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ABSTRACT

Triple-product convolution has been demonstrated with two modulated 80 MHz
carrier signals and a third signal consisting of a set of D.C. voltages. This operation was
performed in real-time with two diffe rent surface acoustic wave (SAW) devices bui l t  on
silicon substrates. The transduction of SAWs onto silicon is by means of a thin overlying
film of zinc oxide, which is deposited by R.F. sputtering in a partial oxygen atmosphere.
Transducer pattern s are defined by “lift-off” photo l ithography. Good predictions of
steady-state device behavior were made using mathematical models , although obse rved
long term memory effects , probably associated with trappi ng of charge in the ZnO and at
the Si/ SiO, interface , are not fully understood.

OBJECTIVES

The primary objective of this study was to characterize and build a surface acoustic
wave (SAW) device using thin films of zinc oxide (ZnO) on silicon to demonstrate the
triple-product convolution of electrical signals. The secondary objective was to study the
transduction of SAWs on silicon , as opposed to standard piezoelectric substrates , with the
idea of eventually integrat ing external circuit ry onto SAW devices.

RESULTS

1. A reactive sputtering process , developed in the thin-fi lm laboratory at NOSC, was
used successfully in growing hi ghly oriented films of ZnO on glass , gold , t i tanium , and
silicon for SAW transducers.

2. A “lift-off ” ’ process for photo l i thography was deve’oped to produce gold and
a luminum patterns on various substrates : patterns were produced with dimensions of less than
5 X lO ~ metre .

3. A general computer prograni was developed to generate SAW masks using a
Gerber plotter  for a variety of SAW device geometries.

4. Computer programs were developed to calculate device impedance and mismatch
loss as functions of frequency for layered structures , such as ZnO/Si0 2/Si.

5. Surface acoustic waves were generated efficiently on glass and silicon substrates ,
and the  measured insertion losses compared favorably with those of compute r simulations.

6. Complex optical and electrical memory e ffects were observed in SAW trans-
ducers without  a ground plane at the SiO,/ZnO interface; presumably, they were associ-
ated wi th  hulk traps in the ZnO and surface traps on the Si.

7 . Tr Ic-product convolut ion was demonstrated with 4- and 16-tap SAW devices.

l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ /



RECOMMENDATIONS

It is recommended that work on the triple-product convolver be continued to make
the device practical for use as a Fourier transformer and as a memory convolver for pulse
compression. This work should cen ter on eliminating or controlling the optical and elec-
tri cal memory effects, improving the signal-to-noise ratio , improving bonding and packaging
techniques, and developing external circuitry for future integration on the chip.
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INTR ODUCTION

The objective of the work described in this report was to build a monoli thic delay
line device that could form a product from three input  si gnals in real t ime at various positions
along th e delay path. A schematic of this new process is shown in fi gure I .  It can be seen
t h at t wo ol ’ the input  si gnals . f 1 ( t )  and f 1(t),  are oppositely propagating waves in the delay
med ium.  whil e the third inpu t  signal , g1, scales the product of the two propagating waves
at d iscret e positions alon g the propagating path.

DELAY LINE 
f 1(t l

g0 ~~~~~~~~ ~~~~~~~ 

?
1
~D 

~~~

1 I i )
2 —.1 

~ \ 
\DELAY LINE j \

4,
OUTPUT

S0(t )

F igure I . Triple-product convolver.

The impor tance  of such a device lies in the fact that  it can be used to perfor m
seve ral usefu l si gnal-processing funct ions , inc luding  electrically programmable correlation
or convolut ion and rea l —time Fourier transforms where the inpu t  func t io n  is in a parallel
format.  In th e case of the Fourier t ransform , the two oppositely propagating waves can be
modulated with FM si gn als so t h at t h e d is t r ib u ted prod u ct al on g t h e delay pat h i s a li nea r
function of modulation frequency wi th  distance . This can he visuali ,ed by studying the
p rod u ct of two , propagatin g . l inear  FM ( ch i rp ) waves:

/ \ \ 2  / ~ 1 1 f2 ~ix \
eX J ) jp t — — - .\J) — jjA t + — = CX J) [ —j

~~~~~~) 
t -

Thus t h e  l ’reque n c~ of the resul tant  wave is a l inear  funct ion of posit ion.  If the function to be
t ransformed is now sampled at equal intervals and if each sample is used as the scaling signal
at L’~c n l y  spaced taps along the delay path , then the sum of the output  products from all
taps is

I / 2 p x ~\
S0 (t i ~~ g t x 1 ) e x p  ~ 

~ I

A t i m e-sampled ~er sion of th is  signal is proportional to the  discrete Fourier transform (DFT)
(If et 
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The only known device capable of performing tri p le—product convolut ion u t i h i ics
surf ace acoustic waves (SAWs) as the propagating inpu t  signal s. 1 In the usual SAW devices ,
a hi gh—frequency electrical si gnal is applied to a periodic metal  pat tern deposited on the
surface of a piezoelectric crystal (figure 2) . If the frequency of ’ the electrical si gnal and the
spacing of the metal pattern are adjusted so that  their pr oduct equals the na tu ra l  ph ase
velocity of the crystal , a surface acoustic wave will  be generated that  will  propagate a long
distance on the crystal wi th  very l i t t le  loss of am l)h it l l de .  Since the energy in the  wave 5

co nfin ed to a region at the crystal ’s sur face , the wave may he tapped at any point  in its
path wi th  another periodic metal  pa t te r n .

OUTPUT

SUBSTRATE

TRANSDUCER

I i~ ure \ ~iiiip ic su i t  .I~.C ,I~ Ilsi IC WaVe device.

In t i me  c.ise of t u e  I ri p i e — p r o d u c t  cons ol v er .  dis crete  Schi ot tk ~ diodes have heen
used as non l inea r  t ap  elen ie  I l l s  I . Fhi e I ~ o p r i lna r \  draw hack s  to th i s  approach are the necessity
of u s ing  h~ hr i d  t ee i i n i j u e s and the  s t r on g  n o n i i n e a r i t ~ of the o u t p u t  F our i e r  c o e f f i c i e n t s  as
a fu n c t i o n  (It the tap -SC ah ing  i npu t  signals.  ‘In adthess these prob lems . two monoli thic  des ices
have been conceived , both using s i l icon  as the delay m e d i u m .  i’he first  uses MOSFI’Ts
( m e t a l — o x i d e  semi conduc to r  f i e l d — e f f e c t  t r ans i s to r s )  as the  non l inea r  tap  e lements  and the
p l e/ ores i stance  of s i l i con  as the  method of ach ie~ in g  t r ansduc t ion  of the SAWs to elect r ical
signals .  Since si l icon is not a p ie io e lect r ic  mate r ia l , the  l a u n c h i n g  of the SAWs is th rough an
i n t e r m e d i a t e  p ietoeleetr ic  f i lm deposited on the s i l ic on  sub s t ra te .  The second de~ ice ,  a l so
u si ng p ie ioeleetric f i lms to l a u n c h  SAWs , uses MOS capacitor s as the n o n l i n e a r  t il l ) e l emen t s .
It  was decided to pursue the second device , as it  could he fab ri c ated almost ent i re ly  at
NU S( ‘s t h i i i - f i l m  labora tory  and because the  Fourier  o u t p u t  was expec ted  fo  h ave a grea ter

Re eder , ‘I ’M..  I oui rier Transforn ia t ion of ’ Ic Ie~’ki on Sign at s I)~ N onii i icar  I )ela~ I inc 1’ec lmni que s ,~’
United Aircra f t  Res earch Laboratories Technical Report  N ) 2 l ~)57-F , Marc h t ” ) 75 .
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l inear  d y n a m i c  range w i t h  app lied i n p u t  than would he possible wi th  the first  approach

~ap pend ix  A) .

To clarify the ideas behind the nonl inear i ty  of a MOS capacitor tap. fi gure 3 is
i n s t r u c t i v e .  When a negat iv e bias is app lied to the metal  tap of the met a l ’ ox ide/n- type  semi-
conductor  sa n d~’~ ich . the l’ree electrons cont r ibu ted  by the donor i m p u r i t i e s  are dr iven  f rom

I 1 METAL
TAP

I J J / I I~~~IIFI I lIlI flIllI,

d 1 ZnO

d2j I _~_ j ® 5102

j v  ~~ O Q G

Figure 3 . \IOS tap structure .

the  reg ion of the  semiconductor  d i rec t ly  under  the  metal  tap,  l eav in g  th is  region dep leted of
free carr iers . This depleted region consists of a un i l ’orni d is t r ibu t ion  of uncovered immobi le
do nor in ipur i t ies . eac h hav ing  a posit ive charge . The solut ion to Poisson ’s eq uat ion in the
dep leted region is ( appendix  B )

‘1

‘ (I~~~ ( lN ~~— y +  — 
~~~~

—

€ 3

a n d d~~3( y )  q N (1 N~I 3 ( y )  = — 

dy 
= — 

~3 ~
‘ + € 3

where 
~~ 

is t he electric p o te n t i a l  in the silicon , q is the electronic charge , N is the donor
charge de nsi ty .  €

~ 
is the  electr ical  p e r m i t f i v i t y  of the si l icon,  and ~ is t he depletion wid th .

The p ote n t ia l  at the surface of ’ the silicon substrate is then

(3 2
— 

2 3 2 ~~ 
1 3 ( 0 )
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If the stat ic  electric field is perturbed by a t ime-vary ing  electric field E 3 1 (0) carried
by a propagating piezoe lectr ic surface wave , the resul t ing small si gnal po te n t ia l  ~3l (0)
is appro ximately

€ 3
‘ N  

I 2 E 3(0) E 31 ( 0 ) + F ~~1 ( 0 ) I

Therefore,  the silicon sur f ace potent ia l  will  have a major compone nt  proportional to the
sq u are of the electric field carried by the surt ’ace wave. The fact tha t  t h i s  second ha rmon ic
component  call he l inear ly  scaled with bias voltage does not appear ill this  simp l i f i e d  a nalys is .
si n ce the “nonabrupt ” nature of ’ the dep leted regio n is responsible tor  th e  e f f e c t .  A plot of
the theoretical variation ot the second ha rmonic  component  as a funct ion of bias voltage.
based OR a more detailed anal ysis , is shown in t’igure 4.

2. K in o . (. .S .. an d Gaut i re , H.. “Convolution and para metric interaction with semiconductors . J. App!.
I ’Ii is . . vol. 44 , no. 12 . 52 19 (1973).

_Bq N
dE

1k T

Figure 4 . Nonlinear coup ling coef f i c ien t  as a fun c t ion  ol si t ic nu surface
potential  t or n- type  silicon.
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PROCESS I)EVELOPMENT

ZINC-OXIDE FILMS

The first step in developing the t r ip—product  convolver was to learn how to grow t h i n
p iez o eleet r i cahl y active f i lms f ’or coup l ing  acoustic energy in to  the  si l icon substr ate .  Zinc
oxide ( Z n O )  was chosen as the piezoelectric tiln i because of i ts  large p iezoelectr ic  cou p l ing
fac to r  and because such films already had been grown successful ly  by a f’ew laborator ies  f o r
SAW app hi cat ioi i s . 3 These f i lm s  are usual ly  RF sputtered.  Since most RI —’ spu t t e r i n g  Systems
are un ique  and since RF  spu t t e r i ng  is largely an emp irical t echni que.  au exper imenta l  pr ogram
was embarked  upon to develop a repeatable ZnO process for the e x i s t i n g  s~ stem at NOSC.

The major  m o d i f i c a t i o n s  to the  system were the i n s t a l l a t i o n  ( If ’ il hi g h - p u r i t y  ZnO
target . the  cons t ruc t ion  and ins ta l la t ion  of a tempera ture  contro l l ed  subs t ra te  holder .  the
i n s t a l l a t i o n  of a laser t i Im thickn ess  moni tor ,  and the  add i t ion  of ’ an 8O—pc rC’ent argon ,
20—p ercent oxygen mix tu re  for  th e sput te r ing  atmosphere.  A sehei i i ; t ic  of ’ the  comp leted
s~ s tein is iii fi gu re ~~. The su bstra te  h olde r was desi gned to be vacuum ti ght  to p reven t  out-
~assing of the heater  i n to  the v acuum chamber .  The thickness  m o n i t o r  was based on t h e  idea
of con t inuous l y observing the  ref lect ion of ’ a laser t rom the t r ansparen t  Zn() f i l m  and n o t i n g
where the i n t e r f e r e n c e  n u l l s  occurred as a funct ion of ’ t ime.  I t ’ i t  is assumed tha t  the  f ’i lm
deposit ion is l i nea r  w i t h  t ime ,  a t r ia l  f i lm deposition run al lows ca l ib ra t ion  of the laser o u t p u t
record in angstroms per i n t e r t ’erence fr inge.

3 . Hick ern e l l . I’ . S. . .  and Brewer , J. W .. “Surf ’ace-e lastic -wave propert ies of dc-tr iode -spui ter ed zinc oxide
films ,’’ A p,ul. P/ii’s . l e t ! . ,  vol , 2 1 . no. 8. 389 ( 1 9 7 2 ) .

RF INPUT

ZnO
TARGET •~~i i  DETECTOR

CHART
______ _____ RECORDER

~-l- 7~~

~~~~~~~~~~~~~~~~~

TEMPERATURE

~~

ONTROLLED
SUBSTRATE HEATER

TO LN2 COLD TRAP
AND DIFFUSI ON PUMP

I ’igi i re S . Schc ui af ic  of ’ /.ii( ) sputt er ing ap par ai u s .
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To launch  surf ’ace acoustic waves e f f i c i en t i ~ . 01( 1 a layere d s t r u c t u r e  cons i s t ing  of a
p icioelectri c film on a nonpiezoelectrue subst ra te ,  it  us neces sary for  the m ajo r p iezoelectric
a\ iS of the f i lm to he in a direction normal to tIl e subs t ra te .  Siui ’ ,e  ZnO fi lms have isotropic
piezoelectric properties in a plane normal to the m a i n  p ie zo elect r ic  a x i s , or Z axis . only
po lyciysta ll ine fi lms need be grown as long as t i le  Z axes  of the  c r v s t a l h i t e s  are v er t i c a l .
Previous exper iments  by workers in the field have shown t h at / .n ()  f i l m s  tend to or i ent
wi t h l  the Z axis in t h e  direct ion of the i nc iden t  atoms. it ’ t h e  dep os i t ion  r a te  is low enough and
the subst ra te  hot eiloligh to allow su f f i c i en t  molecu la r  m o b i l i t y  on t h e  sub st ra te  a fter  conden—
sation. At te m peratures in excess of ’ 300°C and deposi t ion rates a round  200 angstro ms per
hour , the fi lms can become ep itax ia l . 4

The fi rst Ii l tii deposition runs were made using glass micro scope slides as substrates
and adjusting the system p aramet ers app r oxin ia te l y to tho se used by K h u r i - Y a k u b . 5 Checks
on fi lm or ientat ion were made i n i t i a l l y  w i t h  the use of the X—ray d i f f rac t ion  system at NOSC :
the Z axis or ienta t ion was judg ’d acc ording to the re l at ive magni tudes  of the re flections
from the three pr inc ipa l  p lanes . It  was f ’ound t h at f o r  substrate te m pera tures in excess of
app roximate l y I 20°(’. X-ra~ re f l ec t ions  from the ( 1 0 1 )  and ( 100 ) p lane s were indiscernable
in the noise wi th  a deposi t ion rate of I ~0 aui g st r omns per m i n u t e .  Fi gure 6 shows X-ray data
fro m a well oriented t’ilm of ZnO Oil glass . The ref lec t ions  Iron the  ( 1 0 1 )  plane at 36.5
degrees and t h e ( 100)  plan e at 3 1.5 deg rees are absent .  S i m i l a r  e x p e r i m ents  were curried out
(In gold , t i t a n i u m , a l u m i n u m , and Si() 2. Adherence to the gold \~ .15 a prob lem because of the
i n a b i l i t y  of gold to t’orni good chemical bond s wi t h l  t he  ZnO: however , a 200—angstrom layer
of t i t a n iu m  between the gold sub st ra te  and the  ZnO t ’i lm  cured the  I ) ro h lemfl wi th  the addi—
tional  advantage  of less Zn O film sur l ’ace roughness. It  was f o u n d  tha t  well or iented f’i lms of
Zru O could be grown on all the substrates , wi th  a deposit ion rate  of 150 angstr on is per oli n—
ute  and a substrate temperature  of ’ 200°C.

Pl’IOTOLIT HOGRAPHY

Standard in tegra ted—circui t  p h i o to l i thographie  techniques  u lo rm a l ly  are not  su i tab le
for  fabr ica t ing  devices wi t h  ZnO on sil icon , since the e t ch ing  required to de l inea t e  met al
pa t te rn s in most cases af ’kcts t h e  ZoO. (‘onsequent ly ,  a p hoto h i thographic  tec h ni que wi t h o u t
e t c h i n g  had to he developed in t h e  NOSC laboratory . The process chosen was pat te rned
a f t e r  one called ‘ ‘ l i f t—off ”’ wh ich is used by some surface—wave and in tegra te d—opt ics  ha b ora—
tones. 6 ‘I ’hìe basic process sequency is p ic tured  in figure 7 , and consis t s  of ( I )  sp i f l i l in g  a
layer  of ’ posit ive ph otorc sist  on to  the  subst ra te ,  ( 2 )  exposing the phot oresi st  w i t h  u l t rav io le t
l ight  through a prepared photographic  mask , ( 3 )  developing ,  or removing,  the reg ions exposed
to the l ig h t , (4 )  deposi t ing a t h i n  layer  of m etal  over the  developed photoresist  pa t ter n , and
( 5)  “ l i f t i n g — o f f ” tile metal  l y i n g  d i rec t l y on the photoresist regions by removing th e photo—
resist w i th  a solvent.

4. Ro ’igony i , G A ., and Pol ito . W . J ., ‘‘ I’.p i ta x ia l  thin t ’ilms of Zn() on (‘dS and Sapp h ire ”..!. Vw’. Sci. Tu e/i..
VI I I .  6. no . 1 . 1 IS  ( 1969) .

5 . Kh u r i -Yaku b , 13. T., K iiio , ( , S.. and GuI le , P., “Studies of ’ t ile o l ) t i iul t i i n conditions tot growt h of rI ’-
sputtered ZnO f ’i l i ns ”.J. App!. P/ m m’s , . vol . 46 , no. 8, 3266 ( 1975 ) .

6 , Smith , U. I . ,  liac liner , I - , .1., and Firemow , N ., “A I hi gh-Yield Ph oloh ithograp hic ‘Fe chin i que for  Sur face
Wave I)evices ” , J. l - lcci r o c h ci i i ,  Soc., vol. I I  h , no. 5, 82 1 ( 1 9 7 1 ) .
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Figure 6. X-ray d i f f ra c i ion  from 7.110 on glass wi mhi  suh smi ’af c temperature controlled at I 5() ‘ C.
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Success of this techni que depends basicall y on two f ’acto rs: ~ert i ca l or u n dercut
photoresist edges after developing amid good adhesion of t h e  metal  Film to the areas of the
substrate where the photresist has been removed. A large nu m ber of tr ia l s  were ru in on glass
and ZnO using gold , t i tan i u m , and a luminum meta l l i z a t i on  to es t abl ish  th e best param eters
for use with the NOSC laboratory system and the best ch lemieal proce dim re . The key elements
to success with “lift—oft ”’ photo l i t hi ography were f o u n d  to he ( I )  a thoro u gh cleaning of the
su bstrates in inorganic solvents when possible and boil ing i n a detergen t solution f’ollowed by
boiling in deionize d water , (2)  i n t i m a t e  contact between substrate amid mask dur ing  exposure .
achieved by u sing vacuum pu i ldown on the mask and evidenced by visi ble optical  interference
fringes at tI le inter face , (3)  exposure t imes in excess of 200 seconds to enhance tm ndercu t t ing ,
(4 ) the use of a 300-a ri’~strom ti tani u mm film between the substrate and metal l izat ion to assure
good ad h esio n , ami d (5) pressures less than 5 x io 8 torr in the s- ac umum chamber before metal
deposition to thoroug hly out-gas regions of the substrate where photoresist was removed.

Figure 8 shows a properl y developed photoresist pattern that is viewed uiider au
electron microscope. Tile brigh t lines are indicat ive of charge b u i l d u p  at a sharp edge. Fi g-
t ire 9 shows a final metal h izat ion pa t tern tha t  was exposed for too short a time amid did not
have a t i t a n i u m  adhesion f i lm.  Some areas of the metal  f i lm did not stick in the desired areas
and tea r ing  of tI le metal  along the pa t t ern ’s boundaries occurred. Fi gu mre 10 shows a correctly
processed pa t t e rn ,  w h e r e  t h e  edges arc clean amid adhesiomi is good. Good res u l t s  were obtained
to be t t e r  than  5 X 1 0—6 metre resolution on all st mbstra tes  and metals tried , using the  proce-
dure l i s t e d  in appemi dix C.

MASK GENE RATION

To ach ’u ieve adequate piezoe lectri c coupling to thin ZnO films , carrier freq umencies iii
excess of 60 megahertz are required for the ZnO-on-sj hic omi devices , which in turn re q u i res
h ig h i - r e s o hu i t iom i  contact  masks f’or device fabricat ion.  The very small pat tern  dimensions rule
out hand—pre  ji ared rum hyl  i th masters. (‘onseq u men t ly .  com puter—generated masks had to he
dc~ eloped using th e Gerber plot t ing t’acil i t ies at NOS(’. A general com pum t er  progr am was
~vr i t t e m’m to cal culate au tomat ica l ly  the mask coordinates of a vari ety of diffe rent kinds of
SAW device geometries by enter ing the appropriate para meters in to th e program . The pumiched-
card out pu t  f rom th is program is used as inp u t to ti le Gerber plotter ,  which photographically
reproduces SAW device geomet ry onto a large sheet of film tha t  se rves as a master mask. This
in ask is photographically reduced by a factor ot ten onto a high resolut ion photographic plate
in the surface wave laborat ory. Tile photoresist film in the substrate is directly expose d
through t h e  li ght and dark pattern on the plate as explained in the previous section.

13
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Fi gure 9. Aluminum pattern on glass produced wh en *

substrate-mask contact was poor . exposure tu ne was too
short ( 1 1 0  seconds), and no t i tanium layer was used.

—

Figure 10. Alumin um pattern on glass produced with
good substrate-mas k contact , long exposure time
(220 seconds), and 300 angstroms of titanium for
adhesion.
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PROPAGATION OF SAWs ON NONPIEZOELECTRK’ SUBSTRATES

OUTLINE OF BASIC THEORY

The equivalent  ci rc u m it  used for the SAW transducer is shlowmi in f ’i gumr e I I . h ere , the
acou stic impedance of the SAW transducer is broken into  real antI i t l l ag i i l a r v  parts :  R a and

~ a ‘l ’he radiation resistance R a accounts for  all the power from tIle generator t h at is coupled
into the propagated surface wave. The other circuit  elements are CT. tile capacita nce of tile

1

Z2

~~~~~~~~~~~

J~~~~~~~~~~~~~~~~~~~~~~~a

Figure I I .  Equivalent circuit for SAW transducer.

m eta l imiterdi gita l  t ransducer:  (‘fl. the stray capacitance troni connectors amid bonding pads:
R5. t h e series lead re sistane e : L. the series tun ing  indumctor :  and R G. the 50-ohmli generator
resistance. Ki no calculated R u . X a. and 

~T for t h e  four layered geometries shown in figure 1 2
by using a var ia t iona l  technique. 

‘
~ The gemieral torm of ’ the aco umst i c impedance

‘7 Kino . G. S. and Wagers . R. 5.. “Theory of int erdig ital coup lers on nonp iezoelectric suhstra tes ”.J. App!.
P/mys’.. vol. 44. no. 4 , 1480( 1973) .

)ZX ) ZnO ON ( 1 1 1 )  - CUT (11 2 )  - PROP. SILICON
(~~v/ v AT CONSTANT w )

0.015 -

0.010 —

3

0.005 —

0.000 
1

Figure I 2 . ~ v/v ver su s kit a m c on s tant  frequency for  the / i mO- Si  stru c iure with time
geomei r ies SiloW il above (see reference 7) .
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for  a la~ cred s t ru i c t u i r e  is the same as fo r  a sc n l i— i i l f i n i t e  sum h strate .  However . ~ ( radial frequency )
hccoi lles k f wa~ e n u m b e r )  for  th u e layered ease because of di spersion:

A sin \ 2
K . 1 = R a (a” ’)

a 11(1
A , . i m i 2 x — 2 x

= R a ( 2 x ’ ) -

wiler e
, r N ( k — k 1 2ir

x = . k I = — . N n u m ml l he r  (If f ’iuig e r p~m ir s .

A

1 Im e cx pr cssmo ns f o r  K 1 an d ( .1 re co in  p h tea ted f u nc’t i oiis of geomn e try and mate  rual  paran i e—
tel’s ~t i1 ( l ~~ i l l  h o t  be l i s t e d  li cu ’ e: ios~eve r . it  is iu l l p o r tam l t to note t h a t

A K 2
K =

~~

where K 2 is the  p ie toe lce t r ic  c ou mp l i m i g  c ons t an t ,  IS t i le cen ter  f requmency  of die tramisdu m cer .
and W is the t ransducer  aper ture  w i d t h .  T’h l t m s . in principal , the radiatioui resistance at the center
t req u mency of a t ransducer  can always he ad j u s t ed  to 50 ohn ’m s f o r  any given coum p h ing com istami t
by ad jus t ing  the aperture . However , practical con siderat ions sumch as diffraction and photo-
l i t hi ogr ap llim. ’ l i m i t a t i o n s  of ’tem i i l lake thi s  imll p ossi i ) le .

To ca l c u mla te  t he  to ta l  f r e q u e n c y — d e p e n d e n t  inser t ion loss of the layered t ransducer .
a co m np u mte r  progra m was w r i t t e n  to solve the  c i rcui t  in f igure  I I  (givemi R a~ X a. and
cal cu l :mted by a sub program ) . This program served as the basis l’or all surface-wave device
designs in developing the triple-product convolver. The proced tmre developed is as f’ollows.
(; iven a center  f requency wo. tile coupling comistamit  K2 can be approximated by knowing the
ZnO f i l m  t h l i ckne s s , Thìis is done by u m s i n g  t ab u m l a t i o u i s  as i l lus t r a t ed  iii fi gu mre 12. it can also be
do n e by c a l cu l a t i u i g  the per turba t ions  i l l  SAW propagati on veloci ty,  caused by t h e  insertion
of ur teta l  planes in p lace of the t ransducer , wi th  proced u res su mch as used by i—’a i i mny . 8 The
opt imu i m n u m b e r  of ’ f i n g e r pairs is then approximately  given by

N =  i— .I 1V 4 K -

in th l i s  ease . o pt in iu mm means mn a xi m i i u m n possib le bandwid t h  under  ti le condi t ion of matching
the t r ansd u cer  to the  source w i t h  a series inductor.  Using Kino ’s formulas , the transducer
aperture width that gives 50 ohms radiation resistance can be f’ound . as well as CT. Use of the
general  eqimivalent c i r c u i t  m odel described in fi gu re I I  aliows t h e  calculatic. i of the tuned and
L m mltumle ( h insertion losses (It tile t ra ns c l t mc er  as a tuu i ~ iion of ’ f requency.

8. F ahni y.  A. II . , amid Adler . F. I . .  “ M u l t i l a y c i ’  aco u stic-s urf ’ace’wave program . Proc. II:’!:’. vol.. 122 . no. 5,
470 ( 1975) .
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An important consideration iii designing ZnO-on-sihicon devices became apparent as
a result of using this program : when hi gh-frequency transducers are used , stray connector
amI d bonding-pad capacitance can significantly decrease the e ffective radiatio u i resistance
seen by the generator because of the small transducer capacitance. A usefu l approximate
way of viewing this was pointed out by Dr. Eric Adler of McGill University (a tempora ry
employee at NOSC du mring the summer of 1977. For the case wiiere

>>l ,
w0 R a CT

the effective radiation resistance is given approximately by

A / C T \
2

Ra Ra -

As a consequence . it is often impossible to design R u for 50 ohms because decreasing the
aperture not only incre ases R a but also decrease s CT (see appendix 1)). It is sometimes
possible to remedy this problem by increasing tile u i u m mn ber of finge r pairs to increase C’1-’ at
the expense of reducing the bandwidth of the transducer.

EXPERIMENTAL RESULTS

The first delay lines fabricated wi th  ZnO films consisted of ’ a su bst r ate . ZnO -f ilmn .
interdi gita l-transducer geometry to avoid t h e  extra  processing step of a film interface ground
plane and to eli m inate  t’ai lur es t’roni pinholes in tile ZnO fi lms .  These devices were umsed to
veri fy the m odels and estimate the qu m a l i ty  of ’ the ZnO films. Tile first sumccessf uml launching of
a SAW on a nonpieioelectric su bstrate was accomp lished ut sing a glass microscope slide as a
sumbst r ate , a 2 X 1 O_6 metre thick ZnO film , and an a l uminu m n i  interdi gital transdumcer of
140-megahertz frequency.  Fi gure 13 shows the fi rs t observed SAW on glass , whic h h ad a
one-way n ii dband , un tuned  mismatc hl loss of 28 decibels. T u e  calculated insertion Io~s is
shown in figu re 14.

Reasonable untuned  insert ion losses were also observed using ( I l l )  silicon wi th  an
overlying 2000-angstrom , thermal-oxide layer as a substrate. However. when devices were b u milt
on silicon /SiO-, to observe nonlinearities , several diffic umities arose. First, it becanie clear that
series ind u mctor  t un ing  did not give the expected imp rove m ii ent in imisertion loss. Also, the
diffe rent potentials at the bottom of ’ the su bstrate si gni f ’i cam i t ly  at ’f ’ected the insert ion hoss.
In addi t ion.  DC bias applied to the transducers and optical  i h i umina t i o m l  drastically af ’fected
the insertion loss , wit h the added com plication of long-term me m ory e ffects.

(‘a ret ’u i observation revealed that  the influence of the hulk  si l icomi On the tram isducer
equiva len t  c i rcui t  was com pletely responsible I’or all the above eft ’ects. As a fi rs t approxima-
tion , the silicon hulk resistance can be entere d into  the equivalent  circuit  model by adding
a series resistor to R a.This series resistance does not chamige the un tuned insertion loss
signif icant ly ,  since the large impedance of CT causes an almost constant current in tI le
circuit .  Consequently, the um ntuned insertion losses n ieas umred on the fi rs t devices agreed
with what was expected. However , when C’1 was tuned o um t,  the measure d insertion losses

18
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I

Figure 13, First observed SAW on glass using ZnO ifiui l
t ransducers (0.5 microsecond-per-division horizontal
scale) .
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Figure 14 . (‘aicula m ed . one-way, un m uned insertion loss f ’or a ZnO on glass transducer
(measured m i dhand loss = 2~ dB) .
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were nnui ch hi gher than expected because of tIle power dissipated in tile hum l k term ( see
appendix F). This was confirmed experimental l y by immersing tile device in li quid nitroge mi
to decrease the free carrier density imi t h e  bu m lk.  ‘I’he Smith  chart  data in figu mre I S  shows tile
decrease in the transducer series resistance as a re sumit of cool mn e .

‘ru e si licon b u m l k resistance ahso enters imito ti le e qumiva ie n t  c i r c u i t  i i i  a more complicated
way as a distr ibuted resistance associated wit i l  tI le bonding pads. This is t h e  p r imary  reason
that  time insertioti loss is affected by tile bou mndary conditions at tile b ot fon l  of the sumhst ra te .
since the presence of a ground directly under the bonding pads causes power to he shun t ed
f rom the transducer to the bulk resistance between til e bonding pads amid ground.  This can
be seen in fi gures 16 and 17 . Figure 16 shows Smith chart data on an 80-tnegaherti. trans-
ducer with the bottom of the silicon ungrounded , wh ile figure 17 is the sann e tr ansd u mcer
with a grounded region directly under the finge rs.

Meniomy effects apparentl y arise from the complex interaction of two phenomena:
injection of electrons (for n-type silicon) into bulk tr aps in the ZnO ~ and the f i l l ing of
traps at the silicon/silicon dioxide interface. One observed miiemory e ffect was a bias-
dependent retention of insertion loss level , triggered by a li ght pulse incident on the trails-
ducer region. A decrease in insertion loss presumably comes from depleting the free carriers
at the silicon surface with the trapped charge , thereby decreasing the attendami t electrical
dissipation of the suurface wave. The long-terni trapping of charge generated by optical
il lumination can be seen in figures 18 and 19. Figure 18 is the capacitance as a function of
DC bias of an 80-megahertz interdigital transducer on silicon both in room ligh t and in t u e
dark. Figure 19 shows t h e  decay of charge back to equilibrium after the removal of a large
invert ing negative voltage from a Sim llil ar transducer. Although the bias variable storage e ffects
in t h e  ZnO-on-si iicon devices appear promii ising as new signal processing tools , they are detri-
mental to the operation of a triple-product convolver. Consequently, a detailed study of
t hese effects  was not pum rsued ,

It became clear that to achieve the low insertion loss levels necessary for a usefu l
trip l e-produ mct convolver , a ground shield under  the transducer between the ZoO amid SiO-,
to shield oui t the e ffects of the bum lk silicon would be needed (f i gum re 20). T h e  first interface
ground shields used on the silicon devices were deposited through stainless steel masks to
cover only t h e  t ransd u cer region. This was done to avoid extra capacitance to the bonding
pads. it was found ,  however , t h at the hulk  resistance from the bonding pads was still large
enough to affect s ignif icant ly the insertion loss. There fore , two uiiore devices were made with
ground planes covering a large regio mi around the transducer , and in these cases the tuned
insertion losses dropped to expected values (36 decibels t’or a 0.34-m im ill inictre apertumre wit h
10 finge r pairs amid 24 decibels t’or a 0.60-milli m etre apertum re wi th  15 finger pairs) , The
acoustic resonance of t h e  0 ,6-millimetre transducer at 80 megahertz is shown on the Smith
chart in figure 2 1.  The radiat ion resistance is evidenced by the h u m p  in the curve. One detri-
mental effect of the ground plane was to decrease R a by fou mr because one-half of ’ the
interdigita l  fingers were at ground potential.  A ba lanced -to-umnba lanced transformer can
be used to res iore operation of ’ both sides of the interdigit al  transducer.

9. (‘o ldren. L. A., “Effect of ’ bias field in a zinc-oxide-on-silicon acoustic convolver ,” App!. Ph~s. L ef t . ,
vol . 25. no, 9 , 473 ( 1974).
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NONLINEAR INTERACTIONS

FOUR-TAP DEGENERATE DEVICE

Once efficient l au m nc hing of SAWs onto silicon was achieved , sonie prototype trip le-
product co ivolvers were humil t .  The fi rst sumccessf ’ul comivolv er was desi gmie d f’or 80-m egahertz
carrier frequencies at both delay line inputs  to give a 1 60-megahertz product oumtput  at four
MOS taps. One advantage of this approach (degenerate) over th at of using two dif fer ent
carrier frequenci es (nondegenerate) at the inputs and extrac t ing the difference frequ ency
produ ict term is th at the second harmonic tenu has no spati al variations. This can be stated
mathemat ica l ly  as the vanishing of the k vector of the produ ct:

exp Ii (~~t — kx) 1 exp Li (wt  + k x ) j  exp (j2 w t )  -
This elmm imiates  the necessity of h aving spatially periodic MOS taps. A schematic of ’ the
t’our-tap degenerate device is sh own in figure 22 . wh ile figure 23 p ictures the experi mental
setu m p umsed to demonstrate electric ally variable convo lumtion with the device. Duri mig opera-
tion , au 80-megahertz signal generator is pulsed to feed one inpu m t transd umcer amid is ruin
(‘W into  the other i npt mt  transducer. The second harmonic signal at 160 megahertz is taken
of ’f the four cem iter taps in parallel through an RF choke. The outp um t signals f’or short amid
long i i lput  pulses are shown in f’igumre 24: they represent convol u mtion of the inpu m t pulse with

•
1

w 

_ _ _ _  

E ~~~~
Figure 22 . Four-tap tri ple-product convolver.
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Figure 23. Exp erii l l enta l  setup for  ohser vim lg trip le-product
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1-ugur e 24 . ( onvo lu t io n oUtput  of ’ four- lap  degenerate device for short and long pulses.
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the taps. Figure 25 shows the variation of the second harmonic output with DC bias ,
illustrating triple-produc t operation.

SIXTEEN-TAP DEGENERATE DEVICE

A sixteen-tap triple-product convolver chip was also built , using 80-megahertz
carrier frequencies. Convolution of a I-microsecond pulse with ei ght uniformly biased taps
of the convolver is shown in fi gure 26. The other eigh t taps , which are turui ed off , have no
nieasumrab le effect on the convolution output.  Figure 27 is a photograph of the sixteen-tap
triple-product convolver.

CONCLUSIONS

Successfu l demonstrations of triple-product convolution have been made with four-
and sixteen-tap ZnO silicon devices. Further work should include eliminating storage effects
associated with trapping in the device and pur suing improvements in packaging and external
circu u itry to make these devices more practical.
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Figure 25 , Variation of second harmoni c output of four-tap
degenerate cunvo lver with DC bias.
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Fi gure 26 , Convo lut io n of a I-microsecond pulse with eigh t
un i for m ly biased taps of a sixteen-tap trip le-product
convo lvcr.

Figu re 27 . l 5 hmot o g ra p lt of ’ s ix ic en -tap I r ip le-prod uct coilvolver.
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APPENDIX A. CIRCUIT MODEL OF PIEZORESISTIVE DEVICE

For a single tap, the high -I ’requency small-signal circuit for a piezoresistive MOSFET
tap is as follows:

zo

V

at  ~j ’ ~~~~~~~~~~~~~~~~~~: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ f:: 

____

In this model g~5 (V d) is the no mi l inear drain -soumr ce conductance associated with the MOSFET,
The cuirremi t generators i 1 atid i, represent t h e  l inearly transdumced sumrface acoumstic waves .
detected throumgh the piezoresistance of the silicon inversio m i layer. The voltage soumrce V 1
re presents the sampled in pumt data voltage. The impedance Z0 is the bias resistor in parallel
wi th  the remaining MOSFET tali impedamices .

Since V~ is considered to he slowly va r y ing  wi th  respect to the DFT cornponetits . the
above circui t  may he transf ’ormed thums l y:

I I 1 ‘1 +1
~~~~~~ i , 

?~ 

Z T 
¶9

ds
(V d ) 

¶ 
Z I a d  ~~

This c i rcumi t  is ident ica l  to tha t  analyzed by Reeder ’ for his  diode array DFT. Following his
a pp roach

g~ 5 (V~~) G0 -t- (; 1 Vd

whlere and C 1 are determined h’rom the vs. V D curves for the MOSFET and rep resent
the RF condumct ance and quadratic coupling coefficient , respectively.

From Reeder ’s analysis (fo r difference frequency operation )

V 0~~~
__

~- Vg~~V g~

I .  Reeder . I . M.. “Fourier Transformation of ’ Television Signals by Nonlinear Delay Une Techr~iques ,”
U nited Aircraft Research Laboratories Tech nical Report N92 1957-F , March 1975.
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where Vg1 and Vg2 are the equivalent voltage sources representing the amplitude of the
transduced SAW at frequencies w 1 and W2 . Thus for a given data input  voltage , the device
output is proportional to the product of the two input  chirp amplitudes. The dependence

G 1
of —i- on the input data volt age s, however , appears to be highly nonlinear. First:

G 0

_ _ _ _  

a I D
Gr( = and G 1 =

‘-‘ a V ~ a V D

For a MOSFET just befo re saturation:
—5

[ V D
= k L(VG _ V T ) V D _  

~~~~~~~~

‘

In this case

C0 k I ( V G _ V T) _ V D I

= — k

(‘onse quuent ly

V81 Vg~V0

and V 0 has a highly non l inear  r elationship to V~; = Vd.



APPENDIX H.
CALCULATION OF POTENTIALS IN ZINC-OXIDE SUBSTRATE

tn regions amid . no t r e e  charge ts assuimed:

u h f  if if ~ ~ I’ r u t !  7 7 f  f f l

~~ ~~~ 
~~ 

~‘: 0 ZnO

4~ Iv ) (~ y 
+( ‘~ i

— - - d2 ~ 
Si0 2

In region ® . an ionized donor charge ~ ‘ 0 0 0 0

= I _L. y’. +( ’5 y + C ( 

Si

B.(’. \

d 
~ I

dy y r ~ (d 1 +d , )

d$ 1 d P - 1
2. dy y —d , - dy y =—d ~

-~~~ ~~l (— d - , )~ ’~I~-, (—d -, )

4. 
=- dy yz.o  3 d y  

~~0

~ ~~2
(0 ) ’~~3 (0)

6. (l)
3

(~~~) 0
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qN~-e 1 C 1 = - qNQ ~C 1 = —

e 1 C 1 = e , C 3 C - - ’- ~i!i ~ =
— 

€2 €3

-C 1 d, +C2 =

/q N Q\
d-, + C 4

qN Q qN~ / d 2 d2
C ,— C 4 = d - , - d-, = uIN~ I”— — —

— 

~~l — € 2  — \~~i ~2

= qNQd, (_L - 1..
— — 

\~~ l ~‘2

~~~
‘ (‘5 = —

~~
- - =

— 

~3 ~2

C4 = C6

qN 2- 

2 e 3 
+C 5 (~+C6 = 0

[
~1 = 

(IN 
~
2 - = 

qN Q 2 - 
qN~? 2 

= — qNQ
2 3 2 e3 €

~ 
2 e 3

= C4

= C4 + qN Qd ’,  (1. - _~_

‘

~

\~~I ~2 /

qN Q 2 I
= - 

2 E 3  
+ (IN Q d 2 (

~
— -
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th um s ___________________________________________________________________________

qN~ qN Q2  / I I
= y — + q N i ~d., (_  —2 e 3 — 

\~~l ~2

qN ~ (lN Q ’~’(l) ,( y ) = y — ____

- 

~2

uI N ‘
~ t lN~ qNQ 2

(l)
~~( y )  = — —i—— y + y — ____
- ,.€ 3 € 3 2 € ~

Variat ion of gate voltage with sumrface pot ential

(I N k ( 1N Q / 1(1)
1 (— d 1 — d 1 )  V(. = — — (d l + d ~~) —  —:;-———— + qN k ~.h , (—  — —

— 

~ l — 
‘-

~~~~~ \~~l ~~

V~; = - 
~~~ 2 

- 
~ 

I•:~i~ (d l + d , ) u1 N d ,  (‘~~L~’ 
— — 

\~~l ~2
or 

V (. = - 
t iN~~ - 

(1 N d 1 
+ 

q N d 2
2 e 3 e’ 1 ~2

L~

’

~~~ 

~~~ 
~N~~ ( ÷ ~~~~

J
~
j
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APPENDIX C. LIFT-OFF PHOTOLITHOGRAPHIC PROCEDURE

- Clean substrate by swabbing with lab soap (Liquinox ), rinsing in deionized water , and
boiling in deionized water.

2. Bake-out slides for 1 hour.

3. Let sumbstrate cool to room temperature .

4. Flood substrate with filtered AZ 1350 B photoresist .

5. Spin at 3000 rpm for 30 seconds.

6. Bake-out at 90°C for 25 minutes.

7. Cool for 10 minutes to room temperature .

8. Expose through mask using vacuuni pul ldown for 220 seconds ( 1 1  -imich mask-to-li ght
separation).

9, Develop for 35 seconds in MF-3 12 developer , I : I with deionized water at roo m
temperature.

10. Rinse for 1 minute in deionized water.

I I .  Deposit 300 angstroms of Ti and about 1 000 angstroms of other metal on photoresist
pattern . Ultimate vacuum should be around 5 x I o 8 torr.

12.  Lift-off with 50°C acetone accompanied by li ght swabbing with a cotton swab, Acetone
may be decanted to e l iminate  large pieces of metal initially lifted off.

13. Rinse in deionized water.
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APPENDIX Ii.
EFFECT OF PACK AGE CAPACITANCE ON TRANSDUCER IMPEDANCE

( f ’rom discussion with Dr. Eric Adler)

I -I-CT
Z I n 

p 

~~~~~ A

TUNIN G ~~~~~~~ PACKAGE .,~~1 TRANSDUCER AT RESONANCE
COIL I CAPACITY

Assuii iptions: Radiation 
~ R = >> I L otherwise need shunt  mode lj

w R A CT

z 22
’ = 

I
i w C p +

R +
J W T

= 
R~~ _ l / j w C~

j w C p + 1

R 2 + (  I -

A \ W C T

neglect from high 0R assumption

j w Cp + R~~(~~ CT ) +j  w

- 

R~~( W C1)2 _ j w ( C p + C~~)
- 

IR A (W (’T ) 2 1 2 + F W Cp +C T)1 2

neg lect for same reason as above
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( c T \ 2  
_ _ _ _ _Z2, = RA 

~
CP +CT) 

- 

W [ ( Cp + C T)J

II coil tunes on t Cp + CT then

/ (‘T \2
Re Z R I and a reduction always occurs.in 

\C P + C T)
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APPENDIX E.
ESTIMATE OF INSERTION LOSSES FOR SILIC ON DEVICES

(WI TH AND WITHOUT A BULK LOSS TERM).

An approximate model of a standard transducer-p l us-connector capacitance at
resonance is as follows:

i~~~

_ _ _ _ _ _r
This redumees approximately to the following according to Adler ’s approximation :

C’ CT + CP

~~~~~~~ 

~~~ R
i
~~~~( T  Ra

The ci rcu i i t  of interest  is then :

Ag C’

~v~~~~~II
V~~~~ IRP

1 lie mi ~a x i i m i un ~ power av ailah l e to the load is

V 2
4 R g

a m id t i m e  power absorbed in the load is

‘I

V -

( R I + Rg) 2 4f.,...L 2

\W ( “

I
, 
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Therefore the power mismatch is given by:

4 R ’ Rg

/ I \ ~(R ’ + Rg) +
\W C

For an estimate of the insertion loss , assume that R a = 50 ~‘l , CT = I pF , C~ = 10 pF ,
and Rg 50 ,~2.

An estimate of the untuned mismatc h loss is then (fo r w = 100 MHz):

4 (0.5) (50) 100 
— 

100 
—

(0,5 + 50)2 + ( l 5 0 ) 2 2500 + 22500 
— 

25000 
— 

250

This corresponds to approximately 24 dB mismatch loss. The two way insertion loss is
approximately:

2 (24) + 6 (bidirectiona lity loss) = 54 dB untuned.

An estimate of the tuned mismatch loss is:

4 (0.5) (50) 
= 

100 
—

(0.5 + 50) 2 2500 
— 

25

This corresponds to approximately 14 dB mismatch loss. The two way insertion loss is
approximately:

2 ( 14 ) + 6  = 34 dB tuned.

Now assume that Ra consists of au acoustic part , R A, and a bulk loss part , R B. Say R B100 R A

and
RA = 50 &2 , RB = 5000 

~~~~
, R~

’ = 0.5 
~~~~

. R B
’ = 50 &2.

An estimate of the tuned mismatch loss is then:

4(0 .5) (50) 
— 

100 1
— 

= = 20 dB mismatch loss.(50+50) ~ 1 0000 100

This gives 2 (20) + 6 = 46 dB tuned insertion loss.

Thus the presence of’ a bulk loss term does not significantly affect the untuned
insertion loss, but a large discrepancy is observed in the tuned insertion loss if ’ the bu mi k
resistance is not taken into account.
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