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ABSTRACT

This report presents a complete analytic theory of the acousto-

electric storage correlator, and experimental applications which
demonstrate its versatility as a signal processor. Within the storage
correlator, externally applied signals interact with the potentials
associated with an acoustic surface wave traveling on a piezoelectric
substrate. A spatially varying charge pattern is thereby stored in
a linear array of semiconductor diodes. Application of a later
reading signal yields the convolution or correlation of the reading
signal and the stored charge pattern.

A number of modes of both storing the charge pattern and reading
it have been reported. The theory provides analytic predictions of
the device performance for most of these modes of operation and most

reported device structures. Experimental confirmation of the theory

. is given.

Particular attention is paid to the transient characteristics of

(4

pbP diodes. It is shown both theoretically and experimentally that
their response is nearly equivalent to that of fast diodes (e.g.,
Schottky diodes) in this application. As a consequence, they may be
charged quickly (in nanoseconds) and can retain their charge for long
times (secoﬁds). .1L_____‘_ ,,,,, o

A working device has been demonstrated. Key details of its con-
struction are discussed. Particular attention is paid to methods for

reducing spurious signal generation and to an evaluation of .alternate

diode array structures.
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A variety of signal processing results are presented to demonstrateh
the storage correlator's versatility as a signal processor. Correlations >
performed with various phase coded sequences indicate the device's capa-
bilities and limitations. A system application is shown, in which it is

used as a phase distortion filter to enhance the resolution of an

acoustic pulse-echo system. Novel applications, such as an electronically
variable tapped delay line and a variable pulse expander are described.

Finally, the device is used to correlate input signals. In many applica- J
tions, this technique increases the effective time-bandwidth product 1

severalfold. 3
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CHAPTER I

INTRODUCTION

This report describes the theory, construction, and signal pro-
cessing applications of the diode acoustoelectric storage correla-
tor. This device can, in real time, correlate or convolvé a broad-
band reading signal with a stored reference signal.

The storage correlator structure is nearly identical to that of
the diode acoustoelectric convolver, which has been described in
detail elsewhere.27 The device consists of a semiconductor diode
array spaced a few hundred nanometers above a piezoelectric acoustic
surface wave delay line.

We are here concerned with a new mode of convolver operation, in
which signals are stored as a charge pattern in the diode array. This
storage is accomplished through the interaction of rf potential applied
across the device and the diode potentials due to acoustic surface waves
traveling underneath the diode array.

As will be seen, the ability to real time correlate or convolve
a stored signal with a later input provides advantages not realized in
earlier acoustoelectric devices. In many modes the storage correlator
operates entirely at baseband. Real time signal processing is achieved
with no synchronization problems. Finally, an integrating mode of
storage allows the correlation of extremely long signals.

The first storage correlators were demonstrated in 1974 by
Hayakawa and Kino,6 and by Cafarella and Bers.5 These devices employed
silicon surface state storage. In 1975 Ingebrigtsen demonstrated the

first device employing storage in an internal array of semiconductor

e is




diodes.7 This sort of storage mechanism has proven far superior,
yielding more controllable and reproducible characteristics. Here,
we shall be concerned solely with devices employing diode storage.

Diode storage correlators have been demonstrated with either
Schottky diode7 or pn junction diode storage.9 These have been
developed for both signal processingla and imaging applications.26
Auld,48 Grudkowski,64 Reeder,65 and, Menager and DeSOrmier,62 and
others49 have demonstrated devices with tapped delay lines and
external diodes. These exhibit good performance, although large
numbers of taps and considerable external circuitry are required.

The work described here was initiated contemporary to Ingebrigtsen's
original demonstration of the diode storage correlator. It since has
yielded a number of unique contributions. These include the first com-
plete theory“of the storage correlator, the first application of the
device to a real pulse-echo system, and one of the first demonstrations
of high gain correlation during the charging process.

Four chapters follow this introduction. Chapter II presents a
complete theoretical description of the storage correlator. This theory
is completely analytic, and is valid for most reported device structures
and modes of operation. The discussion begins with a qualitative
description of the various modes of operation considered, and then pro-
ceeds to an analytic description. Experimental results are presented
to confirm the various aspects of the theory. Finally, the relative
efficiency of the various modes of operation and device structures are .

theoretically compared. A comparisoa oi the relative efficiencies
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of the storage correlator and acoustoelectric convolver is also
provided.

Chapter III discusses device construction. First, the basic
structure and problems are described. The diode array is then con-
sidered in detail. The fabrication criteria are listed, followed by
a summary of the various diode structures considered and a discussion
of their relative performance. The suppression of both electrical and
acoustic feedthrough is discussed. A number of techniques are listed,
along with their relative virtues and disadvantages. Finally, various
useful electrical circuits are presented. These include plate matching
network and high voltage pulser designs.

Chapter IV discusses signal processing applications. First, the
theoretical results of Chapter II are used to find the device output
functions for various modes of operation. It is thus shown that the
device always provides either a convolution or correlation at the out-
put. Various experimental results are given. These show how the
device may be employed as an electronically variable tapped delay line
for long analog signals, as a matched filter to reduce phase distortions
in a pulse-echo system, and as a transform processor with a novel
application as an analog pulse expander. Finally, the technique of
input correlation is considered in detail. Here, the diode array is
used to integrate during the charging process, so that extremely long
signals may be correlated. This process yields extremely high time-
bandwidth product phase correlations. A discussion of the independence

of the writing and storage time is also included. It is experimentally




denonstrate& that the writing and storage times are essentially
independent, so that even very long storage time diodes may be charged
extremely quickly.

Chapter V is a conclusion, summarizing the salient features of
the earlier chapters. Future directions of the storage correlator are
also discussed, such as imaging applications, monolithic devices, and

two~-dimensional storage. Remaining problems are also discussed.




CHAPTER II

AN ANALYTIC THEORY OF THE DIODE STORAGE CORRELATOR

1, Introduction

The acoustoelectric surface wave storage correlator is a device
capable of storing and correlating broad bandwidth signals in real time.
Considerable development has occurred since the first demonstration of
principle, and a number of device structures and modes of operation
have evolved. Here, we derive an analytic theory broad enough in scope
to elucidate the physics and accurately predict the performance of
most of the reported structures and modes of operation.

The device considered consists of a silicon diode array situated
a few hundred nanometers above an acoustic surface wave delay line, as
shown in Fig. II-1. It has three ports: two connected to acoustic
surface wave transducers, (L,R), and a third, called the plate (P),
connected to the back of the diode array. The interaction of inputs
from any two of the ports writes a signal into the diode array in the
form of a spatially varying charge pattern. A later input, called the
readout signal, causes a readout to appear at one of the three ports
in the form of a correlation or convolution of the readout signal and
the stored charge pattern.

The first version of the storage correlator, reported in 1974 by
Cafarella and Bers,5 and also by Hayakawa and Kino,6 employed surface
state storage in silicon. In 1975, Ingebritsen7 demonstrated the first
device with storage in Schottky diodes. Soon afterward, Maerfeld and

Tournois,19 and also Borden and Kino,14 reported'results with devices
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employing storage in arrays of p-n junction diodes. In general, diode

storage has proven far superior to surface state storage with respect

to reproducibility, storage time, efficiency and uniformity. This
motivates restricting the scope of this paper to the diode correlator;
indeed, most current devices employ arrays of either Schottky or p-n
junction diodes as the storage medium.

Past theoretical treatments have considered the storage of signals

l
in surface states,5 or of low level input signals in diodes.lg’61

Here, we
give a general theory with results in analytic form. The performance of a
diode correlator is predicted when any reported method of writing a signal

into the diode array is coupled with any reported readout technique. The

assumptions thus required in most cases minimally affect the final accuracy; 3
we will note when this is not the case.

We shall consider two methods of writing a signal into the diode array
In the first, a very short high amplitude plate pulse is used to strongly
forward bias the entire diode array. In this manner, it is possible to

] sample the diode potentials due to a traveling surface wave present under

the diode array. The surface wave's amplitude and phase information is
thereby stored in the diode array as a spatially varying charge pattern,
which is manifested as a spatial variation of diode capacity. The second
method employs a large number of weak sampling pulses, each insufficient
in amplitude to.strongly forward bias the diodes. Here, the writing
process occurs over a long period of time. A nearly identical process is to
employ two oppositely traveling surface acoustic waves to write a charge
pattern into the diodes over a long period of time.
We also consider two methods of reading the diode capacities. The
3 first, called acoustic-to-plate reading , employs an acoustic surface wave

traveling under the diode array to excite individual diodes; the potential

N




developed across a diode depending on its capacity and the amplitude of
the surface acoustic wave. An rf output is obtained at the plate terminal,
P . In the second, called plate-to-acoustic reading, the excitation of the
diodes by a reading signal at the plate terminal gives rise to an output
acoustic surface wave.

The analysis is performed for both fast (such as Schottky) and p-n

junction diodes. A fast diode is defined as a device whose conduction

qV_/nkT
current is of the form Is(e - 1) , regardless of the rise time

D
of the diode voltage. This is seldom true for p-n diodes in this applica-
tion. Hence, the p-n diode analysis will account for their transient
response. The theory is also adapted for either type of diode with con-
ductive overlays.

Following the analysis, we present experimental results that
verify most aspects of the theory. Finally, we compare the performance of
the various device structures and modes of operation, and the storage

correlator's efficiency as opposed to that of other existing acousto-

electric signal processing devices.

2 Principle of Operation of the Storage Correlator

The process of writing a charge pattern into the diode array may
be understood with the aid of the circuit model of Fig. II-2. 1In
Appendix A, we show that this model suitably represents the charging
process. There, the effective coupling capacity C of this circuit is

shown to be
C = C +¢C (I11-1)
a P

where Ca is associated with excitation of the diode by the acoustic

wave, and Cp with excitation at the plate electrode.
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FIG. II-2 Charging Circuit Model for a Fast
Diode.
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The effective source voltage Vs is related to the potentials
Va at the surface of the piezoelectric substrate and Vp at the

plate as follows:

c, C
S o A . (11-2)
c c P

In order to give a simplified description of the operation of the
correlator, we shall initially suppose that the source is voltage pulse
Vpo applied at a time ¢t = tp , Wwhere the pulse is of sufficient
amplitude to strongly forward bias the diode, which then acts like a

closed switch. The operation is that of sample and hold circuit, which
samples the relatively weak acoustic wave signal passing underneath
the diode at the time tp . Suppose the voltage applied by the acoustic

wave is of the form .

V.. Vao sin(wt - Bz) (11-3)

where B 1is the propagation constant of the acoustic wave.

After the pulse voltage drops to zero, the capacitors retain a

charge due to the acoustic wave of the form

Q = CVs = CPVpo + Cavaosin(wtp - Bz)

(11-4)

=Q * &

where QR is the spatially varying component of Q .

R
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Once the pulse voltage drops to zero, the diode is reverse biased
and acts like a varactor, whose capacity is determinedAby the storage
charge Q . Q decreases slowly in time due to the leakage current of
the diode.

If we suppose that Cp <<'CD , the capacitance of the diode, we
can write in general, that Q =3QD » Where QD is the diode charge,

given by the relation

- ‘IZqNDESVB - Vz.qNDe:s(vB -V
(I1-5)
c

po's ~ Cp(Vp ~ Vp)

with

1/2

CD = [2qND€s/(VB - VD)] (I1-6)

where VB is the built-in voltage of the diode, ND its doping, €

its dielectric constant, CD its large signal capacity and CDo its

capacity when VD =0 , with QDO =

CDOVB .

of C . differs from the usual small signal definition by a factor of 2 .

D

Under reverse biased conditions, where VD is negative, we can

write

1 -
— x ( I 1-7 )
Cp o %o

& 11 »

We note that the definition
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so the spatially varying component of 1/CD is QR/QDOCDo e
On readout in the plate-to-acoustic mode, a voltage ¢ptsinwt
is applied to the plate as shown in Fig. II-3. This in turn develops
a voltage across the diode capacitance of value
c¢ rsinmt

v, = RBPE e, (11-8)
Cp

So, from Eqs. (II-7) and (II-8), the spatially varying voltage com—

ponent developed at the diodes is of the form

A 2 ?Pca Vao ¢pr sin(wtp - Bz)sinwt
Dr C ZV
DO B

s (11-9)

We note that this voltage is independent of the original pulse voltage
applied, but is linearly proportional to the acoustic signal read into
~ the device as well as the readout signal ¢pr . It has the same fre-
quency variation as the input signal and two components of spatial
variation + Bz . These correspond to both forward and backward propa-
gating acoustic surface waves.

Thus, the principle of operation on writing is to use the diodes
as sample and hold circuits which retain charge. On readout the spatial
variation of the capacitances of the diodes due to the retained charge

is such that a readout voltage applied to the plate excites the diodes

with the same spatial variation of potential. This, in turn, excites
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FIG. II-3 Plate-to-Acoustic Reading
Circuit Model.

o8-




forward and backward propagating modes whose amplitudes can be determined

by normal mode theory.

35 Analysis of Writing Modes

M (s g e )

(a) Charging Fast _Diodes with a Single Pulse.

The charging circuit model for fast diodes is shown in Fig.

II-1. Here, we include a depletion layer capacitor CD to account for

the displacement current flow and charge storage in the diode. The

R e Ty T

current generator accounts for the diode conduction current.

The current equation for this circuit is

d dQD qVD/kT
c — (vs - vD) = — 4+ 1 (e - 1) (11-10)
dt dt =

where QD is the charge diode depletion layer capacitor CD , as
defined in Eq. (II-5). We define the stored charge Qs(t) as the

change due to the flow of conduction current, as follows:

QD(t) = C(vs - VD) - Qs(t) . (11-11)

R e e .
ifaakin

Substitution of Eq. (II-11) in Eq. (II-10) yields the stored charge

Qs in the form

dq qV_/kT #
b I(e D _1). (11-12)
dt .
if ¥y ™ 0 initially, Qg = 0 . While the conduction current is small, - |

the RHS of Eq. (T7I-12) makes no contribution as Vs changes and Qs =0

with QD = C(Vs -V When the diode is forward biased, V_ >0 ,

D) i D
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and the charge QS increases rapidly in time. Then, after the diode

is again reverse biased (VD'g Oy, QS remains essentially constant
over time periods of the order of tens of microseconds, and decreases
linearly with time over much longer periods, due to the diode reverse
saturation current Is . Thus, we identify QS with the stored charge.
Note that changes in the amount of stored charge are due solely to the
flow of diode conduction current.

Eq. (II-12) can be solved analytically only with certain assump-
tions about the diode capacity CD . For our purpose, CD is defined
in terms of QD » the net charge in the diode, given in the abrupt
depletion approximation by Eqs. (II-5) and (II-6).

To retain analytic forms, we shall assume the diode capacity CD
to be constant and of value CDp during the time when the diode is

strongly forward biased at an essentially constant voltage VDP . It

is during this time that the bulk of the charging current flows. For

writing with small signals, the zero bias diode capacitance CDO is
used. During storage and reading, the diode reverse bias voltage is
used to evaluate CD .
Equation (II-12) can be integrated with the aid of Eqs. (II-11) and i

(II-5) to find the net stored charge QS . We assume a source voltage

Vs of the form

WIPRRSNOSTR

2

¢ c t -t
osin(wt - Bz) + -2 vpo $ = (__2) . (I1-13)

Vs o va
c C t

P
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The first term on the right is due to the acoustic surface wave. The
second term is due to the much larger applied plate pulse, which is
assumed to be parabolic in shape, with a peak amplitude Vpo 4
occurring at time tp . Such a pulse shape models a short voltage
spike in an easily integrable form. After integration and the use of

asymptotic approximations near t = tp , the stored charge is found to

be
e j Tq q/kTC [cv (e )+v_(C. -C_ .)
Q. =—C TplL s p° B Dp DO
S Tp|&n e I e +1
q kTC C V s
(1I-14)
with CTp = CDp + C . For most cases of interest, the argument of the

logarithm is much greater than unity. Thus, we can write Qs in the

form

kT mq
Qo oV (£ ) +V.(C. ~C ) +—~—C, inll t \/——-— (1I1-15)
S s B'D DO T kTC, C V
P L o e w2 Tp p pO

where CVs(tp) is given precisely by the simplified form of Eq. (II-4),
in which the diode was regarded as a perfect switch. The rest of the
terms in Eq. (II-15) account for the fact that a finite voltage is
required to "turn on" the diode.

It follows from Eqs. (II-5), (II-6), (II-11) and (II-15) that the

diode voltage is

= 36>
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c [ ] VB kT EIB mq
Valt) = —H-(r)-¥ (¢t N+ ~={C <0 ) = — n|I t Qoo
D c Ls s p c D Dp a C sp kTCTpCprO

T T
(I1-16)

where CD and C, = CD + C are evaluated with a value of diode voltage

T

VD self-consistent with Eqs. (II-5) and (II-6). The last term on the

RHS of Eq. (II-16) gives the peak diode voltage, V. , when CD = C

Dp Dp

and Vs = Vs(tp) , as

kT mq
va = -:ln Iscp‘/m h (11-17)
The diode reverse voltage after charging can be found from Eq. (II-16)
by setting the source voltage Vs(t) w ) .

Finally, we determine the turn-on voltage Von , the minimum plate
pulse amplitude va required to sufficiently forward bias the diode
for complete charging. The turn-on voltage Vs = Von is defined to
be the plate potential when the charge QDp stored in the depletion

layer capacity C equals the stored charge Qs due to the flow of

Dp

conduction current when the diode reaches its saturation voltage va .

It can be seen from Eq. (II-11) that this occurs when Qs = C(Vs - va)/2 .
Thus, it follows from Eqs. (II-2), (II-5) and (II-11) that
(2¢c +C) CV 2V
vV =V 2P S N g B(cDo-cD) . (II-18)
b Dp c c c P
P Tp P

In most cases, the first term on the RHS dominates; this is seen to

be va(chp - C)/Cp . We note, however, that some charge is stored

0
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TpVDp/cp ’

where it assumed that finite conduction current only flows as VD

as soon as QS is finite, a condition closer to VO

approaches VDp . ;

(b) Fast Charging of pn Diodes.

In Appendix B, the excess minority carrier charge density
at the edge of the neutral region, pn(O,t) , for times much shorter

than the minority carrier lifetime was shown to be

qu/k'r I ('r)
pn(O,t) = Pppol\e - )- ” (II-19)

q\IEE— & 1/2

The analysis here is parallel to the fast diode case. The source

voltage Vs is again given by Eq. (1I-13), where the dominant signal
is a parabolic plate pulse peaking at a time tp . We are here
interested in the transient diode characteristics, in response to the
sharply peaked plate pulse rather than the weaker acoustic signal.

Since most of the source voltage drops across the coupling capacitor

C , the diode is driven by a current varying linearly with time:

av 2cv v
C—2p ~B1a—], (11-20)

dt t L~

P P

For this case, it will be seen from Eq. (II-20) that the forward diode

voltage VD during charging is given by the relation

KT 4cv — 2t
vy(t) = — 2l + ol -—1]. (11-21)
q qp 7D 3t
no* P P P
- 8 -
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The diode voltage VD climbs rapidly to saturation (typically 0.5
to 0.6 volts) and remains constant until a time ¢t ==3tp/2 , when VD
rapidly drops to zero. At this time, the source voltage is Vs = 3Vp0/4 -
For t > 3tp/2 . VD <0 , and all diode conduction current ceases to
flow. Because a reverse current flows during the period ,tp< - < 3tp/2 :
we expect the stored charge to be only 75% of that found in the fast
diode case, and the charge contributing to readout is
i U e (11-22)

This rapid response is due to the drift of holes across the depletion
layer from the p+ region to the n region. Not all this charge is
stored because insufficient time has elapsed to allow the holes to
diffuse into the neutral region. The holes near the edge of the neutral
region drift back to the p+ region when the diode current changes sign,
at time t = tp . This reverse current, during the interval tp &L < 3tp/2 .
causes the loss of 25% of the original stored charge. For times beyond
3tp/2 , essentially no conduction current flows, so that 75% of the
original stored charge is retained. Note that this process is transit
time limited, and is essentially independent of the minority carrier life-
time and, hence, diode storage time.

This analysis may be inadequate for diodes with a very long minority
carrier lifetime. In this case, it is possible that the minority carriers
that have flowed across the junction during the charging peak do not
recombine. A large number of these carriers might then diffuse to the

junction and drift back across after the charging pulse turns off.

-1 «
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This would explain why others have experienced difficulty in charging
long lifetime pn diodes with short pulses.19

However, it must be noted that for reasonably large charging pulses,
the diodes are operating near or in the high level injection regime.
This suggests that the minority carriers must in fact experience field
aided drift in the neutral region, so that they would be pushed deep
into the bulk and away from the junction. Except for the case of diodes
with extremely long lifetime, most of these minority carriers would

probably recombine before being able to diffuse back to the junction.

(c) Writing into Fast Diodes with Low Level RF_Signals

Plate-acoustic writing, Vpo << Vao . This case is physically

analogous to single pulse writing, except that the diode is never

strongly forward biased. Thus, the diode forward current is low and
a long train of pulses are required to completely charge the circuit.
The stored charge and diode voltage are found, as before, with the

differential Eq. (II-10), except that the source voltage is given by

cV 0 cVv 0
WiE) e 8 87 sin(wt - Bz) + —2P= sinwt (11-23)
C c
qV o/kT qV_./kT
with the assumptions that e - s> @ P and Vao is of

sufficiently low amplitude so that the diode displacement current
greatly exceeds its conduction current.

Because the diode is weakly forward biased, a constant zero bias
diode capacitance CD = CDO is assumed. By integration of Eq. (II-12),
the stored charge is then given by the relation

- 30 =

I e e
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t

kT qI, q
Q =—C An{l + ———/ exp (C V sin(wt - Bz) + C_ V__sin wt) dt
s g z kICT / kTCT a a0 p pO

(11-24)

The argument of the integral in Eq. (II-24) is sharply peaked when

wt - Bz = m/2 . Thus, the integral is rewritten as

2m q € N = q Ca

— exp |— L2V 0cos Bz|) = exp (—-— —V 0s:ln(mt - Bz))d(wt)
w ke T 2n W c, °

where Nc is the number of rf cycles used for charging, Nc = wt/2m .
The integrul yields a Bessel function Io(anOCa/kT CT) , so that

Eq. (II-24) reduces to

kT ql t q Ca q C
Q. (t) = —Cp2n 1+—"‘—10 - =¥ | exp — R v_ cos Bz
. q KTC,, KT C, e

(11-25)

The readout charge is the component of the stored Qs with periodicity
cos Bz . This is found by Fourier expansion of Eq. (II-25) to be
2m

kT qIl t q C q C
s a p
QR - CT cosb n|l + I0 — ==V 0 X exp [ — v Ocose dé

mq A KTC,, KT C » KT C P

(11-26)
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The integral in Eq. (II-26) is not easily tractable. For large

t , it has an asymptotic form of

cC, = CV . (11-27)

For shorter times, the readout charge QR is of the form

q C q c |
Q = 21tI |—V _ — I(—V ——) (11-28)
R s 0 a0 1 pO |
kT CT kT CT i
i where Il(x) = d/dx Io(x) %
Acoustic-acoustic writing (Val >> Va2) . For the case of writing
with two acoustic signals, Valej(wt_ez) and Vazej(mt+Bz) , with
anllkT>> anZ/kT
e e , the above analysis follows with V replacing
a2
| Vpo . Now the readout charge QR is the component of the stored charge

Qs with spacial frequency 2Bz

(d) Writing into p-n_ Diodes with Low Level RF Signals

This case is analogous to that of the fast diode and the
source voltage Vs is again given by Eq. (II-23) with the previous
assumptions applying. It will now be convenient to assume that the
diode voltage is determined by the capacitive voltage divider of the
coupling capacitor C and the diode capacitor Cj - Including
the increasing diode bias due to the buildup of stored charge Qs and

assuming the diode capacity CD remains essentially constant at its

zero bias value CDo , the diode voltage is

A i B el
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s
VD(t) - —-—--Vs - (11-29)

Cr Cr
We apply Eq. (B4), which allows calculation of the increment in
minority carrier charge AQp ,» during one rf cycle of the source
voltage Vs . Since the current from the p+ to n regions is due
to minority carriers, this yields the increment in stored charge.

Substituting Eq. (II-29) into Eq. (B4) gives

2m
JT (a/kTC) [CV_(T) - Q]
8, = qpyg 5 e dt . (1I-30)
o

(t - 1)1/2

We note that this description is probably adequate for both long and

short lifetime pn diodes. Here, the charging current is small, and

minority carriers that have traversed the junction can easily recombine.
If the increment in charge AQp , as given in Eq. (II-30), is

small so that charging occurs over a large number of rf cycles, then

Eq. (II-30) may be written in the form of a differential equation,

2m (qC/kTCT)Vs(T)
e

Sl « u\/l O f
at 2t P an VT (t - /2

o

dt

(1I-31)

Integration of Eq. (II-31) gives the stored charge Qs as

03 -
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kT q /[9p 2wD qC V q C
Q () = —Cyponf1 + ( “0‘/ p)tlo ( a ao) exp (— Ly o088z
q k'rcT\ ™ 3 kTC,, e, P

T

(11-32)

By comparison to Eq. (II-25), this result is seen tc be identical to that

for a fast diode with a saturation current Is of

qp 2wD
P ow AR (11-33)
s & 3

Thus, the fast diode model holds for the slow charging of p-n junction

diodes, with Is given by Eq. (II-33). For a typical value of

8 =]

E | N = 4.6 x 10M/en® = 5.6 x 10°/cn° with © = 6.28 x 10° sec

D pnO
Dp = 20 cm2/sec , we find Is =2.6 X 10-9 amps/cm2 . This is about

i 100 times smaller than the Is for PtSi Schottky diode.

(e) The Effect of Conductive Overlays

An overlay may be modeled as a capacitance in parallel with the
diode depletion layer capacitor. This will not change the qualitative

form of :-he above results, since the overlay can only increase the diode

! 5 capacity.
4. Reading

The various modes for reading the stored charge pattern are now con-

sidered. 1In all cases, we find the device output power in terms of the

readout signal amplitude and the readout charge QR . We first deal

- 34 =
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with acoustic-to-plate reading, where the output appears at the plate

in response to an acoustic readout signal. We then analyze plate-to-
acoustic reading, where the output appears at one of the acoustic ports
in response to an rf plate readout signal. Finally, the analysis of both

readout modes is modified for the case of overlay diodes. The conduction
current is assumed to be negligible, so that the analysis is equally

valid for fast and pn junction diodes.

(a) Acoustic-to-plate Reading

Here the readout signal is a surface wave propagating under
the diode array and the output power is measured across a load resistor
connected to the plate. The circuit model used to calculate the coupling
of the surface wave potential ¢at to the diode surface is exactly
that used in the writing analysis, Fig. II-1. Now, however, we consider
only diode displacement current. The charge stored during the writing
process will reverse bias the diode, so that only a very strong readout
potential ¢ar will give rise to a flow of conduction current. We may
parenthetically note that, since conduction current does not flow, the
readout signal does not affect the stored charge, and the readout process
is nondestructive.

By the voltage divider relation, the diode voltage VD is

(¥

a (I1-34)

\' =

D ¢ g

ar
ca+CD

The total diode charge Qs deposited during writing may be

written as

a8 o

ow—

. T —- i AﬁﬂHﬁﬂﬂ.Nhﬂﬂuﬁlﬁﬁﬁﬁﬂﬂnﬂiﬂﬁuﬂﬁﬂiﬂ‘



Qs bt g QR sin(mtp + Bz) (11-35)

where the second term on the RHS is the spatially varying component of
the stored charge, as found in the previous section, and Q0 is all
remaining stored charge. Qo will bias the diode, but lacks the spatial
periodicityvrequired to contribute to the readout.

Combining Eqs. (II-35) and (II-5), the diode capacitance CD is

written in terms of the charge QR as

Q + Q. sin®z +wt ) - C_ .V
PR o S 2 s (11-36)

D
Vy = Vp)

Substituting Eq. (II-36) into (II-34) and expanding, assuming QR/(VD-VB)
is small compared to the other terms, yields the component of diode

voltage due to the product QR sin(Bz + wtp) X ¢ar i VDr , to be

V. = 2 ar 3 (11-37)

Dr 2
(Ca + CD) (VD - VB)

C ¢ QQ sin(Bz + wtp)

j(wt - Bz)

The acoustic reading signal potential ¢ar varies as e
so that a component of the diode reading voltage Vbr appears as an
rf potential with wavenumber B8 = 0 .

The voltage developed across each diode couples to the external
load resistor RL through the plate circuit coupling capacitor Cp »

as shown in Fig.II-4, The current through the nth element of the diode

array, In s 19
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FIG. II-4. Acoustic-to-Plate Reading Circuit Model.
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In = Cp ;: (VDrn ~ VL) = ijp(VDrn - VL) (I1-38)
where VDrn is the voltage drop across the nth diode and VL is the
voltage drop across the load resistor RL . Thus, VL is given by

ijLC wé
= B J —_
B B U JUNLR C w8 - DA e
n

where N 1is the number of diode elements per unit length. For N

large, with the sum goes to an integral over the interaction length, L .

This takes the form of the correlation or convolution of the stored charge
pattern and the readout signal amplitude. In the simplest case, where

both signals are of constant amplitude, the device output power, P0 =

is

2 2
v 1 (mNLCpRLwd) C QR¢

: 0 a
3 P = =
‘ ZRL loRL 1+ (wNLCpRLVG)z (Ca + CD)Z(VB - vD)

ar

(11-40)

(b) Plate-to-acoustic Reading

Equation (II-9) gives the diode surface potential due to an
applied plate reading signal of the form ¢prsin wt . It is convenient

to rewrite this equation in terms of the forward and backward propagating

+
acoustic surface wave components, VD;. , of form
+ C j(wt + an)
Vv = —B 4 Qe : (11-41)
Dr 2C 2v pr R
DO 'B
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Here, QR is the modulation of the stored charge pattern, given by

QR = cavaO for fully charged diodes, as in Eq. (II-9).

The amplitude of the surface wave excited by the diode surface

* 57

potential VDQ_ is found using the normal mode theory of Kino and Auld.

From Eq. (II-31) of this reference it may be shown that

*
da jwp ¢, w
s T e = e (11-42)

9z 4P1

where w is the acoustic beam width, ps is the semiconductor surface
charge, and the rf potential due to the propagating acoustic wave is

*
¢ = a¢1 where P1 = ¢1 ¢1/ZZa . P. 1is the power per unit width of

a 1

the surface wave and Za’ the acoustic impedance, is defined in Eq. (A2).
The total rf potential is ¢ = ¢a + ¢s » Where ¢s is the sum

of the contributions other than the fundamental acoustic surface wave

mode. Kino and Reederssdefine the relationship between ¢s . p8 , and

the acoustic coupling capacitor Ca as
PRI - AR (11-43)

Equation (II-42) now reduces to

3
—£+3B+78, = 3Y0 , (11-44)
9z
where wwC 2
y = —228 (11-45)
2
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represents the perturbation on the surface wave propagation constant
B due to the presence of the diode array. Assuming a solution to

Eq. (II-44) of the form
¢,(z") = ¢ae'j(8 * TG +8) ; (11-46)

we see that Eq. (II-44) may be integrated to give the potential of the

fundamental acoustic mode:

d)a(z,w) = jY/ ¢ej(B ¥y z)dz’ 2 {I11-47)

By Fourier transforming Eq. (II-47) assuming the propagation constant
perturbation Y is constant in frequency, the potential ¢a as a

function of time is seen to be of the form

z" + z =
¢, (z,t) = jyerz_/ ¢(z‘,c- )e”’ s . (11-48)

Za
By direct substitution into Eq. (II-48), it is possible to show that the
device output is either the correlation or convolution of the modulations of

the stored charge pattern and the reading signal. This is done in Chapter IV.
+

The reading potential at the surface of each diode element, vDr , 1s
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not continuous. By Flouquet's theorem, the continuous form is

+

o (z) =, e3P (11-49)




P

where

N wnG) j@m/2)[z + 6§
V(z) '(z)vnronz_::m(T " =3 4] = (11-50)

§/% 1is the ratio of diode element width to the periodicity of the diode
array. Retaining only the n = 0 term of Eq. (II-50) yields the result

> 8 5 ‘
Vo (e bR SV e 18z 4 jut (11-51)

g Dr0
If it is assumed that the original acoustic surface wave was
perturbed by the presence of the semiconductor, so that its wavenumber
was B + Yy (cf. Appendix C), then Eq. (II-48) yields the potential of

the excited acoustic surface wave to be

6, = sve V3(s/0) f V) o “EBEY az e gy(srnyvy 1 e IVEIWEER)

(11-52)

*
The output power is ¢_ ¢ /2z , so that by combining Eqs. (II-52)
& 8" @&

abd (II-41), the device output power P, for a constant amplitude rf

0
plate readout sigeal ¢pr and stored readout charge QR , with an

interaction regiéﬁ length L , is found to be

2 2
1 [yLé C ¢__Q BS
Py = [ ] [1’ PE_R oinc —] g (11-53)
2c. 2y 2

zza % DO B
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(c) Reading With Overlay Diodes

Finally, we consider the effect of conductive overlays on the
above results. Overlays are in general used to increase the effective
area of the diodes by making ohmic contact to the diodes themselves while
covering, and hence shielding, a large part of the adjacent semiconductor

area. A thin insulating layer of 8102 separates the overlap from the

semiconductor surface, so that a large MOS capacitor appears in parallel
with the diode capacity CD . Thermally oxidized Si 1is often

accumulated at the surface, and with typical flatband voltage shifts ‘
~ 1.5 volts, the MOS overlay capacitance will nearly equal the 5102
capacitance for most levels of reading signals. If this is not the .
case, the overlay itself will contribute to the readout signal, and
analytic results are not easily obtained.

Changes in the readout analysis arise because most of the stored
charge resides in the static overlay capacitor, where it cannot contribute
to the readout. In both cases, Cov + CD >> Cp or Ca where Cov
is the overlay capacity, so that the diode voltage is

ca/2 Ca/ p
Vp = ¢(ar/pr) = 2211 + — ) ¢(ar/pr) . (1I-54)
C + C C

ov D ov ov

The fraction of the readout charge QR residing in the diode

capacity CD ’ QRD P
A |c. (v. -V.)4+C_V
Q WLl [ A, B DO B & s (1I-55)
e c_v R
D ov D
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where A 1is the overlay area and AD is the diode area. Substituting

the diode capacitance CD in the form of Eq. (II-36) gives vDr , the ?

component of diode voltage contributing to the readout

cga/p)[cl;(vn = V) * %o's] g (11-56)
Dr % R"(ar/pr) ° |
Cov vD(vD VB) i

Combining Eq. (II-56) with the earlier analysis, the output power for

acoustic-to-plate reading is i

2 1
1 wic R w)? | fc [CD(VD ™ A Cnovn]
By . 2 Qg
0 2 3 R"ar
URp |1+ (uNLC R w6) c o vy (W = V)
(11-57)

The output power for plate~to-acoustic reading is:

2
2
1! yLS c[c(v -V.)+cC_V RS
po - [ ] “pL’D .3D B DO BJQR%r““" . (11-58)
zza 2 e vD(vD - vB) 2

Se Comparison to Experiment

We now consider experimental verification of the theory. Table II
summarizes the various writing and reading modes and device structures
used in the experiments. The p+h junction diode results were obtained
in our own laboratory. The Schottky diode results have been previously
reported by Ingebrigtsen.13

Figure 2-5 shows the two diode structures; in both cases inter-

actions from the interdiode region are minimized. In the mesa structure of
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Fig.II-5(a), this region has simply been etched away. Such a structure
also provides excellent isolation between adjacent diodes and is a good
realization of an array of one-dimensional pn junctionms.

The conductive overlays, shown in Fig.II-5(b), shield the inter-
diode region from surface wave fields. As discussed earlier, such
overlays put a large MOS capacitor in parallel with the diode. When
the silicon surface is accumulated, this capacitor is static and does
not contribute to writing or reading. The flatband voltage shift for
the particular device discussed here is ~ 1.5 volts.6 Thus, the over-
lay capacitor is always static in writing, and only contributes to
readout for high levels of either the readout signal or reverse

bias diode voltage due to the stored charge.

(a) p+h Junction Diodes, Acoustic-Plate Writing with a Single

Pulse, Plate-to-Acoustic Reading

Figure 2-6 shows the output power as a function of plate

pulse height for the device whose parameters are summarized in Table
II, column 1. The theoretical output is also plotted with no adjustment
of parameters, beginning at the theoretical turn-on voltage, Von @
The fast diode model was employed in conjunction with a - 2.5 dB correla-
tion due to the use of p+n diodes, as follows from Eq. (II-22).

The output power climbs rapidly and then saturates near the pre-
dicted turn-on voltage, Von . The theory accurately predicts both
Von and the output power.

We have also observed the turn-on voltage Von to be independent

of temperature.22 This, too, is consistent with the predicted diode

- B
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OUTPUT vs PLATE PULSE HEIGHT
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FIG. 1I-6 Device Output vs. Plate Pulse Height for p+n

Mesa Diode Structure, Experiment and Theory.
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voltage VD given in Eq. (II-21), since l/pn0~n12 exp (Eg/k'l’) -
where n, is the intrinsic carrier concentration and Eg is the bandgap
energy.

It thus appears that our p+n diodes perform very much like fast
diodes, and that they can be completely charged in times on the order
of a few nanoseconds. The charging process involves minority carriers
drifting across the depletion region rather than generation or recom-
bination, and hence is essentially independent of the storage process.
By employing p+n diodes, it is thus possible to demonstrate a device
that charges in nanoseconds and stores for seconds. We have, in
fact, shown this at low temperatures.

These conclusions tend to contradict the results of others.l9 The
discrepancy may arise from structural differences in the diode arrays,
which might give rise to surface leakage, or lifetime differences in
the materials. It is suspected that the V-groove diode bulk lifetime
is several orders of magnitude shorter than that of the diodes used by
others, and that the unpassivated V-groove walls may shorten lifetime
further. A related discussion of this matter is found in Section
II-3(b)

The output drops when the plate pulse voltage increases beyond
the turn-on voltage Von . This is because the perturbation presented
to the surface wave by the diode array is a weak function of the diode
capacity, and, hence, stored charge. Thus, the surface wave propaga-
tion constant differs for the writing and reading processes. The

resultant phase mismatch reduces the correlation output. The effect
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is discussed in more detail in Appendix C. Propagation loss is

experimentally observed to increase slightly with respect to stored
charge, accounting for about 1 dB additional loss for a plate pulse
voltage va of 350 volts. Both the calculated phase mismatch and
empirically observed propagation loss effects have been added to the
theoretical curves of Fig. II-6.

Figure II-7 shows the output power as a function of the readout
signal voltage for various levels of the input acoustic power, Pa .
Agreement is good until Pa reaches 25 dBm, when saturation effects
occur. The thermal noise floor is ~ -90 dBm , so that the predicted
linear dynamic range at the output with respect to the readout signal
is ~ 60 dB . The experiment verifies -~ 35 dB of this. The bottom

25 dB are lost due to amplifier feedthrough noise that could be

gated out.

(b) Overlay PtSi Schottky Diodes, Acoustic-Plate Writing with

a_Single Pulse, Acoustic-to-Plate Reading

Figures II-8 and II-9 show the dependence of the output power

on the writing and reading acoustic signal powers for the device whose

parameters are summarized in Table II, column 3. Here, the fast diode

model alone was used. The only adjustable parameter was the insertion

loss, which had not been reported. A one-way loss of 8 dB was assumed.
The theory and experiment diverge for writing signal powers 2 30 dBm .

At these levels, the acoustic potential becomes appreciable compared to

the plate pulse amplitude and the small acoustic signal assumption breaks
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OUTPUT vs PLATE READING SIGNAL -
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OUTPUT vs READING POWER
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down. Such large acoustic potentials may also give rise to interdiode
currents. While the result of such effects is not easily predictable,
we expect them to cause a breakdown of our theory.

The divergence of theory and experiment for reading signal powers
> 10 dBm may be due to output contributions from the MOS overlays.

This would increase the output, as is observed.

(c) p+n Diodes, Acoustic-Plate Writing with rf Signals,

Plate-to-Acoustic Reading

Figures II-10 and II-11 show the output power as a function
of acoustic writing pulse length, and, hence, charging time, for devices
whose parameters are summarized in Table II, column 2. The device
used to obtain Fig. II-10 had an unpassivated V-groove mesa diode array
with a relatively short 3 dB storage time of only 600 usec. This
was probabily due to surface contamination on the walls of the V-grooves.
The presence of short lifetime surface recombination centers will also
contribute to the diode charging currents.

Theoretical predictions with an assumed saturation current
Is =1.7 % 10-6 a/cm2 give a good fit to the observed characteristics
for acoustic powers <17 dBm . Above this power level, the assumptions
of constant diode capacity and slow charging break down.
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