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A reliable and simple airgap convolver constructional technique using

ACOUSTICALLY SCANNED OPTICAL IMAGING DEVICES

SUMMARY

R

rail supports has been devised and tested. An array of v groove isolated

mesa p-n diodes has been fabricated in silicon. This gives excellent iso-
lation between the diodes. The results obtained on convolvers and opti- 1
cal imaging devices are in excellent agreement with the theory that i:i;e::\'h
developed. .

We have dewonstrated the use of these devices as storage correlators.

With these correlators, we have been able to correlate FM chirp signals

with a time-bandwidth product of 90. 1In one experiment, we have shown hov
such devices may be used to correct system errors in radar and sonar systems
by storing a reference echo distorted by the system, and correlating it with
a later echo distorted in the same way.

We have demonstrated various kinds of optical image processing. But,
we believe that most of these experiments are superceded by early results
we have obtained using the storage devices as optically sensitive imaging
devices, This principle involves changing the effective storage time in
the presence of light. Sensitivities of the order of 0.1 uw/cma with
good dynamic range have been measured. We would expect to obtain a dynamic
range of 50 - (O dB eventually.

We can now make reliable reproducible Zn0 on Si convolvers. Our aim

is to make Zn0 on Si storage correlators and imaging devices. This requires

-

improvements in the silicon p-n junction technology which we are able to

test more quickly in the airgap devices. S . - ]
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ACOUSTICALLY SCANNED OPTICAL IMAGING DEVICES
I. INIRODUCTION

During the last six months, we have continued the parallel develop-
ment of both the airgap and Zn0 on Si convolver technologies. Our long
term goal is to demonstrate the value of these devices for performing
both signal processing and imaging.

During the past six months, experiments on optical imaging and con-
volvers has been carried out on this contract, as well as our work on
a stable airgap and Zn0 on Si technology. However, initial tests on
storage devices were carried out with Joint Services and NSF support.
We have used the same developments in the convolver technology to demon-
strate all the devices; the optical imager, the convolvers, and the a-
coustic surface wave storage correlators. We report the storage re-
sults here also, as they are a direct outcome of the :technological de-
velopments carried out on this contract and would not have been possible
without this work, and because the use of the storage principle has en-
abled us to demonstrate a very large improvement in sensitivity and dy-
namic range of the optical imaging device.

We have made major strides in the development of the airgap convol-
ver technology, and have developed a rail supporting system, which is
stable and uniform. This, we believe, is a relatively simple airgap
convolver system with all the advantages of the post supported system
developed by ILincoln Laboratories, but with much simpler masks, which
makes & system that is far casier to keep dust free during assenbly;

normally a major problem.




Employing this airgap technology, we have demonstrated an airgap
p-n junction storage convolver. With this device we have becn able to
characterize in detail the optical imaging semsitivity, and the convolu-
tion efficiency, and have begun to develop a detailed thoory of stor-
age processing., We have demonstrated various important signal pro-
cessing functions, including, chirp transforms of optical images, slow
scans, and good optical resolution (89 um). With the storage devices,
we have demonstrated chirp signal compressions, Barker code correlation,
and pulse expansion. With the chirp compression technique, we have
demonstrated how the storage convolver can significantly improve the
performance of an acoustic pulse echo system, by removing the distor-
tions in the echo generated by errors in the system itself.

Because of the ease in replacing the silicon in our airgap storage
correclator, we have used this device as part of an intensive program to
develop the silicon technology needed for diode convolvers, storage cor-
relators, and imaging devices. The best of these arrays are being used,
where applicable, in the program to develop a Zn0 on Si storage convol-
ver. We have found this to be a much faster approach than the direct
development of the silicon technology in the Zn0 on Si devices, because
there are so many steps in making such a device that it is not always
obvious which step has influenced the final result. Furthermore, with
the large number of steps involved in fabrication, it is far more diffi-
cult to vary parameters of interest in a controlled fashion.

The And convolver program has proceeded in two ways. First, we have

improved the process technology, and, as a result, the device yield.



Secondly, we have tested some of our diode storage arrays in Zn0O devices,
evaluating Schottky diodes, and p-n junctions with both metal and poly-
silicon overlayers. We have demonstrated good optical sensitivity and
storage effects, but only poor definition, so far. As we have already
states, convolver technology is directly applicable to storage correla-
tion devices. As a signal processing device, the storage correlator

can carry out functions which are extremely difficult to duplicate in
other devices. It gives a major improvement in flexibility over earlier
ASW convolver devices, because it does not require synchronized inputs.
It directly performs either convolution or correlation, and it has the
capability of integrating signals.

An important application of this principle is to imaging. We have
made initial demonstrations that the storage convolver offers very high
and controllable sensitivity, and a high dynamic range. It allows the
processing of images with much less difficulty as compared to convolvers
with no storage, used as imaging devices. Thus, we regard the development
of this relatively new storage convolver technology as being vital to both
image processing and signal processing using acoustic surface waves. Ve,
therefore, have placed, and intend to place major emphasis on this mode

of operation and the technology required for it,
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1I. PRESENI STATUS

A. Airgap Convolver

1. Construction Techniques

Approximately one year ago we began developing an airgap struc-
ture with good enough efficiency and uniformity to perform high quality
imaging and signal processing, yet with enough simplicity to allow quick
replacement of the silicon. Some of the results of this work have been
described in the last progress report, and in detail in a report by
R. Joly,1 and in a paper submitted to and accepted by Applied Physics
Letters, which forms part of the Appendix. In this structure, the sili-

con is separated from the LiNbO, by a set of seven parallel h pum wide

3

spacer rails which have been rf sputter etched into the LiNbO This

o
is a simpler configuration; and the processing, which uses rf sputtering,
rather than etching, is cheaper and simpler than that for post supported
devices. The narrow rail configuration is illustrated in Fig. 1(c)

and compared to the post supported and earlier SiO? rail structures il-
lustrated in Fig. 1(b) and Fig. 1(a), respectively. The convolver struc-
ture shown in Fig. 2 can be dipped in acid to remove dirt just before

assembly, and 1s then mounted in a small brass package for rf isolationm,

as shown in Fig. 3.

A further improvement has been obtained by fabricating an array of
v-groove isolated p-n junction diodes in the silicon. Convolution oc-
curs through modulation of the diodes' space charge layer widths by
the signals. An important advantage here is that each nonlinear cle-
ment is isolated from the next, which eliminates sideways carrier dif-

fusion effects. This allows very high resolution imaging, or storage
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of a signal whose wavelength on the LINbO, is as short as two diode
9

lengths (for our device this is 16 pm, or 200 MHz).

The basic technology for making such diodes is very simple. It in-
volves diffusing a p+ layer iuto the n-type material, then etching
grooves into the substrate so as to form separate diodes. <100> silicon
is required for a hSo groove, for etching is very slow in the (111) di-
rection. On the other hand, deep rectangular grooves can be etched in
(111) material, and diode arrays can be made this way, as we have also
illustrated.

It should be pointed out that we have also devoted considerable at-
tention, before and after arriving at this groove configuration, to
making simple multiple diode arrays with p+ layers diffused in through
windows ja §10,. With 4 pm spacing on nominally 4 pm wide diodes
(actually 5 - 6 um, after sideways diffusion), the depletion layers of
the diodes tend to merge. But whether this occurs or not is somewhat
dependent on the applied dc fields and whether the surface between the
diodes is oxidized, leading to a positive surface potential, or is bare,
leading to a depleted surface. With an oxidized surface, some isolation
between the diodes is observed, but it is not as good as with the mesa
diode. Difficulties can also be encountered with inversion layers formed
near the edge of a diode. These are normally eliminated in a vidicon
structure by the use of metal electrodes of larger area than the diode
in contact with the p+ layer.

2., Operation as an Airgap Convolver

We reported on our results with p-n diode arrays in the last
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progress report. Here we shall give a short summary of the convolver
results obtained with the mesa diode arrays.

These arrays have proved to be more uniform than the equivalent dif-
fused diode arrays. The uniformity of the response of such a convolver
s measured by convolving a narrow pulse against a long pulse, as shown
in Fig. 4. It will be seen that the uniformity along the length of the

structure is of the order of 1.5 dB. Depending on the material used,

the measured convolution efficiency has varied from 52 dBm to 58 dBm,
and is usually within 1 dB of the predictions of the theory developed by
Joly. A curve of output power versus input power of a device with a
1500 ¢ airgap is shown in Fig. 5. As thé noise figure of the output
circuit is ~ 90 dBm, it will be seen that the dynamic range of the con-
volver to the 3 dB compression point is over 60 db.

%. Operation of a Convolver as an Optical Detector, without the Use of
Storage

The convolver has been used to detect light directly by its ef-
fect on the optical output., A detailed theory of this mode of operation
has been developed.l’2 (see Appendix) This theory predicts that, when
a p-n junction is illuminated, electrons and holes are generated and the
diode becomes forward biased, so that the forward current IF is equal to
the current generated by the light. Thus, the diode act; as a photo-
voltaic detector whose depletion layer thickness decreases, zad capa-
city increases with illumination. As the convolver output is propor-
tic to dC/dV where C 1is the diode capacity, V, the voltage across it;
the convolver output increases initially with illumination, With very
intense light, the conduction current in the diode loads the diode, and

the output decreases.

~ -0 -
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FIG. 4 - Interaction region uniformity;
mesa structure,

1500 & airgap,
Ky = < 53 dBm,
AF, = 1.5 dB.
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FIG. 5 - Output power versus input power;
mesa structure,
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In practice, the measured change in output of an airgap convolver
is of the order of 2 - 3 dB, as the light intensity is changed. The
results, described in the Joly report, are in good agreement with theory,
but indicate a very limited dynamic range without further measures being 1
taken: These involve the use of Fourier transform techniques or a grating /
placed in front of the device to give spatial filtering. By far the
most important technique which will superceﬁe the others, in our opinion,
is the use of storage methods to yield high dynamic range and sensitivity.

The first method involves taking the Fourier transform of the optical
image first by feeding two chirp signals of opposite chirp slopes, but
centered at the same frequency, into the two convolver inputs, and then
gating the convolver output properly. Since the dark signal is contri-
buted uniformly by the whole length of the interaction region of the con-
volver, it will appear as the zero spatial frequency component, {.e., the.
zero time component, of the spatial Fourier transform.1 So, by gating the
output signal properly in time, this component can be removed. Such dem-
onstrations are described in the report by Joly. They have only yielded a
20 dB dynamic range, due to the effect of esmall nonuniformities In the sys-
tem which yields dark current components with finite or spatial frequencies.

3,b

The second technique, which we have described before, involves the
use of a periodic grating and two chirp signals with their center fre-
quencies, wy 9 Wy respectively, being offset by an amount determined
by the periodicity ! of the grating, such that (ml - me)!/v = 2, where

v is the acoustic velocity. Now the dark signal has a different spatial

frequency from that of the light, and can be eliminated.

- 13 -
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This nondegenerate mode of operation of the convolver in optical

imaging applications had already been demonstrated in this laboratory

3,h

by Gautier. However, in his experiment, he focused a coarse periodic

grating on the silicon surface through the LiNbQ_, delay line. Due to

3

many difficulties encountered in alignment, in focusing, and in genera-

i il el S B

ting the right chirp signals, his experiment was difficult to set up. So
finding the optimum operational conditions was extremely tedious. 1In
order to overcome these problems, a fine periodic grating with a periodi-
city of 89 p is pressed against the bottom surface of the LiNbO3 substrate,

With the convolver used in this experiment, it was found necessary to

place a metal gasket between the grating and the LiNbO3 substrate. The
purpose of the metal gasket is to physically separate the grating from the
LiNbO3 substrate, since we found in our earlier experiments that the ef-
fect of the periodic grating is somehow felt by the silicon surface, even

in the dark, and thus a strong dark output signal is still present. This

effect is real, but one which we have found difficult to explain.

1 For our experiment, we used a convolver with an airgap of 1500 X,

and the two input transducers are centered at 100 MHz and 110 MHz, res-

Pa—— _——

pectively. The p-n junction diode array used is of the v-groove mesa
type, as already described. We also used the matching networks for the
input transducers described in our last progress report. We were able 1
to obtain Fourier transforms in this system with a dynamic range of
30 dB. :
We concluded that the p-n mesa diode configuration gives good iso-

lation because we can detect light with a spatial frequency of 89 pm.
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In our storage experiments, the detected spatial frequencies are, in
fact, of the order of 15 pm. But, it is apparent that, although we
can obtain and have obtained spatial transforms of optical images with
approximately 180 spots (30 MHz bandwidth, 6 psec long, reformed in a
dispersive delay line of 2.5 MHz bandwidth 120 usec long), the dynamic
range and sensitivity is still badly limited by the loss of light in
the grating, which is approximately 14 dB. This is because half the
light is attenuated and only one spatial harmonic is used in the detec-
tor. As the storage experiments were so encouraging, yielding far bet-
ter sensitivity and dynamic range on the first try, we decided to aban-
don these experiments and devote all our efforts to employment of this
storage phenomenon,

h, Storage Correlation in the Airgap Convolver

Because of the good interdiode isolation found in the v-groove
array structure, our couvolver functions well as a storage correlator
as well as an imaging device. We, therefore, have demonstrated it in
this mode of operation, because of the great potential importance of
this signal processing technique, and, as we have shown, as an optical
imaging device.

Several modes of storage correlator operation are possible. 1In
one case, a charge pattern is written into the diode array through the
nonlinear interaction of an rf signal F(t) applied to the diode array
top plate (T) and the electric fields associated with a short acoustic

pulse injected on the interdigital transducer (L) which travels along

the delay line, as illustrated schematically in Fig. 6, After the
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storage interval, by applying an rf signal (G(t) to the top plate (T),
the convolution of this signal with the stored signal is obtained at the
original input port, and the correlation of the two signals at the other
acoustic port. 1In the present case, one transducer is used for a short
input storage pulse, and the other for readout. In general, the out-
put will be the correlation of the second top plate input signal and the
stored signal. Alternatively, we can apply the pulse to the array top
plate (T) and the signal F(t) to one of the transducers, and can read
out from the top plate T by inserting the reading signal G(t) on one of
the transducers L or R. The output will be the convolution or correla-
tion of F(t) and G(t).

In our experiments, the first mode of operation has been used. The
principle reason is that this scheme provides good isolation between the
top plate and output port R .,

We have characterized the storage process in our own airgap p-n
junction storage correlator. The storage half-height time is 8 msec.
The diodes take only one or two nanoseconds to charge.

Summarizing the general properties, typical input levels are 25 dBm
at the acoustic port and GO V p-p at 98 Mz between the silicon and
ground. The top plate is matched to provide better than 20 Miz band-
width. The transducer bandwidth is 38 Miz. These cliaracteristics
have allowed us to perform a number of interesting signal processing

experiments. In one of these, a 50 pusec pulse was inserted on the

left hand transducer and used to store a 15 Miz bandwidth, 6 psec long




linear FM chirp inserted on the top plate. The correlation of this
stored chirp was taken with a second identical FM chirp. The measured
compression ratio was 75 , compared to the theoretical value of 90 .

More details of this experiment are given in the paper in the Appendix.

It is significant to note that, for this experiment to succeed, the
diode array must store not only the amplitude, but also the phase of the
98 MHz * 15 MHz chirps. This means that, while the diodes are dense
enough to meet the requisite sampling criterion (2 per wavelength are
required, we have i), they are completely decoupled from one another
electrically. The chirp correlation experiment performs the dual pur-
pose of demonstrating the power of the storage correlator as a signal
processing device and its applicability in evaluating the performance
of diode storage and imaging.

We have also used this device to correlate 3 and 5 bit Barker codes
The principal difficulty in this and other more sophisticated applica-
tions to be described is that, in these experiments, there was some feed-
through of the reading signal to the output port. Thus, although the
reading signal can be varied over a 50 dB range, both the correlation
output and the feed through signal vary in amplitude together, and the
stored output is only 10-20 dBs above the feed through signal. It has
not, thevefore, been possible to store very long codes, and measure
their sidelobe levels,

We have eliminated capacitive feedthrough of these signals by care-

ful shielding. The rest of the feedthrough is due to bulk waves, and

surface wave excitation at the ends of the silicon. We are taking steps




to eliminate these effects, and are quite confident that we will be able
to obtain a 50-60 dB dynamic range, for the output is comparable to that
of the device operated as a convolver.

Oone of the principal applications of the storage correlator is, we
believe, to correct for these distortions in sonar and acoustic systems
suitable for nondestructive testing.

>

As described in the accompanying paper in the Appendix,” we have
made such a demonstration, We used an acoustic transducer in water, ex-
cited by a 2.5 Miz wide chirp with a center frequency of 3.5 Miz. The
acoustic beam was reflected from a piece of plastic, and, after mixing,
up to 98 Miz was stored in a storage correlator. A later echo was then
correlated with the stored chirp. A narrow correlation peak was ob-
served even when a transducer with a very poor phase response, and
hence, transient vesponse was employed. (see Appendix) This is typi-
cally because both the reference and the second echo are distorted in

the same way.

The principle can also be applied to radar systems, to pattern recog-
nition, and to imaging systems. If a transmitted signal is distorted by
the antemna or through propagation along a distorting path, it can be
corrected by using a reference echo near the object of interest, or on
the object itself. Alternatively, in a cosmunication system, a pulse can
be sent through the communication channel, which may distort it. 1If this
distorted pulse is stored in the storage correlator at the receiver, an
unknown signal passing along the same path can be correlated with the
stored pulse, and the distortion in the system corrected.

Finally, we have demonstrated the ability to perform pulse expansion.

- 19 - '




Here, a double pulse was stored in the system. It was then read out
with a slow chirp four times longer than the acoustic time length of
the diode array. The output obtained was the Fourier transform of the
stored pattern. Using a dispersive delay line matched to the readout
chirp, the output was retransformed, yielding a pulse expanded in time
by a factor of L.

The significance of this and similar experiments is that the stor-
age convolver's time-bandwidth product need not be limited only by the
length of the input signals, because the p-n junctions can integrate
the charge. These input signals can be quite long. This raises the
possibility of demonstrating a convolver with a time bandwidth product
of several thousand.

5. Optical Imaging with the Storage Correlator

In addition to the signal processing applications, the storage
convolver promises to be of great value in imaging work. We have made
preliminary tests of its light sensitivity employing the same system
as in the pulse expansion experiment described earlier. A pulse as long

as the entire array is stored; wherever light hits the array, it gcnerates

carriers in the diode depletion regions. These carriers discharge the
diodes locally through recombination with the stored charge. Thus, wher-
ever light shines on the array, the readout amplitude will be reduced.
Because the device integrates from the readin to readout time, the sen-
sitivity is variable, and the signal to noise ratio is high. In this
first experiment, a 50 mw/cm2 source (bright incandescent lamp) reduced
readout 15 dB after 100 psec delay. A qu/cm2 source (fluorescent

lights) reduced readout 10 dB after a 7 msec delay. Thus, the storage

correlator exhiblits better imaging sensitivity than the best convolvers,




Basically, the device acts as if a spatial filter has been read into
it. The dynamic range will be dictated only by the dynamic range of the
reading system. Thus, we would expect to obtain 50-(0 dB dynamic range
in the output, and very much greater sensitivity than that which we have
already observed. These results correlate well with the far more com-
plete ones of this type obtained in France at about the same time (April
1976). 1t is apparent that the device is capable of becoming an ex-
tremely sensitive optical imaging and transform system.

B. Zn0 on Si Device and p-n Junction Arrays

As mentioned in the Summary, we are pursuing the development of
a Zn0 on Si storage correlator. Recause this work proceeds parallel to
our airgap convolver program, and, because we have the facilities at
the Stanford Integrated Circuit Laboratory at our disposal, we have
fabricated a number of planar diode storage arrays and evaluated them
on the airgap device, before proceeding with the construction of the
more intricate Zn0 on Si devices. This work has also given us a much
better understanding of the physical processes and problems associated
with the storage correlator,.

In order for a storage or optical imaging array to work satisfac-
torily, there must be a high degreec of isolation between adjacent diodes.
Since the airgap device works at 100 Miz, there is a significant differ-
ence in stored charge between any two adjacent diodes, and, unless the
isolation is satisfactory, no readout amplitude will be observed. When
we employed a p-n junction diode array with ! jm vide diodes and i ym
spaces on 15 (d-cm material, no storage was observed. Most likely, this

was because the diode depletion layers overlapped, allowing interdiode

-1 -




celectric fields to form and causing a current to flow between adjacent

diodes. When the same diode array was v-groove etched, good storage
performance was observed.
We then fabricated three types of arrays. All had 6 yum wide diodes
! with 12 pm interdiode spacing. 1In the first type, the diodes had 12 um ]
wide v-grooves, so each diode sat atop its own mesa, 1In the second type,
6 pm v-grooves were etched. This left some bulk material around each ‘
diode, but insulated them from any interdiode current flow, The third

structure was planar, with no v-grcove isolation. When ‘ested on the }

airgap device, only the mesa structure gave any readout amplitude. :
This indicates an additional problem; the surface wave electric fields
locally bias the diodes, causing them to discharge. Thus, the edges
of the diodes must be protected from the surface wave electric fields,
either by isolation etchiung or by overlay structure. Since isolation
etching is not feasible in the monolithic Zn0 on Si structure, the over-
lay structures were explored.
So far, we have evaluated a diode array in which a p+ doped polysili-
{ con layer is laid over the p-n diodes. Each polysilicon overlay has a
width of 10 um; the spacing is 5 ym« The diodes are Sym wide with a

10 um interdiode spacing. The storage efficiency of this array approaches

" that of the v-groove isolated arrays. We are also testing aluminum and

=

gold overlay structures which should have an efficiency equivalent to
4 the polysilicon arrays, but may enable the growth of higher quality Zn0,

The Zn0O on 81 convolver work has procceded along two lines. First,

we have greatly improved our fabrication techniques. Second, we have at-

tempted to make a storage correlator us ing the diode arrays described

carlier.




The fabrication efficiency has been aided by the development of

a process that allows us to make up to eight device on a single wafer,

separating the devices only as a final step. This keeps the process
more controlled, each device is handled less, and the higher number of
devices (earlier, four were made in each run) gives a higher yield of
workable devices from each run.

The second improvement has been in the development or two bonding
technologies. Earlier, hot wedge bonding was used. This would often
crush the Zn0 and short the bonding pad to the silicon. We are now able
to make reliable bonds in two ways. We can make a cold wedge bond, which
is fast but yields a weak bond, Stronger'and very reliable bonds are
provided using a silver epoxy conductive paste that sets upon the ap~
plication of heat. With this technique, we can reliably make bonds that
have less than ) pme area and are stronger than the adhesion of the
bonding pad to the Zn0.

One set of Zn0 on Si storage correlators has been fabricated using
the polysilicon overlay arrays. The insertion loss was low, 22 dB,
indicating that tue overlay structure does not cause serious loss due
to acoustic reflections. No storage was obtained, however, because the
quality of the Zn0 over the polysilicon was low. This indicates that
the use of a metal overlay structure may give better results, since gold
and possibly aluminum can be deposited for properly oriented Znd growth.

The Zn0 project's most immediate aim is the demonstration of a
Zn0 on Si storage correlator. We are carrying out a series of tests
to see if Zn0 can be grown on sputtered or 1:posited on Siop. Simul-

tancously, we are testing the mctal overlay arrays. The first set of

<25 .




experiments will allow us to grow good Zn0 on any material, by inter-
posing a thin layer of 8102. Coupling this with the results of our work

with overlay diode array structures should allow us to fabricate a

f Zn0/Si monolithic storage correlator. Once we are able to fabricate

such a device, we intent to duplicate as many of our airgap results as

possible, both with signal processing and imaging in the storage mode.
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Abstract
A new type of airgap convolver has been constructed.
It uses a mesa p-n diode array, instead of the usual ‘
silicon slab, and narrow rails for quporting the diode
array. Several different modes of operation for imaging

have been demonstrated with this device.

»This work was supported by the Advanced Kescarch Projects Agency
of the bepartment of Defense and vas monitored by OLR under Contrac
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A MFSA P-N DIODE ARRAY ACOUSTIC SURFACE WAVE CONVOLVER

by
R. Joly

Stanford University
Stanford, Ca. 94305
We describe in this paper a modification of the acoustic sﬁrface vave

convolver which uses an array of p-n mesa diodes laid down in silicon.
This eliminates transverse diffusion of generated carriers between the
individual diodes and, hence, makes it possible to obtain good resolu-
tion in optical imaging and storage devices. We also describe the use
of 4 ym wide rails etched in the LiI\‘bO.j to support the silicon. This
configuration is much simpler to make than the post configuration, and
gives negligible mass loading with no reflections; it is easily repro-
ducible and mechanically stable, This basic system has shown excellent
optical sensitivity and has proven very useful for a storage corrclator,

as described in an accompanying paper.

: . .. 1,2
The shortcomings of the continuous surface wave Si-airgap convolver ™’

used as an imaging device2 are: 1) carriers generated by a spot of light
diftuse laterally. This blooming effect reduces the number of resolvable
spots; 2) if the silicon surface is depleted by an external bias, the
generated carriers can be trapped in fast surface states, yielding good

light sensitivity. However, there are unwanted storage effects in slow

3

¢

surface states, with time constants as long as several hours; 3) with
the silicon surface at flat band, surface trapping is unimportant, but
diffusion effects degrade the light sensitivity and modulation transfer
function,

Closcly related problems occur vhen continuous surface convolvers

arc employed as storvage correlators,

LI s
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The diode array described here separates the diodes by means of ctched

grooves. Otherwvise, diffusion of the carriers along the surface must be

prevented by the introduction of some type of potential barricr. In

2
Schottky diode devices, this may occur automatically.) In p~n diode vi-

dicon structures, a metal overlay on each diode introduces the necessary
potential barriers.h Diode arrays with etched grooves have thé following
advantages for storage and imaging: 1) the nonlinear interactions take
place only in the diode depletion layers, so the convolver is not very

sensitive to surface effects; 2) the number of resolvable spots is limited

by the number of diodes, not by diffucion effects; 3) the use of the photo-
voltaic effect and long storage times in reverse bias diodes should result 2

in good light sensitivity and storage times.

Fifteen 2 cm x 2 mm diode arrays are processed simultancously on a
2" diameter, n-type, 0.1 - 0.9 Qcm, (100) silicon wafer. The L pm wide
p+ - u type mesa diodes are fabricated by shallow boron diffusion (=~ 0.5 pm)
into a 5 um thick, 15 Qcm, arsenic doped epi layer. Individual isolated
mesa diodes are obtained by anisotropic etching of 4 um wide, 2.5 pm deep
"Vy" grooves, with a warm KOH solution (IOOOC - %3:67 by weight KOH:H?O).
The best results are obtained with unoxidized diode arrays.

Figure 1 shows three different ways of defining an airgap of the order
of 15,00 R in a Si-LiNb0O, convolver structurc. In (a) the silicon sub-

5

strate bends easily under slight pressure and can make contact with the

. b=

delay line in the region wlicre the acoustic beam propagates. In (b) the
Lo x 4 pm posts arc obtained by ion bean ot(:hing.S In (c) L jun wide
rails, with 150 pm spacing, are obtainced by r{ sputter ciching; AZ13500
photoresist protects the rails during the sputter ctching. The proces-

sing associated with this configmration is much simpler than that




corresponding to the post configuration. The rails are stronger than the
posts and there is no risk of coherent reflection, since there is no
longitudinal periodicity. Because the total rail area is very small com-
pared to that of the acoustic beam, the mecasured mass loading is less
than 1 dB over a 2 cm length., The mass loading experiment was'carricd
out by using low loss slabs, such as glass and 0.0l ()cm silicon, in place
of the diode array.

Figure 2 shows how the different parts of the convolver package fit
together. The gold plated sapphire substrate is used as a mechanical
support and provides the ground underneath the delay line; it is polished
on hoth sides and has a clear window on the hidden face to allow the
light to enter the device. The uniformity of the airgap is checked by
inspection of the interference pattern between the silicon and the delay
line through the transparent sapphire. The silicon slab has no leads
bonded to it, so it can be very casily handled and cleaned in strong
chemicals, such as sulphuric acid and buffered hydrofluoric acid, just
before assembly, This considerably eases the dust problem, The delay
line itself, with its Cr-Au deposited transducers and 5 mil diameter

gold wires, is unaffected by H 02-}1280h cleaning to remove dust and or-

P
ganic contaminants.

All the parts shown in Fig. 2 are stacked in a completely indepen- .

dent, entirely shielded small carrier. The matching networks are out- =

. i 3

side the carrier, so as to allow testing of diffcrent devices without
making new matching networks every time. The YZ cut Likb0, delay line
J

cm long, %.5 mm wide, and 0.5 mm thick, The three finger pair

N

is 9.

transducers launch 1 mm wide acoustic beams at a 100 Mz center frequency.




The terminal to terminal loss between the transducers is 19 dB and the

% dB bandwidfh is %8 Miz. The p-n diode convolver exhibits an overall
efficiency FT = Ps/P P, =~ - 59 dBm, which is within 1 - 2 dB of our thco-
retical estimate; and a uniformity of beétcr than 2 dB in output along
its length,

The convolver can be represented by the approximate equivalent in-
put and output circuits shown in Fig. 3. 1In Fig. Ja, ¢a1 and ¢a2 are the
rf potentials associated with the two input acoustic surface waves at
the surface of the piezoelectric material, C8 is the gap capacity, r is
the series resistance of the diode, R is the small signal rf dynamic
shunt resistauce of the diode, and C(V) is the diode depletion capacity

when the forward bias across it is V. 1n Fig. 3b, C, is the capacity

1
of the diode to the output electrode, R, the scries resistance of the
output circuit, and C2 the shunt capacity of the output electrode to
ground.

The distributed diode output signal is, in first approximation, pro-
portional to a(yhv. Under light illumination, each diode is forward
biased by a current generator IO = qG , vhere ¢ is the generation rate
of carriersby light. As a(l/aV increases with the forward bias, and the
diode is forward biased when it is illuminated, the output signal from

an illuminated diode is higher than in the dark. So the device is

basically a photovoitaic detector.
. T
The output voltage increase is reduced by tvo loss mechanisms: 1) as
the light intensity incrcases, the diode capacitance C(VO) increasces.

Move vf current {lows in the diode serics resistance r , and the rvesis-

tive Joss incrcases; 2) as the light inteosity increases further, the




—r =

diode dynamic resistance R(VO) becomes smaller and smaller, and the
corresponding loss increases very rogqddly. The loss due to R(VO) is
only of importance for very strong light intensity of the order of

105 pW/an , for which V_ = 0.5 - 0.6 volt. In our devices, the effi-

0

2
ciency increases by 0.9 dB for a light intcnsity less than 1 uW/cm 5

! 2 : . g
by 1.5 dB for 50|d1/cm , and by approximately 2.5 dB for 10 uh/cm 8

The dynamic range of phe device in this form is limited. Several methods
are available for improving the dynamic range and have been demonstrated
by us.

The first method involves the use of an optical grating placed on
the backside of the ].iNbO3 so as to give the image a spatial periodicity,
By working with input signals at 100 Mz and 150 MMz, vhich difference
in ASW propagation constants correspond to the spatial periodicity of the
grating (87 pm), an output is obtained only when light is present. The
measured dynamic vange in this case is approximately %% dBs .

A sccond alternative is to operate the device in a storage node, and
affect the storage time by illuminating it. Illumination will strongly
diminish the storage signal readout. By this weans, we have demonstrated

noise limited sensitivities ol the order of 0.1 p¥ cm2.6

The third method is the use of Fouricr transform techniques with two
rf input chirps of opposite sign inserted in each transducer, as des-
cribed by the author carlier. The output obtained is now the Fouridr
transform of the spatial respouse of the system, Frequency corvvesponds
to spatial distance along the semiconductor, and time to the spatial fre-
quency in the image. By gating the output at a particular time corrves-

ponding to a small spatial {requency, the dark signal can be decreasced

e Hh -




and & dynamic range of 20 - 70 dBs obtained. 1In this case, the device
uniformity and muleciple reflections limit the dynamic range.

In conclusion, we have demonstrated a new type of airgap acoustic
surface wave semiconductor convolver usiég mesa diodes on Si supported
by narrow rails; it has excellent light sensitivity with an efficiency
comparable to a good uniform airgap convolver. The efficiency is in-
dependent of any dc voltage applied to the diode array, as it should be.
There is no hysteresis effect and no storage effects in surface states.
Good response to light with an 80 pm spatial periodicity is obtained,
so transverse diffusion in a mesa diode structure does not appear to be
a problem. We would expect that, as the spatial period of the junctions

is 8 pym , the MIF would remain unchanged until the periodicity recaches

this level.

The author would like to thank G. S. Kino for
his guidance and supervision, and H. C. Tuan,
who carried out the measurement of dynamic range
with the device illuminated through an optical
grating. 1 would also like to thank H. Gautier
for informing us of his results before publica-

tion.




FIGURES

Fig. 1.

Fig. 2.

Fig. 3.

Methods of defining the convolver air gap:
(a) $i0,, rails
(b) posts

(c¢) nmarrow rails

The convolver package asscmbly.

Convolver equivalent circuits:
(a) input
(b) output
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CORRELATIC! WITH THE STORAGE CONVOLVER
by
P. G. Borden and G. S. Kino

Stanford University
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91305

Abstract

A p-n junction type storage convolver has bean used to 4
correlate FM chirps with time-bandwidth products of approxi-
mately 90 , and to correlate echoes from an acoustic A-scan
system which have been badly distorted by the sounrce trans-

ducer.

“This work was supported partially by the Hatjional
Scicnce Foundation under Grant NSKF ENCT‘—]Grﬁl, and par-
tially by the Office of Naval Research under Contract
NOOJ1L-T75-C-05%2 .




COREELATION WITH THE STORACE COIVOLVER

1
Recently, it has been suggested by Stern , that the storage cor-

relator based on the acoustic surface wave convolver could be used to re-
move the inherent distortions in a radar system. When a radar emits a
coded waveform and the reflected echo is correlated with the original refer-
ence code, good correlation is only obtained if the emitted waveform is not
distorted by the system or the medium through which it passes. Thus, with
the development of more sophisticated systems with large time-bandwidth
products, the requirement on the radar system itself becomes very severe,
as do the requirements on the lack of signal distortion along the path of
the radar beam. Similar problems occur in acoustic pulse echo systems
used in medical imaging, sonar, and nondestructive testing, where distor-
tions duc to the acoustic transducers and the medium itself can be severc.

In this paper we describe an experiment using a storage correlator to
remove the worst errors of this type. We cwployed an acoustic transducer
to emit an FM chirp vhich was reflected from a plastic platec in a water
tank, The reflected echo was usced as a refevence stored in the storage
correlator, A later ccho was then correlated with the reference echo,
Thus, both echoes suffercd the same distortion and a reasonable correlation
peak could be obtained.

Our experiment employcd the v-groove isolated p-n junction mesa dioede

2

array airgap convolver describaed by Joly. When this device is used
as a storage correlator, the v-groove isolation technique nllovws a
small separation betveen diodes () pm) without sacrificing isolation
between adjacent diodes,

Several wmodes ol storage correlator operation have been previously des-
- . el
. ):’.t‘,‘ \

, ) 3 3 g 9
cribed, "’ In the present cance, chavee pattorn is vritten into




diode array through the nonlinear interaction of an rf signal applied
to the diode array top plate (T) and the electric fields associated with
a short acoustic pulse injected on the interdigital transducer (L) which
travels along the delay line, as illustrated schematically in Fig. 2.
After the storage interval, by applying an rf signal to the top plate
(T), the convolution of this signal with the stored signal is obtained
at the original input port, and the correlation of the two signals at the
other acoustic port. In the present case, one transducer is used for a
short input storage pulse, and the other for readout. In general, the
output will be the correlation of the second top plate input signal and
the stored signal. Typical input Jevels are 25 dBm at the acoustic
port, and 60 volts p-p at 03 MHz between the top plate and ground,
The half-height storage time is 8 msec.

In a demonstration of high frequency broadband linear ¥M chirp com-
pression, the acoustic input wvas a %0 nsec 93 Miz pulse and the top
_plate signals were two 6 psec long 1Y Mz (90 to 105 MHz) chirps
spaced 200 psec apart, The chirp bandwidth was limited by the bandwidth
of the top plate matching network; the length limit was the acoustic
length of the diode array.

Figure 1 shows the correlation peak obtained. The full width at half
maxinum is less than 80 nsec , corresponding to a compression ratio of
better than 75 . This favorably comparcs to the time-bandwidth product of
(6 psec) x (14 Miz) = 0O

A practical applicetion of this pulse coapression technique is the

elimination of vesolution deterioration due to poor transducer yesponse

in a pulse echo system., To deamonstrvate this, a  5.25 Mlz  center

aiia




frequency, 2.5 Mz bandwidth PZT transducer was placed 1C om from a
plastic block in a water tank, as illustrated in Fig. 2. The transducer
was pulsed with a constant amplitude linear FM chirp. A 6 psec long,
2.5 MHz segment of the first reflected pulse ‘rom the plastic block was
gated, mixed with 98 Miz, and stored in the correlator (see Figure 2),
The gate to the top plate was then reopened to allow correlation of a
second echo pulse with the stored first reflected pulse. This second
echo was the triple transit signal returning from the plastic block,
reflected from the transducer face, and reflected a second time from the
plastic block. The second echo was obtained approximately 210 psec
after the first one used as the storved reference.

Figures 3a,b show the correlation peak and, for comparison, the im-
pulse response of the transducer. The width of the correlation peak cor-
responds to a compression ratio of 9 , compared with the TB 1limit of
15 .

The same experiment was tried a second time with a poor quality trans-
ducer that exhibited severe ringing in its impulse response. Figures
Jc,d, and e show the first reflected pulse, corrclation peak and trans-
ducer impulse response respectively, The correlation peak width was es-
sentially the same as that obtained with the original high quality trans-
ducer. This indicates that the resolution of the pulse echo system em- 1
ploying the storage correlator is nuch improved over that which could nor-
mally be obtained with a poor quality transducer that severcly distorts

the original input signal,
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Fig. 1. Correlation peak obtained with two € psec long 15 Miz

3W  chirps.
Fig. 2. Schematic of the acoustic pulse echo system.

Fig. 3. Pulse echo experiment results with both good and

poor transducers.
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