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ABSTRACT Silicon Schottky-diodes have been used to store images f surface acoustic waves

propa gating on l i thium niobate. These images were subsequently emp loyed to prov i de programmable
matched filter or coherent integration functions. This technique (ould also be used to holographica lly
store a large number of acoustic beams to provide a storage capacity as large as 10~ bits of in-
formation. The basic storage element is a Schottky diode w ith an overlay of polys il icon. Many such
diodes are arrayed on centers which are less than an acoustic wavelength apart. Wnen the acoustic
si gnal is in position beneath the diod e array, the diodes are forward-biased for several nsec , wh ic h
causes charge to flow to the diode contact in response to the piezoe lectric field of the surface
wave. These charges diffuse into the polys ilicon in several is , af ter which a succeeding signal can
be overlayed in the array. These charges , which are an image of ~ie acous tic signal are retained in
the polysi li con for as long as 100 ms. The stored ioa ge is proportional to the acoustic signal in
every respect, includ i ng the ampl i tude , phase and wav efront details. This procedure could be repeated
for many acoust ic beams , and a subsequent signal along a given stored beam causes an electrical
signal to appear across the silicon-lithium niobate composite which is proportional to the cross-
correlation of the si gnal with all stored Images. This gives rise to the desired output si gna l,
plus undesirable cross-talk signals. Also the desired siq n 3l Is relatively weak , and its signal-to-
noise ratio needs to be increased wi th a coded interrogating si gna l and a matched filter .

Introduction d iodes with pol ys i li con co~ ta~ ts , located on centers
less han 1/2 acoustic wave length apart. An equivalent

Acoustoelectric signals have been stored and C ircu it of an individ u al Schottky diode is shown in the
coherently overlayed in an array of Schottky diodes figure. When the diode is biased in the forward
wit h polysili con contacts 1 . The principle of operation directio n R~C~-lO~~ sec and in the reverse direction
of the device is shown in Fig. 1. A stri p of silico n R~C5 l~j sec . The carrier d iffusIon ti r~e constant
is po;itioned a fraction of a micron away from the in the po l y si licon is Rp Cp l O ’  Sec . An in tense
surface acoustic wave delay l ine. The silicon inter- doo~Jst) c signal on the surface o~ l i th ium niobate has
face Is covered with a 2—d imensional array of S~hott ky a pie zoelectr ic potential of severa l hundred mV. ~her,

__________________ 
the SI gnii is jr position beneath tu e diode array,

_________________ 
several nsec , during which tiir e charg ing currents can

- ,. flow ‘rom the bulk silicon into the p la tin ~rn si l icide
con tacts (Ci). The distribution of charge among the

[ 

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

the diodes are biased in the forward direction for

di~ 1e capacitors In the array has a component which is
— an image of the piezoelectr ic potent ial , as wel l  as a

-- unifo r r  component due to the bias potential. The
— —. ~n~~r~r’~ ch arge bac~ -hias es the diodes , which provides

/ a ti’~c c cn tant  c f  t ie order of 0.1 sec . The charge on
0

• the platinum su icide contacts C diffuses into poly-

1

0 DRJUE EOUIV~ LLNT silicon cap acitor C~ in a few os. For a subsequent:11, . ilitfuo es into the polysilicon , which accumulates a

cs , which is not a long enough time interval to discharge
C 1 As before, the charge in the platinum silicide

• 0 
E—IL

~
R 

signal , the diodes are forward-biased again for a few

• P . 
•~./ 3 succession of charges. This process is repeated until

the potential in C approaches the peak potential on
C .  The net trar~~ er of charge from the diode to

• the polysi Hcon iuring any sampling interval is
proportional to the difference of potential on Cp and
Cs. As the potential on Cp i ncreases , the i ncremental

ii Charge transfer decreases. For the case where the
—i .. same signal is sampled periodically, the charge 0N 

I inc reases with respec t to the initial charge Qi~0
according to the relationship

0 
~~~~~~ 

T/T
(1)FIg. 1 Schottky diode rnemory-correlator structure 

~~with pol ysil icon overlay. The equivalent
C ircuit of a sing le d iode has a diode re-
sistance and capacitance R5 and Cs. and poly- where t R(C + Co). T ~ t1r~e interval between
silicon resistance and capacitance Rp and C~ . success ive periodic writing i~’pu1Ses .
L imenslons are chosen to provide diode time-
constants of 10’ and l0’ sec wit h forward If the acoustic signal is absent, then successive
and reverse bias, and polysilicon time- writing Impu lses provide a uniform potential among
constant of l0 sec . The picture is of a the diodes , and suff icient charge Is ultimately
diode array on 12.5 urn centers. transferred from C to until the potential on C~,

~~~~~~~~~~~~~~~~~~~~~~ by the Department of the approaches the potential on C .  With signa l present
Army and the Advanc ed Research Projects Agency. the potential on Cs could change from pulse to pulse .
1975. Ul trasonIcs Symposium Proceedings, IEU Cat. •~ 

The charge on C~, either Increases or decreases with
CHO 994-4W eac h writing , depend ing on the sense of the potent ial
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difference between C and Cp . Thus a true analog ou o~en t i a l t an ,ter of data f r m  one lio ~ to the
image of the surface waves can be stored . n.~~t , and a sing le •i’-fe~ tive Tin , may make a etole

chain of storage o~ernents inoperative. If several
The distr ibution o~ charge among the pol ys ilic ori t inS of beams are to be • .*r lay ed in the same diode

capac itors creates a s~at i a l variation in the carrier array, then ,rev t care must 00 tak e n t . minimize
dis tribution in the bulk silicon arid subsequent cross-talk . ‘ I C  ~i~a must be stored in a manner whi ch
signals cross-correla te w~ tn this carrier distribut ion 2 . ~~~~ one data streal in an orthogonal relations hip
The strength of the crcrcc-correlat ,on si gnal i s to a l l ( t i er • ih~ 5 orthogona lity ~cul d be obtained
proportio na l to the stored cha je in the poly silicon , by tilting ‘ire acoustic 1ev with respec t to others ,
and the re ,ij lt s obtained with overlayed identical by er~ o d r r ;  the data ~.ith orthogona codes , and by
pul ci”, are shown in Fig. 2. Notice that the accimulated c ’cr t.ng orthogona l pr4~u ’Jat in g modes along any one
char e does indeed follow the 1’n~orithm ic law expressed beam .
in Eq. 1 if the time cc rst ants are used as indicated
in the figure. If a large number of linear signals Tht vse 0 ’ ~en~~•)ra j codes for se;nrating overlayed
are to be stored , then the input signal strength data leads to a reducti on it the ata Lan’iwi dth. For
should increase exponentially to compensate for this exanipl” , ‘‘ each ‘.a: tle of ir ’ ;r ra t~ crr is to be
logorit hniic effect. A linearit y margin of S dB is encoded w t h  10 bits of code t e n  data can b~ entered
advisable if data is to be recorded with good fidelity. at a ra t~ . c r T y  1/IC: i ’ -• bardw’ Itt i~ code ortri o-

gona lil y is to to •ire i re : .  i~ tne core has a
_________ 

bandw itt ’ of 100 Mi then oa ta .ar b~ ~ntcie d at a

at c’iis rate , it w e d  trot be I’ re ~~~ing to develop
nie groiro n Goin O~ ’O~ 

a new memory r:hic h has s i c  li ar l im itations , and this
form of s t ora ge r1r r a r i c e - 

~ r • t  is therefore rejected .a

• 

_ 

i 

rate no qre,~ter tb~r ri 10 ~ Srn ce CCD devices operate

Intugr o l on P,riod Tp ’ Bms,c 
T i l t i nq t Ie bean~ cc i,, p r 0vi de , in p r i nc ip l e ,

~ 1o~- (0 y.36m~~c perfect bor  rtrio or r ity i t a given ‘requeflcy .

~1. ~ 63m3e~ This condition can on)~ bn ~I ;1’ix imdteO with a finite
I band wi i tr. The cro ss-tvl~ level between an unterro rat_

ing signal and a stored image is proportional to
(sin )’/82 etore -‘(!A)s rr~ rad ians , L 0,-am
wi d th , = w,r velr ’n~ th . ang le between wave fron ts
of storeo irca ge a d  51 n I .  It can be shown for a

TIME (rn sec ) fracti ona l b ardo idth ~f ~~~ and for the case where
the read- cit signa l does not correlate with storage
data, and where sino Em .i/L , that the cross—talk is

• F ig. 2 Output voltage versus time , for 15 successive -25 dB for m + 1 , —28 dB for ~n ~2, and -29.5 d8
overlaps. The data was obtained by writin g an for m = ‘-3 . Thus the cross-tal l level due ‘o six
i dentical signal every ei ght ms . and by reading adjace nt ~eans is -19 dB R T- S. A p -ooo ib le configuration
the stored pattern continuously betwee n is shown in Fig. 3 in which seven beams are overlapping
writings. There appear to be two storage
time-constants of 36 and 6~ ms assoc iated with
the d iode array.

44 OvtRi APPi~G
7 TRAN SDUCERS BE AMS 7 rnANso~ceRs

Ac ouctoelectr ic ronvolvers have been reported ,‘ /elcewhere in this Proceedings 3 wh ich have a bandwidth
of 100 MHz, a carrier frequency of 300 MHz and an
interaction l ength of 10 us. The device is capable
of provi’l’ng an outpu t si gnal level of -22 d8er wi th

_ _  T . •
~~~~~

technology could be emp loyed towards the realization 
1input signal levels of +18 d8m. This Identical

__________________ I’Cof a holographic storage device.

The charge distribution of any one signal image

Holographic Storage

in the diode array is a prec i se replica of the acoustic L~~bO3wav e, and every detail of the wave , inc l uding the
amplitude, phase and spatial configuration of the — 

wavefronts is recorded. This is the end result of
conventional holography , and the use of the work here
implies onl y the retention of wavefront information
but not necessaril y the usual process. A holographic
acoustic memory would be competing with other serial
memories inc luding magnetic disk , bubble domain , and Fi g. 3 SChe~atiC view of 14 overlayed acoustic beams
CCD storage memories. The potentially unique feature on LiNbO beneath a silicon Schottky-diod e

of the acoustic memory is that it Is essentiall y an array . The 200 A-wIde beams are separated by
analog storage device , and that It could store data an ang le of 6/700 radians. There are seven
at a rate which is an order of magnitude greater than beams on each side of the structure. Each
wha t Is available with all other types of serial transducer set consists of seven 2.5-finger-
memories. Anothe r attractive feature of holographic pair transducers.
storage Is that each bit of information is distribu t- in the same region , propagating from left to ri ght. Aned among tnousands of diodes , and the storage capability additiona l seven beams could be added whi ch propagateis virtua lly unaffected by a random distribution of
defective diodes throughout the array. By contrast from right to left. Any one beam fill s a fraction of

the diode array. Thus a certain amount of signal ischains of CCD and bubble doma in devices require the lost because of the capacitive loading associated with
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the non— ;a ”t i c lpat ln r diodes . F r  the situat ion w rr e -- • - -

h of the seven beams I . .  a t i . -  bandwid th produc .~~ , 
i 1010 and a fraction a l t,ari.t ~, i , jt h  of 33~ , only lOT “I L
he availabl e diodes v i e  fil le d by any ore beam , wh Ich 

I ~~~

correspond s to .i par ,r ’ .l tic loss of -S dB.

A third way to s c h i ’ v r -  orthogona lity Is to -

emp loy orthogonal modes along any one beam direction.
4 5-2For examp le , transducers could be used to introduce

phase reversals across the beam aperture as shown in 3 4  

~::}~- ‘5dBmFig . 4 ‘h~ phase reversal is created by revers ing
the transducer finger connect ions b to assure good

nc .-1501 it ion between modes ov e r  a wide bandw idth. Seven -

wave-front patterns are shown in the figure which are
orthogona l wi th  respect to each other .

IV ’TY i0~~cm

a. - b C ~~ • i~PiT POWER 2x2 SdBm

STORAGE TIME Smsec

~ ~ 

1 -
- 

• J I_ MODE
TRANSOUCER 

-
(a )  - -  - 

Su ’—i-i-,--
-

0 - • -~~~~~~~~~~~~~~ - _ _ _

80 90 • ‘ ‘ 0

______________ 
rREQUENCY (Mhz l

-• 0

..~~
~~~~~~~~ ~~~~~~~~~~~~~ i, ‘ig. 5 Exper icc3ital der or ct ration of orthogonal modes .

The da ta were obt aino~. by ot orin g CW pulses in
Ib) — ——-—- ‘ ‘ ~~ ~, ~~~~~~~~~~~~~~~~~~~~~~~~ 2, a Scfnott ky diode array, acid then observing the

cross-co rre lat ion signa l 5 msec later with a CW
_,—

~
__,—--

~
__,---

~
.__.,—-— 

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4, read pulse. Four dog-leg type transducers were

ap~ hei to t’o substrate as 5 iO w ’i . It the read-
signal is appl i ed to tie sane terminal as the
wr ite-signal , the~ ti, reterence out put signa l

F ig. 4 a) Typical transducer show ing ii phase dis- is at a level of -4C J8r . If the read signals
continuities consistent with the 1e mode. are applied t• a t ra nso,~cer w h ich is on a side
notice that the transducer finger connections Oppos ite to the write-tr ansducer , then the cro~s-
are reversed at the ii phase discontinulties. correlation sirina l is -35 dB te low the referenc e
b) seven orthogonal modes . The cross- level . The electrostatic oou pl inq between
correlation amplitud e between one mode and transducers 1- 2 and 3-4 Is approx imatel y -20 dB .
any of the others Is zero. This causes the storage of a paras itic signal

wh iCh is subsequentl y read Out.
A prel iminary experiment was performed with a

narrow-band memory correlator, to test this hypothesis . particular beam wi th a partic ular ‘ode configuration.The results are shown in Fig. 5. For example , a If all these options were to be exploited , we couldsIgnal is entered with transducer I and stored. A have a loter ,tial capac i ty of 14 beams X 7 modes/beamreading impulse is entered in each of the four trans- X 2 phases/mod e 196 data streams , each with a
ducers, and the peak amplitude of the output signal storage capaci ty of 1000 bIts of information . These
is measured . An output signal of -40 dBri is obta i ned 196,000 samples of data could be stored in an area of
at 90 MHz, when the read Impulse Is entered at terminal lO’A ’. At 300 MHZ A- lou, which implies an area of
1. If a read Impulse is entered at termInals 3 or 4, 1.0 cm2, which is equivalent to more than 10’ bits
on the other side of the device, then the output of stored analog data per in 2 .
signal Is approximately at the —75 dBm level , which
corresponds to an isclat ion of -35 dB. In thIs Limitations

• instance, the transducers were jogged instead of
reverse-connected, which results in good isolation In practice many difficulties arise in coni ect iun
only at one frequency. However, when the read impulse wi th overlay ing t t ’ amount of data in a Schottkywas entered In beam terminal 2 , cross-talk was observed diod e array. For example , the output signal is far
because of electrical coupling between terminal I and below the output noise level , and special techni ques
2. ThIs caused each transducer to radiate the Initial have to be employed to remedy th is situation. Thesigna l, which was stored. The cross-talk , which is a in8ximur output signal level is -22 d&ii w ith currentlyr.wlf nf this el.rtrir ,t l rn.,nlinn . rnul.i he r= ir.~1 av a s l ab le  technology, provided the stored data streamto the —35 dB level with suitable grounds. fills all diodes, and the read-out Signal overlaps

the stored si gnal at every point. This is not theIn certain situations , when digIta l data is bI- case in the memory where the interrocvting impulsephase encoded on a carrier , it Is Possible to store addresses only one bit of data a a time . Tire outpu ttwo sets of signals which are orthogona l in phase signa l amplitude ;~~ reduced by the time-bandwidth
with respect to a local oscillator signal. Thus two product of the stored data , which causes a - 0  dBsets of data could In principle be entered along a loss. An addItiona l -5 dB of linearity margin l~
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rein , red if the data is to be st red without gain
‘m~’rec , non. If N streams of dat-i ire to be over- - 

-
layed . and if these data are not c’~berent wi th respect ~~~

- t’ ~~ ~1ot ea,-~Pi other, then the m a x i m u m  charge avail able per .... ~~T~ 7- ‘:i—çi:~~ . ...
beam Is equal to Q~f.N Suppose ~ 1 data streams are ~~ 

-- -- - -f :-
to be tored . Ar ad l i t ional over lay loss of -~~& dB •

~~
would therefore [ne expected . Thus the output signa l .k .— ~: ~~~

-
~~

_‘ 
•

level wo Uld be -22 dBm - (60 + 5 + 5 + 20) dB — -112 7
dBni wh ich is wel l  below the output noise level of L_~

__ _~~

abou t -90 dBm .

Si gnal processing gains must be pro ded to • ~~~~~ _ ._ _ . -_ 1 . ._._.
~
-___

bring this signal substant iall at’ove the noise T r’
f loo r . One convenient way to enhance the output 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~signal is to use a linear frequency-modulated readout ‘ 
~~~~~~~~~~~~~~~~~~~ 

- /1’ v t.-
signa l w ith  a time bandwidth produc t of 5000 and a ~~~. — ._J
bandwidth of 100 MHz. The o u l o t  signal would be - • ‘~~~

‘
~ —~~~ 

- - -

passed through a matched filter wh ich provides a
signa l proces sing gain of 35 dB as in Fig. 6 . If
desi rable, additional ga in could be provided by Fig. 6 Circuit dia gram of holographic storage systeT.
samoli ng the same stored data many times , and then The system is controlled with a raster—clock ,
co herentl y over laying 1 the ~esu )tiig outputs . For wh ich accurately controls the ti~~iog of write
example, i’ takes about I ms to read Out all the a nd read impulses , and the phase of the local
stored data . The stored infcrmat ion , however , is osc ilator signal . The data phase -n-o ,iulates
evpected to pers ic ’ for 100 ms. Thus each data a carrler frequency, and this signal is
stream could be addressed 100 times to enhance the con nected t( ore of 96 radiators. When the
signal-to-noise by an additional 20 dB. If both acoustic signal is in posit ior , a write- impu ’se
techniques are employed , then the final output is applied to tie silicon terr inal . Successive
signal would be -57 dBm , which is a comfortable data are connected to the ren ain ing radiators
marg in above a thermal noise floor of -90 d8m . Mso A read-trig •~er is applied to a surface-wave
further irprovernents in technology, such as the expander , which creates a coie~ waveform , which
uti l i zation of l/2-u-~hick epitaxial silicon 5 , could is connec ted to a partic ular radiator. The
provide an additional 10 dB of sensitiv ity. A reason- Output signa l at the s i l icon terminal is pro-
able minimum Output si gna1-~o-noise ratio is 12 dB. cessed with a filter matched to the read-
Thus in prin ciple , this memory could provide a dynamic? waveform , and the Ou :put signals are extracted
range of 20 dB in the short term, and as much as 30 wi th  a phase-sens it ive detector. Successive
dB in the future, for lOu analog en tries. However , outputs of the detector could be coherently
it is un likely that this dynamic range is available , suimied as neces,sary.
unless new, and as yet unavailable methods are dis-
c overed to reduce cross-talk among stored data streams.
For examp le , ac cording to some preliminary anal ysi s,
the isolation between a beam 200X wide , and six Since each bit of stored data is distributed
n (arest neighboring beams which are separated In ax ing 3500 di odes , it is possible to use sil icon
angle by 0.03 radians, is ap proximately -ig dB R~IS. diode arrays wi th a relatively large number of
The cross-talk between two orthogonal modes, or randomly-distributed defects. Thus the yield in
between two signals wi th orthogonal phase , is expected manufactur ing these devices could ultima tel y be
to be no better than -~~~~ dR below the outpu t signa l. relatively high , desp ite many defects per device.
Storing seven data Streams iii teven orthogona l modes This might lower the cost of manufacturing this
yields a cross-talk at a level of -27 dB RMS . memory relative to other kinds of memories.
Thus tire net cross-talk due to the modes along any
one particu lar beam plus the cross-talk between beams Diode arrays have already been developed for
is expected to be at a level of -18 dB RMS bel ow the silicon targets of vidic ons . The additional cost to
maximum signal. Clearl y, this limits the dynamic develop this kind of memory is likely to be modest
range to several dB , and the device shown In Fig. 6 with respect to other kinds of exotic memories.
is suitable only for the storage of digital phas e-
encoded data . Further advances in the art of reducing cross-

talk among stored data streams could lead to an
Since the cross-talk level is expected to i~ analog storage device with a dynamic range of 30 dB.

at -18 dB on the average , there Is little point In The equivalent dig ital storage capacity would thereby
Improving the slqnal-to-noIse ratio beyond -20 dB, be Increased to 14 x lO~ bits , which corresponds to a
which is equivalent to an output si gnal lesel of -70 storage density of 14 x lO ’bits/in 2 .
dBm . With c irrent technology, it should be possible
to achieve this with a frequency-cod ed read pulse Acknowledgements
having 35 dB of signal processing gain , plus 5
successive read cycles. The authors wish to acknowl edge the assistanc e of

Bob Mounta in and Ron Cohen In the preparation of the
Conclusions silicon strips and of Rick Slattery and Bob Konieczka in

the assembl y of the components.
We hive descr bed a potential d igi ta l buffer
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f
Silicon Schottky—dlodes have been used to store images of surface acoustic waves

propagating on l ithium niobate. These Images were subsequently employed to provide p~ograrnmnsbiematched filter or coherent IntegratIon functions . This technique could also be used _to holographically
store a large number of acoustic beams to provide a storage capacity as large as lG* bits of in-
formation. The basic storage element is a Schottky diode with an overlay of polysilicon. Many Such
diodes are arrayed on centers which are less than an acoustic wavelength apart. When the acoustic
signal Is in position beneath the diode array, the diodes are forward-biased for several nsec , which
causes charge to flow to the diode contact in response to the piezoelectric field of the surface
wave. These charges diffuse Into the polysilicon In severa l ps, ~fter which a succeeding signal can
be overla>ed In the array. These charges, which are an image of ’the acoustic signal are retained in
the polysilicon for as long as 100 ms. The stored image ls~~roportional to the acoustic sIgna l in
every respect, includ ing the amplItude , phase and wavefront details. This procedure could be repeated
for many acoustic beams, and a subsequent signal along a given store~ beam causes an electricalsigna l to appear across the silicon-lithium niobate composite which is proportional to the cross-
correlation of the signa l with all stored images. This gives rise to the desired outpu t signal ,
plus undesirable cross-talk signals. Also the desired signal Is relatively weak , and its signal-to-
noise ratio needs to be Increased with a coded Interrogating signal and a ma tched filter.
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