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ACOUSTICALLY SCANNED IMAGE

I. SUQARY

We describe bare our work during the last six months on a new type of
optical scanning device which makes use of acoustic surface waves to scan
an optical image. The device employs a silicon semiconductor as the photo-
detector; the nonlinear interaction of two acoustic surface waves, wvhose
electric fields interact with the silicon is employed in the basic mechanism
of detection. In this mode of operation, this nonlinear mechanism basically
measures the variation of the capacity of the depletion laver of the semi-
conductor rather than the conduction current through the depletion layer, as
is normally the case in most solid-state devices. The readout mechanism is
essentially a nondestructive one, and the definition of the device is con-
trolled basically by the bandwidthyof the acoustic surface wave signal employed,
vhile the number of resolvable spots is equal to the time-bandwidth product
of the surface wave device. The measured sensitivities of some of these de-
vices are of the order of 1 uw'cm? although, because of the presence of sur-
face states, our results have varied quite widely at the present time from

one device “o another.

In Section I1 we describe our work on the airgar Si-LiNbY, corvolver
configuration vhich is employed in this optical imaging device. it has proved
coavenient to work with this configuration because of our experience with

earlier convolvers based on this tyvpe of construction and because it is simple
yp p

to change the semiconductor samples that are emploved so as to test out the

rinciples of operation. We do not regard this configuration as & final one-
3 )




we regard it more as a laboratory tool for testing out our research ideas

when thevy are first conceived. Thus in Section 11 we describe our work on

scanning optical images with the airgap cowolver, and how we are able to

obtain directly, in this device., Fresnel and Fourier spatial transforms of

ar optical image. We also describe how we have reconstructed the original

images by carrving out inverse transforms. In the case cf the Fresnel trans-

forms, we do this by inserting the output signal, which is in the form of an

rf chirp, into a dispersive delay line. In the case of the Fourier trans-

form, we take the inverse transform by using a spectrum analyzer,

The employment of such transforms gives a major improvement in signal-to-

noise ratio because of the large scanning times emploved for cne spot. We

chow theoretically that by this technilue cne can improve the signal-to-noise

ration by a factor NB /n where N is the number of spots, B, is the
in’ out in

bandwidth of the scanning signals employed in the device, and Bout is the

bandwidth after processing. This ratio nin’nnur is also equal to the ratio .
of the final scan time in the displav to the scan time in this device. Im-

provements in the signal-to-noise ratio of the order of *0 dR are easily

realizable in pract.ce, as we will show. Further advantages of this technique ,
are that we are able to obtain an arbitrarily narrow output bandwidth and an
arbitrary scan rate. ?Pictures with & 77 jisec line time and a 77 peint reso-
lution have been cbtained in this way, and we are currently on the peint of

testing a system with 120-%00 resolvalile spots. This parc of the work will

he completed when a new dispersive deiav line filter, which is being supplied

to us by Lincoln Laboratories, becomes availshle.



In Section 111 we describe our theoretical development of the semicon-

ductor convolver theory. This is required for sn understanding of tha opera-
tion of the optical imaging device, so as to be able to determine the optimum
operating conditions. We were particularly interested in understanding the

" effect of surface states, i.e., whether it would be useful to operate with a
depletion layer at the surface, at flat band conditions or in accumulation.
We have shown that a depleted surface is the optimum condition in which to
operate, both for optical imaging and for convolution devices. The results
we have obtained tneoretically are in good agreement with our experiments and
yield an entirely new way of mecasuring the surface state density distribution
through the bandgap.

A complete theory for the optical sensitivity of these devices is not as

I—

yet fully developed, basically because in our design of the Zn0 on Si con-
volver, described in Section 1V, somewhat different configuration and considera-
tions are used and should result in several orders of magnitude improvement in
optical sensitivity. Therefore, it has not seexed wortawhile to carry out the
conplete theory for the present configuration, although we feel that our work
for the past six months has led us to a basic physical understanding of how the
sensitivity depends on the operating parameters of the devices. ;
In Secti~. iV we describe our devclopment of the technology of the Zn0
on Si coivolver configuration for use in the optical imaging device. It has

been our contention all along that the airpap - LiNbO_ - Si convolver config-

uration is only a step on the w.y to the development oi a practical imaging
device. It is not the final configuration, because 1 the airgap is mechani- I

cally difficult to work with, and it i< more difficult to obtain a device




which {s free of surface state problems in the Si;: on the Si interface
when the SlO2 is exposed to the atmospherec rather than being covered by a
layer of metal or other material. It appears that the outside surface of
the Si“? tends to retain surface charges; other effects, which we do not
frlly understand, also appear to be present and tend to lead to nonuniform-
ities in such devices.

The development of a ZnO on Si convolver has required a considerable

improvement in the technology. This we have been carrying out, partly in

the Stanford Integrated Circuit Laboratory and par:ly in our Acoustic Labera-
tory, using both technologies where needed. The requirement has been, first,
to obtain high quality Zn0 which is consistent from run-to-run and in which
the piezoelectric coupling is at its optimum value. This we have succeeded
in doing veryv satisfactorily, after considerzble development. Secondly, we
have required high quality transducers for use in this configuration: this
has required considerable development. One problem has been that, because
the transducers are laid down very close to the silicon surface, the capacity
of the pads is very high and we have had to construct special transducers to
minimize this capacity. Also we have had to operate in a balanced mode with
specially constructed balun transformers used to improve the efficiencv. We
are now able ta reproducibly make devices with a net terminal loss from term-
inal-to-terminal of less th-n 15 dB, using transducers with a bandwidth of

£ Miz and a center frequency of 105 MHz. We expect to improve the bandwidth

by a factor of C or 3. This should make the device adequate for a 500 spot

image with a semiconductor length of & =m. It should be pointed out that




most of the development time during this part of the development of ~he

technology has been involved with improving the convolver itself, rather

than using the Zn0-Si configuration for optical imaging. We have now
* made convolvers whose operating characteristics are comparatle to those of

the airgap convolver. We have also worked with waveguide configuration on

another contract and, by narrowing the beam down, have been able to make 1 .

highly efficient convolver. We have shown that the present configuration

is optically sensitive, although we have also found that there are storage
effects present which are dependent on surface states. Thus, considerable
effort has also been devoted to minimizing these storage effects. For this
purpose, we are presently comstructing a buried channei device which should
eliminate most of these difficulties.

Finally, in Section V we give a short description of a chirp generator,
vhich we have constructed on this contract, ror use in transform coding in
these types of devices. The need here is to be able to make chirp generators
with a high scan rate and a highly linear frequency variation with time.

For use on this contract, we have purchased an optical ber-’; which
includes a set of lenses and a ligli't source. In addition, two waveform
gencrators for use in the transform devices have been purchased. We have )
also constructed an FM chirp generator in thﬁs laboratory which has better

linearity for the scan rates and bandwidths we require than commercially

available generators. This is described in Section V of this report.

& I l
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I1. TIMAGING AND TRANSFORM CODING
A. Introduction

We describe here new techniques for scanning optical images. These
techniques make use of the signal processing methods fami’iar in the acoustic
surface wave device field. 1In particular, it has proved advintageous to use
linearly modulated FM chirps for scanning, rather than simple pulses. This
has the effect of giving an arbitrary scan time, and mtkes it possible to
carry out Fourier transforms of optical images; in other cases, it is possible
to obtain chirp Fresnel transforms of optical images. The advantage of using
such methods is that the signal-to-noise ratjo can be considerably enhanced,
and the bandwidth of the image signai can be tailored and unnecessary infor-

mation elirinated from the image.

R. Basic Configuration of the Convolver and Theory

W2 consider the silicon-acoustic surface wave-delay line configuration
illustrated in Fig. I1-1. A semiconductor, such as silicon, is placad ir
close proximity to the surface of the delay line, tyvpicclly made of Lixb“B 5
When the device is operated as a simple coavolver, two waves are launched at
the same frequency « in opposite directions by means of interdigital trans-

ducers. These waves have fields that vary as exp (jo(tez/v)]  and
exp [j;(t-:,v] respectively, where v is the surface wave velocity. In
the simplest regime, the "depletion" regime, the tota! clectric field E normal

to the surface produces a depletion layer of thickness | where E = qN.i/c
p p qd/
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Nd is the donor density of the assumed n-type semi.onductor, q the

electronic charge, and ¢ the permittivity of the semicouductor. In turn,

this implies that there will be a potential developed across the depletion

"layer ¢ = qulg/éc , or

2 3
= ¢E /Qqu . (11=t

Because of this nonlinearity, a uniforn potential will be gcnerated at a
1requency 2w . It can be detected between the silicon and a plane eleccrode
on the lower surface of the delay line. This resultant potential represents
the convolution of the input signal modulations.

In order to lower the surface state density, the semiconducvor surface
is carefully oxidized. This is particularly important when biasing the semi-
conductor or when illuminating it, so as to change the carrier density of
the siiicon and hence the outrut of the convolver, enabling construction of

a photo-sensitive device.

C. Application of the Convolver to Imagiag

Since the silicon used is photoconductive, i'luminating it modulzioes the
carrier density and hence the nonlinear coupling. The simplest way to read-out
an image is to insert a narrow rf pulse, the scanning pulse, at one end, and
a long pulse at the other end of the delay line. The convolution output will
be modulated and the output as a function of time corresponds to the illumiua-
tion along one itine of the image. One of the original difficulties of this

system was its limited dynamic range becausz of the inherently high output with




no ligh* present (the dark current). A big advance in the state of the arc
has been to make the dark current very small and hence the dynamic range
large. We do this by passing the light incident on the semiconductor through
a coarse optical grating of period I , as showm in Fig. II-2. This, in
effect, introduces a wavenumber K into the light beam, such that KiI = o .
Now the optimum output is obtained with two input signals of frequencies

W o, O propajation constants of kl . k2 respectively such that
Ky —ky = & K, (11-2a)

+r B, (11-2b)

'_:.‘
$
of
]

where v 1is the velocity of the acoustic surface wave. By using a nondegen-
erate system with input frequencies @ sy displacesd by the amount given
in Eq. (1I-2b) a strong output is obtained when the device is illuminated,
with a very small cutput when there is no light. Thus the “dark current” is
caused to be very small. It should be noted that if three colores’ gratings
of different periodicities are used, the device can be arranged to give out-
puts at three different frequencies corresponding to the three primary colors.
With the simple set-up represented in Fig, 1I-7 and a displacement in
frequency of 10 Miz , we have obtained a dynamic range of the order of
30 dB . An example of "direct imaging"” with a narrow scanning pulse and a
grating of periodicity 377 um (10 MHz) is shown in Fig. 11-%. We are now
developing a system accormodating a 20 Mz frequency displacement. A
dynamic range of 37 dB or more has been obtained. The dynamic range is

now lirited only by the noise level ir the device, i.c., its sensitivity.
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The convolution output voltage is proportional to 1/N . When the
convolver is illuminated, the carrier demsity is perturbed by /N ; and due
to the grating, this perturbation is of the form /N = /N + All ccs Kz .
1f the input signal center frequencies are identical, the convolver is operated

in a degenerate mode and its output voltage is proportional to (N + z:lo)'l

or
AN

1] = —-

v « . (11-3)

1
deg N
1f the input signal center frequencies are offset by v = + Kv , the convol-

ver is cperated in a nondegenerate fashion; it only responds to one of the

harmonic components of AN , hence its output voltage is proportional to

¢“1 s O

1 1 .‘.-sl
v @ = — (11-%)
——— N 2 N

The ratio AN/AN.  is simply a function of the geometry of the grating; in
the experimenta! case of a grating composed of dark stripes three times wider

than the white stripes /duty cycle = 7.0° ' we obtain

'.ll.'s = ‘V‘ e . (11~

To check the validity of the relations [I1I-° and "1I-% | we measured the de-
crease in the degclnerate convolution power corresponding to a certain illumi-
nation. From this pescurement and Fq, '1I-7' we dervive N ;'K ; then using

Eqs. (11-%) and (I1-7" we can predizt the value of

- 1% -




i.e., the ratio of the nondegenerate convolution power to the degenerate con-
volution power in abscance of light. This ratio vas measured directly for a
small offset of O,k Miz so that diffusion effects may be neglected. The
results are compared in the table given below and show a good agreement between

predictions and measurements.

P,  with light

de P /P, no light
rdeg o 11ght nondeg’ deg
(measured) predicted measured
- % 4B -11.7d8 | -12.5 + .7 @B

In the flat band case, a simple equilibrium model predicts a variation

of the surface carrier concentration given by the relation

R R R (VR SRy ) (11-6)

vhere G 1is the gencration rate, « the light attenuation in the silicon,
D,L, and S the diffusion coefficient, the diffusion length and the sur-
face recombination velocity of the minority carriers, respectively.
In the case of n-type silicon with a surface state concentration rot ex-
ceeding mllc--?; it will be seen that the term S/D can be neglected.
Figure 1I-5 g‘ives plots of the ratio of the nondegenerate cemvolution
power to the degenerate one in absence of light, versus the frequency offset

for two n-type silicon samples. This ratio should be propertiomal to X~ .

As can be scen from Fig. 1I-° the dependence on K predicted by Eq. (17- ie

o3 »
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FIG. 1I-5--Ratio of nondegenerate convolution power to degenerate
convolution power in dark versus frequency offset for
two n-typc silicon samples, under ilat band conditions.




verified experimentally: for small K th: nondegenerate convolution is inde-
pendent of K ; for large K it varies as K-Z ; the break-off point takes
place for a frequency offset of 2.5 + 0.5 MHz, {.¢., ¥ =5 2 l.lojm-l. From
Eq. (I1I1-6) this point corresponds to K = v , hence we can measure the value
" of the uinority carrier lifetime 1t = L2/D . We obtair <+ = €0 + 20 ps. The
1ight sensitivity depends on the nature of the semiconductor and the value of
the surface potential. The threshold sensitivity has been measured to vary
from 1 to 1D uH/cn?. The MIF of the system depends on whether the surface is
at flat band or is depleted and has not been fully evaluated for the depleted
case. Suffice it to say that an advantage of the use of the periodic grating
is that the MIF is almost independent of the definition. We expect and observe
fi: better sensitivity with a depleted surface, due to the high hole velocity

normal to the surface.

D. Transform Techniques

So far we have discussed the simplest situazion — that of a short pulse
scan of tne image. This is equivalent to scanning a semiconductor with an
electron beam of small diameter. In such a device the signal-to-noise ratio
decreases as the time tak~n to scan one spot in the image is decreased, {.ec.,
as the definition is increased. We now consider the possibility of using more
corplicated waveforms of long-time duration (the line time) to scan one line
of the image. In this case, if we fecd the.output into a correctly desicned
matched filter, as in radar svstems, it is possible to obtain a shor! pulse
signal corresponding to a spot in the image, i.e., to take an inverse trans-
form of the scanning signal. As in radar, such matched filter pulse compres-

sion techniques give rise to an improvement in the sigaal-to-noise ratio because

any spot fn the image is row scanned for the line time rather than the spot time.




As an example, when two lincar FM chirp signals are inserted into
opposite ends of the device with frequencies o, o= 4 e, @ =@, -t

\ = ¢

respectively; they give rise to two waves with a linear varfation of frcquency

-and a square law variation of phase. Using the center of the device as a

! reference, we find that phase of the resultant product signal is

[} ~ 11PN ~
7 o = __l.. L BN i iy
¢(z}t) = ¢a + ¢b = ‘ml + %)t * (ab ml)v + 2 (t v 2 (t + v’ - (II-T\

With a grating filter with K= (ab = ml)/v , the output signal due to
a carrier density variation n(z) along the length of the devices, caused

by illuminaticon with light is

2
b o t2 + - tz
Y s/, Lz
j(mlﬂxxz)t 2 v j“'lﬂ‘2) v
F(t) = e /n(z) e X e dz . (11-8)
¥hen By iy =, the output as a function of time is the spatial Fourier

transform of the carrier density, and hence of one line of the image. By
using an acoustic convolver, or matched chirp filter, and inscrting this sig-
nal in the proper way, an inverse Fourier transform of the input signal can
be obtained, and hence the oriyinal imape signal recovered.

The device offers the impcrtant advantages that (1) it tends to differen-

tiate against impulse noise because impulsc noise modulation of the Fourier

transfcra signal gives rise to a uniform background on the imape rather than

r points of light, (Z) the Fourier transform or other tramsforms can be emploved

for signal processing to enhance the sipgnal-to-noise ratio, to climinate re-

dundant information in the pic®ures, and to obtain an arbitrarv scan rate




along the imaging dev'ce, (3) because the input frequencies are different,
we can feed in signals of arbitrary length without reasomns to worry about
echoes off the en? of the line and multiple transit convolutions.

We have carried out several experiments to desionstrate these principies
which are {1lustrated in Fig. 11-6. In one example, a grating filter with a
360 um period is used in front of the devize to give good dynamic range. An
object consisting of a photographic transparency is also placed in the path
of the incigent light, and a signal corresponding to the Fourier transform
of the object is produced, as shewn in Fip. 11-T(a). 1In this case the input
signals were 10 mscc long chirps of opposite sign with center frequencies of
115 and 105 Miz. 1In the examples shown, we used a simple 7 period grating
with a periodic spacing ¢° approximately 2 mm as the illuminated object,
and displayed the ocutput amplituce as a function of time, as sheun in Fig.
11-7(a). The center peak cerresponds to the zero spatial frequency component
and the two main lobes te the periecdicity of the grating.

With a slew scan such as the onc used here, che simplest way to recon-
sti-ute the image is with a spectrum anslvzer. The output from the spectru=
analyzer s shown in Fig. I1-7(%), an? is scen te correspond well to the cen-
figuration of the original voject.

It is aprarent that the ontpnt Pantwidth is determined by thie chirp rate,
and that the ?vw;irr transform techrigue samnles, anv peint ea the image for
the vhiole length of the: chirp, Thus the use of this techraique provides a con-
sicderable enhincement of the sigral-to-neise rativ, as compared to cemploving

a direct narrow prnlse scan.

- 18 -
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The Fourier transform technique is merely c¢ne example of a wide ranpe of

signal processing techniques which ean be applied for optical iroge proucessing
not only to improve the sensitivity but also the bandwidth and definiticon.

In the more general case, with Wy f iy , a Fresnel transform is
obtained. We have cdemonstrated such a Fresncl transform system as shown in

Fig. I1-8. 1Ir this case, a chirp output with a chirp rate - ¥, and a

g " e

bandwidth Bs - (pl - H,) Tc/bn is obtained from one soot at zy in the

image ([n(z) = 8(:0) in the integral of Eq. (1I-')]. The image can be recon-
structec by inserting the ocutput signal into a suitably matched filter, matched

to a chirp with a rate My = By

In the Appendix, a rigorous mathematical derivacion of the entire process
is given. It is shown how the chirped signals have te be chosen te achieve a
fiven resoluticn. One conclusion is that if we suppose that the time length
of the chirps is Tc , the minimum resolvable spot, defined as the distance

between Lk dB points equivalent to the kavleigh criterion is of length ds

vhere

(;s - ?-;:-v//'_,] + ,;"TC = v"nc 8 (11-2)

Thus Bc is the total handwid=h of the chirps, or the bandwidth required for
the pulse scan of - the mivimm resolva’ spot.  In this case it can he shown

that the cffective scan veluacity along ~he convelver becomes

v, = Wy S IWe, tps) (Yr-1n}
s 1 :
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Thus an arbitrary scan velocity can he chb*arired., The number of resclvable
spots is ntill N = L/dq , vheze L is the length of the imapging device,
1t is also shown in the anpendix that the optimum signal-to-noise ratio

improvement in using this matched filter chirped scan is

C = N(BC/BR) = N(v/"s) = Tv/d o . (11-11)

There is an improvement of BP/B because the bandwidrh of the neoise entering

s

the rmutched filter is decreased by that facter: and there is a factor N the

’

numbetr of resolvahle sputs which arfi-~s because of the large increase in the
time spent obtaining a signal from one partiru'ar spot in the image.

For a TV line, Tc =0 ps |, Bo=" Mz , N« 73 , we would use an

acoustic device with a delsv of TA = 2 us  and a chirp bandeidth B, = 50 Miz

Pl

the sicnal-to-ncise ratio improvement wourld he 63 % G 5 e SerdiBe o) Mhe

initial experiments were done with the subonuimail finures T, = o4 us

Bs ~ 1.5 Mlz ; BC = T.7 Mz leadine te a 70 point resc!ntion. Examples of
pictures taken with this device. by mechanicol)y scanning in one direction are

o

shown in Fig. 11-%9,
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I11. THE AIRCAP? CONVOLVER

A. Complete Theory

A simple theory valid for flat band condition has been published in
this lnboratory.l A aew and more complete theory coverine the depletion,
accunulation, and inversion regimes will now be described. This will ve
compared with experimental results in Sectfon B. It is showm that we can

predict the shape of the variation of the prepapation loss with applied dc

voltage, and can accurately predict the convolution efficiency with variation
of the applied dc voltage. The uscof this theory allows us to obtain a direct
rcasure of the surface state densities in stilicon. 1t also provides a good
understanding of the physical processes underlying the convolution phenome-
non. These results are ncw amd! far more complete than the previous theory
available. They lead te an cntirely new technique for reasuremeat of the
surface state density distributicn through the bandgap, as well as being of
fundamental {mportance to cur understandine of the cperation of the con-

volver and i{maping dewvice.

1. General Discugajon

— - —

In this strd», we shall compo®e the open cirenit ceorvolution output
voltage, denated by L and we shall refor it to the acoustic powers;

this neans that we > not take fnte account the transdecer and output cir-

cuit less. We shall write Yn ans

Vo is the opon circuit output voltage computed assuming no propapation lors




under the semiconductor, L = 20 lnlda , is the propagation loss due to
the presence of the semiconductor. 1f a normal surface displacement field
D. i3 created at the s--face of the semiconductor. we shall see that a
potential ¢'. 1s generated across the device, which has the following

form
2
g, = AD, + BD

1)

He nov assume two nppositely traveling waves are present. with fields Di

and Dia) it the surface uf the semiconductor, with acoustic potentials

¢£1) and ¢£2) and povers Pgl)and PSQ). The “nonlinear convolution”

vcltage generated is

v. - spp(®
] s

It can be rewritten as

pp@)\ [ gige)

Vo = B ;TTS;%ES

% p(1)g02)
a a

‘, p(1)p2)

where B is the nonlinear coupling coefficient; it wiil be derived in

Section A.2 by integratior >f Poisson’'s - uation. The expression

pil)p(2) Ny
S (;m)

is the linear gap coupling; it will be derived in Section A.3 by use of




an equivalent circuit concept. The expression below
(1)4(2)
R .

1’P,(.1)P£2) "

{s twice the scoustic impedance of the pieczoelectric used. This will be

reviewed in Section A.L.

The loss term L s also a linecar term and hence will be obtained

fn Section A.3.

The Nonlinear Coupling

2.

We may determine the potential at the surface of the semiconductor

by writing Poisson's equation in the form

g aN i (ot qn} qf
=g = =5 cxp(—)- 1] - — |exp (-—) -1 5 (111-1)

dy € KT N, kT

where the symbols have their usual meanings. Integrating once by multi-
plying by d¥/dy and vriting D = -cdf/éy , we find that at the surface

of the semiconductor denoted by the subscript s

2 2,
D] = NKkTcF (qf /xT) (111-2)

~

where the function F {s defined” as

nt 1/2

1 " .

F(v) - \J (CX?V-V -1+ =% :exp'-v‘ +v -1 ) . (111-3)
k N'

1f a OC bias VC is applied to the semiconductor, we write potential and




displacement as

¢s = d!O ¥ ¢31

DS = DSO + DSI y

where the subscripts O and 1 refer to DC ard RF terms, respectively.

We solve Eq. (11I1-2) tor ¢s to second order in D_ by w:i:ing

”

¢s = AD_+ m‘s . (111-4)

vt follows that
-1

A = 2D80[a(exp uy - =18 (CXP('UO) o 1)] (111-5)

-1
|}
B = |a(exp uy - 1) - b(cxn(-uo) -l’l

29 a e b
2 (a exp v, + b expl-u ) &
x 1 -8 ( 2 o') p- 4, (111-6)

a(cxp(uo) '1) -b(oxp(-uo) -1) s

vhere
uy = q¢so/kT sa = fqNjc b - ;qnir/xd
/
Do = " NnTe o Flof  /kT) - sgn ¢ & | (111-7)

For an n-type semiconfuctor and flat band condition, where DsG = 0 ,

A

1d/c and B = 1/0aF e . When the surface is well depleted A = d/c ,

B

G

l/?qﬁdc where ¢ is the lepeth of the depletjon layer and N the
Debye length. ¥hen the surface is stromely accvmwlated or irverted A - O,

B+ 0 . A complete plot of Bq“d‘ vs cﬂ"j’kT ifs piven in Fig. III-1 for
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E FIG. III-1 -- Plot of the norlinear coupling coefficient B
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sarious concentrations Nd . B changes sign and goes through a maximum
when the surface is nearly intrinsic. In that regime, ¢sO is a very

rapidly varving function of VG . Besides the carrier concentration is

very low and the minority carriers, in particular, cannot follow the rapidly

varying traveling wave field in order to stay in thermal equilibrium. For
all purposes the semiconductor behaves as if it were only depleted. For

stronger inversion (Equc < 0.5) the minority carrier concentraticn becomes

large, their time constant becomes shorter and ihey can now follow the acous-

tic field, by drifting rapidly from regions of low field to regions of high
field. To summarize, the curves of Fig. III-1 will not be nsed near their
zeros and maxima.

Equation (I11-7) allows us Lo relate the bias voltage V. to the DC
surface potential ¢sG . Because of the high capacitance of the piezo-
electric (thickness yp =1to32m , permittivity cyy ~ T70) compared to
the airgap capacitance (0.1 to 0.5 im, ¢,= 1), al) the voltage is dropped

0

across the piezoelectric. If Dso is the DC displacement in the piezo-

electric we can write

7 i o -
V¢ = Dy yp/cyy (111-8)
and from Eq. (I1I1-7), ¢sO is given by
.12. ) (
4 = - g * . -0
\c Ndch F(q¢so/kT' sgn\¢so) . (111-9)

€
Yy

3. Equivalent Circuit

To relate the first order term in ¢s to the value of D_ , we use

an equivalent electrical circuit in which “current” is displacement current




1 = jub and “potential” s electric potenrial J . The admittance is then
Y oo ywid

To derive this circuit we shall make extensive use ~f the Kino-Reeder

2z
perturbation theory’ for the Rayleigh wave amplifier.

Flat Band Conditicne. Following Kino-Reeder, the admittance Y at * ¢

-

surface of the semiconductor looking at the piezoclectric through the airgap

{s given by Eq. (21) of reference 7:

- . .;‘
= = } = z = (111-12)
- 7 Sl
Y =¥, pax, B
vhere
Y. = P
rf\ + 4 tanh ['”\)
M{gh) = :
t + ¢ ) (U + cahi/p '.)
I'e € .ant 1
N p \ .
£7 1is the perturbed propagati~n c¢onstant, £ the unperturhed one; h is

the afrzap height, w  the width of the acoustic beam, ¥ 7h) the acocustic

't
1/0

) i«

the 2quivalasct permilti-rite of the piemmelectvic. Similarly the adwittaence

~
frmedance at tte surfa e of he somiconductor and L, - { e -(;’
.00 4

Y lockirn,; into the semicondycor sssumed semi-infinite is piven by Eq. (1°)

of refecence 3.

‘T11-11




L uqﬂd/e {s the dielectric relaxarion trequency for majnrity carriers;

o = ¥V /(kT/a)u s the diffusior frequency; y is the majority corrier mohil-
&

ity. Froa Eqs. (II1-10) and 111-11) we can dvaw an equiva’ent circeit sheen
in Fic. 1II-2 where we ignore Y o . The piezoclectric {s zodeled
= inv’ dep
by the inductance £ = acruss the driving source ¢ . The gap counling
a a
is represeated by the capacitance CE"P and the bulk of the semiconducter
countains a .ossy tem Rb and a capacitive ferm (.‘b . The respective
cvpressions are given below:
1 awZ (oh)

g o e

" @fp’-pf

C = ¢ tfen g
ga - ;/3-\(‘..|
Iyl-l‘ ]

I~
P“/(;f > I.

.f'u .

7 l
Ch ] (< h‘

1t wili he ncted that for tne semiconductors of interest the loss term is

small

Ry " 1/0c o)

Tha "lineer sap coupling” term Ds/¢a js now straightforward to evaluate

-1

Be Be, g
D/¢ - e i 4 0 ¢ . ¥¥1-1%)
s'"a

M(gh) eM(ph)

The term Beold/eﬂ(eh) in Eq. (II1I-13) is a correction term of the order

of 10% or less for 10 to 100 n-cm silicon.
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Accumulat on tordditions. Extra majority carriers are now accumulated

at the surface of rthe semiconductor. The "v~ess charge distribution near
the surface and its center of =ass Lc can be comuted (see reference 7).

Thus we can derive an equivalent uniform surface concentratiun Naccu

: & + ON/? (111-"1)
. N, + ONf2L_ (11171

where oN is the total excess charge. The gap coupling is still given b

Eq. (I1I-13) where is now ccmputed for a concentration N . Gite

ld accu

the correction term ic affected and it becomes cven smaller.

Depletion Conditions. We use the simple depletion layer approximati. .~

This introduces an extra capacitance C in series with Cg R

depletion ap

Cdepletion - (111-*5)

1/ is the depletion length. In other words, the airgap ©

= )
has now increased to h + lco/e and all previous results are directly

applicable.

Inversion. The depletion width increases until ¢so becomes of the
order of twice the bulk potential ¢B . For larger ¢sO the depletion
width will level off and any increase of surface potential will correspond
to an invcrsiqn of the surface. The inversion layer extends into the semi-
conductor. To keep the calculations simple but nevertheless account for
the charge spreading, we model the inversion layer as an infinfitesimally
thin charge sheet located at the true center of mass, a distance Lc1

away from vhe surface. This decreases the cffective depletion length by

L and increases the airgap by L /- . Th= total inversion charge

ci ciro

-3’;-




per unit area is given by

\J ." ”~
081 = hdldg 3 (111-15)
ci

and they have been plottec by Many, et al.” From Eq. (30) of reference 3,

And as in the case of accumulation, g* and L are functions of ¢sO

the admittance of such a sheet {is

2
i) (ﬁ £
ci

Y | CSSRERREE (111-17)
inv 1 'j“Jhbi

where ®eq and uyg are the dielectric rclaration and diffusion frequ.: :ies,
respectively, for minority carriers. ® {is the width of the equivalent charge
sheet. From Eqs. (I11I-16) and (IXI-17), we obtain the admittance of the inver-
sion layer
u,qN 1d52g‘
d
A dd (111-18)
L= Joo/ug,
and we can now draw the full aquivalent circuit. 7Tt is shown in Fig. 11I-2.

To first order, is mainly capacitive and Yinv mainly resistive

Y
bulk
irtroducing .ome loss and hence reducing the total currenc !T flowing into
the semiconductor, therefore reducing the convolution outpit. This reduction
occurs mainly in the inversion regime; it is therefore of interest to evaiuate

YO / . +
the ratio of 11 in the presence of an inversion (characterized by g ) to

L. 2t maxiumun depletion (8" = 0):

+ 2 + 2
1.(g") 4./ (8")

£ _—
I1.(g =0) _ ¢n/hs\5 =0)

(111-19)

The "reduction factor" ° {is straightforwar] to evaluate using the equivalent
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circuit, and the plots for Ly and g" . ® is a monotonically decreasing
function of g’ and for g’ ~ 10 , which corresponds to a medium inversion,

R 1is of the order of 10"l -

Propagation Loss due to the Scmiconductor. The dispersion relation for

the scmiconductor-airgap-piezoelectric system is obtained by writing that
the total impedance in the equivalent circuit is zero. Imn the expression for
z & it is convenient to assvme that the perturbed acoustic wave has a propaga-

tion constant of the form
B = B+ 2‘_ + fr

where a, and Br are, resnectively, the incremental loss and phase delay
constants for the system. Equating real and imaginary parts %o zero in the
dispersion relation yields the precpagation loss . ‘in Ncpers per meter).
In the accumulation and flat band regimes, A is found to be inversely
proportional to the conductivity. IJa the depletion reciwe, the inss decreases
due to the increase of the cquivalent airgap an in the inversion repime ar

”~

will go through a maximum for g+ ~ 1
L, Acoustic Ir adanca

The acoustic potential at the surface of the piezoelectric is related

to the acoustic power P1 through rhe acoustic Iapodance as follows:
1/
d o) . . z {n y <57 )
g.rlo o F | 117
l' is given by the perturbation formula ¥q. ' in referencc
: . \)
Z 0 —— - (111-1)
a ’
w'e +¢ v |
P )
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|av(0)/v| 1s the relative surface vave velocity change vhen a shorting plane

is fntroduced at y = 0 . Since the rf electric field associated with the

surface wave nvst vory as exp(-fy) in the region y > G , it follows that
z,(eh) = 2Z_(0) exp(-23h) . (111-22)

B. Theoretical and Experimental Results

1. Flat Band Corditions

We first examine the flat band results. They are of particular use
with nonoxidized semiconductor and they provide design curves to select
the airgap thickness and the conductivity of the semiconductor.

The convolution effiziency can be normalized, thus defining the
«#-value as .II=VC/w("'P£1 )P: ))-1/: . For fla. band conditions, the full

exprentonl is

e O - M h
vi}:d_ v . p 3¢
= l -
To obtain this.last re-ult we made the acsumption that o << ;.CAD) -

which 18 Justiliod for most semfconvluctors of interest. Figures 111-%{a)
and IIT-5'b) show plots of the sropogatiom pover less L and plots of
=10 :
M and .M« 10 ¢ wvs contuctivite for airpans varving between 0,1 and 1.0 pm.

Both == and p-type silicons are (casi'ored and the eperating freonency is
PtV i ! ).

100 Miz.
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With non-oxidized silicon, the large surface state density pins down the
Fermi level approximately 0.3 V above the valence band edge. For n-type silicon,
the deep depletion model of p.30,3k should be used. Some of the experimental
results for .# are given in Table I and compaored to the theoretical predictions.
As can be seen, the agreement is good. (The output circuit was mersured and its

voltage transfer efficicncy computed.)

2. .#-Value and Propapation Loss ve Applied Bias Voltage; Off Flat

Band Results. In order to be able to control the potential at tne
surface of the semiconductor, it is necessary to oxidize this surface.
This oxidation, when carefully done, will clamp the fast surface state
concentration at a low level. By applying a bilas voltage to the struc-
ture, the energy bands can be bent at the surface relative to the Fermi
level. The probability of occupation of the fast surface states will
thus vary as - tunction of the applied bias; so will the charge located
in these states (denoted by Q. = qNss) and the energy distribution.
Besides these so-called fast surface states, there also exists at the
51-5102 interface, a fixed charge ch independent of the bias. In the

case of thermally oxidized silicon, this charge is positive; its magnitude

depends on the cleaning and oxidation procedures used. Nf = ch/q can

c
be as low as q.loq charges per cm . Dve to the presence of this positive
charge, a p-type silicon surface is depleted or inverted in the absence of

any biasing field; an n-type silicon is accumulated. In other woids, the

theoretical characteristic curves will be shifted towards inversion or
Q
fc

accumulation by an amount V = A similar voltage shift will be
oxide

caused by the fast surface statc distribution but, as mentioned previously,

this shift will be a function of “he bias.




TABLE 1

M-Values Theory und Experiment

Semjconductor: n-type Silicon; nonoxidized; 2 cm long

Piezoelectric: YZ LNbO_; * = 1.25 mm; h = 1000-1500 §; £ = 100 MHz

5;

Si Resistivity 4 T 9
(Q-cm)
{
(1)
2-Port Insertion Loss' 1L 2z I 20
(dB) i
(2) '
Convolution Efficiency =56 =58 ~66
(an) | |
p L ]
K3
Output Circuit Efficiency 3) 0.k . 0.7 0.2
. , i
|
' |
° -’5 -3 -2
M-Value (Experiment) 5.6 10 6.3 10 I 710
(L) -3 ‘ -'-’) I =
M-Value (Theory) €310° | 6.310 7.5 10 -
(Vem/w) P l
| ‘

(1) This includes transducer and propagation losses.

(2) Ratio in dB of output terminal power (in 50 ) to product of

input terminal powers. All powers in mW.

{3) Ratio of voltage actually developed across a 50 0 load to open

circuit output voltage Vo

a?,
(L) Computed for h = 1500 R, assuming deep depletion

ST




We use the results derived in part A to obtain a theoretical ploc of
the relative .# -value vs bias voltage in the accumulation and depletion
regimes. As shown in Figs. III-l(a) and III-5(a) we obtain a very good
fit with the experimental data i€ we allow for the presence of a fixed
charge at the Si-SiO2 interface. The p-type semiconductor starts out

~

slightly depleted correspcading to a Nfc of 8.10° cm™ (o0 volt shift).

The n-type semiconductor starts out accumulated with a Nfc of G. 10' 2
(100 volt shif:). Figures II1-k(a) and III-5(a) only show relative values
of 4 :; absolute values are compared in Table 1I, now that we know what

the flat band voltages are; the agreement is good here too.

As the bias forces the surface of the semiconductor to invert, the
Feniai level begins to scan through the fast surface state energy distri-
bution near one edge of the band gap; this will introdv~e a further shift
of the characteristics. In Figs. I1I-L{a) and 1JI-5(a) the dashed curves
are drawn in the absence of any fast states; to account for them these
curves must be shifted by an amount /V shown in Figs., III-%/b) and III-5(b)
as functions of the surface potential qﬂsn/kT . The surface state density
distribution per unit cnergy Nss is then ohtained by praphical differen-

tfation

C
: 1 . oxdde ouviated  AT) s R o
N < dst/ddso = d(:v)/d 97 /kT) states/cm™ /ev

kT
As seen in Figs. III-li(b) and III-%'b), this distribution exhibits maxima

near the band edges. Its generai shape and amplitnde are in accordance with

1]
é
results obtained clsewhere by other methods., The total number of surface

. . 10 =P
states measured in this way is Q- 2.5 1) cm necar the conduction band ]

sS

M =




TABLE 11

M-Values Theorv and Eyxperiment

i Semicomnductor: Silicom; 1000 L Slo; layer; “ cm long

H Plesoelectric: YZ-LINbO,; v = 1.25 mm: f - 100 MHz

i

i

| |

, Sflicon type i 4 F

i resistivity (.)-c-)(') i 7 Q

| | |
argap (R) i 1500 3000

g 1) . : o

2-port insertion loss No bias) | 1 | %

E (a8) | g

; Convolution cfﬂcicncy‘: )’lo bias’ -rs -7

E (d8)

|

I o

| Output circuit cfﬁcienc_v"" 0.7% .20

E M-value (Experiment, No bias) R 1

|

L |

; M st flat band M ar OV, Bias'' | 1.7 {

| - r

! -—
Mevalue at £lat band (Expr) k.8 107 10
M-value at flat band (Theory) k.5 1" vi,©
2 (v-mp)

(®) from DS C-V Measurements
(1), (2), (3) See Table 1.

(s) from Fig. 111.5(a) end I11.6(a).

« b3 -



edge and st = 5.2><lolocn-' near the valence band edge. It is comparably

harder to accumulate strongly than to invert a semiconductor, consequently
the surface state distribution could only be studied at one ext:emity of the
bandgap with a given semiconductor.

With all this knowledge, we can now plot the theoretical propagation
loss due to the semiconductor in all regimes [see Fig. iII-L(a) and III-5(a)).
The depletion layer approximation is not very accurate in accounting for the
propagation loss. The theoretical loss is also somewhat higher than experi-
mentally observed in inversion. The inversion layer uniformity is indeed a
very sensitive function of the uniformity of the airgap and we noticed that
only purtions of the surface were inverted; the transmission loss was hence
lower than expected. Besides, the model we used for the inversion layer is
quite simple and may not be very accurate for light inversion when the
inversion layer extends several Debye lengths into the bulk. But the general

shape and orders of magnitudes can b¢ correctly predicted and in the case of

the #-value, the agreement is excellent.
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1V. MONOLITHIC ZnG ON SILICON CONVOLVER

In Section 111 we described our work on the airgap convclver for use
as an optical imuging device. It i- apparent that this coufiguration,
because of its mechanical deficiencies as vell us certain problems associ-
ated with a free oxide surface, is not likely tu be useful in a final
device. But, it hos been and still is extremel  useful for testing out
sur initial concepts. We have, therefore, dev--_ed considerable effort to
the developnent of a monolithic device This app >ach, the deposition of
Zn0 on Si, has required a considerable technotogical effort, for it is
necessary to perfect the sputtering of the ZnO, to perfect the interdigital
transducers required, to understand the theory of the Zn0 convolver, and to
determine theoretically the optimum thicknesses of the 7ZnO and the optimum
resistivity of Si. We have had to grow special epitaxial layers of Si for
this purpose, and learn how to sputter the optimum ZnO, both on the Si and
in the regions of the transducers. Beyond this point, we have to concer™n
ourselves wich the optical problems, rhe perfection of a good transparernt
conducting layer through which the light can reach the Si, problems with
traps in the ZnO-SiO2 interface, and problems with the SiOI-Si interface
{n which the surface state density is not necessarily optimum because of
the roquirements on temperature while growing the Zn0.

We have, ;hcrcforc, been carrying out a joint effort with B.T. Khuri-
Yakub, working on ancther contract 'RADC), to perfect the technology of the
700 on Si convolver. As time progresses, and we are near to this state at
the present time, we intend that the work on this contract will then be

devoted exclusively to the optical imaging aspects, while the work on the

- ko -
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: RADC contract will be devoted to the development of the convolver for signati
processing applications.

The basic configuration employed is shown in Fig. IV-1. 1t consists

of a bulk Si substrate, or an epitaxial layer of n on n’ Si. Approxi -
mately 800 R ot 10, is thermally grown on the Si, then Au pads are laid
down on ecach end of the device. It is vital that the /u crystallites should

be well aligned in the (111) direction, for eventually Zn0 will be laid down

on top of the Au, for the quality of the ZnO is dependent on the alignment of
the Au crystallites. In turn, a Zn0 layer approximately 1.5 um thick is laid
down along the full length (5 cm) of the derice. and then at each end of the
system, interdigital transducers are deposited for use as input transducers.
In the middle region a thin transparent Au (zpproximacely 200 R) contact is
laid down for optical imaging purposes. For a convolver this contact can,
of course, be thicker.

Initially on the RADC contract, considerabls effort was devoted to
determining the optimur temperatures for growth of the ZnO layer. It was
found that on Au the optinum temperature is arproximately :’OC, vhereas

. o
on Si0,. the optimum temperature iz about 250 C. These temperatures are

critical if well aligned Zn0 crystallites are to be obtained sc that good

piezoeiectric coupling can be obtained.

We carried out a theoretical analysis to determine the convclution
efficiency of this type vf convolver. Both the optical sensitivity and
the convolution efficiency tend to be maximm at approximately the same

point.

The theory for the efficiency of the monolithic convolver was deriwed,

initially at flat band conditions. This theory takes into consideration

- 50 -
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the silicon dioxide layer between the zinc oxide film and the silicon sub-
strate. The internal convolution efficiency is given by the relation

e = /e )M

', . Sal »
¥z 1 o < o M(Bh) v
il = e e — (Iv-1)

3 W, v, s _xx .
(c“ + "- ey coth "— ﬁh) M (2h,2d)
2z

where v 7: the voltage at the plate, and Pl, P, are the input powers per

‘ unit width. Similarly, the propagation loss per cm of silicon is given by

the relation

. " coth
z XX zz
72

g = aw= . (IV-2 )

. J —= . = = uipn,pd)
i o ¢

where

Mich,od) (TW=3;

tanh ¢°d J-” cothaf == “h
ox XX zz e

‘ -

s ox e s
. + tanh d{ coth — ah
o xx 7z i

Hre <, is the free space diclectric constant, v is the surface acoustic

D
‘li

wave velocity, and is the Dby iennth Jdefined as 3 kT ‘f’fl—:lld

d i d




- and 4y OEE the dielectric constants of ZnO in the x and z direc-
tions, respectivelv, . v/v is the coupling coefficient of ZnO on Si, h is
the thickness of the zinc oxide film, d 1is the thickness of the silicon
dioxide film, is the dielectric constant of silicon dioxide, w, is
the dielectric relaxation frequency defined as 71‘5 . © is the conduc-
tivity of the silicon, and € is the dielectric constant of the silicon.
This theory is valid for I < 500 Milz and o > 0.7 tm .

In Fig. IV-7, . # and 1 are plotted as a funciion of the conduc-
tivity of the silicon for different values of d , the thickness of the
siticon dioxide film. An optimum device is used so that, with loss taken
into accouat, the efficiency is maximum.

Further developments of the rheory indicate that the maximum convolu-
tion efficiency in this comiiguration occurs when the Si layer is depleted.
This is in agreement with our experimeatal results and is a desirable charac-
teristic for amn optical imaging device in which carriers are generated in
such a depletion layver, and the holes move through it to the surface to be
stored at the surface in traps. thus giving » relative large storage time,
and hence, high sensitivity.

It will be seen that in this configuration the convolution efficiency

is maximum over a wide range of resistiviitics. but the optimum resistivity

for a 100 ® thick sio laver is spproximately ohm-cm. Consequently, we

constructed our copvolvers on 10 -1 ohm-cm n-type material, the range of
resistivities zpecified by the Si manufacturer, which is fairly near the
optimum resistivity and i« of a value in which it is possible to obtain

high quality material. A {ow experiments have also been carried out on
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epitaxial n on a2 material, which we have grown in the Integrated
Circuits Laboratory. This material has a 5 um thick n layer and appears
to be of higher quality for our purposes than the bulk material; it is more
uniform, the resistance between the layer and the bottom contact is very
small, and the layer itself appears to have fewer traps present. Fer the
epitaxial layers, we measured the carrier density by Schottky barrier tech-
niques, but the exact value of the resistivity of the samples used was not
measured because convolution efficiency is almost constant over the range
specified.

Je used 10 finger pair transducers operated at am input frequency cf
120 Miz. Because of the presence of the grounded silicon substrate, one
side of the interdigital transducers must not be connected to ground, as
this would mean that no field will exist between that side and the gold
pad, and would not then contribute to the generation of the acoustic wave.
We, therefore, feed thc interdigital transducers through an unbalanced-to-
balanced transformer ‘balun) and have designed and constructed a trans-
former of the type shown in Fig. IV-3. The output ends of the trans-
mission line are both floating across two inductors to ground; these two
inductors are equal if the transaission line and the wire have the same
length. The output is then balanced. We have also designed and con-
structed a matching circuit to match the interdigital vransducers to 50
The input circuitr; is comnnected as shown in Fig. IV-l. With this con-
figuration, the measured transducer-to-transd: cer loss was 18 dB. This
is greater than its optimum value. because the cipacitance between the

transdccer pads and the gold film underneath the ZnO tends to be too high.
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¥e now have the capability of making pads only a © mil » 2 mil and have made
samp’es with a pad capacitance well below the interclectrode capacitance of
the interdigital transducers themselves. This increases the effective radia-
tion resistance from approximately 12 ) to the theoretical value of S0 Q.
With such transducers operating in an unbalanced mode, we have obtained a
terminal-to-terminal loss of 15 dB. We expect to reduce the terminal-to-
terminal loss in the balanced mode tu less than 12 dB.

With the use of the 18 dB transducer, a convolver with an efficiency

Pout/Pinlpln¢ = =50 dbm

was constructed. This compares with the theoretically calculated value of
=57 dBm, a very close fit. The present bandwidth of the device is 9 Miz.
The results may also be compared with that of our best airgap convolvers
for which F = -L2 dBm . By reducing the loss of the transducers further,
and by changing some of the parameters slightly, we expect to b2 able %o
obtain convolution cfficiencies of better than -9 . dBe, i.e., an output of
=10 dBa with ) dBm reference signals. This would give a 50«70 dB dynamic
tange in an optical imaging device.

We have cbserved a shift of the characteristics of the convolver due
to the application of dc bhias to the top place. This shift remains when
bias is removed. We believe that this effect ic due to driving ionic
charges into the silicon dioxide, where they give rise to trap levels
with a large time constant. We have prown a laver of silicor nitride
between the zinc oxide and silicon diov‘ '» in order to prevent this cffect;

it appears to perform the protective r-'e cxpected. An additional etfect




encountered at first was due to the long-tiae storage of charge generated
when the applied fields were beyond the avalanche breakdown point. Now,
with more careful attention to the applied fields and to the processing
treatments employed, we appear to be able to eliminate the hysteresis with
the use of silicon nitride.

We have carried out experiments to determine how these devices will
perform as photosensors, but have not yet used them to obtain scanned
images. So far, we have flluminated the total arca of the semiconductor
and determined how the efficiency is modulated. We have observed that we
have been able to change the output efficiency of the convolver by 18 dB,
i.e., we have obtained an 10 dB dynamic range. This compares very favorably
with the airgap convolver in which the dynamic range is close to 10 dB when

4 no grating is used in front of the convolver. In this configuration, we
would of course expect to eventually place a grating on tl-e top surface to
obtain a large dynamic range, just as in the airgap convolver. This would
be easy to do in this system, for the grating could be placed very close to

the silicon surface in a further deposition.

The results obtained are only preliminarv and are not cptimized. The
geld laver is probably thicker than it should he znd. thus, the light pass-
ing through it is attenuated: we need to thicken u; the cdges of the gold
layer so that its resistance will be lower along its length, thus making
the device suitable for imaing in which a uniform high speced response is
nceded over the length of the fila. A far more serious problem has heen
the fact that in the apti-al modc the results have not been highly repro-
ducible, althourh the convnlver: ue-sclves are high reproducible. The

basic problea here appears to be " clated to the presence of surface states




at the silicon dioxide-silicon interface. This leads to the presence of

both slow and fast states. The slow states give rise¢ to a long-term memory
becanze charges are stored in rhem for periods which can extend up to deys,
thus account:ing for the lack of reproducibility of the results. The fast
states are useful in that they store charge and hence lead to more sensi-
tivity, but it is difficult to confrel the unifermity of the surface states.

e do not believe that it is fruitful to try and meet the surface state
problem head on. We are. cherefore, adopting a different approach very simi-
lar to that acdopted in the charge coupled device. Basically we are con-
structing our next devices using a large number of p-n junctions along the
semiconductor surfaces; the nonlinear interaction now takes place in the bhuried
junction rather than at the surface. This should aveid the whole problem associ-
ated with surface states and alsc give rise to extremely high sensitivity in the
optical inmaging device. Our work on this buried channel concept will be de-
scribed in the next progress report,

At the same time, we are ‘irishine up our improvements on the convolver
configuration so as to operate with somewhat hizhor resistivities, of the
order of %' ohm-cm: this shenid gove ar o) “ciency of F =47 dBm , or
better. We are also decicnine new t “anc b crs tn jncrease the bandwidth to

b1 B Miz. We pronose to gy thie by desccusing he number of finger pairs

and increasing tho Cpevaling . Coqueacy.




V. FM CHIRP GENERATOR

Because of the specialized requirements placed on the sweepers in this
experiment, it was felt that 2 specialized sweeper would be more appropriate
than a general laboratory instrument. Thus, a design project was undertaken
to meet these requirements. The sweeper must be capable of very high sweep
rates (200 kHz/usec), while maintaining extreme linearity (+ L0 kHz from
straight line). It was felt that the design would be simplified with the
use of integrated circuit oscillator components by implementing the basic
voltage controlled oscillitor at 50 MHz, and then doubling to 100 MHz. The

o~

requirement for the iz VCO were sweep rates of up to 100 kHz/usec and
linearity of + 20 kHz from straight line.

The basic circuit chosen for the VCO utilized a Motorola ¥C 14L& inte-
grated circuit oscillator with a pair of hyper-abrupt junction varactor
tuning diodes in the tank circuit. It was found expurimentzlly that Chere
was a narrow region over which the capacitance varied as l/V: ‘where V
is the applied voltage) in a fashicn which was sufficiently linear to allow

the design requirements to be met. The problem here is that, while the

diodes show approximately a 1/V characteristic, there is some error, and
pp ¥ y ’ ’

the deviations from the correct characteris ic can be large.

Once the desired opcrating point on the diode was located, an inductor
was chosen to give the desired center {requency. A control voltage buffer
circuit was then constructed! to allow the diodes to be biased at the proper
point, and yet allow a sweep input voltage which varied about zero, so as
to be able to keep the center frequency invariant while varying the sweep I

rate.

= Gl




=

During the testing of the oscillator, it was found that there wus @
large tcmperature dependent frequency variation. It was determined that
this variation came from three sources: the temperature coofficients of
the tuning diodes, the input capacitance of the MC 1'%, and the refer-
ence voltage for the diodes. The tuning diodes were placed in component
ovens and the MC 17.{ was put on a component heater to temperature stabi-
lize them. The reference voltage was temperature stabilized by the use
of a tempevature compensated reference diode (INL:Se |

With these additions, the VCO was then used with an internal bridge

diode modulator followed by a power amplificr-doubler circuit to achieve

the desired center frequency and bandwidth. 7The circuit is shown in

Figs. V-1 and V-2,
These sweepers were found to perfers as expected and will sweep well
in excess of the desired rate, while still maintaining the requirad linearity

over a slightly reduced bandwidth, as can be seen {rom the frequency devia-

tion curves given in Fiy. V-7,
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APPENDIX

IMAGING BY TRANSFORM CODINC

We give here a derivation of the mathematical results associated
with the convolution and filtering processes that take place in the

complete imaging system represented in Fig. 11-¢.

Notation:
L = length of the semiconductor
v = acoustic wave velocity
T, = L/v acoustic delay under the semiconductor.

*
F

The input chirped signals have the following characteristics:

duration T

c
- chirp rate u, ané = in rd/s’
= 0 i (5.3 ) [ o
total input bandwidth BC Byt s Te/

- disp.rsive filter bandwidth BS By T T /o™
Coavolver Output:

We take the center of the semiconductor as the origin =z 9 . I
the iwe input electrical signals are fl c) wad E.(¢ . the output

voltage of the coavolver h t fs given by

- l'V“
hit) f fl t-z2/v) f ltsz/fv) dz . A-1)
= N,

Now let fl and {_ be the chirped signals of ceater frequency and

¢,, and chirp rate “ and - respectively:




and

it
f . (e) = axp ) (ﬁ:‘ -— ]t (A-3)

< s
¢

Due to the presence of the grating, we assume no dark current and hence
the output of the convolver is proportional to the iight generated car-

rier densfty nlz) . ¥¢ express this output as

L/ : 2 —
SO ¢ 8 P z L '~
h(e) = exp(ju,t) n(.) exp ) r g (l‘ - —) « 22 sifaa

- p /: P

(A-k)

The output corresponding to one spot of light at z, is obtained by

letting nlz) = A(z-z,) in Eq. (A-L}
o

by * My =W Hy ", 2

v : 1

h,,"t‘ = exp J |o, - l_; s 4 -4 t]t > exp j(——e—)'—g
\'

h (t) is chirped with a chirp rate 4, -u and its center frequesxcy is

a linear function of position

Ul + Ui
) & m ek g (4-5)
-
ht) is also called the Fresnel Transform of nlz) . To recomstitute

the original izmage nz) , we must thus feed h{t into a filter matched

to a chirp rate - 4. and length Tc . The transfer function of such

Hl

a filter can be written as follows:




-

where T is unity in the interval [u3 - {“1 - .xa)rc/r, w, + fpl - I, )'rc/z]
and zero outside it. We did not account for the linear phase factor in
F(w) which corresponds to a constant time delay; and we had to introduce
an "absolute value” sign to ensure the hermiticity of the transfer function.
In what follows, we shall only integrate over positive frequencies (thus
introducing an extra factor 2) and we shall drop the absolute value sign.

Let H(w) be the spectrum of h(t) , the output of the filter is

1 o
g(c) = \[_; / F(w) B(w) expljst) d= (A-7)
on
-

with

f

H(w)

4+
1
— / hit’) exp(-jut”) ¢t” . (in-8)
u?‘n -

From Eqs. (A-lL) through (A-8), gl(t) can be put in the form

+L /¢ 2
1 '11 [ S9N ra
ge) = = dz n(z) exp | - '( :
-L/2 1
3 ’ 4 ‘i"- e :“‘ I“’ x ’
/f:xpj {a}t’ + WE’ =8) & = F o=/ ét’de .
A al \ :

(A-G)

To compute the dcuble integral over t’

.+, we define the variables _.T




and rewrite g(t) as:
L/2 2
1 By Tk, [ 2 az)
g(t) = P dz n(z) exp j =1 3 oz - ——
“L/2 e 200y =) '
+oy
He By 4
x/ exp (j W T’) aT
ay, =w(z J+mB
2 s (z)
% 2 / exp j,”.(t- ) an .
: oL
uz:,)-u:(z)'nﬂs
(A-11)
The integral over T is

‘/ . il AT/

ul .12
and the integral over ., introduces a sinX/X function. After a few re-

arrangements we obtain

J : LA
. ‘[ T S PIRRE - DR L
g(t) B .To exp [y (c n)1* exp J(‘ b )

A-1)

= u.‘!/(ul -wu.) 1is the time deiay in the dispersive filter at the center

-

frequency ©, . The sinX/X function is the "scanning function”. It is
o

- 6 -




peaked about the point 2z = vs(t -10) , hence 8 is the actuzl scan

velority given by the relation

My = B
v = L2 v = v= . (A-17)
Hy + " Bc

The 3 dB width of the "scanning function” defines the minimum resolvable

spot ds:
v v
ds & = = T 3 (A-1k)
Bs B,

The number of resolvable spots is therefore given by

L
K = -d—- = BT, = BT . (A-15)
S

The last equality comes from the definitionms of the welocities v and v
s

we can indeed write

For medium-to-high resolution (N > 30), the scanning function is sharply
peaked about z = vs(t —To) . In this case it can be shown that over the
center lobe of width 2d  , the phase error, in the integral of Eq. (a-12),
is only 7/N . We may thercfore approximate the phase term in this integral
by its value at z = vs’t -zo) . The limits of integration can also be
removed to infinity if we consider that n(z) is zero outside the interval
{-L/2, L/2) . Finally, to obtain the amplitude of the reconstituted image,
we approximate the scanning function by the dirac function

v

= 5(1 - vs’t-'o‘)

B
s




Equation (A-16) follows:

T (,2+ 2( &
g(t) = -y n(v (t -+ )) exp - § 1 uz) - ‘12) . (t-7 )2
B s s 0 ( i 2 0
s “1'”2)

‘c
*ﬂlz‘(t--ro)+%+— :

2

(A=16)

g(t) 1is a replica of n , delayed by 17/ and chirped with a chirp rate

2pproximately equal to Hy Ty and a center frequency f“}

Comparison with the Direct Imaging System

In a direct imaging system, a narrow pulse of width ¢ scans the semi-

conductor at a velocity v . The output is

Bagaaa't) © CXPUfn}t)/n(z) n|_‘ UBZZVI =

L T
The resolution is simply v8 and the number of resolvable spots — = £
v 8 .
Besides the output bandwidth is © ; . The 1 function can be approxi-
mated by vO H(x-vt) and gdircct(t) becomes
° : { §c 2
Biacelt) = W n(ve) exp\j¢3t) . (A-17)

For a given resolution let us now compare the S/N ratio in the two systems.
In the chirp system the signal amplitude is given by Eq. (A-1€) and the

noise is proportional to the bandwidth Bg . In tre direct imaging system

b

the signal amplitude is given by Eq. (A-17) and the bandwidth used is 9-1 :




hence

v, I
(s/N) .5..&!25
chirp system KT BS
(ve)°
(s/¥) =
direct system hkTe-l
Since the resolutions have to be identical, we can write N = TAG-I = TABC o

We then obtain the S/N improvement G provided by the Transform Corize

of the image. G 1is given by

G = X . (A-18)

We used Eq. (A-1L:). Equivalent forms for G are readily derived:

G = A _C = N--— = N -C‘ e (A'19)
s v B
A s s

Design Curves

We denote by a the dispersion of the reconstitution filter
(in Hz/see). By definition, C7a By =1 . We call B, and

B, the frequd .cy excursion in the two input chirped signals so that

.

and B, = T With these additional definitions we give

endy = wle c

below a summary of the results needed in designing the system;

a TC Bl-H
BC BI‘B
Bq Bl -B
N - BSTC = BCTA

We can express B

cr Tp and Bs in terms of the acoustic delav time T, |,
» » Hn




the filter dispersion a and the number of resolvable spots N . We

obtain

= W,

-3
t

(8/a)}/

B = (aN)l/Q

Figure A-1(a) gives plots of B,, T, and B_ vs N in the patvticular
experimental case where T, = L usec and a is 7 MHz/lO usec. These
plots allow us to deteimine B,, 82 and TC 2

to achieve any resolution N below 120. Figure A-1(b) gives plots of

the chirp characteristics,

TC and Bs vs a for the threc resolutions N - 120, 200 and 200

I1f the line time TC and the resolution N are given, one can therefore

find what dispersive filter to use.
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