FIGURE CAPTIONS

Schematic of a typical monolithuc SAW correlator.
Correlation and convolution using o storage correlator.

Schematic diagram of an implant-1solated storage correlator. (a) Top
view of dual gale structure and single comb transducers. (b) lon
implantation pattern. {¢) Side vicw of completed device

Normalized C-V curves for typicaul MOS capacitors

(A) hughly doped (1.25X10' / cm®) n-lype Si

(B) moderately doped (5.0X10'¢ / ¢cm3) n-type Si.

Electrical model for the gate of the implant-isolated storage
correlator The implanted and non-iniplanted regions are denoted by
Cin and Cy respectively. Rg is the bulk silicon resistance and Cy s the
combined oxide capacitance.

Experimentally determuned C-V characteristics derived from a (A)
totally implanted (B) combined (grating) (C) non-implanted waler
(Ya. Vu. etc. refer to the curves in ig. 8)

Schematic of charge storage regions (induced junctions) established
beneath the gate of the correlator. Plus signs denote inversion layer
charge.

Capacitance versus time (C-t transtwent) results for applied pulses
described in the text.

(a) Depletion width of a single slorage region in inversion surrounded
by depleted highly doped regions. (b) Dinergy band diagram drawn
along the 510,/ Si surface.

C-V characteristics of a typical MIS capacitor (solid curve) and an
MZO5 capacitor exhibiting charge tnjection into the 4n0.

Correlation output versus effective write time displaying exponential

dopendence. Solid curve corresponds Le an eflective munorily carrier
fifetime of T = €.3 us.
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[:, Fig. 12 Correlation output versus storage time.

L‘- Fig. 13 Correlation oulpul versus gate bias for diffecent read-write power
3

level combinations

(A) Py = 40.1 dBm, Py = 36.7 dBm
(B) Py = 37 1 dBm, Pi = 33.7 dbm
(C) Py = 34.1 dBm, Pg = 30 7 dBm.

Fig. 14 (a) Correlation output versus reference signal amplitude. (b)
Correlation output versus read signal amplitude.
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APPENDIX B

REFLECTION AND MODE CONVERSION OF SURFACE ACOUSTIC WAVES
IN LAYERED MEDIA

Supriyo Datta
School of Electrical Engineering
Purdue University
West Lafayette, IN 47907

Abstract

We present a simply theory for calculating the first-
order mechanical reflection coefficient of surface acoustic
waves due to a strip overlay. The theory is applicable to
both single crystal and layered substrates. The substrate
is characterized by the particle velocities at the surface
due to an unperturbed surface wave carrying a given
amount of power per unit beamwidth while the strip
material is characterized by its mass-density and elastic
constants. With a straightforward extension, the theory
can be used even when the incident and reflected waves
belong to different modes. The theory 1s developed by
analogy with trapsmission lines (rigorous derivations have
heen presented elsewhere), and the predictions are com-
pared to available experimental data.

I. Introduction

The basic problem we wish to address is as follows:
A surface wave of amplitude A* propagating on a sub-
strate (which may be a single material like Lithium
Niobate or a layered medium like Zinc Oxide-on-Silicon)
meets a discontinuity at the surface (Fig. 1}. The discon-

)

Fig. b: (a) Surface wave incident on thin-strip overlay
(b) Generation of a reflected wave by stresses
induced at strip-substrate interface.

362 — 1983 ULTRASONICS SYMPOSIUM

tinuity may be due to an electrode or due to grooves
etched on the surface. We wish to know the amplitude of
the reflected wave, AA™. Normally both the incident and
the reflected wave are Rayleigh waves: however, in lay-
ered media we also have the possibility of one of the
waves being a Rayleigh wave and the other a Sezawa
wave. This problem is in general a very difficult one;
however, if the height h of the discontinuity is small com-
pared to a wavelength (h/A < .01 — 02) the problem can
be treated in a fairly simple manner using perturbation
theory. The coundition of small h/X is usually satisfied in
practical devices; large values of h/\ result in significant
bulk mode conversion which is unacceptable for device
operation.

The method used is basically the same as that
described by Auld' in his book with a modification to
incorporate edge effects.?3 A rigorous derivation of this
theory based on the normal mode analysis is described in
detail in Refs. 3 and 4. In this paper we will not develop
the theory rigorously; instead we will develop it by anal-
ogy with a simple transmission line pointing out the simi-
larities and differences. The theoretical predictions are
compared with experimental results for different substrate
and electrode combinations. The substrate is character-
ized by the particle velocities at the surface due to an
unperturbed surface wave carrying a given amount of
power per unit beamwidth, while the strip material is
characterized by its mass-density and elastic constants.
The same formulation is used for both single crystal and
layered substrates. With a straightforward extension, the
theory can be used when the incident and reflected waves
belong to different modes (such as Rayleigh and Sezawa).

II. Transmission Line Analogy

The simplest analogy to our present problem is that
of reflections in a transmission line (Fig. 2). The discon-
tinuity 1s represented by a region whose characteristic
impedance Zy + A7 is slightly different from the usual
impedance Zg, with AZ/Zq << 1. There is a reflection of
+A7/274 at the leading edge and -A7Z/27, at the trail-
ing edge. If we use the center of the discontinuity as our
reference plane, the voltage reflection coeflicient is given
by

AV Az [ T PEVAR
v 27, el - e J o sinf 1)

where 8 = ka = 2ra/X. kq. (1} gives us the reflection
coefficient if we know AZ/Zy the main problem in our
case, of course, is to figure out the right AZ/Z, for a
given electrode-substrate combination.  The same prob-
lem may be viewed in a somewhat different manner which
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: z " Az
AV oL e gkg) = 25 e (6)
\'+ 2[0 0 Lo
zZ, Z,tAZ Z, as before. We note here that the discontinwity n the

Az

2Z,

Fig. 20 Reflection from a mismatched section in a
transmission line.

gives the same results for transmission lines but general-
1izes more readily to our problem. The change in charac-
teristie impedance AZ can be due to a change AL in the
mductance Ly per unit length and/or due to a change AC
i the capacitance Cy per unit length,; let us assume that
Al = 0, so that

A2 __Ac Lo
—Zo— - 2(‘0 since [,0 - C_o (2)

The meident wave V¥ oinduces a current —jwACV ™ when
it meets the extra capacitance AC per unit length (Fig.
3). This current is given by

l(z) dz = -jwACdz V? (3)
The induced current now acts as a source that generates
reflected waves.

2o
dVv' = Y I(z)dz (4)
Using Equations (2), {3) and the relation k = wCoZy we

et

dvVoo L
Vet (5)

The total reflection is obtained by ntegrating Fq  (5)
3

dfter imtroducing the phase factor ¢ 21285 6 ag to shft all

the cedections to a common reference plane.

i - 4y --

T

Colds
-
2 vTD Lde -)_dCda V'
AVEAPe

» 0
LR TFY]

o r————

JwACZy/2 j2% (ALJ2Lg)

big 3 Current mdaeed by
mismatceliod cecton

imcrdent wave at a

characteristic impedance is related to the induced current
by the relation )
A7 Zo .
S22 D0 kvt (7)
2Ly 2
In our problem involving surface waves we will caleulate
the equivalent I/VY and then deduce an equivalent
AZ/22y using Eq. 7.

Hl. Reflection of Surface Acoustic Waves

Surface Acoustic Waves in piezoelectric sohids have a
fairly complicated pattern of acoustic and electrostatic
fields coupled together. The first thing we n-ed to figure
out are the “voltages™ and “currents.” One way to do
this i1s to look at the expression for power flow:

l . L] Al . Al LI
l); =" ; [vl Tn + v)’ 1y| + \" 111 -0 UW'D'”

P = -Vl (Transmission line) (8b)

€S |=—

Here v is the particle velocity, @ is the electrostatic
potential, 1) is the electrical displacement and T is the
stress. The stress is defined as force per unit area and its
two subscripts indicate the direction of the force and the
direction of the outward normal to the area. For examn-
ple, T,, represents the x-directed force per unit area
along the x2 plane.

Comparing Equations (8a) and (8b) it appears that a
surface wave has four pairs of “voltages™ and “currents.”
Usually v is zero or negligible and the particle motion is
primarily in the sagittal plane {y-z plane, Fig. 1); so we
will ignore this component. The electrostatic part can be
inportant if  the discontinuity is produced by a
conducting electrode and the material bhas a high
prezoelectric constant. This effect, called the piezorelectric
scattering, is a different problem altogether, which we will
ignore in this paper. In this paper we concentrate on the
meckameal  reflection due to  the component vy
(transverse) and v, (longitudinal) of the particle motion.
Let ur look at these one by one.

{a' Impe.ance Discontinuity due to Transverse Com-
ponent:

First we consider the particle motion perpendicular
to the surface. The induced “current,” [ 1n this case, can
be adentified with T, that appears on the surface
because of the presence of the strip (Fig 1), while the
voltage 1n this case is the particle displacement v % due
to the incrdent wave  Henee the impedance discontinuty
due to the transverse component can be written from
Equation (7) as

. ST T 0
27y iy 19, '-'Jk\'y’ (9)
where Poots the power carmed by the surface wave per
untt beamwidth, and we have used 1\‘ : :/Il’! to replace
Zo/2 (= VY We now have to deternune 'l'“/‘v;.
This as done readily, axsunmipg that the <trip s a thin one
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; y Ty, /vyt
() /f —————— ) jwph
// *
/ t
' — z
\ -a/2 +a/2
T,,dzW
b T +
® . akh/w { w/ve
O 4 A J{wph-k%ah/w)
T, ,hW = )/ (T,, +0T,,/d2)hW
7 - T, dzW
’
. -2
akh/w

Fig. 4+ Stresses induced at strip-substrate interface by an incident surface wave

(a) Transverse Component
(b} Longitudinal Component

so that it merely floats on the wave without loading it.
From Newton's law (Fig. 4)

. , dV;
T,y az W = (pdzWh) m
so that
Ty _.
+ = jwph (10)
Vy
Using Equation (10) in Pquatmn (8),
Azl _ |\ | (p(‘ h) (11)
°Zy| 4P, 2
y

where ¢, = w/k is the velocity of the surface wave.

{b) Impedance Discontinuity due to Longitudinal Com-
ponent.

Arguing as before we can write the impedance
discontinuity due to the longitudinal componeat as

- bﬁ . _T'l__ (12)

22| 4P, 2k,

Determining T, /v, , however, is complicated by the fact
that the forcos on the side faces due to the stress T,

have to be taken into account (Fig. 4). A similar com-

ponent due to T, was ignored in Fig. 5a because T, is
zero at the top surface of the strip, and its first order
value in the strip can be taken as zero. T,,, on the other
hand, is not zero at the top surface. From Newton's law
(Fig. 4b),

or,, . avt
T, dzW + —— - Whdz = (pdzWh) (13a)
T, _ _ .
_Lv’ = jwph + jkh T, /v, (13b)

364 — 1983 ULTRASONICS SYMPOS‘IUM

where we have replaced d/0z by -jk. If the strip material
is isotropic with Lamé constants X and g, it can be
shown that

Tu Ok
5 = (14)
v, w
+ . . . -
where a = 4)\_);_2 !l is an effective stiffness coefficient.

I the strip matena\ is not isotropic, the expression for a
is more complicated [5]; however, if the strip material is
the same as that of the substrate then we can assume
that T,, is the same as that for an unperturbed surface
wave and calculate a. Using Eq. (14) in Eq. (13b),

—1- = jwph = jk*ah/w (156}
vl
Using Eq. (15) in Eq. SIiZ) we get,
AZ vil* peh  ah
S5 = 12 o 16'
220 : ‘ﬂ). [ 2 2(‘s ] ( )

However, this result is not quite right. The reason i\)ﬂmt
in going from Eq. (13a) to Eq. (13b) we replaced — hy
ar

-jk. This is correet within the strip, but at the edges of
the strip T,, must go to zero  If we assume (as a fiest
order approxinmliun) that T,, is constant within the strip
but goues to zero abruptly at the edges, then the term
dT,,/d, also gives rise to delta function stresses at the
two edges of magnitude (nkh/.;)'v?, which we have
neglected.  These produce an  additional  tnpedance
discontinuity of .

Az v ah "

sl T o (167)

=40 q, a s
Adding Equations (16°) and (I167) we get the total
impedance discontinuity due to the longitudinal com-
ponent.

a4




i e DA S S S A A AR SINL 200 e g -aiy o

Az Del b a0
2y, a2 2c

for Torat hpedinee Discantmty
We van onow ohtan the (\.L}wl impedance  discon-
_S// ~ (Eq o 11) and _.);/./\
=9 ~0 -,
1 161 However, we ave to remember that the phases
f v and v are ot relited an the same way for the
meodent and reflected wases For example af vy ~ v, for
the wendent wave, then v~ v for the reflected wave
Thos can be o understond casily af the erystal is reflection
svinnetrie, that as, oz dooks the same as -7 I that ease
e tclds of the reflected wane can e determmed from
thos of the aerdent wase seply by torang the 2 oaxs
accnind (7 —e =zb ot s dear that changing 2 -+ =z changes
the < of v, but dees not affect v Henee
o where the supersenipts + and = refer
“omendentand reflooted waves, respectively.
Beeause of this change mosign, the net unpvd.\nﬁv
A7

dcontmuity s oactually the difference between 2=

"/‘0 Ly

ety from the components

[RAVANS SNy,

2o 2y 2,

13

AL AL A7
2L o (17)

The o el sign i B (17) « h;u nds on whether we define
the reflection ¢ eflivient as 3y /v, *oor as Av, /vt 'su-
ally we are interested 1 the rvﬂwnnn (()('ﬂl(lt’nl Ao Jot

beeause we like to place our transducers at the peak
petential of the standmyg wave, Since 9, lke Yy 15
unaffected by the transformation 7 — -z, we expect
Ao fot = Avy/v; = =Av, /v, This is why we have
chosen the siznoan Eqo 17 to give us the correet sign for

_}\y/v; and henee for X0 /ot From Equations (11),
{16) and (17,
A7 LT peh ' pt‘\h h
s e s
- 0 N a - -

Fhe petles tpons contlicient from astrip of lvng(h ais given
T v, !? ah
vtk D oS- pe by = = (e b+ ‘—)] (10)
H a,
AT thes point we should note avery important diﬁ'(-ronrc
with 4 tratsmission hne  Foroa o transmassion  line
Fo vL/C and vy = V1/1LC <o that of we change C
popng boennstant, we expect that

A7 A

. - 3 s

-’/0 =¥o
Howrver i the case of the surface wave thes as nel troe
b ohe delty fun tion stresses that we eacountered
Cove e effect onovelocty s they are equal and opposite at
the edge of the stap and cancel each other vut. For this

Eq (20} has the sunple interpretation that the mass-
loading {p) tends to slow the wave down while the
stiffness tends to speed 1t up. Comparing with Eq (19) it
v apparent that although the same terms are involved,
no such simple interpretation is possible  Morever, 1t s
clear that discontinuittes that produce mummal veloenty
perturbation do nel produce minimal refleetion, and vice
versa. From Equations (18) and (20) we can get a simple
relation between AZ/Zg and Av/vy

(AZ[27g) = ~(Av/vo) = ([ v,]?/4P,) 2pch  (21)

IV, Mode Conversion of Surface Acoustic Waves

In lavered structures if the top layer is <ufliciently
thick. there are two surface wave modes called the Ray-
feigh and Sezawa waves. It iy possible to have an
mendent Rayleigh wave with a reflected Sezawa wave or
the other way around  The reflection coeflicients can be
caleutated using the same method as deseribed 1 Section
H1 with the following modifications:

1. In Equation (9) 2jk is replaced by j(k* + k ), where
k* and k are the wavenumbers for the incident and
reflected waves, (w0 is the same for both.) As a result Eq.
(11} becomes

Azl _InlInT e (22)
2o, 4p, k¥ +a

2k (gl ation (15), K* is replaced by that of the mudmt
wave (k7)% while in Eq. 12, 2k is replaced by k¥ +k so
that I.quaxmn (18') becomes

ak*Th
tk*+k o

Ry l":l l"lﬂ p<h
Wy |, 1P, kKt +k

(23)

while Equation (167) becumes

a2l v ekt
= - !
L

I (24)

210 31 ‘“)B !
From Equations (23) and (24),
Az iv ]y <h ahk*k
sl s et b Ok (g
o !, 1, KP4k (k7K

Note that the final resuli (Eq. 25} s sy mmietric in k *and
k though Equations (23) and (21) are not. This sym-
metry is rather important since the reflection coeflicient
should be the same regardiess of which wave (Rayleigh or
Sezawa) 15 anenrdent and which s reflected This s
required by the principle of reciprocity

3. To get the overall impedance discontinagy we add the
wdnadual  components. This v beeause v v, hne
different signs for Rayleigh and Sezawa waves traveling
in the same direction. As a resuit a Ravlegh and a
Sezawa wave travehng i opposte directions have the
same sign for v [y,

roon we showld gee Fquation (167) rather than Fquation _ Y4k e v “ 2o h Py, st
s Seeondly o the v ansverse and longitua nel come r -‘”‘L”" A : “'),_r_ ;;vvpj—k% ' ‘——."',4,4
coteats add rather than subtract so that 2 * *
[y 12 h Tyt pe h 2ph 2ahk N k
LAy Ly Doed + o 1‘4, | Pe _ ab | (20) - }P + s ) (29)
IV w2 AN 2 2¢, k' 4k (A" +k
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V. Exampies

(a) Grouves in ST-qoartz: For an unperturbed sur-
face wave ot ST-quarte,
3

Iv |? s 2
‘—JLzusx:o iy,

4P, nt

! "'xl : - me
=1(1.95 ol. ) .,

4P, ! x 1 N(.) ?

¢, = 3158 m/s
An array of grooves may alternatively be viewed as
an array of strips made of the same material as the sub-
strate. For strips of ST-quarte,
p = 2651 Kg/md.
a = 869 x 10" Nt/m?
From Equation (11),

AR
Zo IIJ A
From Equation {16)
AL| Lk op b
Lo | b
|l
From Lguation (17), )
S g
7y by

which agrees with the experimental results [6].  Note
that, from Eq 20,
Av

— =0

Yo
which 15 what we expect since the wave velocity is the
same under the strip as in the groove,

{b) Grooves in Sihcon:

For an unperturbed surface wave on {111) cut (511)
propagating silicon,

v e
—“’— =257 x 10 ' m?/Nt)w
[‘l; 2 I') i .
T {1.04 x 10 ' m*/Nt jw
T

¢, = 4733 m/ .
Abso foe strips of stlicon,
p = 2332 kg/m?

a =182 x 10" nt/m?

We WRave as before,

fi{ = xg
7o |, .
4 gy L
[Ao «\
‘l
AY h
=28 o et
74 N

This is  tted in Fig. 5 along with the experimental data
from wartz et al. [7).
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3

(101 cur R11 prop
Sitkoa

!

Theory

REFLECTIVITY PER GROOVE (%)

s Experiment

- — -+ v —

0.00 01 .02 .03 .04 .06 .08 .07 .08
GROOVE DEPTH, hk

Fig. 50 Reflectivity per groove vs groove depth for (111)
cut (211) prop. silicon.(Experumnental data
from Ref 7)
(¢) Grooves in SiOg-on-Silicon:
The reflectivity per groove was measured as a func-
tion of the groove depth in a layered structure having a
3.08 pm thick layer of S0, on a (11} cut (211
propagating stlicon substrate at A = 406 um_ In this
case, we find for the unperturbed surface wave,

v 12
A = (331 x 1072 m?/Nt) w
1P,

Ivll 2 12 2 .

WP, = (249 % 10 ** m*/Nt) w

€, = sus3 m/s
For strips of SiO,,
p = 2300 kg/m?
a, = 7.52 x 10'° Nt/m?

A7 h o AZ
e I
7 |, 7,
Az h
N R IR T
2o |, (72 + 12y
A7 h
2L - g7
7o \
ﬂ = _17 t_‘
Yo A

Nate that —"\L 15 not zero n this case because of the
0
dispersive nature of ayered structores Figo 6 shows the
theoreiclly predicted AZ2/74 and the expenimentally
measnred values from Ref. 7
(e Mode Conversion m ZnO-on-S10y-0n stlicon by
grooves )
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big b, Reflectivity per groove vs groove depth for 510,
on (111} cat (211} prop stheen. {Experunental

data from Ref 7)

The mode conversion retlectivity (from Sezawa to
Casleighy was mweasured o ZnO (765 pm thick) on Si0,
20 pmy) oon (100) cut (010) propagating siicon For the

unperturbed Rayleigh and Sezawa waves we find,
\ '

Tvyr T 2w
7;,—~ = (59 x 10 1® me/NL) W Rayleigh
Y

(M3 x 10 ¥ m®/Nt) = Sezawa
1o 1e
;T;’_“ = (153 x 10 " i®/Nt) » Rayleigh
0 a

(153 x 10 " m?/Nt}) w  Sezawa

Ao for ZnO strips,
p = H6%() l\g/lll",

a =16 x 10" Ni/m®

>

= 27 x 15214 Ml
pm Uk o g2 pm Pand (kY + K Ja = m,
r—3 138 x 10 2 h(in &)

Fig 7 shows the thearetieal reflection coetlicient and the
avpennmentally measured values 4.9

(N Binetal Electrodes far Zero Reflection:

o apparent from g 1% that the impedance
beontinuity nay be cither positive or negative though,
omost cases 1S negative. One notable exception 1s
cAbwhich becanse of ws high mass-density p often gives
reetoa positive NS00 For gold strips,

po7 300 Ke/m?

o 9% x 100 Nijm?
g = T200 kg/nd

a = 2R ¢ 10" Ny/m?

W r——

rR (%)
o
\

O Laperimenial
— Theory

0% i ido " ede weo 1600 1306 1406 1800
GROOVE DEPTH, h (A)
Fig. 7. Maode Conversion reflectivity (Sezawa to Ray-
leighy for ZnO on Si0, on (100) cut {010) prop
sthicon. (Experimental data from Refs. 4,9)

For an ST quartz substrate,

%O/— =541 lxl (gold)
Y
_ . h .
= 203 : {chromium)
7
:\‘i =(236 + 12 h (gold)
' 11 Y

= (8% + 3.46) ‘)‘—' {chromium)

%Oi = 1.882— (gold)
== 93 h {chromium)

It thus seems  feasible to  fabricate a  bimetal
reflecnionless electrode with about 55¢ gold and 45/
chrommm. A similar prediction  (90°¢  gold, 10%¢
chronium) has been qualitatively venfied for a 100 cut,
110 propagating GaAs substrate, but not quantitatively.
A posaible reason for the discrepaney is the uncertainty in
the elastic constants of thin films as explained in Ref &

VI Conclusions.

In this paper we have presented a sunple approach
tothe fiesi-arder mechanical reflection eaused by grooves
and electredes The theory s developed by analogy with
transmisston hnes (rigorous derivations based on the nor-
mal mode Cieory have heen presented elsewhere) and the
sumlanities and differences are discussed  The theoretical
results agree well with experumental data for various sin-
gle erystal and layered substrates
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APPENDIX C

Coherent mode conversion by grooved arrays in layered media

S. Bandyopachyay, S. Datta, S. J. Martin, and R. L. Gunshor
Schoul of Electrical Engineering, Purdue University, W Lafayette. Indiana 47907

(Recerved 29 July 1983; accepted for pubtlication 6 September 1983}

Recent experiments have shown that a periodic array of grooves and strips on a layered medium
provides efficient conversion between Rayleigh and Sezawa modes supported by the medium;
these novel mode converting reflectors have been used to construct susiace wave resonators. This
paper presents a theoretical analvsis of the mode conversion process starting from material
parameters. A first-order perturbation theory 1s used to construct a four-port scattering matrix
for each strip in the array. The scattering matrices are then converted to transmission matrices
and cascaded to provide the overall scattering charactenistics of the array. The predicted
characteristics are in close agreement with cxperimentally measured values

PACS numbers: 43.35.Pt, 43.20.B1, 43.20.Fn, 03.40.Kf

I. INTRODUCTION

It 1y known that two surface acoustic modes (Rayleigh
and Sezawal can propagate in a layered medium of sufficient
thickness Recently, it has been demonstrated that an array
of grooves and strips with the right periodicity produces a
reflected Rayleigh wave in response to an incident Sezawa
wave and vice versa.’ Two such mode-converting reflectors
have been used (o form a resonator cavity with a @~ 3000,
showiny that the mode conversion is quite efficient.”" This
paper treats the mode conversion process using a first order
perturbation approach.

We describe a theoretical analysis of the scattering
characteristics of a periodic array of grooves, starting from
material parameters. The predicted characteristics are in
close agreement with expenmentally measured values. The
approach used is to describe each stnip in the array as a four-
port scattering junction having two Rayleigh ports and two
Sezawa ports. The elements of the 4 x 4 scattering matrix are
determined from material parameters using first-order per-
turbation theory (Sec. I1). The scattering matrices are then
converted to transmission matrices and cascaded to provide
the overall scattering characteristics of the array (Sec. I11).

It will be noted that conventional reflecting arrays in-

volve a single mode and are described by a 2 X2 scattering
matrx. Mode-converting arrays on the other hand involve
two modes and require a 4 x 4 scattering matrix. In many
practical cases, however, it may be possible to use a 2x2
scattering matrix description. For example, suppose the ar-
ray period 1s such that at a particular frequency an incoming
Sezawa wave traveling to the right is phase matched to a
Rayleigh wave traveling to the left but not to the left-going
Sezawa or the nght-going Rayleigh. At this frequency it may
be permissible to ignore the two waves which are not phase
matched and use a 2x 2 scattering matrix. The vahidity of
this procedure will depend on the length of the array and the
degree of phase mismatch. In this paper we use a general
description based on a 4 X 4 scattering matrix.

Il SCATTERING CHARACTERISTICS OF A SINGLE
STRIP
A. First-order perturbation theory

Consider a single strip on the surface of a layered medi-
um (Fig. l{a}]. An incident wave induces a set of stresses at

69 J Appl Phys 85 (1) 1 January 1984
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o T T2 vwhich then act as the sources
for the scattered Rayleigh and Sezawa waves [Fig ih] The
overall problem can thus be divided into two parts 10t
determine the tnduced stress T o770, 77,
incident wave, and (23 to determine the amphtudes of the
scattered waves generated by the induced source T' The see-
ond part is treated first.

Consider a wave with an amplitude 4 (ziexpi - j3:3 The
growth of the wave iin the presence of the source T v de-
scribed by

the interface (T

17 v for a given

ﬂ _ {ve /ﬂz)o.'r!

dz AP/W

2z
X
y
FIG 1 fa) Wave inadent g thinstnp b Generation of Koyleehy and
Sewawa waves hy induced stresses at strap-substrate intertac e
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where de v is the particle velocity at tue surface and
4 “Pisthetotal power carried by a wave of amplitude 4 and
width ¥ (in the x direction). This result is derived ngorously
starting from the reciprocity theorem.* However, a simple
argument can be used to show its plausibihity. The power
flow from the source into the wave over a length dz 1s given
by

--_lr de e T Wz,

-

This means a fractional change in power of

(de MvieT Wdz

24P

Since the power 15 proportional to the amplitude squared.
the fracuional change 1n amplitude 1s equal to half the frac-

tonal change in power.
dd (e g8 T Wz
A 444 *P

Simphfying, one obtains Eq. (1).

The first part of the problem 1s then to determine T* for
a given ncident wave. This aspect of the problem is dis-
cussed 1n Ref. § where it is shown that the interface stress is
proportional to particle velocity at the surface associated
with the mncident wave.

- h
T =Ae " 212,
w

»

1" =Ae 'ﬂ"u; —l—r—fy(z), (2)
)

i

ro-ae 4 g,
w

where 4,¢ v is the particle velocity due to the incident
wave of amplitude A4, exp({ — jB,z). The superscript or sub

script s reters to incident wave parameters and @ 1S the angu-
lar frequency. The functions £, , f,, and /, are constants over
the vegion of the strip ( — a/2 < z <a/2) and zero elsewhere.
They are defined below. It is of interest to note that f, and f,
have two delta functions at the edges of the strip.®

fon =jwp - jBla, +a, B,

6(2 + %a) —-6(2 -~ —%—a)J.

fo — ju’p, (3)
Soz = po'p = jBla, +a,p,

1 i
~[o(z+-a —-olz- —all.
2 2
g, cand e are constants characterizing the strip matenal.
;s the mass density while a | ar, are effective stiffness coef-

horents I the sinp s made of an isotropic material with
Lamte constants 4 and g, then

X

o i,

A 4
PR IT

For an amsotropic strip, the expressions for a,, a, are®

o

I

(4
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a, = 585./D,
(5
a, = 5i/D,
where
D=5 838
and
STmaSy —Susn /s
s,, being the compliance tensor. In general the situation is

more compheated than Eq. (2) indicates, with 77, depend-
ing on &, and 7 on r,. However, v, 1s usually zero or
negh.:tue so that neglecting the dependence on ¢, does not
cause sertous discrepancy

Usting Eg 1201 Eq. (1) we have

,Lﬁi;4—:h{CJ.l+c»/;foJ;}e . 1!»" (6)
A4, dz
where
vt
c, = - .
4Pw/ W
vy
c, = ———, (N
4P/ W
ure,
C: = ———
4P/ W

Integrating Eq. (6) over the region of the strip one obtains the
ratio of the amplitude of the scattered wave (44 ) to that of
the incident wave {4, ).

%ﬁ =h[ed, +c,I, +cl.], (8)
where
I, = H:f,(z;e“"“""”“a’z,
—jsin L6, B ﬁ .

8

I, =jsin%(ﬂ,—ﬁ)a Tﬁ
> B,

I, =jsin—;—(ﬂ,—ﬂ)a fi‘il’iiﬂﬁ].
7"9"”’J

B. Scattering matrix for a single strip

A single strip tn a grooved array mode converting re-
flector is treated as a four-port network, as shown in Fig. 2.
The quantities ¢ represent the input modes and the quanti-
ties b represent the output {reflected or transmitted) modes.
The representation S stands ‘or Sezawa modes and R stands
for Rayleigh modes in the figure.

The scattering matrix” is defined as the matrix relating
the b's to thea's:
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b, S, S, S S a,

b, _ S Sn S Sy a,

b, Su S S Sy, a, |’

by Sa Sa Sa Sy a,
or in matrix notation

{b!=1S]{a}. (9)

For a reciprocal device, the principle of reciprocity gives’

S, =S, ij=1234

Using r ., for the reflection coefficient from mode m to
mode n {;n and n traveling in opposite directions), and K,
for the conversion coefficient from mode m to mode 1 {m and
n traveling in the same direction), we may write

S\ =S50 ="urs (10)
Syy = 54y = 1, {11)
S =8 =rps =35 =S4 = e (12)
Sy =S5, =Kpg =84 =S, =Ky, (13)
Sio=8, =1+ /&g, (14)
S=8,=1+j&, (15)

where the subscript R stands for Rayleigh mode and S for
Sezawa mode.

The coefficients &, and &g need some clarification.
Normally in this lossless network, an input mode would pass
through unattenuated and emerge as such, so that
S, =8, =5, =8,=1. Because of the perturbation
caused by the strip, the incident wave suffers a phase shift
equal to {x 5. The amplitude must also decrease in order to
satisfy power conservation; however, the decrease is of order
~ rir being the reflection coefficient) and is not given by
first-order perturbation theory. For a single strip this repre-
sents a small error but the error may build up when calculat-
ing the characteristics of an array. Energy conservation can
be ensured by requiring that the S matrix satisfy the condi-
tion.

(S*1'(S1=11], f16)

where [/ ] 1s the identity matrix. This is ensured if we divide
each S matrix element S, by [Z,1S, |?]'"2.
Experimental measurements were performed on the

TABLE I Surface particle velocities in m/s) normalized to | W/m

- e e
2.0+ . 4

i e = . '
.8 L U i Vres 0|

— 7 o

" | (100) -cut, <010> prop. i i

ol ;
4 1370 um {
1.4 L Ag - 84.96um ° i
Ag — 19.84sm
1.2 + i
® 1o} 1
7 4 i
= |
0.8 +
|
0.6 j
0.4 5
O Experimental
~— Theory
0.2 -
0.0« " i " " L N e
0 200 400 600 800 1000 1200 1400 1600

GROOVE DEPTH, h (A)

FIG. 3. Magnitude of Sezawa-to-Rayleigh mode scattening vs groove depth
in the ZnO layer.

ZnO-Al-8i0,-S1 structure shown in Fig. 3. The grooves were
ion milled and a uniform mark to space ratio of unity was
maintained. For the dimensions shown, the Rayleigh and
Sezawa wave (phase) velocities are 2993 and 5326 m/s, re-
spectively. At a measurement frequency of 152.4 MHz, the
correspanding wave numbers are

Br =032um (A, = 19.64 um),

Bs =018 um 'tAy = 34.95 um)
The particle velocities at the surface for different waves are
shown in Table I, all normalized to 1 W/m of beam width.
These were obtained from: a computer program that deter-
mines the velocity and field distnibutions of surface waves 1n
layered media.

R refers to incident or transmitted forward traveling
wave and R refers to the reflected reverse traveling Ray-
leigh wave. Similarly S* and S denote forward and reverse

traveling Sezawa waves. The strip matenal in this case 15
ZnO for which we have (Eq. 5)

p = 5680 kg/m’,
a, =0
a, = 1.6x10" N/m*.

R* R S S
v, 0 0 0 0
v, 18T 10 e ST <10 e + 059 <10 My VSO0 M0
b 08 x10 "w ~OR 10 "o 08 =10 "u OB 10 Cw
71 J Appl. Phys , Vol. §5,No. 1, 1 January 1984 Bandyopadt, av ef &/ 71




Using Eq. (8}, we obtain the scattenng elements {4 is in
units of angstroms)

S =8,= 3R sssxi0m,
A,(R™)
e A4S . .
S§..=8., = = —/5.79x 10 %A,
22 Lo A‘(S‘v) J
4A4(S7}
S ) :S'r =s = =
{2 24 34 43 A’(R.)
= A4ART)  1329%10-%,
4,87)
< . AA(S")
S =8,=8,=5, =
14 at 23 =3, AR
~AARY o710 h,
A8
So=8, =1+ 4R 1 +/8.67x 10" °A,
A,R™)
Su=So=14 2480 1 nerx10-%.
4,8%)

Figure 3 shows good agreement between theoreticaily
predicted values of S,,( = §,, = S\, = S,,] and experimen-
tally measured values. The agreement deteriorates at higher
values of &, which probably shows the inadequacy of the first
order model for large groove depth. The first order model
predicts a reflection coefficient linearly proportional to A
and neglects higher order contributions. At small values of
h, the linear term dominates, but the effect of higher order
terms becomes more pronounced with higher values of A.

M. SCATTERING MATRIX OF A GROOVED ARRAY
A. Cascading procedure

When treating the entire array of grooves, the transmis-
sion matrix s more useful since the transmission characteris-
tic for the entire array can be deduced by merely multiplying
together the individual transmission matnices.

With reference to Fig. 2, the transmission matrix is de-
fined as

d, r., T, r,. T.]laq
ay T T, T, Tylla,
b |7y Ty, Ty Tiuf|b
b, Ta T, T, TulLb,

The indvidual transmission matrix elements can be found
from the scattering matrix elements with the help of the rela-
nonships given in the Appendix. The scattering matrix ele-
ments are determined in Sec. 11, assuming that the wave
amplitudes are all referred to the center of the strip. How-
ever. for purposes of cascading it is better tohavea,, a,, b,, b,
referred to the output plane and a,, a,, b,, b, referred to the
input plane. This can be done by multiplying S, ,. S, 5,,, S4,
by expl - JBu 1), 8221 804, Say. Se by expl — jB,1) and all oth-
erterms by expl - jB, 1 — B, 1), where [ is the center-to-cen-
ter distance between successive grooves.

Before performing the final operation of cascading, a
glance at Fig. 4 will reveal that merely multiplying the trans-
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FIG. 4. Cascading of two successive scatiening networks.

mission matrices will noi achieve the desired purpose. This is
because the outgoing quantities from the first network are b,
and b, whereas the ingoing quantities into the second
network are a;,a; rather than b,,b;. Hence, in order to
achieve the desired cascading, the outgoing b's of the first
network must be transformed to ingoing a's of the second
network and vice versa. This is easily achieved by introduc-
ing a transformation matrix [V'] defined by

a; ay
a; Vita,
bi]” by |
b; b,
where
0 0 1 0
0 0 0 1
VI=1y o o of
6 1 0 0

The cascading may now be performed as
(T =[TLIVIT),  [VIT),.

where n is the number of strips, [7°] the transmission matrix
for any one strip, and { T ] 4 the overall transmission matrix
for the entire array.

Next the overall transmission matrix is converted back
into a scattering matrix by using the same relationships as in
the Appendix with T’s and S'’s interchanged.

B. Discussion

Figure 5 demonstrates the excellent agreement between
experimentally measured and theoretically calculated values
of |S,,! {the magnitude of the ratio the transmitted Sezawa
wave to input Sezawa wave for the entire array) as a function
of frequency. The same device as previously described was
used and the number of strips was 200. The magnitude of the
dip at the center frequency was computed to be — 17.4 dB
while it was experimentally measured as - 16.5 dB. The
magnitude of this dip depends on the groove depth and in-
creases with 4.

Another difference between theory and experiment dis-
cerned in the plots is that the experimental curve continu-
ously “droops™ as one goes farther from the center frequen-
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FIG. 5. Theoretical and experimental plotof 15, *
vs frequency (A = 1038 A\

" A
160 161 162 163
FREQUENCY (MNZ)

cy. Jhis s causea by the transducer (IDT) frequency
response and has nothing to do with the mode conversion.
Figures 6 and 7 show the theoretical plots of |S,,! and
S, versus frequency. The plot of -§,,! 1s most interesting
since at the center frequency, 172 (B, + Bsla=m/2a =
strip width = 172> period of array) so that the reflected
Rayletgh waves add in phase. This constructive interference
causes the plot of 'S|,' to peak at 152.4 MHz. For the same
reason the plot of 'S, dips at 152.4 MHz. The plot of §,,
{Fig. 7) shows no 1interesting features. This is because Fig. 7
plots the reflecied Sezawa wave in response to an incident

S$,; (dB)
g
J—

.22; l\ ;I U ‘ ‘

_“(1 / U .
-26 \/
.ZUL_____ﬁ_._..J___-___“H,__L‘“,_ﬁ_.,,v TR
160 161 162 163
FREQUENCY (MHZ)
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Sezawa wave. These two waves are not phase matched at the
chosen frequency and array periodicity; hence, they interfere
destructively and decay out. (This is why the levels are 40 dB
down). However, if the frequency and array periodicity were
such that B.a = 7/2, then this plot would show essentially
the same features as Fig. 6.

IV. CONCLUSION

In this paper we have presented a theoretical analysis
based on a first order mode! for mode conversion between
Sezawa and Rayleigh modes produced by scattering in

/ FIG. 6. Theoretical plot of -S,. vs frequency
th = 1088 A
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o : 813524 — S23814
-~ - -30y 4
! . S
[ g | B = S s
- - 3'_ .40+ \ \ 13204 7 22014
. a /-\- \,r\/\/\ Ty, =5y
50~ N + S_U‘SMSZI - SZJSI )+ S,u(sz.lsn - Snszn)
S350 — S2sS 14
-80+ 1 Ty, =S5
160 151 162 153 164 185 + S84S5 — 52,5121 + 808258, = £.85) i
FREQUENCY (MHZ) 813820 — S2y51s ’ i
FIG 7 Theoretical plot of :S,,! vs frequency (4 = 1088 A, T = S1385, — 523834
3y ’
Sl wsza - 23514
grooved arrays. The predited conversion coefficient per 7 = SuSi = SiSu .
. . .o KE Nl ’
strip and the overall transmission characteristics over a M RYTR PRI TR
broad range of frequencies are in excellent agreement with Ty =S4,

expertmental results. This indicates that the first-order mod-
¢l presented here adequately describes the behavior of +
grooved arrays for reasonably small groove depths.
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APPENDIX D

SAW RESONATORS ON SILICON WITH ZnO LIMITED TO IDT REGIONS

S.S. Schwartz, S. J. Martin,® R. L. Gunshor, S. Datta, and R. F. Pierret

School of Electrical Engineering. Purdue University
West Lafayette, Indiana 47907

Abstract

Surface acoustic wave resonators with ZnO limited
to IDT regions are presented for an externally coupled
resonator conficuration. The reflection from gratings
consisting of grouves in both siheon and S0, i dis-
cussed.  Externally coupled resonators with reflective
gratings consisting of grooves etehed in unoxidized sihi-
con are found to exhibit Q-values in exeess of 20,000.

I. Introduction

Surface acoustic  wave resonators  have  been
adapted  to the  ZnO/3i0,./51  layered  medum
configuration and have previously been constructed
using reflector arrays of hoth isolated and shorted
metal strips on the surface of the ZnO as well as
grooves miled into the ZnO layer. Martin et.al!l]
have shown that the groove reflector technique vields
resonators which have Q values of the order of 10,000
In this paper we present resonators which consist of
Zn0 deposited only in the transducer regions and
reflector arrays of grooves mulled nto either S0, or sil-
ron. 7n0O Resonators fabricated utiizing this method
have displaved Q values 70° 0 higher than previonsly
chtained, Besides increasing the Q@ of the resonator, an
additional benefit of this type of resonator is that there
15 a mimmam amount of chip area that needs to he
exposed 1o 7nO sputtering damage,

Resonators constructed in the Zn0/Si04/S1 lay-
ered conficuration have exhibited favorable ageing
characterstios and have been fabrieated with tempera-
ture stabihity which is competetive with that of quartr
resonators 2 The motivation belind using <tlicon sub-
<trates lies i the possibiity of incarporating these dev-
wos as on-chip, rather than diserete ciremit components
as weil as the fact that fabrioation techntques are come-
patible with those of current integrated cirenit fabrica-
tion techinology.

Advantages associated with this deviee structure,
where the /700 underhes anly, the transdueers are
presented in osection I The reflectivity of grooves
700, 85104, and stheon are presented i seeton 1M1 fol-
lowed by experimental results which appear in section
IV, Fabrication teehniques associted with this device
configuration are constdered in section V.

¢ Present address: Sandia Laboratories, Alhuquerque,
New Mexieo

I, Device Structure

A schematic of the externally conpled Zn0 resonas
tor having etehed groove retlectors i SOy s shown i
Figure 1. One will note the teansdocer regions are the
only places where Zo0 s v be fonad These 750
regrons ean be defined cither by chemueally etehme 20
ZnO layer or hy using a shodd durig the snattera
process.  An advantage of the latter Ceehque s tha
sputtering damage can be restriected o a nunimum area
of the wafer.

A feature associated with the growth of thin filis
is the possibility of some nonumformity in thickness
over a sample. In fabricating resonators esing etebed
grooves in the ZnO laver, it s important to mmnian
good control of the film thickness in the grating region:
this is e ceially important due to the veloeity wradient
associated with a change in film thickness of the disper-
sive ZnO layer.  The veloeity gradvnt can both
degrade the reflection magnitude and nerease  the
bandwidth of a reflective arrav. The nonunformmty
problem s alleviated i devices construeted using
grooves in silicon or grooves in 810, where the disper-
sion ts considered negligible.

Perhaps the most important reason for employing
the proposed confignration without ZnOan the reflector
grating region is to reduce propagatien loss associated
with the Zn0O film Resonators construeted  usine
grooves etehed in the ZnO luver exinbic Q vadues whiol
are hmited by propagation loss an the 700 Dy el
nation of the ZnO javer in the grating regens, one
anticipates a significant tmprevement in Q0 Prenaea
tion loss is related to Q via the relationship,

Q N (n
where a is the propagation loss per umit length and X o
the wavelength.
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Fig. 1. Externadly coupled SAW resonator emploving
reflective gratings of grooves efched inta S0y and /00
lmited to the transducer repions,
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1L Reflector Array Characteristics — —
i .
A series of experiments involving the measurement 0. ‘ N
of the transmission through reflector arrave of 400 on- ! S~ |
milled  grooves  were  performed  to determine  the r"\/\ ‘/J\//
reflectivity per groove for vare us values of groove 50 4 \ [
depth A plot of reflectivity per periodic section versus \ I |
nornalized groove depth, bk, s shown in Figure 2. 2 ’ ! ! /
Faperimental points togeher with a theoretical curve T ey i -
for arooves both an silicon and S10, indicate that 7 ' J/'\
experimental results appear to be i close agreement 3 0. l,\ b
with theory.[340 Also included i the figure s a line g 1} \ '\, )
= showing  experimental reflectivity  data for  grooves k | 1[‘ Y '
L. ctehed anto the surface of 2 0.7 um 700 film on 3.05 g oy b \/ N
. - pm SOy oas previously reported sl All measurements - . D
’ anl predictions are for {111 cut <211> propagation ! "
) direction sthieon sybstrates Clearly, by elimination of 90 4 K
the Zu0 laver in the gratimg region, one must use
‘ deeper grooves, more rellectors, or a combination of l -
i these two o obtain the same amonnt of reflection from - ‘ . q
. . N . . Ay 110 LI R R 150
a grating etched into stlicon or S10,. An increase in I .
the groove depth will eventually decrease Q due to FREQUENCY (1) 5
seattering into bulk modes, whereas an increase in the Fig. 3. Transmission response of an externally coupled
“"U”"_"r of reflectors per grating will inerease the resonator with 0.36 g grooves in unoxidized silieon.
effective cavity length and hence, raise the Q at the
b' expense of an increased device size. externally coupled resonator constructed using grooves :
} in S0, was found to have a Q of 17,400 at 110 Mllz. ’
) These results show a significant improvement in Q 4
1 for the resonator configuration presented compared
with those construeted with grooves in the ZnO layer.
Preliminary results for an internally coupled trans-
ducer configuration have been examined with ZnO lim-
3 ited to the transducer region. A distinctive feature of
7 this type of resonator is that of an abrupt step at the 4
a edge of the transducer region caused by etching away D4
the ZnQ. Of course with a thick film one would expect .
Y a large reflection from this discontinuity sinece, to first .
B order, the reflectjon at such a discontinuity would be
- proportional to ~—, where h is the step height. How- K
- ever, in a device with a ZnQ thickness of 0.7 ym and a "
: K
wavelength of 40.64 pm, -= = 0.017 and calculations 4
[3] predict a reflectivity at the step on the order of four ﬁ
percent. 9
y Measurements on internally coupled resonators 1
0 0 - - - . indicate that the step is not a major impediment to :
GLr Mo e@o o 0E 3w 0% g T 0% obtaining acceptable resonator performance in tinn film |
i devices; a taper is not required. Several configurations _
Fiv 2 Reflectivity per zroove vs, normalized groove for ”‘“'rl”"‘fl_'\' muplcg ”’““"’“3’5 are ""d”} ,‘.'\““m"f" :
- Seprtn for the followirs contfigurations: tion, and results will be reported in future publications.
. AV Grooves in 07 g 7n0 on 3.05 pm Si0,, 1
- 1 Grooves in 2.05 g S10,
- ¢y Grooves in unoxadized sihicon.
’. AL srbstrates are (111 cut sdicon, <211> propaga- V. Fabrication Techniques
a toon direction.
e Fabrication of the resonators under consideration
' mvolves a shehtly different procedure than used in pre-
IV, Experimental Resuits viously deseribed on-silicon SAW resonators sinee the 1

e transmission fesponse of an externalty coupled

' resenvor constructed with 036 jan grooves i unovi-
Lt sreon s shown n Figure 30 The eavity spacing

Vetween peflective cratings s 27 wavelenaths and the

e et ecaperture i 30 wavelengths The Q of this dev-
' wee 21300 whieh s T07C hieher than for a device of
. sl dimensions fabricated with grooves in 7n0. An

reflective gratimg and the transducers are no longer an
the same phine. The procesang steps will be outimed
below with the aid of Figure 4.

Step {a) Evaporate a 0.1 pm aluminnm layer
atop the siheon or 10, iaver. The purpose of this
laver is to sefve as a \hﬂrhngj)lanc beneath the transs

v

ducers  This laver enhanees = as well ax shields the
: ¥
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grating). Etch the resonator pattern in the aluminum
and strip the photoresist.

Step (¢): Cover the transducer regions with pho-
toresist.  Boil in de-lonized water for 10 nunutes 1,
form an AL Oy layer on the grating aluminum_ 6! Iteh
reflector grooves using an ion mlhing machine.  The
purpose of the alumina layer s that alununa etehes
a rate approximately four times slower than alummue,
silicon, and S10,. which ull have comparable eteb rates
This is important since deeper grooves are necessary to
obtain the same rellectivity for grooves etehed in Zn0O
devices as mentioned  earlier. Phe presence of the
alumina, then, allows one to eteh deep grooves withont
an excessively thick aluminum mask.

Step {f): Chemically eteh the remaining grating
mask material and strip the photoresist.

V1. Conclusions

It has been shown that resonators can be fahri-
cated with ZnQO limited to the transducer regions only
and that such devices exhibit high Q values for
reflector arrays etched in both silicon and 5i0,.

The authors wish to thank Dr. R. Razouk and
Marianne Brenner of Fairchild for growing the thick
Si0, films, and M. Young, T. Miller, and C. Belting for
their assistance in the fabrication of these deviees.
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