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1( t) .11 E12(x * vt) I(x,y) E
22

(y ~ vt)dxdy

where B
15 

and fl
2~ 

represent travelling disturbances, I is an image intensity

at the sensor plane (x y).
~~~~~

. The 30 ?Qlz CdS/L iNbO’~ sensor can now be routinely fabr ica ted as a
monolithic structure, usii~g a metallized polymer pedestal for sampling.
This permits the device to be incorporated in a camera—like box with a
highly convergent commercial lens for use under typical incoherent illumin-
ation conditions.) Such sensors have been incorporated into delivered
hardvare by DEFT Laboratories, Inc., East Syracuse.
(.~~Extensive effort has led to the successful operation of both 35 MHz

and 100 MHz devices based on our experience with the 30 MHz structure.
Beyond the extra car e required dur ing the pho tolithography in order to obtain
the three—fold increase in resolution, we had to overco me an excessively
large acoustic loss encountered at the higher frequencies. Wh ile our res ults
are encouraging, we hav e In mind several Impor tan t ref Inem
We We have also succeeded in fabricating a two—dimensional light valve,

capable of performance comparable to the 30 MHz sensor. This is the first
analog light valve structure capable of two—dimensional processing in in—
coherent light..

Current efforts are aimed at significant reductions in the acoustic
standing wave ratio associated with the bulk longitudinal waves used in
this valve.

The third major ar ea of effor t has been in fur ther developing our ideas
on “signal design.” In this report, we discuss both continuous decomposi-
tion (Four ier tran sforms, spatial raster scanning, signal and Image con-
volution) and discrete decomposition (generalized matrix inner products,
Hadamard transforms). Thu8, the DEFT sensor s emer ge as unusually flexible
analog devices. They are capable of programmed operation, obtaining image
and signal parameters In a real—time, random—access mode.
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I. Introduction

*

During the period covered by this report, major progress was achieved in

several area s, includ ing the CdS sensor , ligh t valve, and applications.

• The major impetus to this work is the desirability of a real—time, program—

4, mable sensor for use In image and signal processing. The basic result from any

of these devices is a detected electronic signal current of the form

I
1(t )  f f  E1~

(x ± Vt) I(x ,y) E
2
(y ± vt)dxdy (1.1)

where E
1 

and E
2 

represent travelling disturbances, I is an image intensity

at the sensor plane (x,y).

The 30 MHz Cd S/L iNbO
3 
sensor can now be routinely fabricated as a mono—

lithic structure, using a metallized polymer pedestal for sampling. This permits

the device to be incorporated in a camera—like box with a highly convergent

commercial lens for use under typical incoherent illumination conditions. Such

sensors have been incorporated into delivered hardware by DEFT Laboratories, Inc.,

East Syracuse.

Extensive effort has led to the successful operation of both 35 MHz and

100 MHz devices based on our experience with the 30 MHz structure. Beyond the

extra care required during the photolithography in order to obtain the three-

fold increase in resol ution , we had to overc ome an excessively large acoustic

loss encountered at the higher frequencies. While our results are encouraging,

we have in mind several important refinements.

We have also succeeded in. fabricating a two—dimensional light valve, capable

of performance comparable to the 30 MHz sensor. This is the first analog light

valve structure capable of two—dimensional processing in incoheren t light.

Current ef for t s  are aimed at significant reductions in the acoustic stand ing

LIL L~1
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wave ratio associated with the bulk longitudinal waves used in this light valve .

The third major area of effort has been in further developing our ideas on

“signal design.” In this report , we discuss both continuous decomposition

(Fourier transforms, spatial raster scanning, signal and image convolution) and

discrete decomposition (generalized matrix inner products, Hadamard transforms).

Thus, the DEPT sensors emer ge as unus ually flexible analog devices. They are

capable of programmed operation, obtaining image and signal parameters in a

real—time, random-access mode.

This report is based on a number of papers published and read during the

past eighteen months. The remaining sections of this report rely heavily on

these papers, furnished as appendices.

The authors wish to thank Mr. David Helm of the Night Vision and Electro—

optics Laboratory for his encouragement during this contract. We also acknowledge

the interest of Mr. Joseph Hannigan of the U.S. Army Engineer Topographic Lab-

oratory. His successful application of DEFT sensors to camouflage measurement

should encourage others to experiment with DEFT technology for other applications. ‘I

We also wish to thank Mr. William Penn, of the Electronics Laboratory, Gen—

eral Electric Company, and Dr. Samuel Craig of DEFT Laboratories, Inc., for

many technical contributions.

i
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II. Monolithic Sensors

11.1. MonolithIc Device——Fabrication

As discussed in our report of June 1977, a major problem encountered in the

fabrication of the two—dimensional DEFT device is the incorporation of a sampling

grid. We mentioned that one way to do this is to etch the CdS into strips of

appropriate  width perpendicular to the metal sensor lines. However, this results

in discontinuitles in the sensor lines at the edges of the CdS strips. In fact ,

at that stage of the project, we were unable to fabricate a monolithic device and

were forced to use a suspended sampling grid. This had the disadvantage that

the sampling grid was at a finite distance from the CdS film . A highly con-

vergent focussing lens would cause “undercutting.” That is, the image would

be obliterated by the poorly defined shadow of the grid. Thus, the device would

work only with a well collimated light beam such as that from a laser.

Since that time, we have developed a new technique for fabricating a mono—

lithic sampling grid. This technique necessitates only three additional steps

in the photolithography process. It has worked remarka b ly well for 30 MHz devices.

At higher frequencies it may not be appropriate since it does entail additional

mass loading of the stz ’~.~~cc.

It ~as clear at the outset that one method of sampling the image would be

to lay down a thin layer of a transparent insulator on top of the sensor area

and fabricate opaque metal strips perpendicular to the sensor lines on top of

the insulator. However, the sampling lines would capacitively couple the sensor

lines and short out much of the a.c. signal current. In order to pre-

vent this, it would be necessary to further etch the sampling lines into squares

located exactly between the sensor contact lines as shown in Fig. (11.1). The

problem , therefore, was the fabrication of such precisely aligned squares with

the use of simple photolithographic processes. 

- —a- - ,  --
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This was accomplished as follows. After the sensor pattern and transducers

had b~cn fabricated on the LINbO
3 

substrate , a film of positive photoresist (Ship-

ley 1350J) was spun on top of the subs t ra te .  This film was used as the insulating

layer. Next a thin film of Al was evaporated on top of the sensor area so that

only the transducers were visible through the photoresist. A second layer of

photoresist was spun on to the substrate. Now, the thick master mask consisting

of the sensor pattern and transducers was positioned over the substrate and aligned

to coincide exactly with the pattern on the substrate. It was possible to do this

since the transducers on the substrate were still visible. After alignment the

transducers in the m-~ster mask were covered and the substrate was suitably exposed

to UV light. Next the ma~;ter mask was rotai~ed by 90° and aligned so that the sensor

lines in the master mask were perpendiculur to the sensor lines on the substrate.

The transducers were again covered and the substrate exposed a second time.

As a result of these steps, the transducers on the substrate were protected

by unexposed phot~ resist. The Al on the sensor area , however, was covered only

with squares of unexposed photoresist. Moreover , the squares were located precisely

between the sensor lines because of the exact alignment of the master mask. Now,

we developed the photoresi~.t and etched the Al in dilute NaOH solution to generate

the desired pattern of squares. As a last step, the sensor pattern was suitably

covered and the rest of the area exposed to 1W light and developed so that the

transducers no longer had photoresist on them .

Clearly,  the reason this technique works is that while the main sensor pattern

is prod uced by “lift—off ” the sampling pattern is produced by etching . Therefore,

though (-he mask used in both cases is the same and is aligned to the same position ,

the squares oi~ the sampl ing gr id are located prec isely between the lines of sensor

pattern. Clearly, precise alignment of the master mask in the last few steps is

crucial. -
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Th. devices with center frequencies of 100 MHz were not fabricated by this

procedure, although it should be possible to do so. Instead of the pølymer

pedestal, the CdS film was etched to provide sampling. This was accomplished

by etching away a periodic array of squares of CdS so that the “holes” are

always between the contact lines.

This technique is somewhat simpler than that involved with building the

polymer pedestals and produced very fine 100 MHz devices.

.A
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11.2. Experimental Results/30 Mhz Sensor

Much of the data reported here is similar to the data in our report of June,

1977. The difference is that these are taken with a monolithic device so that

the image was focussed on the sensor using a lens and it is not necessary to use

a laser beam or other collimated source. Fig. (11.1) shows the sensor layout.

All the experimental data confirm the possibility of performing focus and

motion detection, and contrast measurements with the DEFT sensors.

In Appendix IX, Sections 3, 4, 5, 6, we show results on various bar pattern

images , including focus and motion detection. The linear phase versus displace-

ment curve shown in Fig. 5 of Appendix IX demonstrates the acoustic uniformity

and precision available for position and motion detection.

Appendix X describes a system in which the sensors are microcomputer con—

trolled and the image spectrum is then sampled and displayed yielding an isometric

representation. Fig. (11.2) shows results obtained on this microcomputer—driven

system developed at Deft Laboratories, Inc. Appendix VI shows similar data

obtained by manually controlling the sensor drivers. In Appendix I, results

for manual rotation of the image are presented as well.

- • - - -~~~~~~ -- ~~~~~~~~~~
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11.3. A c ou s t i c~~__ S t I I ~~y~ of Spurious Modes

Recent work done with the DEFT sensor revealed evidence for the existence

of more than one acoustic mode in our monolithic layered structures.  It was

found that there was at least one additional acoustic mode along each axis having

a velocity larger than that of the fundamental Rayleigh mode by about 7%. The

presence of these additional modes results in a repetition of the Fourier trans-

form information in the frequency space scanned by the tran~duccrs .

While the effect of the additional acoustic modes can be tniniuized by su5t—

able treatmen t of the back surface of the substrate, it cannot be eliminated.

However, we have developed an advanced dev ice design which entirely eliminates

the detrinental effects of these spurious modes. It consists essentially of sam-

pling the image such that the Fourier transform , instead of being shifted to the

center of the scanned frequency space , is moved to its upper edge. This results

in most spurious d.c. peaks being located outside the scanned frequency ~pace.

This design feature is incorporated in our 100 }fll z devices which crc des-

cribed in Section 11.5. A detailed study of the spurious acoustic modes is

given in Appendix V.



~~~~~- • - _ ~~~~~~~~~~~~~~- • - - - -  - - • •  ~~
----

~~
-—

1.2

11.4. Cadn~ium Su1~~~de~ _Tts Propi-rtie s and Preparation

During this effort , considerable Improvements were made in both film fabri-

cation and in understanding the mechanisms involved in DEFT applications.

In Appendix II , we describe the double—layerec~ technique for producing

CdS films developed under this contract. We now routinely produce films with

high li ght—to—dark conductivity ratio~; (500:1) and good coupling to surface waves.

The films have provi’n physically and electrically stetble over periods of several

years.

In Appendix IV we describe the results of a major study of the mechanism

of elastophotoconductivity, used in previous glass—substrate devices. Based on

this successful study, we are presently at work on a companion theory of the clec—

t rophotocon duct iv ity .

The theory developed is ori ginal and qui te  d i s t inc t  from previous work.

Most, s tudies to dat e  relied on constant , un iax ia l  s t r a in  measurements .  In the theory

often quoted on thin film devices using s t r a in , in t e rac t ion  depends pr imari ly  on

“barrier” effects between adjacent crystallites. The theory developed under the

contract utilizes a quasicontlnuous distribution of impurity levels in the for-

bidden gap , which is shifted due to strain.

Appendix III briefly relates experiwents done which demonstrated the elasto—

photoconduct ivity e f f e c t  in a thin film of lead tin celcnide. It is hoped that

future act ivi ty  with  infrared sensitive mate r ia l s  wil l  be performed in order to

evaluate the potent ia l  for DEFT sensors in the in f ra red .

•i j
I 

_ _ _ _  I_ _ _  - ~-
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11.5. Design and Fabrication of a ~.OO—MHz Device

As a result of our work with the 30 MHz DEFT sensor, the following draw-

backs were evident:

(a) Since the center frequencies of the x and y transducers were equal,

the — line passed diagonally through the frequency space scanned by the

transducers, Signals on this line could not be detected since they corresponded

to a difference frequency of zero. Thus, this section of the Fourier spectrum

could not be explored.

(b) As a result of the spurious acoustic modes mentioned earlier, the d.c.

peak appeared at several locations within the scanned frequency space instead of

appearing just at the center. As a result, the Fourier spectrum of any optical

image also appeared centered around all these locations. This resulted in con—

siderable overlapping of signals and difficulty in their analysis.

(c) The bandwidth was limited to about 8 Mhz x 8 MHz at best.

Thus, we designed a 100 Mhz device with an offset frequency space. This

device would have different center frequencies in the two directions and different

sampling frequencies so that the entire scanned space would consist of unique

spatial frequencies (rather than having one—half redundant) while moving w~

outside of the scanned space. After a number of unsuccessful experiments , we

were able to identify several problems:

1) Random scratches on the LiNbO
3 
severely scattered the surface waves.

2) The CdS film excessively attenuated the surface waves. All signals

observed were due to a complex pattern of bulk waves. When the bulk maves were

absorbed by tape on the back of the substrate, no signals were observed.

3) The transducers had high insertion loss due to their increased aperture!

wavelength ratio.

We have now produced working 100 MHz devices by overcoming these difficulties.

Greater care in processing produced substrates without blemishes.

_ _ _ _ _ _ _ _  

----  - - -  - -
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Acceptable SAW throughput (26 db , including insertion losses and propagation

losses) was obtained by fabricating thicker transducers to decrease their electri—

cal loss, and by fabricating a thinner CdS film (0.~ urn). These two improvements

resulted in an improvement of about 27 db.

Further improvement was obtained by using the etching technique to remove

a periodic array of squares of CdS, since this is simpler than the polymer

pedestal image sampling technique.

I
_ _ _  

Ad
-,~-~~~~~ -,--.- - - - --- --,-~---~ -— -——---- -
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11.6. Experimental Results Using the 100 MHz Sensor

Our first successful experiments using the 100 MHz sensors involved using

the two adjacent transducers, resulting in unidirectional Fourier tr~~eform

data. The device produced excellent spectral linearity over th. bandwidth.

The results are recounted in Appendix X, Section V. Fig. 5 of Appendix X

shows the linear variation of measured temporal difference frequency as a

function of spatial frequency in the image.

Our last experiments involved fu l l  two—dimensiona l operation. These were

highly encouraging. Bar patterns were rotated and the spectral peaks tracked

by varying the two drive frequencies.

Fig. 11.3 shows the results obtained for three different bar patterns.

The outermost arc corresponds to a magnitude of approximately 40 lines/cm

at the sensor. The arcs were all drawn with  a compass centered at (114.8 MHz ,

88.6 MHz). The data points all fall extremely close to the ideal arcs.

We believe that these results can be improved considerably by judicious

choice of electronics, including drivers and detectors . Of particular concern

in obtaining the design bandwidth of (15 MHz x 15 MHz), is tie introduction of

a sweeping synchronous detector to avoid the tedious acquisition of data using

the spectrum analyzer.

-
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III. Implementation_of the Light Valve Concept

During this last year , we fabL icated a two—dimensional fused quartz light -

valve capable of measuring the Fourier transform components of an image. Appen— -

dices VII and VIII describe the theory, construction, and experimental results

obtained. The system demonstrated pseudo—beam steering, had slightly greater reso—

lution than the 30 MHz CdS sensor, and had the expected fast response to light, 
-

limited only by the cos~mercial photodetector.

We are currently working to reduce the hIgh standing—wave—ratio by further

sandblasting of reflecting edges and by adding epoxy for damping. 
-

s-

~

_

~ 

—
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IV. Applications: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

We have continued to study a wide range of applications for D1~FT systems.

In particular , we h ave investigated the possibility of flexible , programmed oper-

ation of a DEFT sensor utilizing different orthogonal , but separable , decomposi-

tions. These include Fourier transforms, video raster scanning, Hadainard transforms ,

etc. DEFT Laboratories, Inc., now has a working microcomputer systen for synthe—

sizing driven signals and storing and disp lay ing the resulting decon position .

As we recognized earlier, there is considerable f lexibil i ty in operating

the devices. By choosing the class of functions used to excite the transducers,

other decompositions of the imaged light intensity may be obtained. If E1, E2 ,

in (1.1) are not constant, but slow modulation signals, we can obtain the

E
2

1’ decomposition. For example, suppose that E1
(x) 6(x), E2 (y) d(y — a),

two short pulses. Then the resulting current would be

1(t) I(vt, vt — a) (4.1)

where v is the speed of sound. Thus, a diagonal line of the image is raster 
—

scanned. By varying the delay, a, any line can be scanned. H~~e the signal

is proportional to the light intensity at each point, rather than proportional - •

to a Fourier component of the light intensity.

In fact, it is illustrative to look at the response signal in the form

i(t) ci
fJ

f
1
(x ± vt) I(x,y) f2(y ± Vt) dxdy (4.2)

as a convolution/correlation of f1
(t) with f

2
(t) weighted by I(x,y).

This shows that the device has three programmable input ports (two d ee—

tronic, one optical) and one output port (electronic) and can produce a variety

of output information as a function of these three input ports.

The general result can also be put in discrete form

A

—

_ _ _ _ _ _ _ _  
------——-~~~~~~~~~~ -——---~~~~~- -  - I
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i I - I I I
tk l,t.m mm 2,nk (4.3)

n,m

where 
~l,t. 

is the phasor value of the x—directed wave envelope associated with

the tth kernel function of the decomposition , and measured at the mth image

position in the x—direction, etc. I is the image intensity at the (m,n) posi-

tion.

Thus, by appropriate encoding, we should be able to measure this general-

ized inner product in which the functions f
1 

and f
2 
are multiplied by a weight-

ing function I .  In fact, if I is a diagonal line, we are performing satrix

multiplication.

The impact of this flexibility is that a number of recognition algorithms

could be implemented using the same DEFT device. The device views the image

and quickly decomposes it into any of a number of test functions for compari-

son with stored results, etc.

Theory and experimental results are included in Appendix X, Sections 3, 4,

m d  5.

It should be noted that the kernel functions f
1 
and f

2 
need not be chosen

exclusively from a known orthogonal , complete set. One could s tar t  by evalu-

ating isolated topographic features, such as roads , lakes, etc., by video scan—

sing. Once this information has been stored , it can be used to modulate the

transducers, permitting a “window scan correlation” mode of operation. That is,

the scoustooptic system would report the result of successive correlations of

the new picture with the different reference items. The result would indicate

which feature had been recognized, and where it was found.

_ _ _ _ _ _  ~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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V. Publications and Patents

In addition to the papers included in the appendices , this contract period

saw many patents issued on this technology. A list is included as Appendix XI.

Also , during this period , Mr. Joseph Hannigan, U.S. Army Engineer Topo-

graphic Laboratories (USAETL—RI), presented a paper entitled , “Direct Electronic

Fourier Transforms (DEFT) for Camouflage Signature Measurement (CSM)” at the

Army Science Conference , West Point , New York, in June 1978. He received an

Outstanding Achievement Medallion for  the paper and the work was described

subsequently in TECH ThAN, Fall 1978, Vol. 3, #4, published by U.S. Army Corps

of Engineers.

L. ~~~~~~~~~~~~~~~~~~
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VI. Conclusions

The work performed during this contract has clearly indicated that IM~FT

technology has promise for a wide variety of image and signal processing functions.

A two—dimensional DEFT sensor, operating around 100 Mh z , should be a versatile

information—processor capable of resolving about 5000 image or transform points.

Synchronous detection should permit a dynamic range greater than 60 db , and allow

phase as well as amplitude measurements.

In the fu ture , devices with still higher center frequencies should be attenpted.

Improvements to the thin film and acoustic aspects of the technology need more study.

A two—dimensional processor needs an enormous acoustic aperture—to—wavelength ratio,

resulting in poor transducer radiation efficiency. The CdS films need to be thinner,

more uniform , and smoother to avoid attenuation .

The light valve technology [s also promising. Higher frequencies need to be

achieved , probably by fabricating thin—film piezoclectric tranbducers.

By fabrIcating infrared sensitive films or diode arrays, the technology could

be extended beyond the visible regime as well.
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APPENDIX I.

TUE VECTOR IMAGING CONVOLVER

1977 Ultrasonics Symposium Proceedings ,
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THE VECTOR IMAC1NC CONVOLVES

S.T. Kowel , P.C. Kornretcb , A. Mahapatra , B. Essner, N. Mehter , and P. Reck
Dept. of Electrical and Computer Engineering
Syracuse University, Syracuse , New York 13210

ABStRACT. We have fabricated an acoustooptical aenaor capable of two—dimensional image or signal processing.
it is a monolithic , optically addressed convolver , except that the two transducers propagate orthogonal , rather
than colineer , surface waves. The interaction between Image , acoustics , and electrons is obtained in a thin , poly—
crystalline film of Cdi deposited on z—cut LINbO3. A double—layer technique produces reproducible , stable films
with a 20% modulation of the photoconductivity proportional to the square of the SAW electric field. The signal
current is detected by an interdigital contact pattern , made from an tn/Al film sandwich deposited on the CdS.

Wi th sinusoidal inputs , we obtain a difference frequency signal proportional to the spatial Fourier trans-
form of the optical pattern focussed on the film. By varying the driving frequencies , we perform a vector scan-
ning in Fourier space. image rotation can be tracked electronicslly over a full 360 . The sensor can detect the
spatial frequency, orientation , and amplitude of variations in the optical intensity. Phase measurements of the
Fourier components , made by comparing the signal with an electronically synthesized difference frequency, show
the expected linear variation with frequency, and the linear variation with displacement .

Introduction Furthermore , in uniform light, the devices can per-form correlation and convolution of Input electronic
The electronic transduction of image information signals as implied by (1.1).

has necessarily relied on raSter scanning of the opt— In order to take full advantage of SAW Fourier
ical intensity. Vidicons use electron beams; CCD’s use imaging, it is essential to be able to electronically
moving charge packets; raster scanners move a light select arbitrary, two—dimensional , Fourier components
beam from point to point . Of course , coherent proces— of arbitrary , two—dimensional Images . Prev ious work
sore can take the Fourier transform of the image , but has been largely confined to obtaining one—dimensional
as yet no one has succeeded in encoding this informs— tranafoçms o~ one_dlmensional (l0,llJ or two—dimensional
tion electronically, including magnitude and phase data , images.L~~

6. Various techniques have been proposed
In real time . (1,121 for achieving full two—dimensional cspabillty,

Moreover , the amount of data in a high contrast , high re— culminating In the development of the pseudo beam
solution , picture is so large that even a powerful computer steering technique discussed here.[~~

,8,9)
cannot compote full two—dimensional transforms of the ras— Two surface acoustic waves , travelling perpendi—
tsr lines. A series of one—dimensional transforms does not cularly, cross the image, focussed on a thin photocon—
possess many of the properties of the transform of the pic— ductive film of CdS . The modulation of the photocon—
ture . ductivity is strongly dependent on applied electric

Thus it is necessary to use very sophisticated field , with the generated photocurrent having a com—
electron ic systems to perform information processing ponent proportional to the square of the electric field.
function, such as Fourier transforsiatt~n, correlation , We provide the electric fields by propagating the two
motion detection , noise reduction , and pattern recogni— crossed surface acoustic waves on a piezo—electric sub—
tion . We have studied several of these areas of image strata (LiNb O3) on which the CdS has been deposited. A
processing and reported a variety of resuits (1 9J using full tensor treatment of the Interaction (131 reveals
DEFT (Direct Electronic Fourier Transform) sensors, that the deposited contacts detect a current propor—

We have succeeded itt fabricating a sensor whose tional to
successors have the potential of providing many image 

2
proceaaing functions in real—time without spatial ras— i(t) . ff dx dy E5 (x , y, t) I (x , y) (1.2)
tar scanning. The sensor makes use of a photoconducting
film depoeited on a piezoelectric substrate. Two or— where t(x, y) is the image intensity, x and y are the
thogonally directed surface acoustic waves , launched coordinates on the film , and E2 is the electric field
by deposited interdigttal transducers , create a signi— perpendicular to the plane.
ficant modulation of the tgege—tnduced charges , crest— Since
tog an electronic signal of the general form

S — E~ cos(w
1
t — k

1
x) + B

2 
cos( w

2
t + k

2
y) (1.3)

1(t) 55 I (x , y)f1
(x + v

1
t)f

2
(y ± v2t)dxdy 

S Z

(1 1) where E15,w1~,kl, refer to the x—directed acoustic wave
and E25, w2 ,  k~ , refer to the y—dlrected acoustic wav~

where 1(t) ie a current detected by interdigital con— E~ con tains a term of the form

tacts laid over the film , I (x , y) is the image inten— 
E
2 

~ ~ ~ — ) t — (k x + k )~aity, and f 1(t) and f 2(t) are electronic signals used zd lz 2z~ ~~I 
L~ 1 ‘~2 1 2 (1 4)

to generate the acoustic waves.
The most natural application of (1.1) occurs when • E

1~
E
2~cos(w1 

— w
2
)t — k . ri .

fl(t) and f2(t) are sinusoids. In this case, 1(t) cor— 
*

responds to an arbitrary component of the two—dimen— By varying the driving frequencies , we can vary It,
sionel Fourier transform of the image intensity. By yielding a signal term proportional to the two—dimen—
varying the transducer driving frequencies , the entire sional Fourier transform ,
traneform can be obtained including magnitude and phase. 2-. -+ -. -.
Thus the sensors are called Direct Electtonic Fourier I,(t) ~ exp (j(w1 

— w
2
)t) 5 d r I(r)exp(—jk r)

Transform devices (DEFT). (1
If the transducer driving voltages are chopped in—

to short pulses, varying the pulae timing between trans— while the other terms from (1,2) can be ignored because
ducers will have the effect of raster scanning of the they are at different frequencies. That i~ , the signal
image. By appropriate signal design , still other imag— behaves as if a new acoustic wave has been created with
jog modes can be obtained. wavevector equal to the sum of the excited wavevectors.
“1977 Ultrasonics Symposium Proceedings, IEEE Cat . Thus we call this effect “pSeudo beam steering.”

- - #77011264—1SU”
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From theoretical considerations alone , pseudo image intensity, g.,~, gy are the reduced spatial fre-
beam steering by conductivity modulation is likely to quencIes , f,,, f~ ~tre the total spatial frequencies ,
be tar superior to other proposed techniques for ac— and
compltshing two—dimensional imaging. For example , the
actual creation of a third surface wave from nonlinear T

~ 
T1if dx I dv I(x, y). (2.2)

mixing appears to be a much smaller and less controll—
albe effec t.(ll) Thsu we have comp leted our model showing how the geo-

The use of high frequency surface wave transducers metry of the sensor when properly coupled to the acous—
requires that the image be placed on a high spatial tics yields a two—dimensional Fourier transform of the
frequency carrier. This is accomplished in one direct— image, It is interesting to note that the use of the
ion by the interdigital contact pattern used to detect same sampling rate in both directions results In the
the signal, and In the perpendicular direction by situation that , for 

~~ 
— 

~‘2~ ~ O output is obtained un—
either etching th. CdS into strips , or by projecting less very special circuits are employed to measure
the image through a grid, this d.c. ~ignsl . Thus the transform components along

Quantitative measurements of spatial frequencies , the line g5 gv will not be obtained. This problem
amplitude and phase behavior are described . Convinc— can be avoided by using a/b equal to an irrational num—
tog evidence of the pseudo—beam steering behavior is her sufficientl y large to make this line pass outside
found in the data on image rotation. In these experi— of the reduced space. Fig. (2.2) shows the 

~x ’ fy and
mania , the physical rotat ion of an oblect . focused on Rx. Ry spaces schematicall y. Next we discuss the cx—
the sensor , results in the expected disappearance of perimental confirmation of this theory.
the Fourier component signal . The reaquisitton of the
signal by appropriate change of the transducer fre- 11.2. Two—Dimensional Layered Film Devices
quenctes permitted the component to be tracked during
a f ull 360’ rotation. The most difficult task encoustered was the pro-

duction of good photoconductive thin films of CdS on
11.1 Principles of Operation LiHbO3. Since we had been making such films on glass

for several years , we had hoped that the techniquç f~j
The image sensor consists of a CdS film deposited making the films could be used relatively intact,11’

on a z—cut LiMbO3 substrate , as shown In Fig. 2.1. However , this is not possible due to the degrading ef—
Thin film metal contacts , in the form of an interdig— fects of material diffusing out of the LiMbO3 during
Ital pattern , are deposited onto the CdS film. This curing.
pattern permits the collection of the total photocur— We now Insulate the photoconducting CdS film from
rent over the area of the CdS film, the LIMb O3 by a second CdS film, if this film is

Besides providing electrical contact , the con— thick enough it does not permit out—diffused elements
tacts also form a coarse grating across the image, from LiNb03 to reach the second film of CdS. More—
This, in effect , shifts the Fourier transform of the over , there is no sticking problem at either surface .
image along the ky direction to higher spatial fre— Our very first experiment with this technique yielded
quencies . It allows us to generate the Fouriet trans— very good L/D ratios. It soon became clear that one
form of the image with SAW ’s having a limited band— could easily adjust the doping levels of HC1, 02 and
width. A gimilar effect is obtained by etching the Cu for the second CdS film to have LID ratios of ~~~
CdS film into strips along the x direction. We here at 200 m.cd .IlS]

use, for simp licity, gratings with equal dark and Since then ‘ee have made a number of Cdi films on
light spacings. Unfortunately,  this type of grating l iMbO3 by this “double—deposition ”, or layered , tech—
only exposes 1/4 of the CdS film to the image . Larger nique.
film exposures are possible by making the dark areas The “recipe” for evaporati9g1~~

d curing the films
of the masks narrower, has been published elsewhere.t1

The effect of the contact pattern and the etching Luukkalallll has made CdSe films on y—cut LIMbO3
of the CdS (or the projection of the image through a but has reported difficulty in reproducing these films
grid perpendicular to the contact lines) is to multi— because of cracking and peeling ill]. Sol ie has made
ply the image intensity by a sampling grid function , CdS/CdSe films on LiNbO3 using a somewhat more complt—
and by an aperture function , to form the sensed image . cated technique (lS ,191.
The principal effect of this two—dimensional sampling The next step is metallization . Indium makes good
is to put the original image on a spatial carrier ohmic contact to CdS while aluminum , the material nor—
vho~e period is a inboth the x and y directions re— mally used in SAW tehcnology . does not. Also , we can—
spectively. It is reasonable to assume that the image not use the “etching” technique to fashion the metal
only varies appreciably over several squares. The ef— fingers from the vacuum—deposited metal film . Any
fect of the finite device size is to smooth the “re— etchant that will remove metal will remove CdS . Thus
duced” Fourier space with a sinc function which is re— we had to learn a more soph~qt icated technique known
duced to 1% of Its center value at the edge of the as the “lift—off” method.I lt)J .
“reduced” spatial frequency space centered at 1/a , 1/a. Unfortunately, indium films thin enough for lift—
The main lobe has a bandwidth of 12 of the center fre— off tu’rned out to have a very poor conductivity . This
quency which implies that data will be smoothed out Is a serious problem because of the length of our fin—
over one percent of the center frequency. Indeed , this ger patterns (1.2 cm). We solved this problem by s
is observed In the devices, thin film of aluminum on top of the indium film. Such

Finally, we give the signal current phasç~r at the sandwich films permit the indium to make ohmic contact
difference temporal frequency (st 1 — w2) to bet 13’1’4] to the CdS , while the aluminum films permit the long

LE LE surface conduction route.

~°l3 + 066) The s—cu t LiNbO3 crystal was subject to x—ray
i — i~ 5lz 52z ~~~~ g ) > ‘ lysia, We were able to identify the x and y axes of

.c. °d 
y 

the wafer by comparing our pictures to published data
(2.1) 12 11 , The wafer was cut in half along a line l3.5

sin sf /2 sin af /2 from the true x—axis. This cut became the “x—axis” re-
st /2 ~f /2 ferred to sa our “y—axis.”
x y A very selective low—pass filter had to be in—

(16] serted directly at the contact terminal port , ra ther
where we introduce standard elasticity notation , than at the detector output. Such a filter , wit h 60 dBand 

~
‘
1 
is the smoothed version of the transform of the
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separation between 33 ?~iz and the des ired signals (be— it was also quite satisf yin g to continuous ly vary
tween zero and 4 Mba), was required to eliminate feed— the image spatial frequency magnitude. With gy — 0,
through, the two non—zero frequency peaks move smoothly In to—

With these improvements , we were able to detect ward the zero frequency peak as the image frequency is
the long hoped—for difference frequency signal which decreased.
was Image dependent, and disappeared in the dark. The These results are strong evidence for the pseudo
device was operated with the bias current electronical— beam steering effect . Indeed , the very fact of obtain—
ly maintained at a constant level of 0.25 mA. The sen— ing these signals at all Ia strong evidence since the
sor , with a resistance of 11(0, acted like a current existence of signals depends on the vector addition of
source since it was terminated in 150. the wavevectOrs in order for the image transform space

The experiments performed were meant to give con— and the acoustic space to be superimposed.
wincing proof that the strong acoustically induced mod— To perform phase measurements, the conf igura tion
ulation of the photoconductivity (up to 20%) did pro— used needs to be modified,(l3 ,l4I Since the difference
duce the pseudo beam steering effect required for two— frequency is generated in the CdS film, there is no re—
dimensional transform imaging. This required us to ference against which the signal phase can be measured.
show that as the image is physically rotated , the de— Therefore , a reference most be created electronically
vice can electronically track the image spatial fre— by mixing signals from the same generators that drive
quency com pon ents angle for angle. the transducers. Specif ically , we want to determine if

We also were able to make phase measurements var-’ the device operates consistently with the Fourier trans—
if ying that the sensor satisfies the Fourier transla— lation theorem. We want to measure the change of phase
tion theorem along any arbitrary axis, of a given spatial frequency component as a function of

The evaluation of a device with apodized trane— image displacement. These measurements were made auc—
ducera revealed numerous anomalies related to non—uni— cessfully for the glass substrate sensors using the
form acoustic fields. These non—uniformities are linear change of photoconductivity with strain and
caused by the large variation in acoustic aperture size formed the basis for the motion—detection application .
and position due to the “sinc x ” form of the finger (61 .
overlap . This spodixation creates a non—uniform wave— Quantitative meaaurements resulting from our set—up
front and also produces highly diffracting waves from revealed the linear variation of phase with frequency
the smeller overlaps, for a stationary bar pattern . The phase was linear in

Thus we abandoned this form of transducer. For the region of the peak, and deteriorated off the peak
simp licity, we went to a simple six finger pair , uni— since there is really no signal being detected. As the
form1’y spaced , unapodized design. This yields approxi— image was displaced in any direc tion , the straigh t line
merely equal bandwidth but with more roundoff at the sweeps across the peak region, while the amplitude peak
ban d edges, remained stationary , save for some minor changes in de—

Wi th this sensor , we were able to track a spaclal tail.
frequency in an image when the object was rotated a We expect a linear change in phase,
full 360°. The signals were clean and smooth. These
experiments were perfomred by raster scanning in fre— — —2~ g ‘ r0 (2.3)
quency space. While one oscillator scanned, the other
was kept fixed. An oscilloscope picture was taken, the for a displacement of the image r0. This implies that
object rotated; the fixed frequency readjusted. Fig. In order to tell the direction and distance involved in
2.3 shows the g,~, By plane labelled by the temporal the displacement , two measurements of • must be made,
frequencies . The marked points correspond to signals although only one spatial frequency is needed.
obtained by 10° rotations for two objects, one with a After adjusting the image so that its fundamental
spatial frequency magnitude of 3 cm” -~ and one with 4 spatial frequency vector is along a particular di—

- car’. Note the 45° diagonal line along which no data ‘Section , measured Sy protractor from the object itself ,
is obtained , due , as predicted , to the zero difference we translated the image, using precision micrometer
frequency cutoff of the detector. Each bar pattern ob— translation stages, in the x—direction and the y—di—
ject had a zero frequency plus two fundamental ftc— rection until we had measured some specific phase change.
quency peaks within the transducer bandwidth . From (2.3)

Fig. 2.4 reveals the geometry of the rotation cx—
perime nts. Fig. 2.5 shows the oscilloscope traces for 8 — 2w~g~ Idx cos 8 (2.4)
each rotation . Each trace is obtained by adjustment of X

the fixed frequency to recapture one of the two non— for motion along the x—axis , dx, where 0 is the smallest
zero spatial freq uencies af ter each 10° rotation . Ro— angle betweett 

~ j  
and the x— axis.

tation through 180’ revealed all of the points in Fig. Similarly for translation along the y—axis,
2.5, since there are two non—zero peaks, and therefore
two non—zero special frequencies~ for each new orienta— 8’ — —2i~ Ig~j dy sin 8 . (2.5)
tion . An addit ional 180° was plotted to confirm the y

reproducibility of the data. As one additional check , suppose that we choose • — 8’Starting along the Bx axis (By — 0), we first see 
th 

x
all three peaks in Fig. 2.5. As the rotation begins, en

we follow one non—zero frequency peak around the gx, I
By space by varying the generator controlling gy. At coten 8, (2.6)
B — 90°, this peak has moved in to the center of the
trace . But it is not the zero—frequency peak as we Table 1 shows data for this case, •~ — •y — 2w.
additio nally conf irmed by removing the object and not— The results from (2.4), (2.5), and (2.6) yield the cor-
ing the disappearance of the peak. rect orientation for the pattern to within 10%. This

Thes. experiments would be much easier if we could Is a very strong quantitative test of pseudo beam steer—
make circular scans in g,~’ 

g~, space, but our present tog, and therefore , of Fourier imaging.
electronic equipment only permitted raster scanning and dy dx 8 8 8 8
so the three peak. were always on three separate scans measured measured (2.4.) (2.5.) (2.6.) measured
at three separate values of g , except when gy • 0.
Here the three image freq uendes are slong the scanned .0659” .0751” 45.8’ 51.6’ ~~
direction . Future experiments will include circular
scanning electronics . TABLE 1. fluantitative measurement of angle from phase.
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or two—dimenet ional geometry. Without the use of
pseudo—beam steering it would be necessary to provide ~~‘ S. F. Kowel , P. C. Kornreich , A. Mahapatre, end
many transducers in order to produce two—dimensional B. Eisner, “Experimental Confirmation of Two—Rim—

acoustic coverage on a line—b y—line basis. Such an ensional Acoustic Processing of Images,” 1976

approach is likely to be complicated by di f f r a c t ion Ulttasonics Syi~~osium Procee4~~gs, pp. 66~~~
7’2,

problems if a large number of smell aperture trans— O~~~~l976.

duca rs are employed.
The fact that the effect is so profound (20% 10. H. Cautier , C. S. Kino, and H. 3. Shaw, “Acoustic

modulation of the photoconductivity), coupled with our Transform Techniques Applied to Optical Imaging, ”

success in making stable , highly photoconducttve films 1974 Ultrasonics Symposium Proceedings, pp. 99—
of CdS on Z—cut LiMbO3, implies that we can concen— 103.

trate our efforts on improvements. Improvement in
tra nsducer desig n is a high priority aimed at develop— 11. 14. Luukkals, P. Merilainen , and K. Saarinen , “Ac-

ing a st ill more uniform , collimated wavefront , and a ousto’ Reslative Effects in Thin Film CdSe/LiNbO3

larger bandwidth. Delay Line System ,” 1974 Ul trason ics Symposium

By introducing further spacings between trans— ProceedIngs , pp. 345—348.

ducera and the Cdi film contact region , we hope to
operate devices in the gated mode , making possible 12. V. L. Newhouse , C. L. Chen, and K. L. Dcvi., “Poe’

spatial raster scanning sensors in addition to Pour— slbility of Switching and Steering Surface Wave.

tar  imag ing sensors, by Nonlinear Mixing In Anisotropic Media,” J.

~~ 
Phys., Vol. 43, pp. 2603—260A, June 1972.

Acknowledlementa
13. S. F. Kowel, P. C. Kornreich , K. W. Lob , A.

The authora wish to thank Mr. David Helm of the Mahapa tra , H. Mehter , P. Reck, and B. Emmer, “Ia—

U.S. Army Night Vision Laboratory and Mr. Joseph 
aging without Raster Scanning,” to be published

Hanningan of the U.S. Army Engineer Topographic Lab— in LEEE Trans. on Electron Devices.

ora tory for their interest in this work. The work
repor t he~e was supported by the U.S. Army Night 

14. S. 2. Kowel , I’. G. Kornretch , K, W. Lob, A.

Vision Laboratory, Fort Belvoir , VA. 
Mahapa tra , 14. Mebter , B. Emmer, P. Rech , and V. A.
Penn , “Two—Dimensional Direct Electronic Fouries’

Bibliography Transform Devices (DEFT): Analysis, Fabrication ,-
and , Eval uat ion”, TR—77—5 , Department of Elec—

1. P. C, Kornreich , S. T. Kowel, D. J. Fleming, trical Engineering , Syracuse University , Syracus~
N. F. Yang, A. Gupta , and 0~ Lewis, “DEPT~ Di— NY 13210.

rec t Electronic Fourier Transforms of Optical Im—
• ages,” IEEE Proceedings , Vol. 62 ,~~~. 1072—1087, 

15. p. ~ KornreIch , A. Mahapatra , S . T. Kowel, K. V.

August , 1974 . Lob , and Bruce Enuser , “Double—Layered Polycry—
stalline Cadmium Suiphide on Lithium Niobate,”

2. P. C, Kornteich , S. 2. Kowel , “Direct Electronics to be published In the J. of ~pplied Physics.

Fourier Transforms of Images,” U.S. Patent
#3,836,712 (9/17/14). 16. J. F. Nye ,Phyaical Properties of Crystals, Oxford,

1969.

3. S. T. Kovel , P. C. Kornreich , 0. l ewis, A. Gupta ,
N. 1. Yang, and N. Zawada, “DEFT: Progress on 17. 14. Luukkala , private coassunication .

Direct Electronic Fourier Transform of Two—
D imensional Images,” RADC—Tl-2 44 , Sep tember 1974 . 18. L. P. Solie , “A New Mode of Operation for the

Surface—Wave Convolver”, Proc. IEEE , Vol. 64,

4. S. F. Kowel , P. C. Kornreicb, 0. Lewis , A. Gupta , May 1976, pp. 760—763.

and R. Zawada , “Progress on Two—Dimensional Di-
rect Electronic Fourier Transform (DEFT) De— 

19. L. P. Sol ie , “In tegra ted Surface Acous t ic Wave

vice.,” 1974 Ultrasonics Symposium Proceedings , 
Convolver/Amp l t f i er ”, P.AOC—TR— IS—191 , 11/75.

pp. 763—767. 20. H. I. Smith , F. .1. Macbeer , and N. F.fremow, “A

S. P. Kornreich , N. F. Yan g, and S. F. Kowel, “A Hi gh Yield Photolithographic Technique for Sur—

Direc t Electronic Fourier Transform Device for face Wave Devices”, J. of the E lect roche mical

Imaging ,” IEEE Proc . Letters , Vol. , 61 , August Society, Vol. 118, p~~’Th2l-825, 14ev 1971.
1973. 21. A, J. Slobodn ik , Jr., F. 0. Conway , and B. F.

6. S. F, Kowel , P. C. Kornreich , 0. Lewis, and ~ . ~~. 
Delmonico , Mi crowave A c-~ sutics H~ndhook , Air

Kirsch ner , “Passive Detection of Motion ‘frans— 
Force Cambridge Research LaboratorIes, 1973.

718 I
- - -~~ --- - - • -~~~~~ - —--~~~~~~~~~~~~~~~ - - “-



27

S. T. Kovel

OUTPUT
_________________________ ACOUSTIC

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CUmeENT WI$O.
$ j,~~~~~~~~~~~~~~~~~~~~~~~~~~ I.’A5SOfl8INO

1~ 
_ _\._/ f( (/ ( . T5A5 S~ UCI5S

(i~ .votraGL il l ,,. ~~

~~~~~~~j CONT5OU.CO ~:‘~ 
CvI~~ H(AOC 5

~~~LTAOL fOIC1LLATOS li t:.. . ,  SOL~ E5CO’IN_____________ _____ 
— —

S
s ‘,,~o

HORIZON ~I,-VCi.TAO[ , -

CONTsOL1C~~~~~~~~
.
~~~~ 

- 
-

VO4.T50C ICICILtATOR ‘ -

CONTACT uNES

—x d5STRIP$

Fig. 2.1 ElectrophotoconductIve Sensor,

e PLOT OF OA TA FOS SPATIA L FREOUCtICY — 31CM

— .——  ,,, ,~~~~~~~ sow a PLOT OF DATA FOR SPATIAL FREQ U ENCY 4ICM .

/ f .o~
I 0 0a e A

/ I *5,50- ~
‘o °

— ao’ S A

I’ *N5~ f.
£

~~~7y 
C S 5

_______ 

~~~~~~ , 
£

i!~~~9a ,~~

Fig. 2.2 Schematic representation of the original Fig. 2.3 Time Frequency Coordinate. of the Vector Spa—
Fourier apace (Ba’ s,). The value of ~~~~ is the num— tial Frequencies. As the object was rotated (Fig. 2.4),

bar of Fourier components available in the reduced the frequencies were mapped through 1800 of rotation .
.pace. No te the “dead apace” along the 450 diagonal caused by

the inability of the detector circuitry to pass a zero
difference frequency. The square point in the center
represents the zero spatial frequency peak which moved
very little during the rotation experiments.
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NO. I
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(d)

Fig. 2.6 Geometry of Pseud o Beam Steering Experiments. Fi g. 2. 5 Osc il loscope Tr:ices For Rotation F.xperil5ents.
A bar pattern was projected on the sensor and rotated Each trace correttpønds I:’ 1 t O ’ r~ tath’n starting wit h
manually, The zero spatial frequency and the two fun— By — 0. The h~ ttom t t . t ~~ ’ In , ,

~ tt ph ture is repeated
da.ental spatial frequencies ware found by changing the as the top trace to the suc ’ed in ~’ p icture. Thus 90 J
gen.rator fr.quei~y f ~ for each 10’ rotation of the ob— corresponds to the ,ie~’ønd trace from the to~ in (c) ,
ject. l80 to the bottom trace In (dl , At 90’. the righ t

hand peak has moved to the c,’nt,’r of the trace , just
where the r.ero fr eqtle ncy p~’~ k w l ’uld appe ar for By — 0.
Note the alight d i f ferenc e hetw ee’n 0’ ~nd 180° , presum-
ably caused by transl ations which change the picture

slightly.

t
720

I- V -~ ~~~-. -~~~---~~---—— --- ----.~~~——-••--____



~ -

29

APPENDIX II.

DOUBLE — LAYERE D POLYCRYSTALLINE CADMIUM SULFIDE
ON LITHIUM N IOBATE
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Double-layered polycrystalline cadmium sulfide on lithium
niobate’~

Phihpp G. KomreEch, Amaresh Mahapatra, Stephen T. Kowel, K. W. Loh, end
Bruce Emmer
Dvp.rnsueii s of Elqcsncul and Coaipu :s’r Engineering, Ill Link Hall Spriscusr (!nII’ersIn),
S~.~acwj r, N,w York 13210
(Recessed IC September 1Q77. accepted for pubhcauon 20 November 1Q77)

We have developed a technique fur fabricating polycrystalhne thin films of C4S on s-cu t LiNbO,. A
ssngk film wilt ilium a light-to.dai’k-conducts~ity rati o of appi~Ltt*iate Ly unity wi th very high sheet
resistanc e after cunag To make a good pholocunducio , a second film is then deposited. ThIs film is
protected dunng the subsequent cunng (room out -diffusion from the LsNbO1 by the first tUrn and develops
a hght-to-dark --conductnity ratio of 100(k) in room light wttti a sheet conducissity of 10 IS rrned
Films produced by this layered process also jvmscas a remarkably large conductivity-modulation
dependence (20%) on the square of an Impressed electnc field provided by a traveling surface acoustic
wave in the LiNbO, substrate

PACS numbers. 73 60 Fe, NI Ii 81, 72 50. -* b, 43 35Qv

I. INTRODUCTION The purpose of this paper Is to degcribe a novel lay-
erect technique for fabricating thin films which was de-A major area of research in the field of surface

acoustic waves (SAW) involves the interaction of ultra- veloped for deposition on LiNbO3 and to describe the
film properties . We note the variance of our resultssonic Rayleigh waves with conduction electrons. Such with the usual boundary theory~ of photoconductivity .interactions provide the physical basis of image scan-

ners, Fourier-transform imagers , convoLvers , and We expect that the fabrication techniques and modula-
microwave traveling-wave amplifiers. L$o 

~~ is a good lion effects may be of interest to researchers working
candidate for such applications since it Is inexpensive with similar films and substrates both (or SAW appli-
and can be fabricated with a wide range of both optically cation., as well as for more fundamental material
induced and dark conductivities. studies.

We have been interested in both the effects of strain
and electric fields on the photoconductivity . We first

II. LAYERED CdS FILM DEPOSITION AND CURINGmade direct electronic Fourier-transform (DEFT) de-
vices by vacuum depositing CdS films on glass. 0.1 The On the glass substrates, CdS was evaporated from a
films were cured by using a variation of the ntethod fused-quartz bottle onto suitably positioned substrates
developed by Boer. ~l This was done in a diffusion fur- In a vacuum of lO’~ Torr, These evaporated tiints had
nace in an atmosphere of CdS, 02, HCI, and Cu. very high conductivity but a poor light-to-dark—conduc-

A piezoetectric transducer was subsequently bounded tivity ratio. To increase their sensitivity they were
to the substrate, The transducer excited trav eling sur- cured in the vicinity of CtiS and Cu powder at 650’C
face acoustic waves in the glass which modulated the under a N~ flow , which had traces of O.~ and HCI to opti-
carriers generated in the film by an image. These mize the photoconducting properties of the films. The
charges are detected as a current by indium contacts, exact ratio of the constituent gases is given in the Ap-
Such devices depend on the linear strain-induced maclu- pendix. This technique is a variation on the work of
latlon of the photoconductivity, which we observed to Hoer. II We finally succeeded in obtaining Light-to..
be approximately 0. 1% of the photoconductivity in room dark—conductivity ratios of about 5\ 10’ at an illumina-
light. tion of 250 mcd of white light, At the same time, the

conductivity of the films was quite high, about 0. 1 ns
More recently, we have been fabricating flints on ~ - mcd.

cut LiNbO,. This structure makes use of metal inter-
digital contacts deposited on the piezoetectric substrate We hoped that by suitably adjusting the doping LeveLs
(or the generation of the Rayleigh waves. By using two of 0~, IICL, and Cu, one could get good photoconducting
orthogonally directed transducers, we are able to pro.. film s of CdS on UNbO3. However , after numerous at-
duce signals in the CCIS proportional to the two-dimen- tempts, we came to the conclusion that this Is not poe-
sional Fourier transform of an image intensity. U~ U sible clue to the degrading effects of material diffusing
These effects depend on a modulation of photoconduc- out of the LiNbO, during curing.
ttvtty proportIonal to the square of the electric field Next, we decided to overcome the problem of the sub-
accompanying the SAW ’. in the LINbO,. This effect is strate entirely by laying down a thin layer of Si05 be-
remarkably large, 2O~ - in typical bright- room tween the substrate and the CdVS film. This Layer would
illumination, insulate the CCIS from the LiNbo,. At the same time,

Si05, being stable thermally, would not itself diffuse
‘-~The wo rk reported bere wa n support ed 

~~ th. ~~ 
Into the CdS. This idea proved successlut in that we

Night Vision Laboratory, Ft. Relvoi r, Va, 22060. Ii Improved the L D ratio by a factor of 100 in our first
tam , some of the results of the dissertat io n of A . Mahapatra. attempts.
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Unfortunately, the Si05 layer had it. own probLems. Though we realize that various electric fieLd and
It worked fairly well with v z — c ut  LINbO,, whIch has a strain e f fe c t s  may v.e rv throug h th~ t hickness of the
low coeff icient of thermal ext~ nsmon like the Sit.)5, flut CdS f i lm, we shal l, for simp lie-s t v , ass ume all effects
on .~—c ut LiNbO,, which ha. .i coeff icient of thermal to be uniform over t he’ thick ness of the (‘cIS fiLm. Thus ,
expansion 10 times that of v: cut , the’ films peeled oft the’ conductance per square can be’ expa nded in a Ta~’hsr
during Curing . series to (tm-st ~srt1 s ’r in (1w tight intensity l(t , yt  and the

strain te nsor ‘ ,,, , and to second oi’dei- in the elect n c
At thu point , .s number of attempts to pm-event the f ield t ,, due’ to the SAW in the pit’zoelectntc LINuSO~

C~~ from peeLing f rom the SIt.) were made, such as substrate’.
graduating the SiO,— Cd$ boundary during evaporation
and roughening the surf ace  of the LiNbO,. All of these tT~5(t , VI  ~~~~~~~~~~ ,, • ~~~ ~~~ vI  ~~~ I(e ,
were’ unsuccessful. We ’ .slso tried to out-diffuse the

-
~ ~ 5LLl~~. ~.) l  ~y 5 j . l~,

LiMbO, before evaporat ion. This would obviate the miced
I.Efor the S105 film. This was also unsucce ssful. The films • ~~~~~ v)I’-~ E~ • - .  , (11

were still degraded du ring curing.
where’ sumniat ion ~n- t’ m- like’ Greek indices is implied.

We next tried Al~O, .ts an intermediary diffusion bar— itert’ ,
n cr, L’nfortunatel y, the CdS f ilm peeled off the Al.O~ .iS
it did from 510,. Attempts to prevent peeling by mak ing “ s is the’ dark  conductance per square, ~ is the

thIcker films of SIO~ to ,illow for different expansion chaii~t ot the’ dark conductance pe’ t’ stluare w ith strain
v L

rates on the opposite sides were also unsuccessful. - i,,. o~ is the change of the conductance pt’s’ square
w t t i~ light f lux  If t , v1 , the ordinary photoconductivitv ,

LS is the change of the conductance per square withEventually, we struck upon .sn ideal solution. We knew lig ht and strain, o 
~~ 

is the linear change’ of the con— -:
i.Ethat t’dS itself would stick to LINbO,. Therefore , why duct~inct’ per square with electt’ ic field. o ,,~,, is t he

not insuLate the photoconducting CdS film from the
linear change ~f the conductance per square with light

LiNbO, by a second CdS fi lm, If this film were thick and el~ s’(i’jc fie ld, ~~~~~~~~~ is the change’ of the conduc-
enough it would not permit out—diffused elements from tance per square to second os-tier with electric field,LINbO, to reach the second film of CCIS. More’over , and 

~~~~~ 
is the change of the condut’Lence’ per square’

there would be no sticking problem at either surface, to fi rst order in the light intensity and second order in
~~r very first experiment with this technique yielded

the electric f i e ld.very good L 1) ratios. It soon became clear that one
could easily adjust the doping levels of HCL . 0. asisi Cu Our polycryst alLine CdS films have’ essentially iso—
for the second CdS film to have 1 1) r.etio. of 10’ at tropic symmetry. Therefore all third rank tensors must
500 mcd of white—Light illumination. Since then, we have be zero. This requires that ~~~ and ~‘~L 

1st’ ~‘ero . This
made a number of CdS films on LiNbO1 by this “double— aLso requires that the os-dinarv phottsconductivtty be cc-
deposition” or layered technique. sentialLy a scalar , 

~~~ ~~~~~~ 
The dark cond uctance’ is

small compared to the’ photot’onductivity at reasonable
The Appendix reveals an abbreviated “recipe” for light Levels for good photoconductive’ (‘dS . This alLows

evaporating and curing the films. ~ The best films to us to neglect the 0 (‘5 .
ernis o 

~~~
, o,,~,,, . ana ~~~,,, . This

date have been approximately I ~sm thick, reduces Eq. (1) to
L’S

‘~L 1\i5 1(
~~ ’ ~) $ 

~~~~~~~~~ ~~~~~~~It should be noted that these films represent the first
reliable photoconductive films on s-cut LiNbO,. Luuk- 

+ ,Lz 1(~ v l t .,, E,.. (2)
kala’ ha. made CdSe films on ‘.-

~~ -cut LiNbO,, but has
reported great difficulty in reproducing these films be- The term o~t,. is the one that has been used in all our
cause of the cracking and peeling of the layer of sio, previous l)EFT devices . However, here we are inter-
used as a diffusion barrier, Solie has made photocon- e’stt’d in the change of the’ conductivity to first order with
ducting fILms on ~z—cut LiNbO,, thus producing an ex— light intensity and to second ot’cier with electric field,
cellent one-dimensional convoLver. ’~ It is not clear, the Last term in Eq. (2b .
h~~ever, precisely what is the film composition. It is A similar effect has previously been observed by
described a. CdSe cured with a Layer of CdS. The ~~~~~~ l~ ukaala ci al. $ Solte~ has fabricated a convolver using
may be a dopant or may indeed represent a “double- a CCtS CctSe f i lm system , and has observed difference
layered” film, ~ frequencies using 132- and 123-MHz carriers, They oh-

se’rved a substantial change of the photoconductivity of
a (‘ciSc film deposited on a LIMbO, substrate when aIII. PHENOMENOLOGICAL CALCULATION OF THE SAW waa propagated on Its surface. They observed the

CONDUCTANCE OF CdS effect with 70-MHz SAW ’.. There is substantial cvi-
Before describing our experimental results, it may dence that the effect is to second order In the electric

be useful to give a brief discussion to reveal the pheno- field. They observed a change in the dc photoconduc-
m.nological nature of the modulation effects . This cx- t ivity. as we’ll as observing an output at twice the SAW
•rcia. is useful because it shows the tensor nature of frequency, and the effect disappeared when the experi-
the hijher-ord.r interactions. This view has been went was conducted on a nonpiczoelectric fused-quartz
neglected in the device-oriented papers. substrate,

12444 ~ A p .vo~~e~~~~~~~~:
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loot with irregularly shaped but smoothly fitting tiles. On
top of the film is what appears to be excess CdS dust,
The crystallltes have between four and six sides and
are ~— 1 ~ in diameter .

Ice / With the second layer deposited, the surface looks
very hilly and irregular, But after curing, we are again
left with a smooth. film with clear crystallite boundaries,

- although not as smooth as the bottom film, Figure 1(d)
shows the surface of this final film. Note that again

: .7 SLOPE • 
there is dust sprinkled on top of the film. We are giving
some thoug ht to see whether this curing artifact can be

i - prevented or removed . It is quite significant that there

/
/ are no holes or tears in the film,

B. Film conductivity
. 1 -  ¼

We have measured the i-V characteristics of Cd,S
films on LiNbO, by depositing indium/aluminum con-

/ tacts. The voltage was varied over 4 decades and the

100 
1-I’ curve was found to be strikingly linear, as shown

- 
VOLTAGE (VOLTS) in Fig. 2. The contact separation was about 75 tim.

Assuming the crystallites to be I ~m wide, there were
FIG. 2. Voltage versus current for uniform illumination. 75 crystailites between any pair of contacts, Let us

assume that the barrier model of conductivity holds for —

our films, so that we can assume the current to be of
A. Surface properties the form

The films were examined under an electron micro- i= 1 10( exp(—~~ - k T ) J [ exp ( q i’,~ kT) -. 11 (3)
scope at various stages of fabrication as shown in Fig.
1, The surface of the bottom film is smooth with no ob- where ~ is the barrier voltage between crystallites
vices structure. On a 1-Mm scale it looks something and V4 is the voltage across each barrier. ~ Now if qV4
like rough concrete. Once cured, a definite crystalliza- kT , the above express ion can be suitably expanded to

tion becomes evident, The film looks like a tile floor give a linear i -V  characteristic, However, at the high-
est applied voltage we used (20 V) , 1-’~ is about 20/75

0. 267 V - Thus, q1’4 is about 10 &‘T and one would ex-
: ~~~~~ -~~~~~~~‘°~“ pect highly nonlinear i- V curves. Since this does not

I happen, we think that either the barrier model quoted
• in many papers does not apply to our films, or else

Eq. (3) is an oversimplification. We obtained a linear
curve for current versus voltage from V = 0, 002 to 20
V 5 i.e., over 4 decades. The drift-electric field
changes from E 0, 2 to 2X 103 V ’c m ,

I In order to make the electrical contacts on the CdS,
we first deposit indium and then aluminum. The indium
makes Ohmic contact to the CdS, and the aluminum pro-
vides high conductivity along the contacts .

- We next measured the variation of photocurrent with
! - I light wavelength. The normalized curve given in Fig.
: -i 3 shows the band edge to be at 505 nm, which corre-
~ -s ‘~~~~“~‘b,~ sponds to a band gap of 2. 46 eV. The photocurrent

drops sharply at higher wavelengths, However , there is

• a secondary n~aaimum at 560 nm, which corresponds
to a level 0. 25 eV from the valence band. A similar
level was detected in our CdS film. on glass. We be-
lieve this to be a sensitizing center with low-capture

• cross section for electrons. These measurements were
made using a calibrated E.G. and G. high sensitivity
spectroradiometer.

The next measurement was the variation of photocur-
I I I I I I I

s )~~ 
400 450 500 sco oo iso ioo rent with white-light intensity, showing clearly the

power-Law behavior of the conductivity. There is a
FIG. 3. VariatIon of photocurrent with light wavelength at supralinear variation with an exponent 1. 4 as can be
room tempersture. seen in Fig. 4. However , our films on glass had an

~~~~ 244$ J. AP~I. PhYS.. VOl. 49. NO.4, APII 191$ Kom reich cial. 2446
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IOOC —
~~~~ can be shown”.” that this  signal, 1(t ), is proportional

the electric field associated with the surface acoustic/ 
to the integral over of the product of the square of

wave w ith the optical intensity, With sinusoidal acoustic
waves,

I.E LE’t (t )  = (2, ,~ ~~~ 1 / 1(~,b [Ej, i~~(u i, -. .1 P

• E1, E~,(o~~ ~ ~~~~~ (4)/ transform of the image intensity, t 4~ is the dc current ,

a
where  - .1 ~( t,

) -  ts the  smoothed normalized Fourier

3 o~ is the dark conductiv ity , and F ,,, E1,, F. ,, and E.,
0

50 - by transducers 1 and 2 respectiveL y. The coeff ictents
I.E I.E I.Eo . and ~ ~‘4

E are defined in terms of the co—/ are the amp litudes of the SAW electric Iietds generated

efficients r
~L1. 

by the usual elastisity notation. ~ Using
.e light pattern with a we ll—defined spatial t’ i’quelicy.
we measured 1(t) i4, as a function of (P ~P~

) ’ , wher e
I’, and I’~ are the acoustic powers generated b~’ trans-

~o~ o ducers 1 and 2 . which is propoi’tiona l to E1,E~, and
LI GHT I N T E N S I T Y  ( m - c d s  5 ~~~~~ to obtain the curve of Fig. 0 . As can be readily

seen , a mnodulatioti of m ore than 10 - was obtained and
FIG. 4. Photocurrent versus light intensity. This particular .1 larger modulation is within reach Saturation is seeneample gave i’ 11 ,4, to set in at thesc acoustic-power levels since the SAW

fields begin to create appreciable modulation of the dc

exponent lying between 0. 8 and 1, probably due to the current. At lower levels, the curve is quite linear.

sensitizing center lying closer to the valence band Actually, o~ is an increasing function of acoustic power —

,ilso. ~‘•~~(0. 15 eV). We also measured the rise and decay times
of the photocurrent for different white-light intensities This SAW modulation of the photocurrent is an enor-
from 4 to 1000 mcd. The rise , as expected , is an order mous second-order effect ; especially so when consider-
of magnitude larger than the decay time. The decay ing that the linear effect in strain (ST ~~~~ ,1l ” I~ I~ 1 is approxi-
time changes from 28 ms at low intens ities to 3 ins at mately 200 t imes smaller.
1000 mcd.

I I
Of particular significance to our goal of fabricating

Fourier imaging sensors and signal convolvers , was
the evaluation of the last term in Eq, (1). Figure 5 • 

,0

shows a schematic view of structure used to make con- --

ductivity-modulation experiments. For the purposes of

Rayleigh waves in the v direction acros s the CdS film / 
Z

this paper, two adjacent transducers propagated 9 -

region. The contact pattern detected the difference fre- 
/

quency current due to this term in the conductivity . It

CR Y STAL -

S *_~!~!,i —

~~5~4 
A

- ‘I
/ •V cc

--

ces 
.- OUTPUT

~ 0,

/

/
—,- -~ “—~-- -—c:’ - -

_ _ _ _  

-~~~

____  ~ 1

LiNbO~ WAFER ~~~ 
-t
~~~~,_ . C 40 50 •~ u~o ~o ‘~~ ~o I~~O

~~~ (l0~ WATT - ,,,)

GNO
FIG. 6. Large modulation of the photoe’onducttvtty as a tune-

FIG. S. Deft imaging sensor. The measurements Lii this paper tion of the acoustic power. Saturation due to modulation of the
were made using two contiguous transducers propagating In the dane current is evident for acoustic signals 80’.(P,P,)’1 ’- 250

x direction, in units of t0~ W M of transeita’e’r aperture.
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SUSST R*TC A ND C4S FILM ,CdS AN DC u POWDE R This first layer of CdS had then to be heat treated or
/ OVEN TUnE “cured” to reduce its dark conductivity . This was done 

_______ 
ed to 650 C, as shown in Fig. 7. Also placed in the

— - 
~~~~~~~~~~~~~~~~~~~~ furnace’ was. a fused-quartz boat with 25 g of CdS and

12. 5 g of Cu powder spread in it. At the same time a

~~~~~~~~~~~~~~~~~~~~~~~~~~~ T

~~J

Gas INLET 
by placing it in a 2~ -in-i .d. ditfusion furnace tube heat-

QUARTZ BOAT OVEN constant flow of N~ along w ith  traces of HCI and O~ was
maintained through t he tube. The HC1 was introduced

37’ ,- aqueous HCI. The flow meters F,, F~, and F, were
set , approximately to the following values: F1 2000

by diverting a part of the N~ through a bottle containing

cm’ mm , F1 10 cm3 mm , and F, 100 cm’ m m .

_; ~
The sample was left in the furnace for 30 nun with all

the gases running . After this, the 0, and N~ were turned
MCI off and the sample left in the furnace a further 60 m m .

This completed the curing process.
— FIG. 7. Curing arrangement in the diffusion Cunnance. V This first layer of CdS, as mentioned elsewhere, hadrepresents valves and F represents flow meters.

very Low conductivities in both light and dark. A second
film of CdS was evaporated on top of the first and cured
using the san,e procedure for evaporation and curing.

V. CONCLUSIONS This resulted in films with light-to-dark—condu~tivity
ratios as high as io~. To obtain this value, one might

We have described a method of fabricating a poly- have to readjust the HCI flow setting, s ince the amount
crystalline film of CdS on z-cut LINbO,, which results of HC1 picked up depends on the volume of HCI in the
in high light-to-dark—-conductivity ratios and large bottle, the bore of the inlet tube, etc. In our experi-
modulation proportional to the electric field squared. ence, it is not necessary to adjust the 0. or the amount
The fabrication technique employs a double-layered of Cu to get L D ratios of 10’, which is good enough for
deposition and recrystallization procedure in order to most applications.
obtain a film not destroyed by diffusion from the LiNbO,
during heat treatment.

Evidence indicates that the conduction mechanism ‘P. G. Kornreich, ~~. T. Kowel, I). J. Fleming, N. T. Y ang,
is not merely the boundary effect often quoted. We are A, Gupta, and 0. Lewis , Proc. IEEE 62, 1072 (1974).
presently completing theoretical work yielding results 2S.T. Kowel, P.G. Kornreieh, 0. Lewis, A. Gupta, and R.
consistent with the linear i-V characteristics of the Zawada, 1974 Ultrasonics Symposium Proceedings, 1974,
films. p. 763 (unpublished).

3S. T. Kow el, P. G. Kornreich, 0. Lewis, and F. D.
We have already successfully employed such struc- Kirschner, IEEE Trans. Instrum. Meas. IIs!-24, 248 (1975).

tures f or Fourier analysis of both one- and two-dimen- 4S. T. Kowel, P.G. Kornretch, and 0. Lewis, J. Appl.
Photogr. Eng. 2, 113 (1976).sional images. A variety of other uses is evident, such 5s. T. Kowel, P.G. Koraretch, A. Mahapatra, D. Cleverly,as convolution and correlation of electronic signals. It B. Emmer, and R. Zawada, 1976 Ultrasonics Symposium

appears that the coupling mechanism is one of the ProceedIngs, 1976, p. 130 (unpublished).
largest second-order electronic effects in solids, pro- ‘s. T. Kowel, P. G. Rornreich, A. Mahapatra, and 13. Emmer.
viding up to 209 modulation of the photoconductivity . Ref. 5, p. 668.

lii, Gautier, G.S. Kino, and II.J. Shaw, Ref . 2, p. 668.
5M. Luukkala, P. Merilninen, and K. Saartnen, Pef. 2,ACKNOWLEDGMENT p. 345.

The authors wish to thank David Helm of the US Army ~~~~ KIflO~ Proc. IEEE 64, 724 (1976).

‘°L. P. Solie, Proc. IEEE 64, 760 (1976).Night Vision Laboratory and Joseph Hanningan of the °P. Nornreich, N. T. Yang, and S. T. Nowel, IEEE Proc .
US Army Engineer Topographic Laboratory for their Lett . 81, 1149 (1973).
Interest In this work. Last, but not least, we acknow-. ‘2K. W . Boer, J. Appi. Phys. 37, 2664 (1966).
ledge Eva M. Barrett for her outstanding typing. “S. T. Kowel, P. G. Kornretch, K. W . Loh, A. Mahapatra,

M. Mehter, B. Emmer, P. Reck, and W . A. Penn, Depart-
ment of Electrical and Computer Engineering, Syracuse

APPENDIX: DOUBLE.LAYERED CdS FILM University Report TR-77-5 , 1977 (unpublished).
FABRICATION ON z’CUT LINbO 3 1

~P. G. Kornretcls, S. T. Kowel, K.W . Loh, A. Mahapatra,
M. Mehter, B. Emmer, and P. Rec k, IEEE Trans. Flee-The LINbO3 substrates were suitably cleaned and tron. Devices (to be published).

held In an appropriately designed substrate holder. ‘5A. Waxman, V. Henreich, F. Schellcross, H. Borhan,
About 3 g of CdS were packed in a tungsten boat which and F, Weimer, J. Appl. Phys. 36, 168 (1965).
served as the source of CdS. The substrate holder and ‘tL. P. Solie, RADC-TR-75-191, 1975 (unpublished).
the tungsten boat were appropriately positioned in a ~w. Franz . z. Naturforseh. 13A, 484 (1958).
vacuum chamber evacuated to i0~ Torr. The substrate 

58 L.~’. Keldysh, Zh. Eksp. Teor. Fiz. 34, 1138 (1958) (Soy.
Phys. —JETP 13 4. 788 (1958)).

holder was heated to 210 ‘C. The evaporation was con- ‘9E.S. Kohn and M. Larnpert, Phys. Rev. 134, 4479 (1971).
tinued until the 1llm~ reached a thickness of approxi- 20j. F. ~ Physical Proprr ties of C,ystals (Clarendon, Ox-
mately I i~m. ford, 1969).
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APPENDIX III.

MODULATION OF CURRENT IN A THIN FILM OF LEAD TIN SELENIDE
BY BULK ACOUSTIC WAVES

Appi. Phys. Lett 32(11), 1 June 1978
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Modulation of current in a thin film of lead tin selenide
by bulk acoustic waves

S. 1. Kowel, P. G. Komrelch, and T. Szebenyi
Depsvs~nvnt of Electrical and Computer EngOirerin L Sywicus. University. Syracuse. New York 13210

D. Kaplan
U.~~ A~~ y N~hi Vtiios end EIect~~~tics ~~herato~~ For: 8rJ~~r. i~~Inio 22(~ 0(Received II January 197& accepted for publication 2* March 197*)

We have me.aur.d a 0.1% modulation of electron current in a lead tin selenjdc film due to a bulk
acoustic wave proçqsted in the banum fluonde substrate. This effect was observed as in ac component of
the current at the acoustic frequency 0.6 MHz.

PACS numbers: 18 20.Hp. 73.60 Fw , 43 35-Na, 72 50. +b

There has been significant progress in the area of Upon careful investigation the modulation at the out -o~~ical imaging using acoustIcal modulation of photo- put current was observable only at several discretecurrent. Devices for Image scannlng t
~~ and Fourier  frequencies w i th  the max imum out put at 600 kHz due

imaging 4 ’  in the visible range have been reported. It to the resonances of the t ransducer . This modulationis of considerable interest to determine whether the is at the sante frequency as the input to the transducer.principles on which these devices depend can be applied The output current can be derived from the measure -at infrared wavelengths . Our previous work w ith ment of the amplifier output voltage by
cadmium sulphtde deposited on glass t indicated that a

io i.,~~1~~,,’R r, (I)linear change of photocurrent with acoustic strain
should be observed in many semiconductors , where i0 is the device output current (mA), i~, is the

amplifier input current (mA), V~ , is the amplifier out -Thus the first step in Fabrtcating infrared intagers 
put voltage (V ) , and R,. is amplifier transresistanceusing acoustic waves is to show a significant modulation,

For this purpose it Is not necessary to cool the f i lm (12). For the amplif ier used , R~~= 87.74 k12. At 600
kHz , l~~, = 0. 4 V peak to peak , giving a device outputsince we assume that the modulation of room -tempera-
current i0 ~— 4. 56 pA . The percent ntodulation of theture carriers relies on the same mechanism (ene rgy
bias current  by the acoustic signal isband warping due to strain) as modulation of infrared

image Induced electrons .’ percent modulation (it/i 4~) 100 . (2)
The test sample was prepared at the U.S. Army Night where i~ Is the dc bias . With i

~,
= 2.33 mA , the modula-Vision and Electro-Op tics Laboratories by dual-source tion is about 0, 29. In order to check that the observedmolecular beam epitaxy of Pb,Se t 0 0 ~ and SnSe on (lii) output is not simply (eedthrough , the signal to thecleaved BaF ,. The growth rate was 1.1 pm -it and the transducer was pulse modulated, There was an ob-substrate tempe rature was 340t, y ield ing a f i lm 3 pm servable propagation delay across the substrate beforethick. X-ray diffractontetry and spectral response mea- the active t hin fi lm was reached by the acoustic wave .surements of sister samples indicate a (tint compost- This proved that the effect was due to the acoustiction of Pb,,,75 Sn0 025Se , wh ich corresponds to a 300 °K pulse. This delay is about 60 psec over a distance ofband gap of 0.25 eV (5 pm cutoff). Room-temperature i cm , yielding an effective velocit y of 166 nt/sec.Hall measurements , again on sister samples , using the This conflicts with the longi tudin al propagation in thevan der Pauw method’ indicate a resistivity of 7. 1 ~‘ I0~12cm , a ntobility of 5 X 10’ cm’’V sec and a carrier

concentrat ion (p type) of 1. 9X 10”/cm ’.
• O U T P U TGOLD

F R O MUsing standard microelectronic photolithographic CONT aCTS
• StNSORtechniques , the film was first etched to a convenient -

PbS a S.size , using a 5’V solution of hr  in IIDr . Then gold was THIN F I LM
electroplated for electrical contacts , leaving exposed
a current path through the PbSitSe about 10 mm wide
by 1 mm long. The total resistance was 40 12.

A piezoelectric transducer (PZT) was bonded to one - SUSSIRSIt
end of the substrate ; Figure 1 shows the arrangement .

OSC ILL
TAANSOUCCRIn order that (he modulation bc monitored, the con- ~~~~~~ 

-
~ 

-figuration shown in Fig. I was employed. The device
was mounted in a shielded box in order to minimize

l’R;, I . l’h.’ l’bsnSe’ ft lot depos It ,‘it cot It, I~ , Nate th e’ I ‘7.1interference effects , and the Input and output chambers trnn,,lut’e’r tv,ndi.d t,c the sub~tr,tc, The’ trnnsduecr waswere separated by a metal bridge that acted as a cutoff shkldcd Fr,ei,, the contact region. The substrate’ d imensionswaveguide. nrc’ 19,05 mm ‘12 , 7 mm ‘4 , 7~ ; ton,,

*91 AppI. Phys. let). 32(11) . I June 1978 0003 6951178 ‘3?1 I 0697500 50 E~ 1978 American InStitute of Physics 697 
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[100) direction given by’ . The work reported here was performed under a con-

t’,=(C,,/p )’~’ (3) tract with the U.S. Army Night Vision and Electro-
optics Laboratories , Fort Relvoir , Va. The PbSnSewhere p Is the density (g/cm’), and C1, is the longitu- film on BaF2 was fabricated by David Kaplan, The

distal elastic constant [g/(cm/sec t )). For BaFI,, authors wish to acknowledge the assistance of Davidp = 4. 886 g/cm3 and C,, = 0. 891’~ 
b i t  g/(cm/sec ’), Helm of the Night Vision Laboratories.

giving a theoretical velocity of t’, = 4. 2791 X b0~ rn/sec.
Further investigation is required to resolve this ‘ M. Luukkalu, P. Merilainen, and K. Saartnen, 1974 Ultra-discre pancy. We believe that cracks in the substrate sonscs Symp . Proc. (IEEE~ New York, 1974) , pp. 345—348.

may be responsible for Introducing reflections between tGS Kino, Proc, IEEE 62, 724—748 (1976).
‘L. P, Solie, Proc. IEEE 64, 760—763 (1976).the upper and lower surfaces of the substrate , titus 
‘P.G, Kornrptch, S.T , Kowel, D,J, Fleming, N,T. Yang,adding considerably to the path length. Alternatively, A, ~~~~~~~ and O. Lewj~, Proc. IEEE 62, 1072—1087 (1974).the small apparent velocity may be due to an unexpected ‘H ~~~UtI~~ , G.S, Etno, and Ii.J. Shaw, Rat, 1. pp. 99—103.acoustical mode. ‘S.T. Kowel, P.C. Kornreich, K.W , Loh, A. Mahapatra,
M, Mebter, P. Reck and 13. Emtn er , IEEE Trans. ElectronFuture experimentation should be directed toward Devices (to be published).obtaining a j unction In the PbSnSe which should be more ~S, ‘r. Kowel, 1’, U. Kornreich, K, W, Loh, A. Mahapatra, andsensitive to Ir. Also , the bias current will be changed M. Mehter, 1977 Ultrasonics Symp. Proc. (IEEE, New York,
1977).In value and its effect on the frequency output will be ‘A . Mahapatra, 1’,C, Kornreich, and S. T, Kowel, Pbya. Rev.studied, In conclusion, PbSnSe exhibits modulation (to be published).by bulk acoustic waves of the same order of magnitude ‘L.J. van der Pauw, Philips Res. Rep. 13, 1 (1958).as that observed previously in CdS. ’ 10A .J. Slobodnik, Jr., E.D. Conway, and R.T. Deimontco
(unpublished),

*96 AppI. Phys. Lets. 32(11), I Juiw 1978 ~~
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APPENDIX IV.

STRAIN-INDUCED MODULATION OF PHOTOCONZMJC’rj%rITy

IN THIN POLYCRYST ALLINE FILMS OF CADMIUM SULFIDE

Physical Review B, Volume 18, Number 6,
15 September, 1978
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Strain-Induced moduladon of photoconducdvlty In thIn polycrystalllne films of cadmium sulfide
A. Mahapatra, P. 0. Kornreich, and S. 1. Kowel

D~pariiness of Electrical wed Conipaaer E.tgliwering. SynJcv.se U’iiwreiiy. Syrucuse. New York 13210
(Received 3 February 1Q78)

We hllvc studied the rnoduIatio~ of the photoconductiviiy of polycrystalhne films of C4S by elastic stra in.
The C4S flInts are vacuum deposited on sod..Iimc glass substr ates . They are then suitably heat treat ed to
yie ld fl ints with iight .to -dark conductivity ratios of 10’ at 215 mcd. Elastic strains are generated in the fl int
by propagat ing Ray leigh waves (surface acoust ical waves) in the glass substrate. We have observed that the
fractional change in conductivity due to strain shows prominent ntasi ma and minima as a function of lig ht
intens ity . The latgeat recorded fractional change in conduct ivity is about 10 at stra i ns of thc order of
10-’ . This is a much larger change than hu been observed in single crystals of CdS. We have developed a
new model to explain the st rain.induced changes in the conductivity of our films. We assunte the presence of
a quasicontinuous distnbution of impurity levels in the forb idden gap and assign deformat ion potent ials to all
these levels. Elastic stra in shifts these levels and changes the number of electrons “trapped” in them
significantly. This. in turn, changes the concentration of conduct ion electrons .

I. INTRODUCTION glass substrate flexes the lower metal flint and
changes the capacitance. These changes can be

Studies of strain-induced changes in the proper- nteasured and used to calculate the strains assoc l-
ties of single crystals are amply recorded in the ated with the acoustical wave. It is true that the
literature. Langer ’ reported the shift in absorption strains generated by this techniques are much
edge of C~~ crystals with pressure to have a slope smaller than those genei’ated by static ntethods.
of 4 .9x10 ’ eVcm’/kg and also reported the f ra c - H owever , since the signal Is sinusoidal, nteasure-
tional change in conductivity with pressure to be ment techniques can be made much more Sensitive
1.1 x 10’ cm’/kg for pure CdS and 10s cm’ -kg for by use of phase synchronous detection.
indium—doped C~~. Noting that a typIcal value for We will show that In out’ flints the tractional
an elastic stiffness constant in Cct~ is 9.3 ~ 10’ change in photoconductance demonstrates promi-
kg/cm’, these values can be translated to yield nent peaks and dIps when plotted as a function of
the frac tional change in conductivity per unit strain light intensity. The largest recorded fractional
to be 102.3 for pure CdS crystals and 0.01 for in- changes in photoconductance are of the order of
dium—doped CcE. In a later paper , Hoe r et ci.’ 10” at strains of 10~~. This corresponds to a
reported results which, again, translated using the fractional change In conductivity of 10~ per unit
elast ic stiffness constant quoted above, yield f rac- strain. This is a much larger change than has
tional changes in conductivity with unit strain of been observed in single crystals , as is evident
111.6 for low-conductivity Cc~ and 2.79 for high- from the references quoted earlier , and we are
conductivity Ccv . Howeve r , we have not found re- unable to reconcile our measurements with exist-
port. of the experimental study of the effect of ing models.
strain on the photoconductivity of thin films of We have developed a model based on the exist.
C~~ in the literature. Such studies are difficult ence of inspur ity levels in the forbidden gap to cx-
since it is not easy to apply static stresses to plain the magnitude and characteristics of the ob-
thin films, served strain-induced nsodulation of conductivity.

In this paper, we study the modulation of elec- We show that the strain shifts not only the extrenta
trical conductivity by strain in polycrystalline of the valence and conduction band, but also the
films of Ccv. The C~~ films are vacuum deposited energy of impurity levels. This results in a gigni-
on soda-lime glass substrates. The difficulty of ficant change in the nuntber of electrons “trapped”
applying static strains has been overcottte by gen- in Impurity levels and therefore in the concentra-
crating surface acoustical waves in the substrate lion of conduction electrons.
using ptezoelectr lc t ransducers. The strains thus We further show the possibility of utilizing nsea-
generated are measured by a novel “tuned capaci- surements of strain-induced modulation of conduc-
tor” method. An aluminum film is evaporated on- tivity in semiconductors to investigate the deform-
to the glass substrate and a second aluminum film ation potentials of deep i mpur it ies and also the
(evaporated on a glass plate) is positioned above distribution of impurity states in the forbidden
it to form a capacitor, The strain wave in the gap.
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4].1$ S T R A I N . J N D U C E D  M O D U L A T I O N  OF P H O T O C O N D U C T I V I T Y  I N . . .

U. THEORY Furthe r , we show in Appendix A that in our fi lms
the strains E~ and E,, are related through the

A. Ehatophotoconductance equation, 
~~ 

-c;,, where C is a constant dePen-
We assume that the conductivity a of a polycrys- ding only on the frequency of the strain wave.

talline film depends on light intensity I and strain Therefore , Eq. (2.3) becomes,
E, i.e., AC7~~~VlfE),, -u M,, + M ,, +CM is )1~r, 

nM0;~,
q.a (I, r) . (2.1) (2.4)

If we now expand a In a Taylor series in E about where
2 .0, we obtain,

M0~~ M11+~~M,,+CM13. (2.5)
(2.2)

We will show in Sec. V that )% is the only linear
where the dots represent higher-order terms, combination of elas tophotoconductance components
P(I) = [a(I, E)J~ 0 is the usual photoconcluctivity of the that we can measure.
film, and M U)  .(aa(I, E)/eE 

~~~~~~ 
is the change in For our purpose, it will be helpful to note that

photoconductivity with strain, the fractional change in the P,., component of the
Here we have only retained terms to first order photoconductivity is , f rom Eq. (2.4),

in the strain. The usual photoconductivity term
PU) reduces to the dark conductivity GD at zero (Aa ,5/P5,) W,E~,, /P ,,,) .  (2.6)
light intensity. In fact , we will measure only this fractional

We know that the electrical conductivity is a change. Now, if we assume that the strain does
symmetric second-rank tensor. Therefore, P (1) not change the mobility of the electrons, the
must also be a symmetric second-rank tensor, change in conductivity must result from a change
MU), on the other hand, is a fourth-rank tensor , in concentration of free electrons, n. Therefore,
since the strain 1 is itself a second-rank tensor. Eq. (2.6) can be written

We will define the fourth-rank tensor MU) to be
the elastophotoconductivity tensor. Since the strain Aa,,/P,, An/n =M 0~~, /1’,,

. (2.7)
is a symmetric tensor , M can, at the most, have In Sec. IIB we will cons ider different physical
36 independent components. Further , since elas- models in an attempt to correlate M0 with the phys-
tophotoconductivity is a material property, it must teal properties of our films. The purpose of all
exhibit all the symmetry properties of the materi- calculations will be to calculate the fractional
al. Now, CtE exhibits hexagonal symmetry and change In concentration of free electrons , An/n.
belong, to the symmetry class C,~. This symme-
try requirement further reduces the number of in-
dependent components in M to only six. ’ It is B. Theoretical model fo r elastophotoconduciance
tempting to think that a poLycrystalline film would It became evident from our preliminary mu-
be essentially isotropic because of the random surements that the modulation of the photoconduc-
orientation of crystallites. However, this is often ttvtty by elastic strain possesses many interesting
not the case. The fabrication technique we use properties. For instance, the fractional change
usually results in the crystallites being oriented in photoconductivity due to strain changes from
with the z axes perpendicular to the plane of the 10’ at 0.065 mcd to 10” at 4300 mcd. However ,
film , although the ~ and v axes are randomly on- the variation, far from being monotonic . exhibits
ented in the plane of the film.4 It can be shown, prominent dips and peaks. Measurements made
however , that such a random orientation does not at different wavelengths of light yield similar re-
reduce the number of independent constants in M suits although the positions of the extrema change.
to less than six,’ In an attempt to explain these divers charac teri a-

The technique employed to generate the strain tics we look at three different mechanisms: 1.
resulted only in the strain components E,~ and barrier model, 2. deformation potential model,
Z,,. Therefore, our measurements yield only the and 3. change in trap density as a result of de-
change in the conductivity component a,, by the formation.
strains E ,, and t,,. This change averaged over
all orientations of the x and v axes of the crystal- , ~~~~~ model
lite in the plane of the film can be shown to be

This model exploits the fac t that most vapor-de-
Aa,,”(ME),,, s(A ~f,,+ M ,,)2 ,, +M13E,,, (2.3) posited films are polycrystalline. The crystallite.

where M,5, M,,, and M~ are components of the have properties different from those possessed by
eiutophotoconductance tensor for a single crystal.’ the intercryst&lltte region. One assumes the exis-

I

I L  
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~~~~~~~~~~~~~~~~~~ were briefly mentioned In Sec. I, seem to support 
- 

-

the view that potential ~‘barriers” are probably
not responsible for the phenomenon we have ob-
served, For instance, Langer’ has reported the
fractional changes in conductivity for unit strain
to be 102.3 for pure Cc~ crystals and 0.01 for in-
dium-doped Cc~ crystals. Clearly, the effect de-
ponds markedly on the presence of dopants and,
therefore, on the presence of impurity levels.
Boer et at.’ have reported fractional changes in

(e) conductivity with unit strain of 111.6 for low-con-
ductivity Cc~ crystals and 2.79 for high—conduc-
t ivity Cc~ crystals. Thus, the effect seems to de-
crease markedly as the conductivity of the crys-
tals increases. We will show in subsequent see-

- ‘ tions that in our polycrystalline CdS films, the
- 
. 

-
‘ 

fractional change in conductivity due to strain

- 
:- - - , - 

shows qualitative features similar to the ones re-
ported for single crystals of C~~ and quoted a-

- - ,. 
,~ bove. Therefore, the origin of the effect Is very

- - likely the same in single crystals of Cc~ and poly-
- . crystalline films of CdS; since single crystals

- : cannot have potential “barriers,” we are inclined

(b) . 
. ~. 

to believe that such “barriers” may exist but can-
not be responsible for the effect we have studied.

FIG, 1. Scanntug-electron-mtcroscope studies of CdS
films. (a) Uncured films. (b) Cured films.

2 Deformation potential mode!

tence of a potential barrier ~ between crystaliltes It has been shown by Pikus and Bir’ that for the
and, in anology with semiconductor p-n junctions, C~~ structure the only first-order change in band

writes down the current voltage (1- V) characteris- st ructure due to strain is a change in the band gap.
tics as, In fac t, the change in band gap AE 5 can be written

J= Ioe
5 T(e~

S5T _ 1). (2.8) AE, D1(E.~, +~~,,) +D ,E,, (2.9)

Here e is the electronic charge, k is the Boltzmann where the E~,’s are comp onents of the strain ten-

constant , I
~ 

is a constant , and V, is the drift vol- Sot’. The constants D~ and D1 are called deforma-
tage across each barrier. Equation (2.8), used by tion potentials. They have been experimentally
many authors, predicts highly nonlinear I-Vchar - measured in CE by Langer’ et ci . who report the

acteristics If ~‘V , > liT, 
following values for I), and D,,:

From scanning-electron-microscope pictures ., 
~ ~, -— . e , D, — —  . e . .1

(Fig. 1), we know that the crystallites are about
l~im wide. The electrode spacing Is tOO microns. Now, the concentration n of free electrons is

Therefore, If 20 V are applied to the electrodes, n =N exp(E — E )/kT (2 11)
the voltage across each barrier is about 0.2 V. At 

c P~ C

room temperature (24°C), this gives eV,~’ liT, where N, is the effective density of states in the

and one would expect highly nonlinear I-V charac - conduction band, E,~ is the quasielectron Fermi
teristics. However , the observed I— i ’ curves are level, and E, is the bottom of the conduction band.
linear to applied voltages as high as 30 V. Fur- A small change AE in E, as a result of strain
thermore, we have not been successful in finding would produce a fractional change In conductivity
experimental confirmation of the I-V characteris- of the order of AE/kT. For strains of the order

tics predicted by Eq. (2.8) in the literature. This of 10” which are the strains generated In our cx-

leads us to conclude that either the barrier mod- periments, this implies a fractional change in con-

el is not applicable to our films or that Eq. (2.8), ductivity of the order of 10”’. However, the high-
quoted in many papers,’ is an oversimplificat ion. est values of the fractional changes In conductivity

It is interesting that strain-induced changes in measured by us are of the order of 10’. Hence,
the conductivity of single crystals of CdS, which it appears difficult to explain the signals we ob- 

~~~~~~—
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served as due to strain Induced change in band moves up to E,~. 11 we assume the Fermi func-
tion to be a step function, all of the impurity levelsgap.
between F, and E,~ which were empty , in the dark,

3. Chsnge in trap densities as a result of deform atton will now be filled. Of course , these elec trons
must have been exc ited out of the valence band andIn our consideration of the deformation potential out of hole traps. Electrical neutrality requires

model, we saw that the conduction- and valence- thatband extrema shifted in energy as a result of elas-
tic strain. However , we did not take Into account n + n ,= p+~~,, (2 .15)
the presence of defect energy levels in the forbid- where ii is the concentration of electrons in theden gap. It is well known that these defect states conduction band, p Is the concentration of holes inpLay an important role in the photoconduction mech- the valence band, it , is the total number of im-anlsm. purity levels contained between F, and E,,, ,We assume that the strain not only shifts the cx- 

,fg ~~~~~ and p, is the concentration of
trema of the valence and conduction bands but also trapped holes.the position of energy levels within the forbidden Equation (2.15) , of course , must hold even under
gap. Moreover , the shift in energy of any level the application of strain, although ~b, p, ‘~ . and
depends on Its position within the gap. In fact, one 

~ 
could change individually. Now, it , is a function

can now define two energy-dependent deformation of g 0 (E) and since the distribution of impurity
potentials, D,(E) and D,(E), such that an impurity states changes with strain, so must it,. The change
level at energy F, would shift to an energy F’ in n~ will reflect itself in a change in it, which
given by through recombinatlon processes will affect p and

F’ E+AE =E +D 1(E)E,, +D ,(F)~ ,~ (2.12) Pt . The change In n~ cannot affect p, directly
since impurity levels are associated with impurity

In the most general cas e , when all six compo- atoms which are physically in different parts of
nents of strain exist , one must define six deform- the crystal. The only way Impurity levels can
ation potentials. However , for our purpose , only “communIcate” is through the conduction or val-
two of the deformation potentials need be consid- ence band. Now, In our experiments we use stnis-
ered, since only two components of strain are non- soidal strains at a frequency of 2 MHz which cor-
zero. It is true that even If the number of nonzero responds to a time period of 0.5 x 10”’ secs. The
strain components in the laboratory coordinate sys- lifetime of electrons, which is -a gauge of the
tern is two, the number of such components In the speed of recombinatlon processes , is about 10”
crystallite coordinate system would generally be sec.’ This means that the strains vary muc h too
more. However , it is easy to show that if the fast for the resulting changes in ti, and it to affectstrains in the crystallite coordinate system are the values of p and p,. Therefore , we can assume
averaged over all possible orientations of the y and that the right-hand s ide of Eq. (2.15) is unchanged
v axes of the crystallite, one can still write an on application of strain, i.e., for fixed light inten-
equation similar to Eq. (2.12) without toss of gen- sity ,
erality.’

The change In the position of impurity levels is (it + ~~~~~~ ~~~ (it -‘ n,)~,,,, ,, ,,,, ,. (2.16)
interesting because it implies a significant change
in the distribution of impurity levels. Clearly, all In all that follows the subscripts I and 2 will refer
the levels that were originally at energy F — to quantities before and after the film is strained,
will now appear at energy F. If the original im- respectively. Thus,
purity distribution was characterized by the func-

it, = .V~exp(E,~— F~) - ’kT , (2.17)tion g (E) the distribution function with strain,
g(E , E) would be given by —a,.

g(E , E) —g 0(.E — ~ E). (2,13) = 
,~~ g 0 (F )  dE .  ( 2 , 1 8)
F

Assum ing ~E to be much smaller than F, we can On the application of strain the concentration of
expand the right-hand side to first order in ~E to conduction electrons changes. It is clear from Eq.
obtain (2.17) that this will change the electron Fermi

level. Therefore , the number of conduction elec-
(2.14) trons in the presence of strain is,

L.t us assume that the electron Fermi level in ,,, ~ expi (F,. — F, + ~~~~ — ~~E~) ‘kr .
the dark Is located at F,. When the Cc~ f i lm is
illuminated by light , the electron Fermi level For (~ F,,—~~F,) /k Te ’. 1, we obtain,

_ _ _ _  - -~~ -~~ _ _
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— ~,[ i 
+ 

~~~~~~ ~E,)/~ ’ ~, (2,19) g,,(E,1) . In fact , we can quantitatively show that
An/n should have its extrema at the same values

Therefore , the fractional change in the number of of F,,, as g~(E,~). To see this we multiply Eq.
conduction electrons is (2,24) by g0(E,,, ) and then differentiate with re-

An/n °(n,—n ,)/n~” (AE,,—AE ,)/kT . (2.20) spect to E,,. This gives, after simplification,

We note from Eq. (2.14) that the strain changes .A—.(~—’!) = 1 
~~~~~~~~~ (~~~~~ 

(F,, ) — ~~~ ’ 
A~~’

the density of Impurity states. The Fermi level is dE,~ it g0(E,,,) dE,, kT ii)’

also changed by an amount AE,,. Therefore, in (2.25)
analogy with Eq. (2.18) we can write Therefore , If dg,/d E,,, is zero, so is (d/dE,,,)

(An/n). This means that the extrema of g, and

n~ ~~‘ “ ~~E,~~dE. 
Ait/ it coincide.

Using Eq. (2.15) , and retaining terms to first or- III. FABRICATION AND CHARACTERIZATION OF CdS
der In AE and AE,, yields FILMS

A. Film fabncsiion
~ sp.

it,, • I g0(E)dF +g0(E,,)AE,,,— J ’ °  ~f ~AE d E.  We followed the technique developed by Boer
P ‘ (2.21) e~ 01, L0 with slight modIfications. Our C~~ f i lms

were fabricated on substrates of soda-lime glass.
Now, from Eq. (2.16) we must have The substrates were suitably cleaned and held in

a substrate holder , which was then placed in an) +lt H =n , +n 5. vacuum system. The Cc~ powder was packed In a
By substituting for these quantities from the above smaLl, fused-quartz bottle whIch had a molybdenum
equations, it is easy to show that filament wound around It so that it could be heated

to the temperature necessary for evaporation of1 / AE ~~‘P~

kT it ,+g0(.E ,,,)k T (
%
5l’~ j~~ + j  !~~~AEdE). the Cc~ . The substrate holder , along with the

glass pieces , was held about 20 cm above the CE
(2.22) source. It had suitable heating elements runnIng

Now we are in a position to calculate the fraction- through it so that it could be heated to about 2 10°C.

___________________

al change in the concentration of free electrons. The vacuum chamber was evacuated to about 10’
Using Eq. (2.22) in Eq. (2.20) gives Torr and the CcLS was evaporated at 800 °C.

It was found that these evaporated films had a
— 

A~ 1 poor photocurrent—to—dark—current ratio, here-— z
is n, +g0(E,,,)kT after referred to as light—to—dark (LD) ratio. The

well-known reason for this is that the evaporated

~ (_‘go(~~p,)~~~c + J ‘~~~~ AEde) . films have a poor stoichiometry. The Cc~S disso-
dE d ates on evaporation due to the high evaporation

(2.23) temperature (800CC). The Cd and S deposit separ-
Now, g0(E,,)kT is the number of impurity levels in ately on the substrate and then recombine to form
a region kT near the Fermi level. In our films it Ccc. However , since the vapor pressure of S is
is always larger than 10” cm ’. On the other hand higher than that of Cd at 210°C, the substrate

— n~ is of the order of 10” cm ’. Therefore, we can temperature, much of the S re-evaporates from
drop it, in comparison to g0(E,,)kT in Eq. (2.23). the substrate leaving the film Cd rich. This in-
This gives crease, the dark conductivity of the film and re-

duces the LD ratio. If the substrates were at

+ 
0(E ,,)kT f

’”!~~AEdE . (2.24) 
room temperature, the difference in the vapor
pressures of Cd and S would be larger , thusit kT g d E  
making the stoichiornetry even poorer . It has

Note that the first term In An/n, i.e., AE,/k T , Is been found by many researchers ” that a substrate
exactly the one obtained by using the deformation temperature somewhat above 200 ‘C results in the
potential model. We believe that the second term, best stoichiometry.
which contains the deformation potentials through To improve the photosensitivity of the films they
AE, Is largely responsible for the change in con- have to be heat treated or ”cured” after evapora-
ductivity with strain. We also note from Eq. (2.24) tlon. This is done by suitably placing the substrate
that the fractional change In concentration of con- In a furnace heated to 650°C. Also placed in the
duction electrons should decrease inversely as furnace is a fused-quartz boat with suitable

~~~~~~~~~~~~~ 
rn ~~ -  ~~~ -~~~~~~~~~~—~

- - 
~~~~~~~~~~



- — -.-~~~
---

~
-—- — “-

~

IS S T R A I N . I N D U C E O  M O D U L A T I O N  OF P H O T O C O N D U C T I V I T Y  I N . . .  45

amounts of Cc~ and copper powder. At the same
time, a constant flow of N, along with traces of
HC1 and 0, Is maintained through the furnace tube.
The high temperature serves two functions. It
helps to re-evaporate much of the free cadmium I.)

In the film.” Notice that the vapor pressure of
Cd at 650 °C Is about 100 Torr so that it will under- j

go some evaporat ion. However , CE  has a boiling
point of 980°C , so the (tim itself will not evapor- 60

ate. The high temperature also gives the Cc~molecules enough kinetic energy to regroup and
form crystaliites. Thus “curing” facilitates re- ~ 40 -

crystallization.”
The Individual roles of the different doping dc-

ments In the cur ing process is not well understood. 20 -

The copper presumably helps in recrystallization.”
The HCI acts as a carrier for the C~~ and Cu and
also dopes the film with Cl. The role of minute __________________________________
traces of 0, Is understood least of all , although ~60 4 0 500 520 540 SeO
its presence Is absolutely essential. Films cured WAVELENGTH (N I LL IMIC RO N)

without 0, have very poor LD ratios. FIG. 2. Relative optical transmission of CdS films
After suitable cur ing we obtain films with LD (normalized to 1O0~ at 540 mp): (a) “uncured” film;

ratios of the order of 10’ at 200 mcd and with re- (b) cured” film,

sponse times of the order of 10 msec. In compar -
ison, uncured films typically have a LD ratio of 5 photocurrent maxima at 510 nm clearly corres-
and response times as large as a few seconds, ponds to the band edge and yields a band gap of

2.43 eV. At wavelengths smaller than 510 nm , the
photocurrent drops sharply. At wavelengths lax-B. Film charactenza(ion ger than 510 nm, there is a fiat region extending

To study the surface properties of the films, from 525 to 555 nm. Clearly the current in this
they were examined under a scanning electron region arises from electrons excited to the con-
microscope (SEM) at various stages of fabrica-. duction band from impurity levels lying close to
tion. The results are shown In FIg. 1. It is clear the valence band, The end of the plateau at 555 nm
that the surface of the uncured film Is almost corn- indicates a hole trap 2,23 eV from the conduction
pletely tacking in structure. The cured film, on band or 0.2 eV from the valence band.
the other han d , does show considerable crystalli- We measured the dark current as a function of
zation. The crystallites are Irregularly shaped, temperature in the range of 24°C to 90°C. The re-
but seem to fit smoothly Into each other. The
crystallites range in size from 0.5 to I ~m. On toe
top of the film Is what appears to be a white de-
posit. We are unable to expLain the presence of
this deposit, but it probably results from the so -
“curing” technique we have employed.

We measured the optical transmittanc e of a
cured and an uncured film. The results are shown
in Fig. 2. The curve for the uncured film does
show an absorption edge at around 520 nm. How-
ever , the cured film shows a much sharper ab- ~° -

sorption edge, which indicates considerable re-
crystallization due to curing. 20 -

Next we measured the spectral distribution of
the photocurrent. Since the light source used did
not have a flat Intensity output over the range of
wavelengths explored , the measured currents had ~°° WAV EL ENGTH (0,.)
to be suitably normalIzed. Figure 3 shows the FIG. 3. Dependence of photocurrent on light wave-.
photocurrent-versus-Light spectral distributIon lengdi at 24°C (normalized to equal thcldent photon
normalized to equal incident photon densities. The density) .

I..
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100 suIts are shown in Fig. 4. The curve is fairly lin-
ear and the slope shows the Fermi level in the dark
to be located 0.56 eV below the conduction band.

culate the electron density

n °N ~exp(F,— l ~ )/k T .

‘ 10 - Here N~ is the effective density of states in the
conduction band and Is given by 2(M~,kT/2 sk ’) ”.

‘
~~ Mon is the effective electron mass in the conduc-

\
\\
\ 

From the position of the Fermi level one can cal-

tion band and typically is 0.2 tImes the bare mass
I-z of an electron.ui Once n and the conductivity a

ar e known , the electron mobility g
~ can be calcu-

lated. Such a calculation yields an electron mo-D
bility of 228 cm’/V see. Since the mobility is rel-

~ I- at ively insensitive to temperature , we will use
this value of ji hereafter to obtain the value of .,
from the conductivity under all other circumstan-
ces.

The results of measuring the variation of photo-
current with temperature for different light inten-
sities are shown In Fig. 5. All the curves up to

0.~ 28 mcd show a minimum of the photocu rrent which
250 300 350 occurs when the electron Fermi level is locate d

l /T  (10’ ,Ct ) 0.42 eV from the conduction band. Clearly, this
FIG. 4. Durk current as a function of temperature indicates a strong electron trap level located

between 24 and 9(YC. about 0.42 eV from the conduction band. As the
electron Fermi level approaches these trap levels,
more and more of them are converted to recom-
blnation centers. This decreases the electron
lifetime and therefore, the photocurrent.

Once the electron Fermi level crosses the elec-
tron trap levels, all the curves show a constant

566 miter c and lia slope for a wide range of temperatures. This is
Interpreted as follows. Let us assume there is a10,000 -

hole trap located at an energy F, from the valence
band, with the hole density In the valence band p

~~~~~~~~~~~~~~~~~~~stsr candles and the hole density In the traps p, in thermal
equilibrium. Therefore,

~~I0oc -

p~ p1 e ‘a~” , (3.1)4

Now , concentration of free electrons n in the con-
duction band is inversely proportional to the con-

I-
centratlon of recombinatlon centers occupied by

~ 100 -

holes, p,. However P, Itself is proportional to the
dens ity of holes in the valence band. This implies

U that the concentration of free electrons is inversely

(3.2)

~~~7

X99 m•t,r candl es
0
I- proportional to the concentration of tree holes,0

that is,10-

Also, because of quasineutrallty , the hole densityC,, . 0 .4 1eV

2’ D 3&) .6o 5(~I0 ~~ ~~~ ~ 
in hole traps, p,, is about equal to the hole density
of trapped electrons. Therefore ,

l /T  (10 K ’)
‘a,,

FIG. 5. Photocurrent as a funct ion of reciprocal tern- p~. J 4(F) dF’ . (3.3)
perstu re at const ant white—light intensity. 
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I00
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~ 60

F1G 6. g,( E,, ), cal-
4 culated by using Eq. (3.4).
-.. 40 -

S
I.

0

~~ 20 -

0 I ~I 
-

0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.s2
(E c E) (cv )

where g 0(E) is the energy distribution of electron face of the substrate. However , to determine the
traps and E, is the electron Fermi level in the strain dependence of the CctS film properties we
dark. Substituting Eqs. (3.1) and (3.3) in Eq. (3.2) need to know the various strain components. In
gives Appendix A , we derive equations relating the nor-

mat components of the dIsplacement at the sub-
-x exp(E 0./kT)/ J g0(E) dE. (3.4) strate surface to the various strain components.

‘a.’ We assume that the Rayleigh wave propagates in
This indicates that the slope of the natural log of the x direction with uniform wave fronts along the
s (Inn) vs li’T curve will be conrt~.nt and deter- v axis. Such a wave has only three strain compo-
mined by E, onl y if the density of trapped electrons nents , the longitudinal strain components 

~~ 
and

does not depend markedly on light intensity or ~~~~.‘ and the shear strain component ,~~. However ,
temperature. This can be fulfilled only if the trap at the traction free surface of the substrate the
density in the corresponding range of the quasi- shear strain component vanishes identically. The
Fermi level Is very small as compared to the den- remaining longitudinal strain components at the
s hy of the deeper traps near 0.42 eV. We can now substrate surface as functions of the normal dis-
use the slope of the curves to determine E,. Such placement component u0 are given by Eqs. (A.6)
a calculation shows the electron trap to be located and (A.7),
0. 15 eV above the valence band. Clearly these To measure the vertical displacement at the sur-
must be the same hole traps determined earlier face we used the technique illustrated in Fig. 7.
from Fig. 3. An aluminum finger pattern, as shown in Fig. 7,
Now that we know F, we can wor}~ backwards was evaporated onto the glass substrate. A sec-

from Eq. (3.4) to get g,(E) keeping in mind that ,a ond film of Al , evaporated on a suitable glass
is proportional to the photocurrent i. Such a cal- plate, was positioned over the finger pattern with
culatlon made from the curve at 0.99 mcd in Fig. thin spacers. The Al film on the glass plate and
5 yields the g0(E) curve of FIg. 6. Although this the Al finger pattern on the substrate thus formed
curve does not give the absolute v alues of the a capacitor. The Rayleigh wav e in the glass sub-
density of impurity states, It shows the position strate would displace the finger pattern in the z
of peaks and valleys in the density of states, The dIrection and change the capacitance. In fact , If
peak at 0.42 eV (which we had expected) and the the periodicIty of the finger pattern was exactly
minimum at 0.342 cv will figure prominently in equal to the wavelength of the Rayleigh wave , there
the measurements of elastophotoconductance de- would be a large change in capacitance since all
scribed later, the lingers would mov e up at the same time. Then,

by applying a constant voltage to the capacitor
IV. STRAIN RELATED MEASUREMENTS plates and monitoring the ac current produced at

the Rayleigh wave frequency , one could work back-
A. Measurement of ~(raIn wards to find the amplitude of vertical displace-

From our experiments we can only measure the ment. The necessary formula for doing this can
component of the dIsplacement normal to the sur- be shown to be

L , - -  -.. - , - — -~ ~—--~~--~~~~~
--
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TRANSDUC ER Al FINGER PATT ERN
I CdS FILM
...-

‘ -ACOUSTIC A BSOR BING;‘~~ 

- 

ria.~. ~~. Aluminum finger

________________________________ 
magnitude of elastic
stra Ins .

INDIUM ELECTRODES 
HAS~ 

TAPE ~s~~ro used to measure

S NCHRONOUS
D ET ECTOR

~1 . ’( 8V0 C’J ’/E 0br , N) u0 sin2 ,J f . (4. 1) the pickup amplif ier by a metal tunnel 4 c m  long.
In all our measurements , we used a “bar” lightwhere i, is the ac current from the capacitor V~ is pattern of the kind shown in Fig. 13. The trans-the voltage applied to the capacitor , C is the mea- ducer had its strongest resonance frequency atsured capacitance , f Is the Rayleigh wave frequen- about 2.1 MHz. Therefore, all measurementscy. b is the leng th of the metal fingers , v, is the were made at this frequency. This , of cour se,surface wave velocity, N is the total number of

metal fingers, and u,, Is the amplitude of vertical meant projecting a “bar” pattern with the appropri-
ate periodicity. The expressio n for the ac cur-displacement at the surface. It is clear that if

one could measure E~, It would be possible to cal- 
rent, :,~ generated at the fundamental Fourier
frequency of the “bar” pattern (the frequency atculate u~ since all the other quantities in Eq. (4.1) which the wavelength of the Rayleigh waves equalsare known.
the repitition Interval of the pattern) has been shownFor a transducer frequency of 2.1 MHz. and a in Appendix 13 to betransducer drivIng voltage of 4 V (peak to peak).

the measured strains were 2 
~~~~~ ,,~~ ~4.4)I d~ p (l a )1.9~ 10’ , 

~~ —0.408 x 10’ . (4.2) 
In our model to explain elastophotoccanductance

The negative s ign of ~~ Indicates that It Is out of we have assumed that the strain modulates the
phase with E° concentration of free electrons ~n nt and not thefl

mobility of electrons. Under this assumption , we
B. Measurement of e1astopbotoconductance can use Eq. (2.7) to rewrite Eq. (4.4)

A complete schematic diagram of the experimen- 2 - An
tat arra ngement used to measure elastophotocon- 

— 
‘
~~
‘ 
— . (4.5)
‘a

ductance signals is shown in Fig. 7. As the travel- From our measurements , we can determine ;~.
ing acoustical wave passed through the Cc~ f i lm , while i,~, is already known. Thus Eq. (4.5) can be
the resulting strains modulated the conductivity used to calculate the fractional change in coneen-
of the film. The modulation signals were detec- tratlon of free electrons. Since we have also mea-
ted and amplified by a current amplifier with in- surect the strain components ~~~~, we can use Eq.
put Impedance of about 20 12. U the inpu t current (4.4) to calculate .%t , ‘Pr,. The photoconductivity
to ~a current amplifier Is a ,,,, and it the output vol- component P,, can itself be measured independent-
tage Is V5, the transresistance R, is defined as ly. Thus, we are in a position to calculate M0.

which then gives us an idea of the magnitude of theR,= i’ ,,/ç. ~~~~ change in conductivity due to strain.
R 

~ 
can be determined by putting in a know ac cur- We have found experimentally that our Cc~ films

rent into the amplifier and measuring the output are , unfortunately, not uniform. Their photocon-
voltage. Once R~ is known. Eq. (4.3) can be used ducting properties do var y somewhat over the con-
to calculate t ,,, from the observed values of V,~. tact area. This probably results from the tech-
The output of the current amplifier was fed to a nique used for “curing” the films. In the case,
network analyzer. This made possible the mea- when the projected image is a “bar ” pattern , we
surements of currents as small as 10” A. The work at the fundamental Fourier frequency of the
substrate was mounted in an aluminum box de- picture. At this frequency it is clear that the con-
signed to minimize electromagnetic feodthrough tributions of all the lighted portions are In phase.
from the transducer driving circuit to the pick up Hence , although the indivIdual contributions may
ampl if ier . This was accomplished by separating be different due to nonuniformity, the total signal
the chambers containing the driving circuit and is obtained by adding alt the contributIons. Thus

—--- - ---- -- - - -_..—-

~
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film nonuniformity only serves to yield signals
which have been averaged over the whole film.
All calculated quantit ies , therefore , are also
averaged parameters.

The “bar” pattern used had a fundamental Fourier
spatIal frequenc y corresponding to 2.21 MHz.
Sinc e the veloctty of surface waves in soda-lime
glass is 3128 m ‘sec . th is implies 2I.-~ 1.5 mm in
Fig. 13. The transducer was driven by a signal
with peak to peak voltage of 4 V. The current am-
plifier kept the dc current :~, through the C~~ f ilm
at 1,01 mA. At the lowest light intensities used it
was difficult to maintain such a high current (since
film resistance would go up as high as 100 ku ).
At these intensities a resistor (22 kIll was put in d2e 032 036 040 044 045 05t 056
parallel with the sample in order to maintain the
proper 1.01 r.aA amplifier bias current while de- FIG . S Strain induced fractional change in concen-
creasing the sampt~ current. The voltage across trat ion of conduction electrons .~~, ‘a, as a function of
the sample was measured so that ane could ‘alcu- — F,,,,.
late the part of the bi as cur r en t  which ,  went through
the sample. Using these values of Ant ‘n and I’,, In Eq. (2.7) and

The photocurrent of the sample as a function of the value of ~~~, (S 1.9 10 ’) quoted in Eq. (4.2). wewhite light was measured at room temperature obtain
(24 °C) and a simple calculation yielded

1.76 ’ 10° S m at 70 mcd. (5. 1)

P~ (10 ) 173 t °”~~ ~4.6) Again , from Fig. 8 we note that at 0.689 mcda tat
A,, - ‘a is 2.65 ~ 10~~, and from Eq. (4.5),

with I,,~ in mcd.
1~~=2.35 S m.Next we measured the ac currents :,~ generated

by the strain at different white-light intensities. Again , using Eq. (2. 7) . we obtain
For purposes of comparison with the model of
elastophotoconductivity that we have proposed in M 0 = 3.28 “. 10~ S m at 0.689 mcd. (5.2)
Sec. I, it was necessary to plot An ‘a as a function Equations (5.1) and (5.2) show that M, changes by
of the electron Fermi level 1”,,. At any light inten- more than two orders of magnitude between 0.689
sity , F,,, can be calculated using the photoconduc- and 70 mcd. Therefore , the change in conductiv itytance of the film and electron mobility determined due to strain, of which ‘1, is a measure, has a
in Sec. IV (228 cm’s V sec) . A plot of ~n n vs
for different white-l ight intensit ites is given in
Fig. 8.

In order to determine if the elastophotoconduc-

of light , measurements similar to those in Fig. 8
tance signals had any dependence on the wavelength 2 - 

• 48
were made at three different wavelengths. For
this purpose interference filters were used. The

CresuLts are shown in Figs. 9— 11 , It was difficult
Cto explore a wider range of wavelengths since we

did not have a source which w uld generate enough I -
0 0intensity at these wavelengths. —

V . CALCULATIONS AND DISCUSSION OF RFSULTS

As a result of the measurements in Sec. IV, we
are now in a position to calculate some of the con- c?32 0 36 0.40 0.44 0.48 0. 2
stants associated with elastophotoconctuctance in 

~t~ - E,, u•V)
our films. From Eq. (4.6) at 70 m cd we have FIG. 9, Api a, :a~ a function of F. — ~~~ for light of

P~, = 113.2 S 1m. wavelengt h 450 nna .

.lLb

_________ - - . — —,--~~~~~~~~ . 
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centration due to strain An~,a were measured on2 -

1

~~~~~~ 

two different films of C~~. Unfortunately, the
technique of fabrication does not allow exact re-

x producibitity of tUrn character ist ics between dif-
ferent films.

The coincidence of the extrema of An ~n withC
thoso of g0(E,,) is the strongest confIrmatIon we

C
aO l ’

2 
00 

have observed of the theoi’vttcal model proposed
0 by us. It Indicates unambiguously the correlation

between the modulation of conduct ivity by s t ra in

den gap. Furthermore, In the developntent of our
and the presence of Im p u r ity states in the forbid-

model , we assumed that the elastic strain does
C I I not change the mobility of electrons . but modulates

0.32 0.36 0.40 0.44 0.46 0.~ 2 the concentration of fret’ electrons. That the pre-(c~ Epa,) (iv ) 
dictions based on this assumption are borne out by

FIG, 10, An/a as a function of E~ — F1,, for light of experiment tends to confirm the validity of the as-
wavelength 500 nan . suinption.

Next , we will illustrate how the measurements of
marked dependence on light intensity. elastophotoconductance can be used to calculate

Now let us look closely at the variation of the the deformation poientials of Impurity levels. For
frac t ional change in concentration of free elec- this purpose , it is inure convenient to use the dc-
trotis An/n with electron Fernti level F,,, shown rivative of Api t; with resitect to 1-’,, rather thait
in Fig. 8. In Sec. I, we used Eq. (2.25) to show An nt itself. This derivat ive is given in Eq. (2.26).
that the extrema of An, ,, should coincide with the We will rewrite this equation as follows
extrema in the density of Impurity states, g0(l~,~).
Frona FIg. 6 , we s~e that g0(F,) has a pea.ic wt’aen A F(F” ,,) —

~~~~~~ 
is 0.422 eV and a minimum when Fe — F ,.,

Is 0.350 eV. From Fig. 8 we see that An/n has a = k7’
[ ~.0(E ,~) (_~~ _ \ ’  d 

(~.!L) Anti
iii .’,,, ) ~~~~~~~~ 

s — I .  (5.3)
I, n Jmin imum when ~~~~~

— E ,,, is 0.466 eV and a nta.xi-
mum when E~ — F ,, Is 0.366 eV. This IndIcates
that the extrema in g~(l ’.,,) and An/n are indeed If we assume that the C~~ crystal lites in our f lInts

• have the same deformation potentials as singlecLose to eac h other. The slight differences ob-
served , 0.044 eV at the most , are easily explain- crys tals of CdS, then A?- ~ ca ut be calculated since

we know the magnitude of the strains generated.ed by the fact that the density of impurIty states All other quantities in Eq. (5,3) can be determined
g0(E,,) and the fractional change In electron con- front Figs. 6 and 8. Therefore , Eq. (5.3) can be used

to determine AE(E,,). However , at most values of
_______________________________________ 

1:,., this is not possible with any degree of accu-

Is positive, (d ~!!“,, )(An 1n) is negative , and vice
versa. Therefore , (hi’ first tern, in parentheses
Is always negative while the second term . An ‘n IS

term , for most values of F’ ,,, is individually much
always positive. However , the magnitude of each

larger than ( A F — A F ,,) A’7’. Thus , Eq. (5.3) implies

2 ~~~~~~~ racy. To see this, we note that whenever aI,~ ~l? ,,,

the calculation of a “small ” number by taking the
I ‘ difference of two “large” numbers. Such a calcu-

lation Is often inaccurate.
However , Eq. (5.3) can stilt be used for calcu-

lation of A?”(F,, ) at those values of F’ ,, where
(A?” — AF.)  i ’i ’ i’a comparable to the magnitude of
eUhei’ term ii, (lit’ bi’ackcls on the * ight—hand side

~ ois ~~~ O.~4 n.h. ~~ . 2 whIch is the case when I” ,. —I - ’ ,, is between 0.28
and 0.30 eV.

te From Eq. (2.13) we have
FIG. I I. An/a, as a tainc’tion of F’,. — F~.,, for light of

wavelength 540 not . F ”(F ,,,) = 1) ,(?” ,,)~~ 4 n,,Q.’ ,,,,~ :?, . (5.4)

- - . - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~ - - - .~~~~~~~-
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TABLE 1. Values of defurmat ion po tential s D,, (Ep~,,
) , ca lculnied as dt’scribed in the text,

d IA,,’
(eV)

leVi tarb , units ) at / 1eV ”) (from Eq. (5.81)

0.284 2100 2.3 — 1.700x 10~
2 

— 9.93

0.288 1900 3.2 — 2.579x int~~ — 12.88
0.29=1 1650 5.1 —3.s63~ ~~~~ — 13.36

0 .298 1450 6,7 — 4.651 ~ I0~~ — 13.89

Using Eq. (A 10) we can write this very close to those obtained with white light. How-

AE(E,. )= (n ,(F ,, )—O.2 2 D2(E,,~ E,°, 
ever , only the measurements with white light were
chosen for calculatIons since we were able to gen-

• D0(E ,,) 2~ , , (5 .5) crate high enough intensities to explore a wide
range of values of F , — F,,. This was not possiblewhere with monochromatic light.

D0(E ,,) = D,(E ,,) — 0.22 I) 2(l .,. ) .  (5.6) W e have shown that the qualitative features pre-
dicted by our model are well borne out by our cx-Using Langer ’s deformation potentials for CIS

crystals and the strain components measured by perirnents. We feel that the theoretical model pro-

us, we get 
posed by us can, In fact , be used for a study of
the properties of deep impurities In serniconduc-

Al.:,. =— 3 .5 x 10~ eV. (5.7) tors.

Using this result along with Eq. (5.6) in Eq. (5.3)
- - we can write , ACKNOWLED GMENTS

D0(E ,,,) —3 .5 )( 10” This research was supported in part by the U.S.
kT I )/J!.~D_.\ 

-~ d I~,,v÷ ~~1 Army Night Vision Laboratory. Some of the pre-
+ ~~~~~ ~~~~~~~~~~~~ 

~dF ,,) ~‘j7 ” I,~ ) 
~ ,J’ liminary work was supported by the NSF. This

work is based in part on a thesis submitted by one(5.8) of us (A.M.) to Syracuse University in partial ful-
In both of these equations D0(E ,,) is in eV if A ’T fillment of the requirements for the Ph.D. degree.
is expressed in eV. We will use Eq. (5.8) to C al-
culate D0(F ,,). The values of An/ n for F,. — F,, APPENDIX A: STRAINS GENFRATEL) BY RAYLEIGH WAVES
between 0.28 and 0.30 eV are taken from Fig. 8.
The slope of g0(E,, ), from FIg. 6 , is alntost con- For a Rayleigh wave propagating the x direction
slant in this region and given by and decaying exponentially in the positive z direc-

tion, it can be shown that the displacements in the

= 4.35 x 102 eV’’ , (5.8) v and ~ directions are given, respectively, by
dE ,,

• where g0(E,, ) is in arbitrary units. ~~~~~~~~~~~~~ 
2qs _ ,,,\

~ e / sIn(kt — wi) , (Al )

Using all this data in Eq. (5.8) we have construc-
ted Table I. We notice that the calculated values il(j ( 2k 2 “
of I~- 0(E ,,) are of the order of 10 eV. Moreover , as f T “u— “ 1 cos( kx— w t ) . (A2)k2 +.’~~ /F,, approaches the conduction band, the deforma-
tion potential decreases In magnitude, It must do The y displacement is zero. In these equations , k
this since in the limit when F,,, coincides with E~, Is the Rayleigh wave vector; q and .~ are defined
the deformation potentials must equal those of by
CLS crystals which are about 5 eV. (j 2

~~k
2 k 2  .‘~~=k 2 — k ~~,It is important to note that all our calculations

and discussions in this section pertain to FIg. 8 where k , and k, are the longitudinal and transverse
In which we reported the variation of An 1n with wave vectors and can be calculated if the elastic
white tight intensity. Similar measurements with constants of the medium are known,
monochromatic light at different frequencies are Front Eqs. (A.l) and (A.2) one can show that the
shown in Figs. 9— 11 . They clearly have extrerna amplitude of the strain components at the surface

I

I
--
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—
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(z .0) are given by Rl’It 
f~tP (f) .afa,V)2~~IdxI —

r ,°,. j ~~—y(k ’ .s’_ 2 qs) , (AS)
+ t.~ (B.3)

Aqs..— ~a~~I(2k’ x _ k ’q). (A4) where

~~O _ O , (AS) R%’h 
f ’ P,5(nd v , (8.4)“

In terms of the amplitude of dIsplacement at the
RVI, “surface, u,2, these can be written —i-— j 4 i 0(i)~~,,d~~. (B.5)

k’(k’+s’—2 gs) 
(A.6) If the strain isa sinusoidal traveling wave alongq(s’—k ’) ~~O ’

the positive x axis, we can write
2k ’s — k ’g — (A.7) 

~0’

Therefore 
~ a0a can be expressed as where ~~ is the amplitude of the strain. There-

fore
(A,8)4~ 

,,,

where = 
RVh~~O 

£::1oV) ”
~
”

~
*’ d.v. (8,6)

C q(2h’s — k’q — s2q) /k ’(k ’ + s~~_ 2qs) . (A.9) It is clear fro m Eq. (0.4) that ,~,. is j ust the photo-
Using the elastic constants of soda-time glass and current through the flint without strain. Now,
the fac t that our experIments were all done at 2.21 using Eq. (0.4) we can eliminate V from Eq.
MHz , one can show that (B.6) to obtain

C - —0.22 ,
(a (a

so that i ,,. ~~~~~ J M 0(1h,~~~
_ a. tt 

dt - J P ,.,.(1)dx . (8.7)
V ’O V ’O

Vt
—0.22E ° (A. 10)

This form of the equation Is convenIent since the
amplifier used maintained a constant dc current

APPENDIX B: DERIVAT 1ON OF FORMUl A FOR through the film. Thus , ,,,, In Eq. (B,7) is con-
ELASTOPHOTOCONDUCTANCE SIGNALS stant.

Now let us evaluate the integrals in Eq. (0.7) forFigure 12 Is an exploded view of the Indium con- a specific intensity pattern, namely, the periodictact pattern laid down on the CdS film. Since the intensity function shown in Fig. 13. We will calcu-drift voltage and measured currents are along the Late the signal for such a pattern at its fundamentalv axis, we are interested in the a,, component of
the conductivity. From Eq. (2.2) this component
is

o~~(x) P,,(t) +[M(I)E I,,. (2.2’) / PdD p uN

J / CdS
Using Eq. (2.4), this reduces to I ~ ~~~~~

‘—“ ‘ -“ -
H~~J Io,,(x) P,,(1) +u0;, . (B. 1)

Consider first in Fig. 12 the C~~ strip between ~~II ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
v •O and y — b . Consider an element of thIs strip -

of wIdth dx. If the film thickness is h, using Eq. . .~~

“
.

(8.1) the current from this element can be writte n .T
di QsV/b )I P,,(l) +M 0(l)~~,,,~dt , (0.2) 

,.0 i.j~~~~~~~~i_ii’i iii i:. . ..

where V is the voltage applied to the fingers. Let p.b
us assume the projected inten sity patt ern I has no 

~

—

~

- --- --  , - , T.1 .ii J

variation along the v axis. Then, all the strips of
C~~ will make the same contribution to the current.
U the total number of strips is R, the total cur- FIG. 12. Section of indium contact patte rn evaporated
rent from the contact pattern is on (‘dS film.
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DARK obtains contributions from all the light strips and
r LIGHT all such contributions are in phase. The dark pot-

/ / . lions contribute practically nothing since M0(1) Is

/ - , ,.
. zero for zero light flux. If there are N light strips

/ / 
~
- In the length a,- / /

/ / // a
/ // f % 0 (J)e (~~~~h ) d~~=~~, (f 0)~~ f ~~~~~t t ) ~~~~

0 ~~~ 
— 

/ =M 0(10)N ~-~~e~ ’ 
I~ -wIt (8.9)

- // 
/ 

~‘ / 
/ through Eq. (0.8). Also,

I’ -, I /
/ /

/  /  
f P ,~(l) ~, =NP ~ (J 0)

Y “NP ,,.(I,)L. (B.10)
FIG. 13. SectIon of light pattern projected on the Substituting Eq. (B.9) and (0.10) in Eq. (B.7) gives

CdS film.

j
n: e~~’ ~~~~~ (0.11)

Fourier frequency, i.e., when t t (  ~
) ~

A =2L or Lk r. 0.8 Or , in terms of amplitude, the ac component of
the photocurrent at the frequency defined by Eq.

In this case the integral (0.8) 18

f U k )  (
~,c)ampai*ud, = �~~ . (8.12)

i=0 Y,’ 0
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APPENDIX V.

SPURIOUS ACOUSTIC MODES IN TWO—Dfl~ NSIONAL
FOURIER TRANSFORM DEVICES
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Spurious Acoust ic Modes in Two-Dimensional
Fourier Transform Devices

AMARESH MAHAPATRA , STEPHEN T. KOWEL, SENIOR MEMBER , IEEE , PHIUPP G. KORN REICH,
MEMBE R , IEEE , AND MOOSA MEHTER

çsy $Y a~
A ktmcs-Expesim.als conducted on two’dimenaional Fourles rasp ~

form ssnaon using CdS lime on :•cut LINbO3 thow .vidsnce for the
presence ~f moe. than on. acoustic velocity In the substrate. Pulsed

_ 
III

~~~~~

1

experiments conducted with two Usnaducess and detailed measure
inents of transducer frequency tesponse confirm t u e presence of these
additmnal modes. Ass result, the Fourier transform of any Image re- 

OUTPUY

pests Itself in frequency space, the number otrepeiltiona depending ~~~ F I LM /
‘

on th, number of additional acoustic modes. The det ,hn.ntal effects ______

of these spurious modes can be eliminated entirely by suitable tampling
of the image projected on the sensor.

I. INTRODUCTION

of devices which generate tw~~dimensionth Fourier trans~ ~~ w~~~~~~~~~~ ONO

‘~~‘OR SOME time now we have been working on fabrication C

forms of optical images . The devices use CdS films on LiNbO3
as sensors. Interdigital transducers are used to generate SAW’s Hg. 1. Two-dImensional Fourier transform sensor (DEFT).
in the LANbO3. Signals proportional to the Fourier transform
of projected optical images result from a nonlinear electric
field interaction in the CdS film. LANbO 3 substrate. The transducers used by us have a center

Recently, we have found evidence for the existence of more frequency of 30 MHz and a bandwidth of 20%. As a result of
than one acoustic mode in our monolithic layered structures, the SAW’s, the CdS film is subject to the electric fields associ.
In this paper we present evidence for the presence of such ated with these waves. It has been demonstrated that the
modes and show how they can be attenuated by suitable treat’ photoconductivity of CdS films is strongly modulated by the
ment of the bottom surface of the substrate. More interestS application of external electric fields, with the photocurrent
ingly, ~~ show that their detrimental effects can be entirely having a component proportional to the square of the electric
eliminated by suitable design of transducers and sampling of field. Thus the electric fields associated with the SAW’s
the optical image. modulate the photoconductivity of the CdS film, Indeed, if

an optical image characterized by the intensity fun ction
II. ELFCTROPHOTOCONDUCTIVF SENSoRS—BRIEF !(x ,y) is projected on the CdS fIlm, a full tensor treatment of

DESCRIPTION the above phenomenon reveals that the deposited contacts de.
We give here a brief description of our two-dimensional di. tect a current

rect electronic Fourier transform (DEFT) devices. Such a
description is essential to an understanding of spurious acous~ 

1(t) off dx dv L’~(x. ,’, t) I (x, v), (I)

tic modes which will follow in later sections.
The direct electronic Fourier transform device which is illus. where x and y are the coordinates on the film, and F, is the

trated in Fig. I consists essentially of a thin photoconducting total electric field perpendicular to the plane of the film.
film of CdS layed down on a z.cut LiNbO, substrate. Inter. Now,
digital transducers are fabricated along the sides of the CdS E1 E, cos(i..,t- k 1 x) + E 2 cos (w 2 t + k 2y), t2)film to allow the generation of surface acoustic waves in the

where E1, w 1, and k , refer to the x.directed acoustic wave
Manuscript received July 3, 1978. This work was supported by the and E2, w2, and k3 refer to the “ direct ed acoustic wave . (In

U.S. Army Nigh t Vision and Electroopt ics Labor ator y, the rest of the paper subscripts I and 2 will refer to the x and
A. Mahapata , S. 1. Kowel , and P. C. Kornrelcb are with the Depart.

ment of Electrical and Computer Engineering, Syracuse Unive rsi ty, y axis, respectively.) aearly, i’l contains a term of the form
Syracuse, NY 13210.

N. Mehte r was with the Department of Electrical and Computer o E, E2 cos I(w, - w3)t - (k 1x +
Engineering, Syracuse University, Syracuse, NY 13210. He Is now
with the Nolas lechnology Section, Boelng Comp.ny. Seattle,WA . •E, E3 cos ((.,, - ~~~~~~ 

k .9. (3)
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Using this in (1), it is easy to see that 1(z) has a term of the equal to k,, i.e., when
form

I- ~“-=~~~ =k . (7)
i(t) o exp [/(c .~ 

- c..2) tJJ d2 ; I ( ;) exp (-/ k • ;) , (4) U~ 02

The frequency w2 was adjusted to satisfy the second equality
while the other terms from (2) can be ignored because they in (7)
are at different frequencies. It was found that difference frequency signals appeare d at

It is clear from (3) that if the two transducers T1 and T2 are two different values of w ,, namely at w 1 = 29.622 MHz and
driven at frequencies ~~~ and t. 2, the output is proportional w~ = 29.168 MHz. This was a clear indication of two separate
to the Fourier transform of the projected image at the wave acoustic velocities in the x direction ~~ and ~~ which when
vector k given by combined with the two values of w~ individually satisfied the

= fk + 1k (5) equality w~ / u 1 = kg. Henceforth we use the convention that
1 2. the first subscript specifies the axis while the second subscript

where k1 and k2 are , in turn , given by specifies the acoustic mode corresponding to that axis.
Clearly, there was no a priori reason to assume that tw ,  ye-

k 1 =~~~ k2 ~~~~~~ (6) locities °~i and ~~~ 
did not exist in the y-direction also. ~Mth a

01 02 set of four acoustic velocities , two along each axis, it is easy to

Here U~ and a2 are acoustic velocities in the x andy direction. deduce from (7) that , with uniform light , one would expect to

The vector k can be changed by varying w 1 and o.,~ within see different frequencies signals at four combinations of ~~~

the bandwidths of the two transducers . Therefore the signal and 
~~ 2 values. These combinations would be

behaves as if a new acoustic wave has been created with wave
(“.‘ih ~~ ~~~~~ “21), (w n, c.. 22),

vector equal to the vector sum of the acoustic wave vectors.
We call this “pseudo beam steering.” an d (~~ i2, ~ 22),

Now the optical image will have Fourier transforms at base where w~~, w13, ~ 21, and ..~~, are given by
band (k = 0) while the transducers will probe the region of
Fourier space centere d around the wave-vector k = 1k 10 + / k 20, .~~~~ — — ‘~‘~~ — — 8
where k10 and k20 are determined by substituting the trans- 

— ‘ — — k~.

ducer center frequencies into (6). This problem is eliminated
by sampling the image with a grid with periodicity correspond- Indeed, by careful scanning of the frequency space spanned by

ing to k10 and k,.t-, in the x andy directions. This will effec- ~~ and 
~~~ 

we did obse rve fou r signals. With the use of(8)
tively shift the Fourier transfonn of the image from baseband we were able to calculate the ratio of the two velocities along

to the region of Fourier space probed by the transducers. each axis. In fact .
In one direction the interdigital contac t pattern layed down 

~22
to detect the signal is itself effective in sampling the image. In = 1.066 1.137. (9)

the other direction we achieve sampling either by etching the 
2I

Cd~ into strips, or by projecting the image through a grid. In From (9) we notice that the tw,o velocities in the x-direction
our experiments the sampling periodicities in the x andy direc- differ by about 7%.
tion were equal (k,) since the acoustic velocities in the two di-
rect ions are almost equal. A. Pulsed Exp eriments With No CdS Layer on the LiNbO3.

Now, suppose we illuminate the CdS with uniform light in- To confirm the existence of two acoustic velocities along
tensity. The Fourier transform of such a pattern is a sinc func- each propagation direction, we decided to conduct pulsed
tion (the4 spread being determined by the aperture) centered acoustic experiments with two x.directed 30-MH7 transducers
around k = 0. However , since the light is sampled, t~he same fabricated on z-cut LiNbO3. The experiments were done both
sinc function will now appear centered around k k0. with and without CdS layers evaporated on the LiNbO 3.

These details are given here since they will be referred to in Fig. 2 shows a typical input and output pulse for the case
the next section in connection with the existence of spurious with no CdS layer on the LiNbO3. We noticed that though the
acoustic modes. For a complete description of the device input is a rectangular pulse, the output has ramped leading
fabrication and operation the reader is referred to [ l J  _ (3J . and lagging edges. This is a common feature and arises from

the fact that the maximum voltage at the output develops only
Ill, EXPERIMENTAL RESULTS after the acoustic wave has traveled from the left most finger

The first experimental evidence for the existence of more of the input transducer to the right most finger of the output
than one acoustic velocity in our substrates appeared in our transducer. By measuring the delay time we calculate the
tests with uniform light intensity on the CdS. The experiment acoustic velocity to be 3846m/sec. (insertion loss -26 dB).
was done by driving the y-directed transducer (7’2) at a fixed The two upper traces of Fig. 2 show the result of reducing
frequency w2, and sweeping the x-directed transducer (T,) the input pulse width to about 0.1 psec. The output con-
through its full bandwidth, i.e., from 25 MHz to 35 MH,. We tinues to show a single continuous pulse. Thus the re was no
had expected a finite output only when k 1 and k3 were both evidence for (lie existence of spurious acoustic modes. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ f l i .-rr-
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v.iih,w!CdS I;:ser on l 

~~ ;~ ~~O. 2V/div for input pulse ~nd 001’ , t i s  b r  ..utput pulse. Middle lig 4 I re.Iucn~ s re~pom.- ss ut ho ut ( .lS ‘n I iNhO 1 2 5 dB .’dis
trace shows input pu’se redused in vtdth-horizontal scale 0. Ius!ds; I r.’~luen~ s’~ .inned 2t— 34 M h z
vertica l scale 0 5V ‘div Uppermost trace shows output corresponding
to middle tr ace horizontal scale 0.l~o dis . ~ertical scale 00 1 V /div .

Fig 3 Pu lsed esperinient with UdS Li~ er ,’ii I iNhO~. I ,,ves t t ra&e
F shows input and output pul%c% ho~i,.’nt.t l %caIe tMs/div . se rtt ~..I scale

0.SV/d iv . for input pulse and i i  i12\ .II~ b r  output pulse Middlc Fig 5 I rc~uen~ re%p..use ~iih I dS. n I ‘sKi ) , 2 dli du~ I re-
trace shows input pulse redu~cd in sstdth horizonta l scale 0.lMs/div ; qucn~~ s~ann~st 2 ’  f.~ 54 MIt,
vertical scale 0.5V/div . t’ pperm ’~t brace shows output corresponding
to middle trace horizontal c~aie II l~ s/dis~; vert ical scj le 0.01 V/dis .

cally illustrates the pi csen~ e of more than one acoustic
veloci ty.

B. Pulsed Fxperirne’n ts With CdS La; ’er on the LiNbO3
Between the Transducers C Fr equenct ’ Response t~f Transducers

Experiments similar to t hose describe d in (A) were also If there were a uni q u e acoustic se1o..- it ~ t . the frequency

conducted with CilS layers evaporated on the LiNbO3. Fig. .~ 
response of an iiiterdi~ Ial transducer would he bell-shaped

shows the results of these experiments. We notice that the and cent ered around a trequ enes determ ined h~
output flow flot only has ramped edges hut also seems to
build up and die out tn stages. In fact , t here are three distinct 1 

a~
steps in either edge. Such a behavior would develop if t here
were three diffe rent acoustic velocities being propagated in 

where a is the transducer penoslicity. However . if there are

t he substrate so that waves of diffe rent velocity would reach t hree acotistic velocities , t he Sante transducer would have three

the output transducer aft er different delays. By measuring 
bell-shaped curves in its t’reqtiency response with center he-

the smallest delay and the delay corresponding to the setting quencies determ ined by i’~ a. u~ a. and r~ a At any given

in of each step, we calculate the three acoustic velocities to be frequency. of course , al l  t h r r ’e modes are present (because of
the transducer bandwidth) and the re is ,i possibility of inter-

u = 3592 rn/see, 3762 rn/sec. and 3964 rn/sec. ference between theni.

- 
Fig. 4 and Fig. show the frequenc~ response of our trafls-

The two upper traces of Fig. 3 show the effect of reducing - - -

- - . 
uucCrS without CdS las e rs and with CdS layers on the laNbO

the input pulse width to 0.1 psec. Notice that the output de- - , - 
. 3

velops three distinct pulses. This is to be expected since if the 
Three peaks pp :r: as prt’dicted. The three peak Ire-

input pulse ts narrow enough and if the transducer separation
is large enough, acoustic pulses at the three velocities will be. 02 = 0S6 1 5 

— I I
come distinct front each other. Indeed this result most graphi- v~ 

- ‘ 
— - I — -  
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result , not only in dispersive surface wave s, but will generate
more than one Rayleigh mode. All but the first Rayleigh
mode (which corresponds to t he Rayleigh mode in the absence
of a layer) will have low-frequency cutoffs which depend on

- the layer thickness.
In our devices, we are hesitant to assume that the observed

- modes are surface acoustic waves , since our LiNbO3 substra tes
are only four wavelengths thick. At the same time , the addi-

- tional acoustic modes appear only when CdS layers are
- 

- 
-
, 

- evaporated onto the LiNbO3 substrates. This indicates that
- they might be related to the additional Rayleigh modes on

layered structures predicted by Farnell and Adler [4J . It is
true t hat in most instances dealt with in the literature , the sec-
ond Rayleigh mode has a low-frequency cutoff at kh ~ 0.5.

Fig. 6. Frequency response with CdS. but wiih acoustic absorbing tape where k is the magnitude of the wave vector and h is the layer
stuck to bottom surface 2.5 dlt/div . Ripples are due to slight electro- thickness . In our case, at 30 MHz and a layer thickness of
magnetic feedthrough from input to outPut. 2—4 microns, kh is at most 0.23. Moreover, the difference in

velocity between the first two Rayleigh modes close to the
cutoff is usually much larger than the 6% difference observed

- 
- -  

by us.

- - However, Farnell and Adler [4) also discuss in detail the re-
lation of Rayleigh-type modes to plate modes [6) . Indeed
they show that for layered structures on thin substrates there

- - - are two modes with no low-frequency cutoffs. These modes
- 

have displacement profiles that do not go to zero at either the
- 

- free surface of the layer or the bottom surface of the substrate.
- 

. - It would be possible to attenuate such waves by treatment of
either of these surfaces , The substrates we use are only about

- - four wavelengths thick, and it is conceivable that we are gen-
crating plate modes, more strongly so in the presence of the

Fig. 7. Pulsed cs,periincnts with CdS and acoustic absorping tape . CdS layers.
Lowest tra ce shows input and output pulses -horizontal scale t~ s/
div.;veztical scale 0.5 V/div . for input pulse and 0.02V/div . for out- V . DEVICE DESI(;N IN THE PKF.SI NCE OF-
put pulse. Middle trace shows input reduced in width horizontal SPURIOUS WAV ES
scale 0.IMS/div .: vertical scale 0.5V/div . Uppermost trace shows out-
put corresponding to middle trace- horizontal brace 0.I~s/div .~ 

It is clear that the presence of spurious velocities is detri-
vertical scale 0.OIV/div mental to the operation of our two-dimensional Fourier t rans-

form devices. For instance , with uniform light on the sensor,
The first ratio indicates the velocity difference between the one obtains four instead of one peak in frequency space.

first and second mode to be about 6~/ . which agrees well with These peaks, which we call dc peaks, are illustrated in Fig. 8.
the result of pulsed experiments. Now, i f any picture is projected on the sensor , its Fourier

Finally, we have found that treatment of ihe bottom surface transfo rm appears centered not only about the main dc peak
of the LiNbO3 results in considerable improvement in acoustic (i.e., t he one at f~

, f~,0) but also about the other three dc
performance. The result of sticking absorbing tape to the bot- peaks. This leads to considerable overlapping of peaks and
torn surface is shown in Fig. 6 and Fig. 7. It is clear that the difficulty in analysis ofsignals. In this Section , we use Ito de-
frequency response is much smoother. In the pulsed experi- note the temporal frequency corresponding to the radian Ire-
ments we notice that the output very closely resembles the quency c~ used in earlier sections.
output with no CdS on the LiNbO3 (Fig. 2). This result seems This problem can be avoided by sampling the picture such
to indicate that the spurious acoustic modes observed by us that the main dc peak is located not at the center of the
are bulk plate modes. However , we have also found t hat t h e scanned frequency space but the line AB of Fig. 8. Moreover ,
fundamental mode and the spurious rriodcs are considerably it would be convenient to design the transducers such that the
suppressed by liquids sprayed on the top surface. The iniplica- f~ =1,~ line did not pass through the scanned frequency space.

— tions of these diverse results are disetissed in t he iieXt section. Signals on this line correspond to zero-diffe rence frequency
and cannot be easily amplified. The Situation would then be

IV. ORIGIN 01 SPURIOUS WAVES as depicted in Fig. 9. The main dc peak is ,iow located at
The subject of spurious surface wave generation in layered (f~0.f 5 0 + ~f,/2). There is one spurious dc peak to the right

SAW devices has received considerable attention in the titera- of the main dc peak which may produce some undesirable ef-
ture. It has been shown by Faniehl and Adler 141. that the fects. But the other two spurious dc peaks are outside the
presence of layers on isotropic or piei.oelectric substrates will scanned frequency space. It is true that this design permits

£
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Ft.g. 8. Location of dc peaks with uniform illumination, ABCI) denotes ~~. - 
-
~~~roughly region of frequency spiced scanned by transducers . Center

frequencies of tra nsducers. ~~ 
and f~ , are almost equal. Peak at

(fxO.fyo ) is main dc peak. In addition , there are three other dc I-ig. 9. Iniproved device design to eliminate spurious dc peaks. In ns-peaks In the scanned frequency space. duct’rs are designed with unequal center frequencies. Peak at (f,~ ,
f~o + ‘V.12 is dc pea k and is close to periphery of scanned frequency
space. There is only one other dc peak loca ted within .4BDC.

scanning of only one half of Fourier space. However, for a
real function i(?) (which all intensity distributions are), t he REFERENCES
Fourier transform F(k) and its complex conjugate F (k) (lJ “imaging Without Spatial Raster Scanning,” S T. Kowel, P. C..satisfy Komreiclt, K. W . L~h . A. MahapatTa. and M. Mebtes , IEEE Dens.

on Electron Devices (to be puNished).
* ~~~ •., ( 2 (  ‘The Vector Imaging Convolver,” S. T. Kowel, P. C. Kornreich.F(- k)  a F !Lk) A. Mahapatra, B. Fmmer, M. Mehie,, and P. Redr, 1977 Utiw

sonic: Symposium Proces’dings, p. 715.
so that the tnformation in one half of Fourier space is 131 “Two-Dimensional Direct Elect ronic Fouriet Transform Devices
sufficient (DEFT): Analysis, Fabrication, and Evaluation,” S. T. Kowel en .1.,

TR-77-S , I)ept. of Electrical Engr., Syracuse University. SyracuseWe arc now in the process of fabricating a device with the NY 13210.
design of Fig. 9. (41 “Elastic Wave Propogation in Thin Layers ,” C W. Farnr li and

F - L. Adl er , Th s nical .4coustics . I ds. Maso n and Thurston.
Academic Press.
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MONOLITHIC TWO—DIMENSIONAL FOURIER TRANSFORMER

P. C . Kornreich, S.T. Kowel, A. Nahapatra , and N. Mehter

Department of Electrical and Computer Engineering, Syracu se Univer sit y . Syracuse, New York 13210

Abstract
We have fabr icated acoustooptical sensors 

pattern permits the collection of the total

capable of two—dimensional image processing. They 
photocurren t over the area of the CdS film. In-
dium is used as the contact material. It is our

exploit the non—linear modulation of the photo—
conductivity of a CdS fLits by an electric field 

experience that it makes ohmic Contact to CdS and
aluminum provides better longitudinal conduction.

component normal to the plane of the device. The Two interdigital transducers , each parallel to
electric field is associated with two orthogonal one of two orthogonal edges of the square sensor,
traveling surface acoustic waves in the LiMbO3 are used for the generation of surface acouBtic

substrate. The total photocurrent on the device waves, The sensor area is overlayed by a thin

surface is detected . With sinusoidal voltages polymer insulating f ii.. after the contacts are

applied to the transducers , we obtain a difference fabricated . An array of aluminum film squares

frequency signal proportional to the Fourier deposited on the polymer film form a monolithic
transform of the image focused on the device. It shadow mask. This shadow mask provides the sem-
is necessary to optically samp le the image in pling of the image in the x—direction. The image

order to shift its Fourier transform to the is sampled in the y—direction by the interdigital
region of Fourier space probed by the acoustic contact pattern ,
waves. This sampling is achieved by a mono— Our previous devices had an externally

lithic sampling grid integral with the device. mounted ahadow mask ~~~~~~~~~~ Since the meak was
spaced about 50 tim from the device, imaging with
a lens was difficult. The light rays incident at
an angle other than 90’ to the plane of the device

would undercut the shadow mask.
The present monolithic device eliminates this

difficulty.

2. Device ~peration
— The DEFT device derives an electrical signal

1. Introduction representative of Fourier components by modulating
We have succeeded recently in fabricating the photo—generated electrons with elec tric fields —

monolithic direct electronic Fourier transform associated with the traveling surface acoustic
(DEFT) imaging sensors. We here present the re— waves in the LiNbO 3 

substrate. This modulation ,

suits of tests conducted with those devices. We
also present contrast and Fourier apace raster 

as demonstrated by N. Luukkala ~ , E.S. Kohn (8) ,

scan data previously not reported . In previous and by us [1,91 is proportional to the square of
(1,2,3,4,5) have reported data the SAW electric field E. We here present a aim—

publications we
taken with devices having an externally mounted 

plified calculation of the device output signal

sampling grid , rather than the present monolithic current ~~~~ A detailed description of the ten—

sampling mask. sor nature of the electrophotocondu ctivity is
A DEFT device is an electronic image sensor.

The output of the device is a sinusoidal electri— given elsewhere [1,4] There we have shown that

cal current. The amplitude of the current is the sheet conductivity a of a CdS film sub3ect to

proportional to the amplitude of the Fourier 
illumination with a light intensity I and an

transf orm components of the two—dimensional electric field with a component E~ normal to the

image, and the phase of the curren t is proportion— plane of the film is

al to the phase of the Fourier transform compo-
nents of the image. 

— a~I + GLEEJ.I (2.1)

One embodiment of the device is shown in
Pig. 1. The image sensor consists of a double 

where is the ordinary scalar photoconductivity

layered CdS film (61 deposited on a a—cut LiMbO3 
and is the appropriate linear combination of

of elements of the electrophotoco nductivity ten—
substrate. The metal contacts , consisting of an sor.
Al/In film sandwich in the form of an interdigit— The dark conduct ivity, that is the conduc—
*1 pattern , are deposited onto the CdS film. This tivity in the absence of light, is very small and

Work supported by thE. Army Night Vision L
Electrooptlea 14b05’atoi’y, Ft. Relvoir, VA.
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is neglec ted . 
We have thus created a conduc tivi ty “wave”The interdigital conta~ t patter n , In con— propagating with a wave vectot 

~ which is the vec—junction w i th  the al,minurn shadow mask divide the ton al sum of the original SAW wave vectors . TheCdS film into an array of squares of photo— SAW wave vectors k1 are related to the angularconductive niarerial. Thus the coritac~ pat ternalso serves as par t ot a sampling grid that f r e quency 
~~ of the transducer driving voltages

translates the image Onto a hi gh special carrier by a linear dispersion relationfrequency. This , as w i l l  become evident , is nec-
essary since the transducers have a limited band-. k — w /v I x,y (2.6)I i swidth centered at a high temporal frequency,

The norma l component F of the electr ic field where v is the surface wave velocity under theCdS fij~ , 3759 rn/sec in our case. By controllingaSsociated wi th the two j.c’ustjc waves traveling 
the frequencies of the transducer driving voltagesat righ t angles to each other 1’ S 
we can “steer ” the con ductivit y wave.

The circuit that detects the outpu t currentF • F cos(i~j t — k x) + F cos(w t + k ~)
~ ~ ~ ~ ~

, 
~
, 

~
, of the device is arranged , therefore , to detec t(2.2) only signals Oscillating at the difference fre—where w • k and F are the tempora l and spacia) q~Jency LI — . Th us, we are only interested inx x x x yangular frequenc ies , and the normal component of the current component i oscillating at thesigthe electric field associated with the SAW pro difference frequency and the d .c. componentpagating in the s—direc tion , and ~ i k and F By substi tuting equations 2,2 and 2.3 into

y ’ y y
are similar quantities associated with the 

~~ 
equation 2~~ and suimsing over all CdS squares wepropagating acoustic wave , obtain fot the two Current components of interestConsider a square of CdS film at the m ,n rn—N n—Nposition. We assume that th~ conductance g id ~~ 

+ (s LE /l~~
E + E2) ) V  

)~
‘ 

~~~
‘sin a y oof th e mn ’th CdS square can also be expressed 1w 

~1~5’i~ n’r~N (2.7)an equation similar t o  equation 2.1. That is , we
neglect all varia tions wi t hj~ each CiS square .
This is Justi fied since these vari at Ions wil l at 171 N n N
most result in a slowly varYing function of th e t

slg — 2g F F V ‘
~~~
‘ ‘ 

I expj(k ma + k na)L E x y o  mnspacial frequencies in the area of transfo rm 
me—N n~~N t2.8)space conSidered. The conductance S of the

an ’ 
sin where a is the spacia l period of the CdS squaresth CdS square is 

as shown in Fig. 1. Since the image is sampled
1 we can now define a reduced wave vector with corn—inn Lmn LE~~~ nin

g — g I + g F 1  (2 .3) ponents q.  (1 x ,v)
where I is the average light inten sity incident k . q 1 + (21/a). (2.9)art
on the rnn ’th square oi photoco nduc tj ng mater ial , Substituting equation 2.9 into equation 2,8

brings the image hack to “base band ” in the re—
Is the ordinary photocondu ctance , g

~~ 
is the 

duced Fourier space .electrophotoconductance of ,i square of CdS film , rn—N

si
and F is the SAW electric field component normal i — ~~ £ F V - 

I exp )(ç ma 4 q~,na).S L t x y o 
_ mnto th~ plane of the film. 

n~-’N ri—— N (2.10)The photocurrent I in the sin CdS square -
Intl 

The current sensing electronics keep the d.c.due to a d .c. voltage V applied across the photocurr ent constant rather than keeping the d .c.contacts is 
voltage V1, constant. This makes the output cur—

— g v (2.41 rent less Susceptible to aging, temperature , ormn sin 
o ther changes of the CdS films. Solving equationAs we have noted , the conductance modul ating 2.7 for V0 arid substituting the result for l’

~electric field component F associated with the into equation 2 ,10 we obt ain for the signal
currentacoustic waves is in the form of two orthogonally 

r n N  rn—Ntravel ing waves, equation 2.2, The modulation of i Ai 
~ I’ expj (q ma + q~n a)the photoconductance , as expressed by equation sig d.c. / inn2.3, is proportional to the square of this field m~—N m~—N (2 ,11)component, Therefore the photocurrent I will where

sin 
2contain components osc illating 5.t various ire— A — 2 ( g /g ) E 5 / ( 1  + (g /2g ) (F +L E L  s y  LE L x vquencies, The photocurren t component oscillating - 

(2.12)with the difference frequency w — w is also a
y

sinusoidal function of the vector sum of the wavevectors k and k , of the individua l surfaceS y
acoustic waves

~~— k ~~~+ k 9 .  (2.5)S y

50 - .
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and the average normalized light intensity I’ range of x—frequenciea , f is obtained.
i nc iden t on the rnn ’th CdS square is x ’

The contrast measurements were obtained with—
out the peak detector, The peak detector tends

rn—N n—N to clip the lower portion of the signal.

I’  — i / 

~~~~~~ ~~ 

1mn ’ (2,13) 
4. Transforms of Test Patternsmn inn

rn——N n——N 
In this paper we demonstrate the response of

the monolithic DEFT device to stationary test
Thus , the signal current t , as shown in patterns. The simplest pattern to examine is

Si~~ uniform illumination. The signal output when the
equation 2.11 is proport ional to the Fourier trans-
form of the normalized sam,l,d image I’ . ~~~~~ is illuminated with unifo rm lig ht is , fr om

equations 2 . 1 1  and 2.13

3. Experimental Arrangement si—N n— N
The device and Its associated signal - A

1 — expj (q ma + q na)
— detecting circuitry is mounted in a camera box . ~ig (2N +l ) 2

A low pass filter with a cutoff frequency of ~lO1z rn——N n — N
— and providing an attenuat ion of 80 db at 30 F~Hz j~ (4.1)

used fo r  the detection of the d if f e r e n c e f r e q uency
component. The characteristic impedance of the rcosN~~ l~~~~(~

.+ J)q a fcosNq a—cos (~+l~~a1filter is 15 (Thins which matches the input irnped— A ______________________________________
ence of the broad band current—sensing amplifier. ~sig (2N + l~~ 1 — cosq a 1 — cosq a jA low input Impedance is required of the ds vi ce - x — -  x
shunt capacitance (325pF). 4.2)

For some experiments , a peak detector is used
at the output of the amplif ier. For our present device N 49. It is one l e s s

Each transduc er is tuned by a series induct— than half of the numbers of sampling lines along
ance to match Its impedence to the imped rice of each axis of the device, Indeed , f or l a rg e N
the driving source. The transducer that generates equation 4.2 reduces , as expected , approximatel y
the y—propagating acoustic wave is driven by a to a two—dimensional sine l unction
H.P. S6OlA sweep oscillator . The input voltage
to this transducer is swept in a continuous fash— sln (q 1/2) sln (q 1/2)

i .  — A  ( P 3)
ion in frequency over the bandwidth of the trans— sig q I q (/2

x N
ducer centered at the center trc~ uencv of the
transducer , where I — (2N ÷ 1)a the dimension of the aperture

The other transducer is driven by a H.P. of the device. In the present case L 12.7 nun ’s.
3200A VHF oscillator. The frequency of the volt— The dispersion relation for the reduce d wave
age applied to the transducer generating the x— vectors q. is
propagating wave could , titus , on1y  be cha nged
manually , This arrangement results in ra ster 2r(f — f ) Iv q — q (3 . 3)

x V S
scanning of Fourier space. - -

The incoming light is imaged on the device where V is the surface wave velocity under the
by means of a 50 nun focal length 1/1.8 lens. The S

CdS f i l m , 3759 si/sec in this case , f and I are
image is either front or hack proje cted onto a x v
screen facing the DEFT camera. A sli~ c prolector the frequencies of oscillation of the voltages
is used to display the image on the screen , applied to the x— and v—transducers. -

Oscilloscope pic tures as shown in Figs. 2 , 3, Consider the behavior of the sine functions
and 3 are generated by selecting frequency for of equation 4.3 a i -’ng the principal axis of the
the x—transducer driving voltage s and sweeping reduced Fourier transform space. For an aperture
the frequency of the voltage applied to the y— L — 12.7 mm the first zero of the sine functions
transducer about 100 times per second. The hori— will occur at a d i f fe rence frequency
zontal deflection of the oscilloncope is control— h — 1 — f of 296 kHz from the center of the

x V
led by a saw—tooth voltage output of t he sweep reduced Fourier space.
generator . The amplitude of this saw—tooth volt— 

The response of tho sensor to  uniform illurn—
age is proportional to the frequency of the volt— 

m a t  ion is shown in Fig. 2. Indeed we observe a
age appl ied  to the y—transducer . Thus the hori— 

bOO kHz—w ide peak in the center ~ f the reduced
zontal axis In these pictures is the v—frequency Fourier space with some side lobe s along each
I • The peak detected out -ut voltage of the ax i s , as predic ted.y
signal amplifier is applied to the vertica l input The next test pattern we used consisted of a
of the oscillosc ope, periodic array of bright re ’tangles. The center—

A Polaroid pic ture is taken of this oscillo— to—center spacing of the bright rectangles along
scope trace, the y—direction was 3.4 Isis’s. Three lines of

Next , the x— transducer driving frequency is rectangles crossed the x—axis and fou r  l ines  of
set to a new value , the osc il losc ipe trace is rectangles crossed the v—axis.

l a ro id  pic ture i s exposed again to the resulting the d e v i c e :
oscilloscope trace . One would expect a peak with small sidelohes

These steps are repeated until the desired due to the average brightness of the pattern
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moved up and slightly to the right. The same P0— One would expect the following output from
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locat ed at iii. centet ol (lie reduced Fourier
ci t th. bar pattern in such a way a. to keep thesp ec.. tota l li g ht intenaity of the i.ag. constant ,

On. would expect a pair of ay~~.t r ic peaks
nut on th e ext .  due to the perio dicity cit the n N  rn—N

Th. tsanstora tat thi s p a ttern can he ca l—
pattern In off— axi s dire ction.. 

~~~~~ 1
mn 

— conhtsiat (5.2)

~~Lat.d from equatIon. 1.11 and 2.13 . One obtains rn--Na signal current of the form
A pat let ii was chosen in sin-h a way that acre wa s

I — (A/ i )  ( ( 1 / 2 )  + cosb q J ( -os (h  q /~~ an equal number ol N ci t  darker m d  brig hte r line.,st g x x
The iiii t P511 iii the device . according to equal ton.

+ coa(Th q / 1 )~ stnc (h q /4) sinc(h ‘1 ~~y V y v a a .‘.ll and .‘. l h , alo ng the q axis (q — 0) is of
V a

the t o ts i

wh .re h — 4’ I ~ n is tile cent v t — t o — c e n t  ci spac t u g (I — I )E(q I + I G( q
5 . a Ii y 8 y— - - - (5 .2 )

of th . rectan g les iii the x—d i i  i’d t o i l  and s ig
NI #N I

it 5b — 1.6 ~ s is the cent ci —t  ci—c ,’sit ci apse t u g  ,,t the
V

rec tangl es in tile v—il I rect toi l , where I is tia.’ 1 i gh t in t ensi t y cit the brightI,
These will be a pair cit l’i’aks at ‘i — 0,y lines , l

it 
iii the background light intens i ty .

h q — ‘‘ii . t)ef in ing the reducesi t empora I I I,’—
* ~ 

F iq ) is a apse ial t requeni’v Intact inn exhibit ing
S

quencv h
1 

as two s yaaae t t i c  peaks along t he q a x i s  ø . soc ia t,d
v

— q v /.‘n , I — x ,y. ~4.i~) with the p~riuidii - lia r pat t r i l i , and (~ q I Is a
i s  V

sti le—like I unt’ ion assoc tat  i’d w i t  ii the averageAlong t he princi pal axis this Ireqiieiicv h i is 
ii tuminat ton cii the dcv ice.

equal to the dil l rrcnt ’e frequen cy deser I bed pie— Al l  measuremeiu t a were made at consta n t
v tnusl v , Cluing the appropt ia e vs l im e tot v atail apse i~~1 I ri’qucnev q

1, 
at a peak tat the funi’t ion

h we f i n d  tilat these t w o  peaks at i’ loc ated at F (l 1. The measurements were mad.’ at a suIt I—
S V

h — .0,845 ~ iu and H — 0, We ol’s,’rve peaks ci m l  lv H ig la 
~~~~~~ 

I a I I reqtieiacv so I hat the
a V

alian g tiae ha axis in Fig. 1 at H — 0, 111’S MHz . 
amp lit side at q i’l the sins’ (nuts’S itia ~ ( q )  .

S a -
assot’ tat cit wit Ii t hr april sure • wa s s m a l l  enough to

This is a 2. IT error ,isie to a a I ighi t lv di fferent be n.’g I e,’t eu ,  (See Fi g. .‘ I or I lie ex ten t of —veloci ty in th e x—d irec t tcin . apra litre sin e funct iota . I
A lua n g the N axis we prr,tit t peaks at In t hi ts case equal ion S~~,’ iedui ’cs t oV

N — t l .O  l’hMUz , it — 0. Wi’ ,ibseiv,’ peaks aty I ( l (
N — I 1. 08 HIts , c lose Ii i t in’ predicted value. sig q ) /N 1 t’

V
One sou l- ce t h at ten ,ls to sIi~~t o i  I tiw i’utput where the coot rast ~ Is def ined as

signal is th e in abilit y ci t the a m pli t let to ule t ei’l
— ( I  — I 1/(1 + I ) (5 ,4)

it a itsignals at tern di ll s’s run-c ..mpora I I u’vquieIs ,’y,
This results in a diagoiaal n u l l  I In c itt the We have measured the con t ras t response sit the
reduced trai ls form space . dcv ice. The results ot the measurements air

Fi g. 4 Is the transform of a efum vr oui pat ~~~~ ~ shown in Fig. ‘a , I ntteesl , the out i’ut ot t hai ’The tran s f orm oi a chevron c,iuisi~ ts cit pea ks slev ice is a lineal tuns’t lout of t lie cotat rast C.
forming an “X” in  I ransi  or m alias-c . This is i lt s — 

T h u s , we have showat iii ho t it exper tm.ut t a des—
cernahle in Fig. 4. The complet e traut slorm iii

ci I bed høti . aunt in t ar ry ions pub It cat ions
t his pat tern is qui te comp l leaf i’d. ( 1 ,2 , h ,4,’i

W• can clearly see I hat I he out 1)511 cit the that t h e  dcvi ir , indeed • petS tarsus as
devic, is quite pred ictab le and dist m e t  t or usd a print le t cii liv S heoty .
pat tern.

t’. (.0th liii ’ ton

5 . Contrast N.asur.rnenti iii t h i s  u’oiuuiiutiliat ion we have demmins tratetl
The cant rest measurement a were made with the some ,‘f t lie eitpahi l i l t  tea oh ,aui- new moitua lit hilt’

aid of two slide pr ,ale (’tua rs . Earls pr (atet’t(’r was Pi(l”I’ aeuisi ’u , W. have ,‘veru’uamr some iii the iii (Ii—

equipped with a var table ii ii’ so t hat the light (‘tilt t ea  aasoc is t  cut w t t  it t he exte rna l sampling
intensity output roul,l Ia. varied . A pattern of grid of our h’revtuauis aensor . Wr au - c  now able to
equally spac.d al terna t , dark and light bars was image it l i g ht pat t r i o liv meauas cit a ha t giilv s’out—
dlsplay .d on the screen lay the tsar of one pro- verging lens on the dcvi,- ,’. This was silt t it ’ul t
Jee tor . Tb. oth.r pro I cci or was uise,I to cont to I t o  do wit N (lii’ ext in ns I samp I lug gr Id.

the background Illumination of the screen. The We are  now working on a sensor with muc h
camera was placed t o lacr the st-teen. The lens iitgller ressalut Ion anti mod ea- a te low li ght leve l
was ad ( tuS t  ed t o  focu s the image , dIsp layed on the ,‘apabil liv • We also intend to op erate the sensor

screen , onto the DEFT ,tevice. in a line si-an tsoslr. ib i s  l i n e  st-an mode co uld
The .xp.r t~ ent was conduc ted by vary lug hot hi lie capes’ tall y uisct ul Icit reading c’ut inf rared

background illsistne liin and the ligh t int ensit y senaitiv , diodøs , W. hiape t a  ext.nd cisia work to
52
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devices using infrared sensitive materials.
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1975 INTF.RNATIOIIAL OPTICAL COMPUTIIIG CONFERENCE

‘ondon, England

A TWO—DIMENSIONAL ACOUSTIC PROCESSOR

*

S.T. Kowel, D. Cleverly, A. Mahspatra, T. Szebenyi , and P .C. Kornreich: Depar tment of
Electrical and Computer Engineering, Syracuse Universi ty, Syrac use , New York 13210

Stephen Wanuga: Elec tronics Laboratory, Cenera l Electric Company , Syrac use, New York 13221

Abs t rac t Fourier components by acoustically modulating
pho toelectrons. In the electrop ho toconductive

A new direct electronic Four ier transform dev ice , two surface acoustic waves , travelling
(DEFT) system has been developed for two—dimen— perpendicularly, cross the image , focuss ed on a
atonal imaging of two—dimensional signals. The thin photoconductive film (CdS in the current mod—
image is focused on a fused quar tz valve trC el) . It has been demonstrated that the photo—cur—
which two perpendicularly travelling long itudina l rent is strongly dependent on applied electric

waves are launched , one at frequency o~, the other 
field , wi th the gener ,stt’d -h otocut-rent having a
component proportion il 1 -  i- square of the

at U)
2
. This yields an intensity containing a term 

e lec t r i c  f ie ld 17 ,8 1 
~ pa o the e lectr ic

to the pho tocurr ent at the difference frequenc y fields by propagat i ng the ta.- - - ed sur face
propor t ional  to t he It Four i e r  componen t of 1(r), acoustic waves on ~ ,-Loc l ccL ~~i~ -- ubs t ra te

— 
where It is the sum of the original acoustic wav e — ( L iNb O

3
) on which CdS Ii- - been deposited. Depos— Ivector s , and I(~ ) is the input optical signal.

Thus by vary ing the transducer frequenc ies , arbi— ited contacts detect a cut-rent

Irsty Fourier  componen ts can be ob tained by th i s
“pseudo beam steering, ” as if a new acoustic wave i(t) a ff dx dv E

2 
(x , y , t )  l ( x ,y) (1)

F had been created.
Base band Fourier imaging is obtained by where 1(x~ y) i~ the image intensity as a function

placing a sampling mask in front of the valve in of the x— and y— coordinates along the film , and
order to place the optical intensity on a spatial F5 

is the electric field associated with the sur—

carrier appropriate for the transducers. The face acoustic wave (SAW) in the substrate,
sy stem can electronically track a rotating image, The simp les t mode of opera t ion occurs when
measuring the spatial frequencies and orientation tha transducers are driven with sinusoids of ar—
of image transform components. bitrary frequency . ~ i e l d i ng

E — F
1 
cosI.

1
t — k

1
x) + E2cos( w 2 t + k 2y ) (2)a

Image processing by means of acoustical where F1, w~, It
1 

r e f e r  to the x—d irected SAW , and
modulation has received considerable attention.

El ) E,,, w2, k~ refer to the y—directed SAW. Thus (I)
Successful devices for optical deflecti on

12 ,31 contains a term
image scanning , and Fourier transformation

have been reported . Most of this 1—w 2 ) t )  ff d2~ I(r)exp (—~k’r). (3)(2 ,3,4,5,6,7,8) i ci explj(w

work has been concerned wi th structures capable By varying the driving frequencies , we vary
of “one axis” operation , such as deflection about i~, the vector sum of k1 and It,. That is, the
a single axis , etc. In 1974 , we described an
elac trophotoconduc tive structure which could be signal behaves as i f  a new acous t ic  wave has been
used for full “two—dimensional ” image processing crea ted with vavevector equal to the sum of the

(6) In 1975 , we also described an etastobire— 
excited wavevectors. Thus we call this effect
“pseudo beam steering.”

fringent light valve system for accomp lishing the The alternative struc ture reported here
lec tro— relies on strain—induced birefringence in a lightsame purpose Since that time , the e

photoconductive device has been fabricated valve sandwich. Fig. (I) shows a schematic of

(7 ,8,10) the system in which this valve is employed . - The
In this paper we report conclusive image is impressed on the sur f a c e  o f a fused

evidence for the operation of a l ight valve system q uartz plate by a well—collimated optical system .
as a fully two—dimensional Fourier transforming The intensity modulation has a component pr opor—
system . This first prototype system can electron— tional to the strain squared , thus providing a
ically probe the two—dimensional Fourier transform , mechanism for pseudo beam steering. The modu—
yielding the vector spatial frequencies present in lated light passes through the polarizer—valve—
the imag. intensity focussed on the valve and the analyzer sandwich and is detected by a photo
relative amplitudes of these components , detector with circuitry tuned to the difference

The direct electronic Fourier transform frequency. This structure requires more light but
(DEFT) devices derive signals representat ive of
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is easier to build , at least for use as an optical are crossed to pass a mini~u* asount of light when
instrument , since it is umade f rom existing hard— 00 electrical signal is applied to the traneducere.
ware. It will also not suffer from relsxation Due to the strain—induced birefringence, each
time •fiects, thus providing much faster time ray of light splits into two orthogonally polar—
response to t~age changes. Simple one—dimensional ized rays which travel inside the material with

experiments have already been reported (61 for 
different phase velocities. Let the phase differ-
ence between the two rays after they exit the

a ai.ilar atructure , material be 6. Then the intensity of the light
Froa theoretical considerations, it appears

that pseudo beam steering is likely to be far 
I
~ 

at the detector in Fig. (1) is given by (5)

2 6 (5)superior to other proposed techniques for accoun— I(x ,y) — I(x,y) sin -

~~pu shing two—dimensional imaging. For example ,
the actual creation of a third wave from non— where I is the light intensity of the image at the
linear mixing appears to be a much smaller and valve.
l.es controllable effect , since the original waves The rela t ionship of this phase difference to
produce a cbrrogated “background” for the mixed the strain is
wave,

A Pseudo 3~aa Steering Elastobirefringent 
6 - (6)

Light Valve where p is a constant depending on the elssto—
optical constant, of the material , L is the thick—

Our previous work with the elastobirefr in— ness of the plate , n is the refractive index of
gent light valve using standing acoustic waves the material, and A is the wavelength of light.
(5 ,61 , and the possibility of using pseudo beam 

Thus (5) can be expanded yielding

steering to obtain arbitrary Fourier components , I (x,y) — j( 6 2 1 6
led to the consideration of a travelling wave 

x ,y) ((~’) — .(,.)
4 
+ ,,,), (7)

elastobirefringent light valve. Such a system Keep ing only the f i rst  term yields
was assembled, using the same a—cut LIMbO

3 
sub-

strate used in the CdS sensor. Unfortunately, I (x,y) — I(x.y) 62 . (8)
0

while some changes in average l ight transmittance
were observed , no successful measurements of The contribution of higher order terms which
difference frequency signals were obtained . This normally would have to be considered is not impor—
appears to result from the high level of non— tant in this case since no term except the first
homogenous natural birefringence present in the contributes to the difference frequency which will

material. This natural birefringence could not he detected . Substituting the phase difference
be blocked by careful alignment of the polarizers from (6) and the strain ,(4), yields
or by the addition of a quarter wave plate appro-
priate for the 6328A He—Ne laser used as a light — 

I (x ,y)
source. i~~ile adjustments permitted the trans— 

I (x,y ( ~~~~ )2 

~~x1 
cos(k1x~~1t)

mi tted intensity to be minimized in some places , + ~ + w,tfl
2
. (9)

it was not possible to get a uniform null over yl

the 1 cm by 1 cm aperture. Thus, af ter numerous The squaring produces a curren t term at the dif—
attempts , we abandoned LiNbO

3 
as a substrate. By ference frequency which at the output of the photo—

using a fused quartz cell , we were able to ob tain detector is given by

a uniformly dark field , since quartz is isotropic
and hoinogenous. Longitudinal strain waves were i( t ) — ~~!!J~~~)

2 

~xl~ y1 ffi(~ )cos(~ ‘ —

produced by LiNbO3 
transducers bonded to two edges (10)

of the quartz plate. Fig. (1) shows a schematic where ~ — k1~ — k 29,
view of the configuration used with the light —
valve to obtain the two—dimensional transform of r — x~ + y9,
an image.

Two orthogonal transducers are shown; one in 
— —

the positive s—direction and one in the negative and R is the responeivity of the detector,
y—direction . The strain in the region of the Thus, we observe a cur ren t propor t ional to
quartz substrate where both longitudinal waves the ~ Fourier componen t of the incident optical
propagate is the linear super—position of the tWo in tensi ty at the difference frequency of the two
travelling strain waves. Therefore, it can be transducers. By varying the transducer frequen—
expressed as cies over their bandwidth , the spatial spectrum of

the image can be obtained. Thus elastobirefrin—
- - 

Z — 1x1 cos(k1x—w 1t) + ~y 1 
co5 2y’~~2t) .  (4)  gence provides a mechanism for pseudo beam

steering. This system behaves as If there were a
An image is impressed on the region of the travelling distrubance with wavevector i~ andquartz where the two waves are superimposed. It frequency A a , when in fsct there is merely a

may be shown chat we are working in the Raman—Nath quasi stat ionary variation in optical refractive
region so that the light rays remain parallel index.
inside the material. The polarizer and analyzer

— 
- 
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Consider a fused quartz light valve with ~ Thus the intensity pattern exiting the valve
high sensitivity detector, sandwich (10) has only low frequency variation,
Approximate values for (10) are Assuming a 202 acoustic bandwidth, the Rayleigh

range will be kt least one meter,
g — 70 *illiaaps/watt 

(1./34)27 — _ _ _ _ — 2.78 um. (12)n — 1.S4 RI 
.63 x lO~6A — 0.63 x 10 6

um
Placement of an extended detector wi thin one

L — 0.635 cm Seter from the valve will insure proper operation
including “local” detection of intensity andp — 0.15

~xl — 
~yl 

— 
spa tial integration.

Experimental Results
The area of the valve (and detector) is approxi— Four thin transducers with wrap—around
mately 6 cm2. Substitution into (10) yields for electrodes were purchased and bonded to the
the current magnitude for the I’. — 0 component quartz plate. After testing , two were removed

and those contiguous plate edges sand blasted in
approximately 0.16 x lO”6 amperes. order to produce travelling acoustic waves rather

Since the detector has a dark current of lOpA , than standing waves. The placement of the trans—
components of the Fourier transform four orders of ducers is shown in Fig. 2 .
magnitude below the It1 — It2 — 0 component could The device is mounted in a holder with BNC
theore tically be detected. Since all image inten— connectors to facilitate the signal input to the
sities have transforms which go down as 1/k for tran5ducers.
large It, each order of magnitude corresponds to a Ott one of the square faces a sampling grid was
decade of spatial frequency bandwidth. This placed to shift the center of the Fourier space
demonstrates one important advantage of the light from zero to f — 38.3 MHz and I — 38.3 ?-Oiz .x y
valve over the elastophotoconductive devices. By which is in the center of the bandwid th of the
using a very low dark signal detector as a separate transducers. The sampling grid dimensions are
entity , a far greater spatial bandwidth can be 1 cm x 1 cm.
obtained , This also effects several other advsn— The input light was from a 15 mW HeNe laser
tages . The thin film devices suffer from rather wi th a telescopic expander adjusted to give a
long rise time and Call t ime (approximately I eta) beam diame ter of 1.0 cm maximum at the device.
due to carrier effects , thus limiting their tern— The polarizers were set such that there was a
poral bandwidth. In practice , this linits them minimum of light transmitted when no signal was
to use with images which do not change signi fi— applied to the transducers . The output was de—
cantly in less than a few milliseconds . The only tected by an EEC 585 photomu iltip ltet and the
t ime l imi ta t ions on the light valve system are output was displayed on a Textronix spectrum

— caused by the detector since the valve responds analyzer . This arrangement is shown in Fig. 1
instantaneously to the light.

The calculations and estimates above do not Standing Waves
include one important constraint’ in the design Unfortunately, the sand blasting vss not
of the system. The transducers selected have very effective and a strong pattern of discrete,
fundamen tal frequenc ies of 40 MHz with bandwidths equally spaced , f r equ enc ies was detected . Since
expec ted to be 152. In order_ to perform base— the valve was so long compared to acoustic wave—
band Fourier imaging (around It — 0, as indicated leng th , no two—dimensional modes were formed due
in (10) a it is necessary to put the optical sig— to each transducer. Thus the system worked as
nal , 1(r), on a spatial carrier whose radian expec ted , excep t for a rapid “sampling ” of the
spatial frequency equals the spatial frequency of transform space.

the 40 14Hz acoustic wave 
( 8 1 , Otherwi se , the The bandwid th or extent of the signal peak

can be easily calculated by
values of )kf will be so large that little infor-
mation will be obtained since the acoustic system BW — v (13)
is centered at high Spatial frequencies. The d
image is placed on a carrier by a sampling mask where v is the velocity (5960 m/sec) and d is the
affixed to the valve. For a velocity of 5960 m/s beam diameter (.005 m in this case) , giving the
at 40 14Hz , the wavelength is 149 am in both the signal bandwid th as 1.2 MHz. Fig. 3 shows a

standing wave pattern. The standing wave peaksx— and y— directions.
The quartz plate itself is 2.54 cm x 2.54 cm are 0.12 lOis apart and have a bandwidth of 40 Khz.

x 0.635 cm thick. A calculation of the optical By pulse delay experiments i t can be shown that
the wave velocity is indeedRayleigh range

ad 2 2t
(‘4)Z

R
._ .r__2 .77 cm (11) V T

where d is the width of the sampling apertures where I is the crystal size (.0254 m) and t is the
round trip trsnsit time of the pulse (8,4 x(149 ~m/2) shows that the image remains well

sampled throughout the optical path within the io 6 
sac) giving a velocity of 6047 m/sec, very

0.635 cm thick plate, close to the published longitudinal velocity.
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It is of interest that , in accordance with Conclusions
(7). no linear terms were observed. Wi th in  the We have verified the two—dimensional pseudo
bandwidth of the detector (50 MHz), the only sig— beam steering effect by quantitative experiments
nals found were the difference frequencies. No in which Fourier spectra of a variety of images
signals at 40 MHz were seen, were obtained. We,measured spatial frequencies

and tracked them during rotation experiments over
Bar Pattern Experiment a full 360’.

The simples t image for which one can calcu— Future improvements include further attempts
late and observe the Fourier transform is a bar to produce a travelling wave system by more effec—
pattern of light and dark stripes. If we consid— tive sand bla st ing and through the addi t ion of
er that the wavelength is given by the distance absorbing materials on the edges opposite the

__________________

from the center of one light band to the center transducers.
of the next light band , then the frequency is
given by Bibliography

V
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B I 3.64 x 1O”3m I 1.634 MHz Opt ical Images ,” IEEE Proceedings, Vol. 62,

C I 6,20 x 10
3
m I .961 MHz 

pp. 1072—1087 , Aug. 1974

6. S.T. Kowel , P.C. K ornre ich , 0. Lewis , A. Gupt&
In ~‘ig. 4 the circles represent the theoretical and al. 7.at:ada, “Progress on Two—Dimensional
calc ulated value of t\f when the image is rotated Direct Electronic Fourier Transform (DEFT)
about 360’. The crosses represent data taken at Dev ices ,” 1974 Ul trasonics Svnuposium Proceed—
several selected angles for each spatial pattern. 

~~~~~~~~~ pp. 763—767.

Circular Pattern 7. S.T. Kowel, P.C. Kornre ich , A. Mahapa t ra ,
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by choosing b — 0.5 cm and a 0,16 cm a calcula t-
ed minima for the transform is at 0.95 MHz in the
radial direc tion from the center of the sampled

apace. In Fig. 6, the solid circle represents
the calculated transform and the crosses are the
data pointS. The signal amplitude is very small
and only a few ORm above the sipnal associated with
the sinc function lobes of the aperture response.
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lite Sub)ect oispuuous surface wave generation in layered (fXo’f~ 
+ Af~/2). There is one spurious de peak to the right - .

SAW devices has received considerable attention in the litera. of the main de peak which may produce some undesirable ef•
tuze. It has been shown by Faniell and Adler (41, that the fects. But the other two spurious dc peaks are outside the
presence of layers on isotropic or piczoek’ctri~ substrates will scanned frequency space. It is true that this design permits
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APPENDIX VIII.

NO—DIMENSIONAL PHOTOACOUSTIC IMAGE PROCESSING
WITH LONGITUDINAL WAVES
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Slo t ,‘ri .,r to - ‘tb r- ~ io~ , osed t iClIl l 
~ 
‘U.S. for acco m— ~ ~

I l 2 1 2 l . l S - ~’. tW . — I i I l , 21. . I$ 110 1 : l l ’ 1 1 2 . For x .1 ’ ~ ~~ 101x ,’, )  ~ I(x ,’i) sin ’ - —  ( 2 1
tIll’ -001 ii.o L i ’  III I~ii~ t .0 ‘0. 2 5 1  ~ IV. from non—
1111- - o r  r xi III’ .11 -5.115 1 - 1-- - ~ 5h2 . h smaller j o t  where I is the li0tht i t  ‘ r i - i t , of o v image it sh5
loss c o n r r , t  I - I l 1- e f f - t , si n. ‘ - ‘ ° . - -~r o IIIII VIIVC.

w ave s  -1-o dlic- - 3 001 1 2, ’ l t d  11 1 I II i - ~2 11 l” 1 1l t h ~ 
p- - - lat ionsh h -f  5 2 2  is phase d I I I ‘ 1 1 1 1 0 .  to

mixed w .v.- , th.- strain is

2i_ .l~Il.t --2 Ii B,- -or- ’ o t . . ,lr lIhi ~.~~~ S t Oh i r e t I ’i fl~~5f lt  ~ 
~~~~~~~~ ~ 

( 3)

~5r I r’ -2 - i u; ~~- 1  w~~tl. th ~oI ir- li- in— S r - ~ is ~1 C . lO iS t i l i l  d 0 0 1 2 1 1 ~ 5 ~he e la s to —
‘ . 111 I ishI ‘. liv. - .I i 1 i,’ SI1.  1 2 , - l - 2 --
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-
~~
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‘ ‘ - ‘ ‘ - -  
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~
.) + . . .3, (oo )

stratj- used in the oi : se~ - - _~~ - . t’r,tortunat il y ,
w hi le ;o’ r1~ - changes in w I - I l- ’ - li 1~ht t ransmittance Keeping only til, first I ris y ields
were cC-;s ’I -~- : , no SUOCI sS f h , t  — .ur erl ens - ;  - f
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he blocked b-- - ‘ o r -f - _ :t a , ~ol ;r- r0 05 sb- s,’iurlsers normally would have to 1-.- considered is pre sumably
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~ k y  + ~ ) i . (6)
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produced by LiNhC

3 
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2 J 1 (  cos ik • r - ~~~~~ r
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t he posit l v i  s— d i r , ’ C t lOS .20 1 one in the n’g IT iv- 
— 

- -

- — 3 iro-ot l’ s .  T ‘train in r h -  i’ . - gion 2Sf t I,  r x~ + v~~,
- 1u Ir t r-  -;Ui- -_; I I ’  It ‘Is-i- ’ - 50th 1 ob;,’itudin al w ove ;
Srec-ago te is rh. 1 i n - o r  ill - r— : ‘-l it i i i  51 the two — is ,,
tr , iv- - 1  ling .20.111 W OVOS .  Oh - -s’ I o r - , it can be
ex preS. ;e i  - o- - and K is the res; -c : lsivit -0  ct the detector .

Thus , we observe a current proport ional to
- coo (k

1x—w 1
t) + 

~ ~ 
cos (k ,y+w t). (1) the K Fourier component of the ino id i -n t  o;’tical

X .  j nt,’nsi tv at the d i f fe rosos frequency of the tw o

- . - - transducers. By s-ar-~in1’ t he t ransducer  frequen—An image is rl’s ‘~ on the i” . ion of the - - 
- 

- 
- 

-- - - d e s  over their handwidt:i the s ’o~It i .2~ s - eotrum ofquarts where the tv. waves are 00,-s ni ’o-_ s-d . It , - --. the image can be obtained. Thus e las to h lret r in—
si- ,- be shown I -hi t we arI- working in t b ’  Raman- - . -

- . - pence provides a mechani;.n; for pseudo bearsNath region so that the light ro y ; remain ;-aral i’d . . .
- steering. This system behaves as if there were ainside the mater iso .  The :‘olarizer and analyzer . ‘ . —

-
. 

- 
- travelling disturbance with wavevector k andare cros s’;] to sass minirlum amount of licht- - . . frequency f~w , when in fact there is merely awhen no electrical -;ignol is applied to th. - 

- . . .  . - —- quas i—sta t ionary  variat ion in optical refract ivetransducers . . . .
- - - index. Notice that even if the full expansion ofDue to the st ra ir l— in .IUO. -d blrefr ihIg. - I lce ,

each ray of light splits into two orthogonally - 6
polarized rays which travel inside the mat,’riai -in is used in ( 8 ) , the component of current at

with different phase veloc it  loll . Let th~’ ‘11.250 tb ’ difference temporal frequency and sum wave—
difference -e~ w.~r~il the Iwo r ays ,of t . ’r they ‘x it  vector is still proportional to the Fourier
the material be 6. Then t b -  i I I ro-11- o i ty  of the transform of the opt ica l  image.
light I~ it the d ,-t - --t or in Fig. 1 is given by - Consider a fused quartz li ght valve with a J
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high sensitivity detector. sampled throughout the optical path withi n the
Ap;~roximate value ; (7) are l.f3 ’ cm thicK plate.

Thus the intensity pattern exiting the valve
R ~0 milliamps/watt sandwich (7) has only low frequency variation.

Assuming a 20% acoustic bandwidth , the Rayleign
ra 1. h,~ o 1 0s f ”  wi l l  bo- at lea..t one meter ,

A 3.63 x l0 6
m 

~~ 
= m IL/lw)2 

= 2 . 78 m . (9)

L 0 .63  cm .631110

p 11 0 l5
I
~
l0) Placement of an extended detector within one

meter from the Valve wi ll iI,sure proper operation
V V l0~~ 

including “local’ ;l,- ’’o-tion of  intensity and
‘~x1 

iyl ,
~~‘&t is l  in tegrati l; .

The area of t b -  v a l v , - (and 10t . ’ t ‘ri i-s approxi— I si ~is,’nt ~1 Results

mately 6 cr15 . Substitution 1st’ ( 7 )  y i~ ids i ir’ Four thin trans3u~ .-i-s w i th  w i s p -  ar und
the current magnitude for the 0 component elo-ct i -  l,,~ we re surchased and bonded to th,

approximately 0.16 l 3~~ Irss.,r,’- . 
quartz plate. A f t e r  t .  sing , two were removed

Since t ’- -’ d.’ t c o t ’ r has i i irk oui’rent of lOpA, 
and tOo;- ,’ contiguous plate edges sand blasted in

conponents c i  t ie Fourier t rac tors , four or-des , of order to produce travelling acoustic waves rather

magnitude tv- low th.- K K - = 0 component could than standing waves. 
- 
The placement of the trans-

1 - ducers is shown in Fog . 2.
theoretically be t , t - ‘t’- 1. Since all imso;.’ Inten-
sities have transforms whic h go down as 1/k for
large k , each order of magnitude corresponds to a
decade of spatial fr ’queilcv h~ndwi~tt h . This de— S INPUT
Tronstrates one imperIal-_ I ,I I V OIh t ig” of tIll’ light (

U

valve over t l’ie e lastophotococ’ iuot ive devices . By , “
\

using a Ices-; low dark signal J e t - I t .  5 01 a s. ; ,1r— LINho ~ - ~~~~~~~ I
ate en t i t y ,  a far g reat ’ s spatia l  bandwidth can TRANSDUCERS / ~~~~~~~~~~~~~~~~~~~
be obtained. This 11,0 I- t f C c t s  ~,-v , ’r ,o1 ot i . -r ad— W iT H METAL FILU

N ~~~~~~vant ig~- . The tIllS s u m  l,’v oc, - - ;  suffer from T W O S U R F A C E S  
~
_.

~
- “ - ‘ -

r5t ls- -r long s - iso lit,- an d  fall tim ., I o~ -i ’ oximately ~
‘-

~~~ ~~~~~~~-‘~~
‘ L~i -

1 ms) due to carrier ,‘ t t e c t . ;, thu.; limiting their \~ ~~ ~~~~~ ‘- ‘~~‘

temporal ba ndw id th .  In ~r , o o t ic,- , this limits -
~~~~~ 1~ h ,’,

- - - / 
~~
‘ - - ‘.~ 

.~ SUlFAtEIto-ri to use w i t h  ill,Ig.’s w h oo .s  do not change s ig— / H r - -t ~~
“
~ 7SANOBiAS 1EO

nificantly in less than a few milliseconds. The 7 ~o-~ ~ 
, ° ‘ ‘ 1 4  7

only tise l imitat ionS on th~ ligh t valv-’ sy- tem / 1 1 ~~‘ ~~~~~~~~ 
1 /

are caused by the detector since tile valve re— / p - O ’ l  /
sponds in’~tai tsneou;; lv to the 11 lit. ,.- t - ,-S/o-o C-’

The calculat ions osl I - ‘ , I it lI t ,-S Ii’,WI ’ do not I 
- I 

~4i~ ~~~include one importI l i t  son -tra int in the l,-,;ign * INPUT 
~~ 

-

of the svs to ’ m.  Th- - t r In to C’s,  se lec t - ’,] have 0 ’ CSROMISM FUSE D QUARTZ
fundamental frequenci~’s of s~ Mb . - w i t h band- SAvPLISG
widths expected to be 15%. In order to perform GR I D
baseband Fourier imaging (around k = 0, as indi-
cated In (7), it is necessary to put the riS ’ l c  1
signal, 1(r) , on a spatial carrier whose radian
spatial frequency equals the spatial ia’equ -ilc ’,- ‘t Fig. 2. The “li ght valve” w i th  LiNhO 1 t rans—

- [8) - ducers and satl;’iing grid. -

the 4 0 MHz a c o u s t u-  wave • Ot herwin,- , the
values of Ik i  will be so large that l i t t le infer— Th~ d.’vi.-e is mounted in a so ld’ s wi th RN,’
cation will be obtained mince the acoust ic  system - . - . -- . - connectono~ to  fac i l i ta te  the s if n I ;  input to  tli’is centered at high spatial ir~’qU ’ - i1  i ; .  The
. - . . transducers.image is placed on a c arr ier by a s Impling mask - -

- - On one of the ;qu or~’ face,, a ;ampl_ng grid
af~~-,x’ - l  to to,- v o l v o - . For a v- - lo;itv of 5Of.5 m/s ‘ - 

-
was placed to s ti l t  the ‘,-l; t, ’s - ‘I the Fourier

at 40 MHz , t b -  wave length is ,l 1 iom ill both the space frc-r’ s,-ro t f r 35 .3 i’]i: and 1 ~“- .3x- and y- directions. x V
The quartz plat - - it - ;e l f  i’ 2 . 5 4  cm ~ 2. “°o cm which is in the c -nt - -n ’ ‘I the i- is loc id th  Ct the

0.635 cm thick. A calculation of the ‘; t i ’ o l  transducer l . The sampl ing eii ,1 dimensions are
Rayleigh range 1 cm ~ 1 cm .

2 
The input light W.i’i from a lb mW HeNe laser

— 
rid 

— , 
~
- with a t ‘1 . - sq is expander li t e l  t1’ give a

— 
~~~~ 

- . . cm ( 8 )  1’,-an’s diameter of 1.il ‘5 maximum at tin- dcvi’ ,
The polaricers w,-r- ’ s. i such sh i . t I , , -  was a

where d is the width of tb - sampling apcrtua-es minimum of light transmitted when no signal was
(lug um/s) shows that tho- i rsag . - remain-; w,- 11 applied to S Is’ tn’ ,e oluser;- . The output was
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,1~- t ” c t e - i by ~n ~i/; 055  toon .’muls ;l l l i -r  ioU the f rom th is  data .agr’- ,.- - _ ; w , -l l  w i th the value recorded
,sut:’ut was ,ii;-1 l o s e . I  on a 0- - x t r- i ’nix 5; ,- , :tns is ;  in S t ;- . li t’-r,ot ;sre .
analyzer- . Tt~i s .irr- .ali g -ln~- ns t  ill 1;hc-w s t o F: g . 1,

_i sli . i _ _ _ I
I / t as t i n g  io av,’l;

- ;pat ia i  v =
Vnhon- t;ir.:ato’iy, t: - ’ -o~~i :t 1. l a : t isg w,o - S~~t ~~~~~~~ 

(mlsec)
very o-~ f,’~ ti’ ;- ’ ~ed a - t n - -cog pat t - n - i l  of d i- ;5 r’ - t ’ r , 

—
e ’ stlly spaced :t- .’.;u- ’ i - _ - i , , s  w a s  . t . - t - - c t , -d. Tin . - ,- 3 1 .78 1) ~ - 3. aO M ]-s~ i - - s .-
t b -  valve w.o ~iO i ; ttg can.: 35, 5 I .1 0- U ,oc —s~’.- — 

—
i ’- r ,g t t- ,  no ~ 0— t P ’ t ,-~, : i _ ’:;al nod-- , - ‘‘ .-r . - t -rts - - - t  - P~~’ 3 1 s  l_ ; 1. 1 _Il MI- I :-
to o,a~~h trat o : , - s . Thu St t n - . v.,st’’c - I  o . - 

—

I 
of 1 

C I 20 l b r , 3

Carl . - o s i k - . l c o i a t , - I b y  It. Fig. 3 sr,, O i l - c l -  - - i . . n - - s - n t  tI,s :t, ” .: t - ’ t i - :-,l
t ‘ ‘i l-s, o f . f  w Y - - i ;  t l;,- ISa p’ .’ iS

(1 - ) 
,;i ’ut Jf0)°~ )t . e’ ’r,- .;~;,- . r,-nres,-r,t l it ,, taken at

u - - s-s)  ;elect’- t si:g T- - e t or each ~ti ,i l : at tern .

where v is I?;, vs . 5 i t’,- ( h’i~ r i/ s - - c )  an -I .1 i.; the
beam d i a met e r  ( . 1)5 ri in thi c . i s - - ) . giving lIe

ignal bandwidth as 1. 2 Mhz. T t ; - o t o n d i o g  wave
p ai, s are T . I) MIl: o os ’ ,os ;d h lv- - , h-3s;otv i t t : -s t

oW tl.i t I v V , t I ~~i ; .
~ 

- - 
~~ t-

(11) / 
.~/ 1’ ~~~~ - 54OO~IM~ RADIU S

~~~~~~~~ ~~~~: ~~~~~~ 1 (  
‘

~~

1) -ce o)  g.l VtI:$ I v ” - l c c O t ’ ?  ct  b/ - i .- 57- C~ V’’i 2 
~—:;~ ~ IT 

~~~~~ 
.10 42

band~~ d t ho~~ tse J 

li t :u~ 

, -

nals  found w ,- r - -  11:-c d i f t e r - ’ r - ’ :-- f r- ’- ;soo -n - ’ ies.  N -

signals at LaO MH Z ::~‘0 me::.

T b-’ ir.;- lect  im- Ige for whi :1’. one ~,ot: calcu—
,lte and observe the Fourier  Iro n  I-S iS -I i - it -

patt ern of right and dark stripes. if we
er that tb’ wavel .’no t - _  is g i v e n  t ’ .~ the ti s t a n c e  

11 3. The Fouri,-t- tn  in,.form of several differ—
from t i  centt r of r i, band m t  -o r o t rn The c Itlal wave 1er~ th
of the next lig ht P310,1 , then t b -  t r - - ; us ::- ” is ,-orrl’s po nd l s g ,  to the Fourier frequenciesgiven by ,re a) \ t’. 2/ mm and If ;‘.96l MHz;

b ) A 3,p io mm and Eaf l.~ 3La Mhz and
(12) 

c) A 1.03 mm and .\f 3. 4/ MH z .

1~ ~~Ii’cU i,il’ F,

where v and A 
, 

tn.’ ; c - U t o  W.IV,, ;-aFa netei’s Fig. 4 000w;; .1 OiVO U P-ti’ l eo -S or - - who se

The actua l frequency ne,r-sor. ’d in th ’-t; 33 .3 MH z curler transform is g ivers  hr

± ~f.  The direction of it t rom tb.  ,-ent~’r Is ti:
direction of a vector perpendicular t.i the P-or’ ~(~ ) ~~ f ,t t (r .h~)ex:-(-jk 

. r)d ’ r
pattern stripes. Thus one can rotate S I;,,. iit ogos , ~~~ .ar,-.a
follow the sign.al by chang ing the two t r e 4 ’ a o .’ roc ies l , (13) —

and transcribe a circle in rour ier -: :- ,l;-’- , Three i l’~~n’~different bar patterns or s pa t i a l  periodic imago ’:; f ( r .0)
were tried , and the longitudinal velocIty of o o ’th,’n-w i’ ; ,’
sound in the crystal is given am ,-10i)
Table I gives the wavelength and Fourier frequency
for the patterns tried . Notice that t b-  long i-
tudinal wave velocity in fused quartz calculated

I.
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wh ich then ~t i ye, ; 0~Ci0 , I us l o l l - .

- W~ have v,- a- i I 1 , - I Ii, ’ two—d lm o-tos ;ionnal -s lidos

b~
_ T

1
(kb) i ’J

1
k a )  be a m  s ; t o ’ ,- n ’ i I t g ‘I t o t  by q I a ; I n o t i t . o t i v ’ - ‘-x; ‘ - r im- - r o t , .

n i h )  r — (ILa ) in w l a i o ’Io Foua-h-r - ; ; ‘ ‘ c t n ’ ,a ,‘I -~ v - u i - - t v ‘I insi a g.-- .
kh  K,i We ra’ ‘ i - l . a  i nr, ’,l . W, - n nII- ,a ,; Ia n- ’’I (‘at - a l  I n- ,- lu - i ;0  1- ’ ,

and I n a , ’II’d I tn,.-m dur i no g n- ,-S Ii cit o’n< ; s- n - i n te r n S  - ‘ ‘v -t-
hy choosing b U 0, 5 cm and .a 0. Ia . cut a c a lou tat — a f u l l  3cC°.
ed minima for the transform i s ; u 0. ‘oS MIls inn the Future irs1 ; -n - .’v~- osI ~~i on - - lo t ~ i tide t urthl-r It t e m p t s
radial di n ’ -,- t i _ -no from tb ’ cen te r  - —I n Ii- :;~amp 1,’ ,i t o ’ no ,  I to , - - a tasaVe LI log way tom 1’;’ rio - n ’ ~- ’ - I I , - . —
k space. In  F i g. 5, to ’ — ; ‘ I i,i oc i  n ’ ’  I ’ -  r- . ’pro ;;o - i o t S  I iv .’ : : - a i o , t  i- Ijs : t  ing ‘an,l I hi ‘ to ~’ll th’ ’ .iddj (ion ‘‘1
the calculated t r ,a n’ ;t  - .- nn I  _ an n , I  t i ; , - I-n’cs ;I ; I -I ; .iO ,’ (Ii, - oI-- ,’ n ’i- I l o t  n i . o t , - r - i . o l - . c r0 t i e  - - - t ~’, ’-s; “I’I’” ’ i t - -  the
data poin ts. The igio l I amp Ii tud” in v.-ry m il l  I n - a s s  ii Il - I - n - , ;.

and only a few Ohm ai’ ,,v,- t Ii - ’ 0i1- no,I I ss ; -o~’ i , a t o d
w i t h  the s ine  function 1, ’!.’ - , 5 t I ; - - o ~I’ n’ t ilt S (‘ii 1 i,’gn’ ,~ l y
re S~~Oit so

1. ‘.11 , I - - i l , ‘‘loI, i - ’l- .ot ; ’ I ~I s o I . t . ._ i—W . oV .  ‘ \ o o ’u;;t ,’.’; ti
On I’ ll 1 ’ v i ,  anod A - ; -  I i c.,t i . n o - - , ” ‘~ ‘ ‘ . l j t  n - a —
- ‘II 1. ’ - , I - v , s , ~ - , ‘ -  - ion’ , ‘n- . ’, , !  ii; ~~’ , 

~
‘(  . i . o ’— 2- .

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

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

~~~I i
’

~~lt’~~~~~~~~~

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

J 

\ u u  

~~~~~~~~~~~~~ 
1 : a T l n  n i t

I- . S. ’I’ . kow, ’ 1 , I’ . ot . k,~n ’ rra - ,— I o t t , 0. 1- ewi,;, A. ;Nq t  0,
.111,1 R. .‘ o w t ,h o , ‘‘l’ i , ’,t 0 - , - ;,; nt ‘F w n — D i m , ’n s i , ’n. a 1
Iii n , ’, - t II l,’,- t  a’ ,’iO so Four io -r ‘ Fr_ anrso t oaa ’m ([‘FF1 )

Fig. Ii , The ,‘i r,-Io I o n- ho I- - image - W i t  to  inner !1OV i - os ,’’ I - I SO I ’ l l  05151 0 I os ;  t ’.v nq’os; I o an r I’roc,’ed—
r,i,litan - a a n t  ‘ i t t - n -  r ,a d ioo ,o I’ . :1, ’ - , , pp . ‘ i t -  I— / i  ‘ .

- . S.T. (v’w,~l , ‘ . 1 . I,,’n’rn ’- - It , A .  M ,alo.a ;’atn—a ,
(0. I ’stm. - n- , ‘1. ±1—t , t , —r , i t t - i I’ . Ii- , K , ‘‘T b’ ’ I t o ’

• Irn_ ig i i o ,’ i ’,’ttu’ ,’Iu’ ’r ,’’ _I ‘ I  ‘ ‘

~ 1 0 ( 5  a- ,e- ’ , ’it i, - ;  :: yrsj . ,.,; b u s t

t O , P .o. I’,,’n iin’ ,’ ic-h , - .1. K - v - I , I-..W . L~ tu ,
A. M ah .Ipot s_i • M . M l ;  t n , .an to l  0 , ttmm, -a-
‘‘Itt _ -ag I 03 W i t h. ;o, R a n 1,—i’ l’ ’,a nni i t o , - ’’ l i t  I ‘ii II ,,; .

39 III LI1 ’ , t n e r o  I’ o v i , - . - , ; , 5’ I’,’ t o l l ;

‘1~ 1. . 1. hew, I , I’ .01 . h,’rnr’,- loc h , A. M olo a :- .a t ri ,

1 ~ om

m

n

b
o~~ :~~~~~~

t
~~~~~

1 

~LI

— 
‘N MHz RADIUS I; ’ . (l .A .  Fi~ tn,’w , ‘‘I t o -  - t , , ;  h a l ±t, t ’s l ’ l. a l s o ,’’

~ o ’ It a ; - t - a -  I ‘ I n’olii l iii 1 1 . 1, ,‘ I I . e - - n ’ , . , R ._ t . 

37 I ,-; , I 1. , ‘Fit. ’ ,‘ts-s t i - - i i  I/ o t t  1,—v a ’ 1_ ant i,
Oh i — i , I ’ l l

F ,o - .‘, ‘ a e l - i ’m el to , ’ ci a o ’Ia I I t ’

— . ‘— , ,,, ‘ne t ist , t ~
- r ‘.0 rir ’o .
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APPENDIX IX. 
-
‘IMAGE FEATURE ANALYSIS USING DEFT SENSORS

AIAA/NASA Conference on “Smart” SensorsHampton, Va /Nov. 14—16, 1978
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IMAGE FEATURE ANALYSIS USING D1lI’T SLN SORS

S.T. Kowel, P.G. Kornreich , A. Mahapatra, N. Mehter , and T. Szebenyi

Department of Electrical and Computer Engineering , Syracuse University
Syracuse , New York 13210

Abstract

The DEFT sensor makes use of a photoconducting Two interdi gital transducers , each parallel to
film deposited on a piezoelectric substrate. Two one of two orthogonal edges of the square sensor,
orthogonally directed surface acoustic transducers are used fo r  the generation of surface acoustic
modulate the image—induced charges, creating an waves. The sensor area is overlayed by a thin
electronic signal of the general form polymer insulating film after the Contacts are

fabricated. An array of aluminum film squares
1(t) If I(x , y)f1

(x ± v
1
t)f

2
(y ± v 2t)dxdy deposited on the polymer film form a monolithic

shadow mask. This shadow mask provides the sam-
pling of the image in the x—direction . The image

where 1(t) is a current detected by interdig ital
contacts laid over the film , l (x , y) is the image is samp led in the y-dIrection by the interdigital

contact pattern.intensity, and f 1
( t )  and f

2
(t) are electronic 

Our previous devices had an externally
signals used to generate the acoustic waves, 

mounted shadow mask 
{3,51 Since the mask was

When f
1
(t) and f

2
(t) are sinusoids , itt) re~re spaced about 50 pm from the device , imaging with

sents the two—dimensional Fourier transform of the a lens was difficult . The light rays incident at
image in tensity. Thus the sensors are called an angle other than 90° to the plane of the device
Direct Electronic Fourier Tfansform devices would undercut the shadow mask.
(DEFT). The present monolithic device eliminates this

Since the Fourier transform is available , difficulty.
realtime processing functions can be performed,
such as feature tracking and focussing.

1. Introduction

We have succeeded recently in fabricating I—nt
monolithic direct electronic Fourier transform
(DE FT ) imag ing sensors. We present here the
results of tests conducted with those devices.

0~~~~We also presen t contrast and Fourier space raster
scan data previously not reported. In previous

(1,2,3,4,5]
publications - we have reported data
taken wi th devices having an externally møunted
sampling grid , rather than the present monolithic
sampling mask.

A DEFT device is an electu-onic image sensor. ,,~ ,, q1L~—fluThe output of the device is a sinusoidal ele -tri-
cal current. The amplitude of the current 13 _____

proportional to the amplitude of the Fourie’-
transform components of the two—dimelisional image ,
and the phase of the current is proportional to
the phase of the Fourier transføran components
of the image .

One embodiment of the device is shown in Fig. 1. Photoconducting DEFT sensor mounted in aFig. 1. The image sensor consists of a double header. Note the image sampling ar-range-
layered CdS film (6] deposited on a s-cu t LiMbO

3 
ment shown In the lower right corner.

substrate . The metal contacts , consisting of an
Al/In film sandwich in the form of an Interdlgi tal  2. Device Operation
pattern , are deposited onto the CdS film . This
pattern permits the collection of the total The DEFT device derives an electrical signalphotocurrent over the ares of the CdS film, 

representative of Fourier components by modulating
Xnditmi is used as the contact material. It is our the photo—generated electrons with electric fields
experience that it makes ohmic contact to CdS and associated with the traveling surface acousticalum inum provides better longitudinal conduction , 

waves in the LiNbO3 substrate. This modulation,

C Aside. . I~~dsuI. .1 Asiul.SSe,
Aii,.a..dn, I.... 151$. AN h iM. ,sin, ~.

- - - —
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as demonstrated by N. Luukkala 
(7)

, E.S. Kohn 
(81

, Each transducer is tuned by a series
11,9] . inductance to match its impedance to the impedanceand by us is proportional to the square of 

of the driving source. The transducer that gener—the SAW electric field E. A detailed description ates the x—propagating acoustic wave is driven byof the tensor nature of electrophotoconductivity 
a H.P. 860lA sweep oscillator. The input voltage

is given elsewhere We have shown that the to this transducer is swept in a continuous
deposited contacts detect a current proportional fashion in frequency over the bandwidth of the

transducer centered at the center frequency ofto
the transducer.

i( t ) ~ fi’ dxdy E~ (x ,y , t ) I ( x ,y) (2.1) The other transducer is driven by a H.P.
3200A VHF oscillator. The frequency of the volt-
age applied to the transducer generating thewhere I(x,y) is the image intensity , x and Y are v—propagating wave could , thus, only be changedthe coordinates on the film, and E is the elec-

z manually. This arrangement results in raster
tric field perpendicular to the plane. scanning of Fourier space.

Since, The incoming light is imaged on the device
by means of a 50 mm focal length f/l.8 lens. The

£ £ Cos(u t — k
1x) 

t E
2 
Cos(w

2
t — k

2
x) image is either front or back projected onto a

z lz 1
screen facing the DEFT camera. A slide projector

(2.2)
is used to display the image on the screen.

Oscilloscope pictures as shown in Figs. 2where E , w1, k1 refer to the x—directed wave and 3 are generated by selecting a frequency forlz
and £

15
, w2, k2 refer to the y—directed wave , the y—transducer driving voltages and sweeping

the frequency of the voltage applied to the x-
£2 contains a terms of the form transducer about 100 times per second. The
Z 

horizontal deflection of the oscilloscope is con—
trolled by a saw—tooth voltage output of the

£
2
id 

E
15
E
25
Cos[(w

1 
-w

2
)t — (k

1
x i- k

2
y)] sweep generator. The amplitude of this saw—tooth

voltage is proportional to the frequency of the
voltage applied to the x—transducer . Thus, the 4£ E Cos[(w - w

2
)t — ‘ 

~ J (2.3) horizontal axis in these pictures is the x—fre—lz 2z 1
quency f • The peak detected output voltage of

IUsing this in Equation 2.1 gives, signal amplifier is applied to the vertical input
of the oscilloscope.

1( t ) / d2 I(~~) CoS((u)1 - w2)t - A Polaroid picture is taken of this
(2.4) oscilloscope trace,

Next, the y-transducer driving frequency is
Thus, the component of the current at the differ— set to a new value , the oscilloscope trace is
ence frequency (w 1 — w2) is indeed proportional moved up. The same Polaroid picture is exposed
to the Fourier transform of the function I(~~) 

again to the resulting oscilloscope trace.
These steps are repeated until the desiredBy varying the frequencies w

1 
and ui

2 
one can vary 

range of y-frequencies, f is obtained.
y
,

and probe different regions of Fourier space. The contrast measurements were obtained
Since the transducers have a finite bandwidth without the peak detector. The peak detector
they are only able to sweep a region of frequency- tends to clip the lower portion of the signal.
space centered around their center frequencies.
However, all optical images have their Fourier
spectrums centered around base-band. In order to 4. Transforms of Test Patterns
shift this information from base-band to the
region scanned by the transducers the image has In this section we present data to show thatto be sampled. This sampling is done in the the sensor is indeed capable of generating two—
x—dlrection by the metal contact lines and in the 

dimensional optical images. Consider the responsey-direction by an array of aluminum squares as 
of the sensor to uniform light illustrated in

explained earlier. The region of Fourier space Fig. 2. In this figure f is kept fixed at
scanned by the transducers we call the reduced Y

29,6 MHz while f is swept from 27 MHz to 30 MHz.Fourier- space. x
The peak at the center is just the main lobe of
the sinc function which is the Fourier transform

3. Experimental Arrangement of such a pattern. Furthermore, if the aperture
of the sensor is L, one expects the width of theThe device and its associated signal main lobe of the sinc function in frequency space

detecting circuitry is mounted in a camera box.
A low pass filter with a cutoff frequency of 6MHz to be &a ~ , where v is the velocity of the
and providing an attenuation of 80 db at 30 MHz is surface acoustic waves. Using L 12.7 mm and
used for the detection of the difference frequency v = 3820 rn/s we expect tae to be 300 kHz. From
component. The characteristic impedance of the Fig. 2 the width of the main lobe is indeed offilter is 15 Ohms which matches the input imped- this order of magnitude.
ence of the broad band current—sensing amplifier. Consider next the signal for a periodic bar
A low input impedance is required of the device pattern consisting of ligh t and dark lines paral—shunt capacitance (325pF). Id to the y axis. The Fourier transform of suchFor some experiments , a peak detector is used a pattern should show a peak at the Center of the
at the output of the amplifier. reduced Fourier space plum two peaks on the

2 1
- ~~~~~~ -~~~~~
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imag ing a periodic grid pattern on a sensor and
- monitoring the fundamental Fourier frequency of

this pattern. The object was placed at a distance
of 0.9 m from the lens. The magnitude of the
s ignal was noted as the lens was focussed through
this distance, The experiment was repeated at
different f-stops and the results are illustrated
in Fig. 4. As expected , the camera is more sensi-
t ive to focus at smaller f—stops; that is, at
larger apertures.

Fig. 2. T~ n i u~~~ ot ts~ f o r  

~:

ax is located equ~~I i   r- -~ : :‘~- - - ~~t ~ul -oa k . ~ o. 1/ \\6I
..2.

This is ex a c t l -  wh i t w- - 1 - - - r v -  us i L t ~-~ ted 
~ tf

in Fig. 3. The tw. ;- ~~~~~ 
4 t - P  from 

~ II
the central ;-t~ ik by h- - -~ u l i f f - - r y n c e  of -

t~f ±0.8 MHz. T hi  ~- : 1 - - P  w~~th t~ s- sor iodic i ty
of the pattern , A ~~~~~~ rn-j , ~-~~ is a surf ace Xe -

wave veloc ity of
03

v -~ ~ - O0 r f l / -~
0

This agrees well with t b - v - 1 :it of surface
waves recorded in tue li~~~r-iture icr the crystal—
cut we used.

-~~~ 6 -7 -• .9 4.0 4 2  4 .5 2 3 9 400
FOCAL OISTA NC( IN M ETCA S

‘I

- - - Fig. 44, Results of focus detection experiments.
- The object is kept at a distance of 0.9 me.

The f—stop for- each curve is specified
by f .

- - 6. Motion Detection

- -~~ The use of our camera for motion detection
utilizes the spatial shifting theorem of Fourier
transforms. This theorem states that a pure
translation of a picture in real space leaves the
magnitude of Fourier components unchanged but
alters their phase by an amount proportional to
the magnitude of the translation . Therefore, by
monitoring the phase of a Fourier component one

- - . . can detect any motion of the picture. Indeed,
Fig. 3. The magnitude - f ’ h - -  output ;ignal w ith because of the device being a two—dimensional

the sent. -~r i I1umin~ ted i- -i -ì periodic bar
- - - Fourier transformer, one can also determine the

pattern cons ~ - t  - ‘ I  L- ~z . t m d  dark
- - direction of motion.lines p~ir-~~L~- l  ‘- - - t he  - - ixi - . To test this we again projected a periodic

- - grid pattern on the sensor and monitored the
These

rdi 
otht- r m u  ~r ~ .iti r~-; ort~-d 

phase of its fundamental Fourier component . The
elsewhere :us - - : - -  u. t -~~ ~uu- em or- is results are shown in Fig. 5. We see that the
capable of meas ur iu ), uu t it rfl~~, tw~ --ijmensi onal phase changes linearly and undergoes a 36D° shift
Fourier tranzfsrn~ - o ;tic~~’ H- p at 2.1 mm . This is exactly the periodic length

of the grid image on the sensor.
Though we do not demonstrate its use here,

5. 1 -~ u t- -~ - - [11]
we have developed elsewhere a simple algo—

- - rithe which yields the velocity as a function of
Th’~ focus I t -  ~~ -s - - e r , - ru t ~. - r I m- by t ime , of an object moving against a complicated

3

L ___ - - - 

-
_ _ _ _ _  _ _ _
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background. illumination of the device .
All measurements were made at constant

spacial frequency k
~ 

at a peak of the function
F(k ) . The measurements were made at a suff i—x
ciently high spacial frequency so that the
amplitude at k of the sinc function G(k ),x x

eoo -

be neglected. (See Fig. 2 for the extent of
~ 720 - - aperture sinc function.)l&I

In this case equation 7.1 reduces to

~ 600 -

0 i . F(k )C (7.2)z sig x

401
360 

associated with the aperture , was small enough to

where the contrast C is defined as

C (I  — IB
)
~

(1s ~ 
(7,3)

5

200 - We have measured the contrast response of thea,
device. The results of the measurements are
shown in Fig. 6. Indeed, the output of the
device is a linear function of the contrast C .

0 I 2 3 4
POSITION OF OBJECT IN mm

SI S I I NA L  ,VDUT U (uNt i l?
Fig. 5, Results of motion—detection experiments.

The straight line through the origin
shows the linear change of phase with
translation. The same information is
redrawn in the other two l ines to illu-
strate that the phase changes by 360°
for every translation of 2.1 mm.

7. Contrast Measurements

The contrast measurements were made with the ~ 1

aid of two slide projectors. Each projector was
equipped with a variable iris so that the light
intensity output could be varied. A pattern of
equally spaced alternate dark and light bars was Fig. 6. The contrast response of the device.
displayed on the screen by the use of one pro— As expected , the response is linear .
jector. The other projector was used to control
the background illumination of the screen. The
camera was placed to face the screen. The lens 8. Conclusion
was adjusted to focus the image, displayed on the
screen , onto the DEFT device. In this communication we have demonstrated

The experiment was conducted by varying both some of the capabilities of our new monolithic
background illumination and the light intensity DEFT sensor. We have overcome some of the diffi—
of the bar pattern in such a way as to keep the culties associated with the external sampling
total light of the image constant. A pattern was grid of our previous sensor. We are now able to
chosen in such a way that there was an equal image a light pattern by means of a highly con—
number of N of darker and brighter lines. The verging lens on the device. This was difficult
output of the device along the k axis can be to do with the external sampling grid.x

We have demonstrated the feasibility ofshown to be,
using this device for real-time processing

(I — I )F(k ) t i G(k ) functions such as focussing and feature tracking.
5 B x B X 

(7.1) We are now working on a sensor with muchisig I + I higher resolution and moderate low light levelB s capability . We also intend to operate the sensor

where I is the light intensity of the bright in a line scan mode . This line scan mode could
5 he especially useful for reading out infrared

lines , I~ is the background light intensity, sensitive diodes. We hope to extend our work to

F(k ) is a spacial frequency function exhibiting devices using infrared sensitive materials.
S

two symetric peaks along the k axis associated Acknowl-dgemen ts This work wa s supported by thex
with th. periodic bar apttern , and G(k

~~
) is a Nigh t Vision and Electrooptics Laboratory , Fort

Belvoir , Virginia.
sinc—like function associated with the average
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A PROGRA?L’t~.BLE , MUI,TX-FUNCTION PROC~SSO~I

Stephen 2’. Zowel , Philipp C. ~ornreich , A. M ahapatra , T. Szebenyi , A. MouhiDepartment of Electrical and Computer EngineeringC
Syracuse Univer sity
Syracuse , NY 13210

and
Samuel Craig

DEPT Laboratories , Inc, ’5
East Syracuse , NY 13057

Abstract

A new two—dimensional DEFT sensor (for Direct Electronic Fourier Transform) for multi—processing will be described. Operating at a center frequency of 100 MHz, it is capable ofresolving 1500 uniqu, spatial fourier image components in a random access mode. As aFourier transformer it can identify vector spatial frequencies, their amplitud, and phase.By suitable change of input functions, the device can be operated as a spatia l rasterscanfler , Hadaimard transformer, matrix tultiplier , or convolves .
The devic, achieves this flexi bility by virtue of producing the spatial lnt gral of theproduct of two electronic signals with an optical signal. -

- - — - 1, Introduction -

We have succeeded recently in fabricating monolithic direct electronic Fourier transform(L~!fr’) imaging sensors. We here preseflt the results of tests conducted with those devices.We also present Fourier space raster scan data previously not reported. - In previous publi-’cations (1,2,3,4,5) we have reported data taken with devices having an externally mounted- sampling mask (61 .
A D~F? device is an electronic image sensor. The output of the device is a sinusoidalelectrical current. The amplitude of the current is proportional to the amplitude of thePc..irier transform components of the two—dimensional image, and the phase of the current isproper-tional to the phase of the Fourier transform components of the image.
The device has three input portsi two electronic, one optical: and one electronic output.The optical input is usually considered stationary , while the electronic signals used toex-nit. th. surfac, waves are time-varying.
Such devices hay, considerable flexibility. By appropriate choice of the inputs , a largeclass of signal and optical processing functions can be performed. We shall describ, aprototype system, currently used to raster scan the two-dimensional spatial ‘ourier tra ns- .fern of the optical intensity . It could be expanded to provide direct video scanning , Had-amard transformation , etc.
As a signal processing device , it can be operated to obtain generalised matrix inner

products of digital signals.
Recently , an alternative structure *3*0 capable of two-dimensional processing has been

described (7J . It is based on a Si diode-array separated-medium surface-wave convolor, and
- - has been used to line scan images .

One embodiment of the device is shown-in Ti9. 1. The image sensor consists of a layered
CdS film deposited on a s-cut LiNbO3 substrate. The metal contacts , consisting of an Al/Infilm sandwich in the form of an interdigital pattern, are deposited Onto the CdS film.
This pattern permits the collection of the total photocurrent over the area of the CdS film.Ind,ium is used as the contact material. It is our experience that In makes ohmic contact -to cdS and aluminum provides better longitudinal conduction . Two interdigital transducers ,- }  each parallel to one of two orthogonal edges of the square scnsor , are used for the genera—
tion of surface acoustic waves. The sensor area is overlayed by a thin polymer insulatingL film after the contacts are fabricated. Put array of aluminum film squares deposited on the
polymer film form a monolithic shadow mask. This shadow mask provides the sampling of the
image in the x—direction . The image is sampled in the y—direction by the interdigital con-

-j tact pattern.
t Previous devices had an externally mounted shadow mask (3,5). Since the mask was spaced

abc~t SO ~m from the device , imag ing with a lens was difficult. The light rays incident at
an angle other than 9O~ to the plane of the device would undercut the shadow mask.

The present monolithic device eliminates this difficulty , as well as providing a stronger
n.chanical unit.

Research leading to this paper supported by U.S. Army Night Vision and El.ctrooptics•, Laboratory, rt. Belvoir, VA.
Work supported in par t by U.S. Army Engineer Topographic Laboratories, rt. Belvoir, VA.
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- 2. Device Cperation

The DEFT device derives an electrical signal representative of Fourier components by
modulating the photo-generated electrons with electric fields associated with the travelling
surface acoustic waves in the LiNbO3 substrate (61.

The interdigital contact pattern, in conjun:tion with the aluminum shadow mask , divides
the CdS film into an array of squares of photc~onductive mater ial.  Thus the contact pat-
tern also serves as part of a sampling grid that translates the image onto a high spacial
carrier frequency. This , as will become evident , is necessary since the transducers have a
limited bandwidth centered at a high temporal frequency .

The normal component E L of the electric fie~.d associated with the two acoustic waves
travelling at right angles to each other is

~ 
E,~c0s(w~t 

— k
~
x) + E~cos(w~t + icy ) 

- 
(2.1)

where e , k and E are the temporal and spacial angular frequencies, and the normal compo—
nent of XtheXelectr~c field associated with the SAW propagating in the x—direction, and u
k and E., are similar quantities associated with the y-propagating acoustic wave.
~
‘ conai~et a square of CdS film at the m,n position. The conductance of the inn ’th CdS

square is 2 -

— 
~L’mn + 9LEEJ.Imm - - 

(2.2)

where 1ma is the average light intensity incident on the mn ’th square of photoconducting
material, g~. is the ordinary photoconductance, 5~ E is the electrophotoconductance of a
square of CdS film, and E is the SAW electric field component normal to the plane of the
film. 4

The photocurrent i~~ in the urn CdS square due to a d.c. voltage V0 applied across thecontacts is
— . 

~~~ g~~V0. 
- (2,3)

As we have noted , the conductance-modulating electric field component E L associated with
• 

- the acoustic waves is in the form of two orthogonally travelling waves, Equation 2.1. The
modulation of the photoconductance, as expressed by Equation 2.2 is proportional to the
square of this field component. Therefore the photocurrent i will.- contain components
oscillating at various frequencies. The photo:urrent componel~ oscillating with the dif—

• ference frequency “x - W y is also a sinusoidal function of the vector sum of the wave vec-
tors k~ 

and Jc~ , of the individual surface acoustic waves -

k,~x + ~~~ (2.~~)

We have thus created a conductivity “wave ” propagating with a wave vector ~ which is thevectorial sum of the original SAW wave vectors . The SAW wave vectors kj are related to the
angular frequency w~ of the transducer driving voltages by a linear dispersion relation

ki Wj/V5 i x,y 
- 

(2.5)’

where v5 is the surface wave velocity under the CdS film, 3759 n/sec in -our case. By con-
trolling the frequencies of the transducer dri’;ing volt .ges we can “steer ” the conductivity
wave.

The circuit that detects the output current of the device is arranged , therefore, to
detect only signals oscillating at the difference frequency UX — W y . Thus , we are only in-
terested in the current component 

~sia 
oscillating at the difference frequency and the d.c.

component 
~d.c. ~Y substituting Equafions 2.1 and 2.2 into Equation 2.3 and summing allCdS squares we obtain for the two current compcnents of interest

2 2 r n N n — N  -

id ~ 
— t

~L 
+ (~~~/2) (E

~ 
+ E ))V ~ I (2.6)m=-~ n=— N mm —

and,
rn— N n—N

i 
~ 

— 2g~~E B V0 ~ ~~ 
X~~expi (k~ma + k ma) (2.7) -19 X~~ in--N m--N

where a is the spacial period of the CdS squares as shown in Fig. 1. Since the image is
— •ampled we can now define a reduced wave vector with components qj  Ci — x ,y)

— + (2n/a). (2 . 5 )

Substituting Equation 2.8 into Equation 2.7 brings the image back to “base band” in the re-
duced Fourier space, -

, 
-

-
- 

‘ 

- --H
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~~~~~ 
29LEEXEY

VO ::~ n:~~ 
T~~expi (g~ma + g~na). - (2.9)

The current sensing electronics keep the d.c. photocurrent constant rather than keeping the
d.c. voltage V0 constant. This nakes the output current less susceptible to ageing, temper-
ature, or other changes of the CfS filns . Solving Equation 2.6 for V0 and substituting theresult for V0 into Equation 2.9 ~e obtain for the signal

~=N -=N
i5. Ai~ I I~~expj (q~ma + q na) (2.10)

~~~~ rn--N r=-N

where -

A ‘ 2 (  E/9L x Ey~’~~ 
+ (g~~/2g~) (E~ + E~ ) )  (2.11)

and the avorage normalized light intensity I’ incident on the mn’tb CdS square is
iu N n=N

— ~~~~~ m=~~ n~1N 
~~~~~~~~~ 

- 
- 

(2.11)

Thus, the signal current i . ,  as shown in Equation 2.10 is proportional to the Fourier
transform of the normalized s~~~ led i-age I’ .

3. General Signal Processir~g

In order to understand the flexibility inherent in the DEFT sensor, we will describe the
Hadariard transform techniaue.

The Hadamard transform matrix T of a sampled image represented by a matrix I is given
by the following similarity transformation —

- (3.1)

where W is a matrix consisting of normalized Walsh functions ordered by sequency and alter—
mating in symmetry . We note that such a Walsh function matrix is equal to its own inverse.

Let us now compare the outp~~ of a DEFT device driven by circuits as shown in Fig. 2 tothe above Hadamard transfornatinn . The output signal current of a DEFT device at the tempor-
al radian sum frequency u1 + is given by

n—N m—N -

SIc. 
~•i~ 0 m~0 

ImmEX(t - ~~~E~ (t 
- x exp j (naq ~ + mbq3,) (2.2)

where B is a constant associatef with device geometry and material properties, I is the
light intensity of the sm’th irage point, 

~~ 
and q are the components of the re~flced wave

vector , a and b are the spacial periods in the x ~nd y direction respectively of the imagesampling grid , and Ex and E are the phasor electric fields associated with the travelling
acoustic waves. Eere v is ~he “elocity of the acoustic surface waves.

The phasors, Ex and E , must incorporate the forms of Walsh functions. This is achieved
by modulating the phase ~f the sinusoidal transducer driving voltages with Walsh functionsas shown schematically th Fig. 3.At one instant of time the electric field phasor B will be
in the form of the k’th Walsh function across the sensor in the x direction and the ~lectric
field ohasor B will be in the form of the £‘th Walsh function along the y direction. We
sample the out~ut of the device by means of the sampling gate at this instant of time to ob-tain the kt’th component of the Hadamard transform matrix T

n=~; ta—NT — i  A ‘ ~ I F~~E~~~— B l B  (3.3)
ki kL ,SIG n~ o ~~o ‘nfl x y —x — —y

where we have chosen the frequencies of the transducer driving voltages such that

— 0; q~ — 0 (3.4)

and E~
hi, E Lm are the instaneous values of the electric phasors E~ and E at the time thn

output si~~al is sampled. - kmWe see that Equations 3.1 and 3.3 are similar. Here E
~ 

is the k’th Walsh function with
it as the discrete special variable.

Thus the DEFT device can be used as a Hadamar~ inago transformer. Indeed it can be used
to point scan an image . -

For example, let 

--
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~~~~~ 
6(t —~~)

E
~ 6Ct — ~ + ~) (3.5)

then we can rewrite Equation ~2.7) as

1sig ~ Idxdy I(x ,v)E
~
(t — ~)Ey Ct ~ ~) (3.6)

yielding with Equation (3.5)

i519 (t )  — I(vt, vt — v~) (3.7)

so that the signal output is ~~oportional to the image intensity along a 45° diagonal line.
By changing the relative delay ~ between the impulses, any such line of the image can beaccessed.

The band width is limited by the lowest transducer driving frequency W- (i—i or 2) and the
band width of the transducer. It is usually the transducer bandwidth thai is the limiting
factor. As a spacial raster scanner , the spatial resolution is limited by the length of
the ‘impulse. ”

4. Programmed Operation

The large amount of data which is potentially available from the DEFT sensor (i.e. 1800
unique complex spatial freque—cy samples with the 100 tlHz device) warrants a capability for
automatic control of the sensor. To that end , we have developed an interface between a sits-
p1o 6800-based microcomputer system and a small image processing module containing a 30 MHz
DEFT sensor and a minimum of peripheral circuitry. Even this most basic system offers a
great deal of flexibility in probing the two-dimensional Fourier transform plane of an image
and processing the resulting data.

The computer/sensor interface consists of means for setting the frequencies of the two
surface-acoustic waves generated in the device, and for converting the amplitude of the re-
sulting output to digital for-~. For the first function , two digitally controlled f requency
synthesizers are connected to the computer. The synthesizers generate the two acoustic
drive signals for the sensor, so that any point in the spatial frequency plane can be exam-
m e d under program control.

To examine the entire two dimensional Fourier transform , the transducer frequencies can
be stepped sequentially in a raster scan fashion , and at each step, the detected output of
the sensor can be sampled and converted to a digital value. These values are stored in read!
write memory. After all values have been obtained , the data can be processed and displayed
or used in some other way .

Of prime significance here is the fact that the computer does not perform the Fourier
transform; the data sanples from the sensor are themselves the desired Fourier comoonents.
The computer is responsible only for controlling the sensor and keeping track of the data it
produces. A relatively simp le microcomputer system is well-suited to these tasks.

The most basic function of the computer—controlled sensor is for the display of the inag—
nitude of the Fourier transform of an image ’s intensity . Our micro-computer system has two
e’~alog outputs which are used to produce a display on a conventional laboratory oscilloscope.The display is isometric, consisting of 32 horizontal lines, each displaced horizontally in
proportion to its vertical position . The horizontal displacement tilts the raster so that
the perimeter of the display is a parallelogram. Signal magnitude is indicated by vertical
displacement, and in addition the intensity of the display is modulated in proportion to the
elope of each raster line. This technique produces a pseudo—three-dimensional appearance
which we feel is subjectively more appealing than a rectangular raster with intensity modu—
lation alone.

Because the computer takes 23 microseconds to output each element in the display, the nun—
bet of resolvable elements has been limited to 1024 to produce a frame rate of about 40 per
second, so that flicker will r.ot be too noticeable. In a more complex system, a display
gencrator could be used to allow higher resolution without flicker. The display generator
would be able to refresh the display at a higher rate, not limited by the cycle time of the
computer. However , even wi th  its rather limit3d resolution , the present display is a more
effective way to examine the output of the DEFT sensor than any method we have used previous-
ly.

ks presently programmed , the display can show any square area in the Fourier transform
plane which is designated by an acoustic frequency span of 3.1 MHz in both the x- and y—
directions. The exact locatien of the displayed area can be specified by entering the
acoustic frequencies at the lower left hand corner by means of the microcomputer terminal
keyboard.

With a simple bar pattern used as a test image, the display shows the positive and meg—
ative spatial frequency peaks on each side of the peak at the origin, as Fig.tI shows.
Photographing the display clininatcs the problem of flicker, so the resolution was increased
to 64 lines of 64 elements each. Rotation of the bar pattern produces a corresponding rota—
tion of the two peaks about t~ c origin. Heretofore , it has been posnible to examine all

~- .1 
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three peaks only wh en the tars were ~arallel to one of the acoustic axes.In order to improve the quality of the d3ta whjc~i the display program gathers auto~sati—cally  f r om the DEFT sensor, a sirp le f!~ ter subroutine was added to the program. The sub-
routine takes 256 aeparate sarp les of the sensor ’s detected output and reports tt~~ir mean.
This process aids in rejec::on of interference which is always present from a S ~~ *~i broad-
cast station about a half-nt le ~~~~The existing disp lay pr:~ ram requires onl 3- a little more than 2K bytes of memory for data
storage and less than 600 bytes far the program.

We expect this disp lay to be a-~ e f f e c t i ve method for investigating the spatial frequemcy
charac ter i s t ics  of real  ir.apes . and for automated testing of newly fabricated DEFT devices.
A sensor with 30 MHz acoustics is being used at present in the system for convenience, but
acoustic frequencies uo to 160 :~~z can be accommodated without any change in the hardware,and with onl y minor software revisions.

In addition to the disp lay fu nction , computer control of the sensor - would al1~~ thesearching and tracking of specific components of a Fourier transform. Another possibility
would be the tabulation and presentation of the statistics of the spatial frequency data.
Since the processor is not burdened with the computation of the Fourier transform, it is
f ree to carry out a variety of other tasks.

5. Experimental  Resul ts  w i th  a “ 100 M H z ”  Sensor

We have succeeded in f ab r i ca ting  a sensor whose nominal  center frequency is 100 ~~z. In
fact, it was designed to ha.’e different center frequencies in each direction so that the
center of the image Fourier space would be along one edge rather than at the center of the -

acoustic space. Thus all Fourier components would be unique. Previous devices “wasted”
half the space, yielding positive and neg’tivc frequencies.

For simplicity , this device was first operated as a one-directional sensor. £~~~ adjacent
transducers were excited , rather than two orthogonal transducers. The surface acoustic waves
travelled parallel to the sensor contacts , and no monolithic pedestal sampling was required .
In this case, the difference wave .-actor k1~ 

— k2 corresponds to the difference te~pora 1
frequency ‘~l 

-

Time has permitted only simple measurements , which are very encouraging. Fig.5 shows a
• graph of measured temporal difference frequency versus number of light bars per ~~. project-ed on the sensor. The slope of this line is quite constant. From th is  da ta the surface

wave velocity is inferred to be 3300 n/sec., in good agreement with theory for this z—cut
I.iNbO~~. Data was in fact obtained corresponding to spatial frequencies of up to SO line
pairslcm.

We hope to evaluate a two—dimensional version of this sensor shortly. It should be cap-
able of resolving 25c-0 data points with  appropriate transducer matching and synchronous
output detection .

The major difficul ty in fab r i ca t ing  DEFT sensors at frequencies higher than 30 ~hz in
overcoming the h igh  acoustic loss in the CdS film . This was achieved by going to a thinner
f i lm (~ .5~m) and by evaporating thicker transducer rnetallization to improve the wide aper—ture transducers.

6. Conclusions

We have shown the feasibility of the 100 MHz sensor by evaluating a one—directional ver-
sion capable of resolving 3 D line pairs per cm. Considerable effort was required to obtain
good performance, since acoustic lo~ s~ s were cuite severe in the first prototypes. Thinner
CdS films and thicker transducers reduced insertion loss between two parallel transducers
separated by the sensor area to about 25 db , wi thou t  tuning . - -

The programmable driver-detector system permits quasi—real time operation of the sensors
and the isometric display of the Fourier space. Further work is required to program other
decompositions , such as Hadanard , spacial raster scanning , etc. This capability, combined
with a two—dimensional beam-steered device will provide great flexibility in image evaluation
and processing. 

-
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F iq .1. Two—dimensional DEFT sensor, showing
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Fig.2. Schematic of a Nadamard transformer
based on the DEFT sensor.
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Appendix XI

Th. following patents and applications were filed by Philipp C. Kornreich
and Stephen T. Kowel on behalf of Syracuse University by the Research Corpora-
tion, New York , New York. The United States Government retains a royalty—free
license to all patents. Deft Laboratories, Inc., East Syracuse, New York , has
taken an exclusive non—governmental licence .

Patent Rights Issue Date Title

United Stat es Patent “Di rect Electronic Fourier
No. 3,836,712 9/17/1974 Transforms of Optical Images”

Canadian Patent No. “Di rect Electronic Fourier
993,098 7/13/1976 Transforms of Optical Images”

Italian Patent “

No. 1,008,040 11/10/1976

United Kingdom
1445119 12/01/1976 “

United Kingdom
1445120 12/01/1976 “

United Kingdom “Measuring the Sharpness of
1480289 712011917 Images”

United States “Direct Electronic Fourier
No. 4,040,091 8/02/1917 Transforms of Optical Isages”

United States
No. 4,040,112 8/02/1977

United States “Motion Detection Emp loying
4 ,063,281 12/13/1977 Direct Fourier Transforms of Images”

United States “Measuring the Quality of
4,053,934 10/11/1917 Images”

United States “Interaction of Image with
4,065,791 12/27/1977 krair. Waves to Derive Fourier

Transform Components of the

L Images”

• Applications Filing Date Title

Austrian Patent “Measuring the Sharpness of
Appi. #11 A 8213/74 10/00/1974 Images ”

I I Canadian Patent
Appi. 0211,440 10/13/1914

[j Trench Patent “Direct Electronic Fourier
Appi. 073 ,34 , 793 9/28/1973 Transform. of Optical Images”
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Applications Filing Date Title

Dutch Patent “Direct Electronic Fourier
Appi. #13,380 9/28/1973 Transforms of Optical Images”

Japanese Patent
Appi. #108,065/73 9/27/1973 -

Japanese Patent “Measuring the Sharpness of -

Appi. #118,331/74 10/08/1974 Images”

U.S.S.R. Patent “Direct Electronic Fourier
Appi. #1959357/ 18—24 9/28/1973 Transforms of Optical Images”

U.S.S.R. Patent “

Appl. #2044412/18—24 7/09/1974

W. German Patent 9/28/1973 “Direct Electronic Fourier
Appl. OP 23 48 385.4 (Allowed , 2/79 Transforms of Optical Images”

W. German Patent 10/08/1974 “Measuring the Sharpness of
Appi. OP 24 47 914.9 (Allowed , 2/79) Images”
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