A V]

AT S ANl <Y

gk + T gy e o
o e

S

Edward 1. Ginzton Laboratory

\

Ly
,
1

. OF THE
W. W. HANSEN LABORATORIES OF PHYSICS

oSt it

STANFORD UNIVERSITY -.STANFORD, CALIFORNIA 94305

DDC FiLE copy

s e - —
————

DISTRIBUTION STATEMENT A

Approved for public release;
Distribution Unlimited

i o AT, S U
b et e Lo >

PRCS




ey

e e P .
£ e B et i s e

E R N e
T

( / Research Support and Publications —
K Activity for the Edward L. Ginzton
= Laboratory
3 | — o

JSEP Conr({j'?‘n;o,oou ~75-C-0632
G.L.“Report No. 2924

/(} e CW‘

: 7\
; p— f
ié m\ ) v 3 \ \ r f [
;;
’ Y M /Chodo \
‘ & * row, B, A, /Auld M, R
‘ ' Se E, fHarris g, S, //Km:, ¢ Ro Beasley, )
ll[- 2 /”
/ I
Accession Yor / / 1/’/ > / o l

NTIS GRA&I - RS
i DDC TAB
Unannounced '

Justificatiog

| By
;

[ remrednattony

.v..")id..{ _F!,.""._s
’ l R e |
; clvalland /oy
IR ! specml
| E i

~ DISTRIBUTION STATEMENT A

Approved for publie reloase;
. Distribution Unlimitid -

o9 Ldn




NN TELT LT AT BRI A M R e STV Y M A R N LT TR, 1T
A - PRS2 AU SN (Skads Tod trnc <3 F

Research Support and Publications Activity for
the Edward L. Ginzton Laboratory

JSEP Contract N00014-75-C-0632

POV ol

TABLE OF CONTENTS

I'INTRODUCTION-'.'Q00O'OO0.0.Q"'."O"."'O1

Se e v P s e

II. GINZTON LABORATORY RESEARCH CONTRACTS AND GRANTS (as of
30 September 1978} . & v 4 4 4 o ¢ 4 e 4 4 4 e 1 s e et “ e 3

III. REPRINTS OF JOURNAL ARTICLES REPORTING JSEP SPONSORSHIP
(1 July 1973 through 30 September 1978) 4 4 ¢ « « ¢ ¢ o o o o o o« o o o 9

H.L.
Report No.

2179 C. M. Fortunko and H. J. Shaw, "Signal Transformation
with Recirculating SAW Delay Lines," (January 1974)., . . . . 11

2218 J. F. Havlice, G. S. Kino, and C. F. Quate,
"Electronically Focused Acoustic Imaging Device,"
(J.Decemberl973)...............‘..-...17

2294 H. Hayakawa and G. S. Kino, "Storage of Acoustic
Signals in Surface States in Silicon,*
(15 August 1974) . & & v v 4 i bt e e e e s e e e e e

2297 R. A. Lemons and C. F, Quate, "Integrated Circuits
as Viewed with an Acoustic Microscope,*
(1 September 1974) . . . v v 4 i ¢t v b bt e e e e e e e e ., 25

2335 J. H. Goll and B. A. Auld, "Multilayer Impedance
Matching Schemes for Broadbanding of Water Loaded
Piezoelectric Transducers and High Q Electric
Resonators,” (January 1975). . « & 4 v ¢ ¢+ s 4 4 4« o s o o s 29

2445 J. Fraser, J. Havlice, G. Kino, W. Leung, H. Shaw, .
K. Toda, T. Waugh, D. Winslow, and L. Zitelli, f
"An Electronically Focused Two-Dimensional Acoustic .
Imaging System," (February 1975} + . v v ¢ ¢ ¢ o o« o o« o o » 31 3

2518 G. S. Kino, "Acoustoelectric Interactions in Acoustic j
Interactions in Acoustic Surface Wave Devices," :
(May 1976) « « v ¢« o ¢« 4 « 4 v 4 s 4t 4 e v s e e e e e e e . 59

2570, L. Bui, H. J. Shaw, and L., T. Zitelli, "Study of

Acoustic Wave Resonance in Piezoelectric PVF, Film,"
(September 1977) . v v v 4 v 4 vt e 4 e e e e e e e e s e . B85




P N

PO,

RV

v AT Foam b, B TR

[P—

- PO -

IIX. REPRINTS OF JOURNAL ARTICLES (continued)

H.L.
Report No.
2573 L. Bui, H. J. Shaw, and L. T. 2Zitelld,
*Experimental Broadband Ultrasonic Trans-
ducers using PVF, Piezoelectric Film,"
(5August1975).............-...".
2586 P. G. Borden and G, S. Kino, “Correlation
with the Storage Convolver," (1 November 1976) . . . .
2605 D. F. Moore, J. M. Rowell, and M, R, Beasley,
*Superconductive Tunneling into Niobium-Tin
Thin Films," (1976). + ¢« v v s ¢« ¢ o o s ¢ s o « s o &
2622 B. A. Auld, J. J. Gagnepain, and M, Tan,
"Horizontal Shear Surface Waves on Corrugated
Surfaces,” (25 November 1976), « + v « o« « ¢ ¢ ¢ « o &
2695 C. 8. DeSilets, J, D. Fraser, and G, S, Kino,
*The Dosign of Efficient Broadband Piezo-
electric Transducers,” (May 1978} « ¢« ¢ o ¢ o o o o+
2708 B. A, Auld and B.-H, Ych, "Piczoclectric Shear
Surface Wave Grating Resonators,® (May 1977) . . . . .
2735 A. Atalar, C. F. Quate, and H. K. Wickramasinghe,
"Phase Imaging in Reflection with the Acoustic
Microscope,” (15 December 1977). o o ¢ v o v ¢ o o o
2819 S. B. Harris, J. Lukasik, J. F, Young, and L. J. 2ych,

*Anti-Stokes Fmission as a VUV and Soft X-ray Source,"
(June 1978). « v v v v v v o b e e e e e e e e e s

IV. JSEP Reports (Progress Reports, Technical Reports, Preprints,
Publications, and Internal Memoranda Prepared under the
Sponsorship of JSEP (1 July 1973 through 30 September 1978) . . .

SUPPLEMENT:

Index of all Ginzton Laboratory Reports on All Contracts
and Grants (1 January 1977 through 30 Scptomber 1978).

PAGE

91

93

97

101

105

117

125

129

139




i

e o R Nt s L3 ins G
BN S R e g N YT

RN

Bl e e

KIS

h2

3 STty e g L B

e s 3
«

]

IO

ARPIETI 2 s

This report has been assembled and prepared at the request of the
Scientific Officer for JSEP Contract NO0014-75-C-0632 to accommodate

RIS RO

I

INTRODUCTION

the following objectives:

1,

To provide information concerning the general thrust
of research programs underway within the Edward L.

Ginzton Laboratory - not only those of the JSEP pro-

Ject faculty - but for other research faculty as well,

Section II lists, for the entire laboratory, all omn-
going research contracts and grants, including for
each: program title, Principal Investigator, spon-
soring agency, annual rate and expiration date. The
"Index of Reports' Supplement list3, again for the
entire laboratory, all recent reports and publica-

tions and includes an abstract of each.

To record specific reports and publications activity
generated by the JSEP program itsclf. Section IIT
provides in an organized form, copies of selected
representative journal articles of recent years
reporting JSEP sponsorship, and Section IV lists all

JSEP reports and publications for the same period.

e M




et e - et

I
GINZTON LABORATORY
Research Contracts and Grants
[30 September 1978] i
§
SCURCE -~ CONTRACT/GRANT NO, P.1. TITLE ANNUAL RATE EXPIRATION DATE v
as of as of '
9/30/78 9/30/78
I. Al Force Offfce of Scientific Research \
F49620-78-C-0009 Geballe Film Synthesis and New Super-
conductors . §212,025 9/30/78 }
F49620-77-C-0092 Siegman/Byer Laser Physics and Laser E
Techniques 165,637 12/31/78 :
+
{
F49620-78-C-0098 Quate Acoustic Microscopy for Non~
destructive Evaluation of
Materials 121,561 6/30/81
|
AFOSR-76-3059 Auld Processing of Optical Images ;
with Optically Controlled
Acoustic Transducers 54,115 9/30/78
AFOSR-76-307C Chodorow/Shaw New Approaches to Optical
Systems for Inertial .
Rotation Sensing 96,837 9/30/78
AFOSR-77-~3351 Chodorow Microwave Tubes 29,571 9/30/7b
AFOSR-77-3386 Shaw PVF, Transducers for Non-
des%ructive Evaluation of
Ceramics and Brittle Materials 65,311 6/30/79
AFOSR-77-3455 Quate Acoustic Microscopic Study
of Materials 94,076 9/30/78
AFOSR-78-3726 Kino Research on Nondestructive
Testing 140,000 8/31/79
Alr Force Systems Command - Hanscom AFB
F19628-77-0072 Harris/Young Research Studies on Radiative
Collision Lasers 75,000 1/9/80
;
i
II. Department of Commerce .
National Bureau of
Standards
5~35899 Quate The Acoustic Microscope — A New
Ingstrument for Viewing Inte-
grated Circuits 104,000 9/30/78
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SOURCE -~ CONTRACT/GRANT NO, P.I.

II1. Department of Energy

EY76-5-03-0326, PA #43 Geballe/Beasley
EY76-5-03-0326, PA #56  Siegman
EY76-5-03-0326, PA $A0 Harris/Young
IV, Department of the Army
Army Research Office
DAAG=-29-77-C~0022 Harrison
DAAG-29-77~G-0021 Harris/Byer
V. National Science Foundation
ENG74-00334 Auld
ENG77-01119 Chodorow
DMR73-02351 Harrison
DMR75-04368 Beasley

TITLE

Superconducting and Semi-
conducting Properties of
Electron Beam Evaporated
Materials

Ultrashort Pulses at CO2
Wavelengths

Techniques for High Power
Lasers Using Metastable
Energy Storage

Electronic Structure of
Transition Model Compounds

Tunable Optical Sources

Perturbation and Variational
Studies of Acoustic Waveguide
Problems

Nonlincar Generation of Sound
in the Scanning Acoustic
Microscope

Pseudopotential Methods in Physics

Electromagnetic Properties of
Layered Superconducting
Structures

ANNUAL RATE
as of
9/30/78

$ 86,400

51,017

60,000

20,000

100,000

35,800

40,000

46,351

32,000

EXPIRATION DATE
as of
9/30/78

1/31/79

3/31/18

1/31/18

9/30/78

8/31/79

4/30/78

7/14/79

11/30/77

5/31/79
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SOURCE -~ CONTRACT/GRANT NO, e.1.

V. National Scf{ence Foundation (continued)

APR75-07317 Quate
PHY77-09687 Schawlow/Hansch
ENG78-10446 Chodorow/Young
ENG7S5-18681 Kino

DMR/ 7-21384 Harrison
DMR76-2157$ Geballe
CHE?76-21987 Byer
ENG77-28528 Xino
ENG77-28541 Auld

VI. Electric Power Research Institute

RP609-1 Kino/Shaw

VIL. Environmental Protecttion Agency

EPA 8-05750-1 Byer

TITLE ANNUAL RATE
as of
9/30/78
Scanning Acoustic Microscope §125,600

Spectroscopy and Quantum
Electronics 275,000

Electron Beam Thin Film
Deposition and Evaluation
Facilicy 21,433

Acoustic Wave Phenomena for
Signal Proceasors 46,160

Pssudopotential Methods in
Physics 48,200

Microscopic Parameters of
Transition Metal Super-
conductors 44,700

Coherent Anti-Stokes Raman
Spectroscopy 80,000

Acoustic Wave Transducers 40,000

Variational Methods for Acoustic
Wave Scattering and Propagation
in Solids 36,000

Acoustic Techniques for Measuring
Stress Reglons {n Materials 142,250

Remote Atmospheric Measurement

of S0, and CHb Using LleO3

2 25,000
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EXPIRATION DATE
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9/30/78

3/31/18

5/31/19

17317719

10/14/17

12/14/78

8/31/19
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6/30/79
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SOURCE -- CONTRACT/GRANT NO. P.1. TITLE ANNUAL RATE EXPIRATION DATE
as of as of
9/30/78 9/30/178
Navy
NG \014-76-C-0129 Kino Acoustical Scanning of Optical
Images $ 98,732 9/30/80
N00014-78-C-0283 Kino Meagurements éf Surface Defects
in Ceramics 60,000 2/28/81
NO0014-78-C-0317 Weissbluth Proton Transfer in Hydrogen-
Bonded Nucleic Acids 16,667 9/30/79
N00014-78-C-0403 Schawlow Advanced Laser Source Research 1,022,510 3/31/81
NOOO14~77-C-0412 Quate Acoustic Microscopy of Cryo-
genic Temperatures 94,174 6/30/79
| |
N0O0O14~77-C-0439 Beasley Superconducting Tunneling and H
Tunnel Applications in High TC :
AlS Superconductors 58,000 4/30/79 {
i
N00014-75-C~0576 Harris Laser Induced Inelastic , §
Collisions 60,000 4/30/78 ¢
NOOO14-77-C~0582 Shaw Plezoelectric PVF, Polymer Films :
and Devices 50,000 7/31/80 :
i
N00014-75-C-0632 Chodorow Optical and Acoustic Wave {
Research - JSEP 274,000 3/31/81 !
" ’
NON014~75-C-0841 Hansch Narrowband Dye Lasers 60,000 3/31/18 .
£
N00014-75-C-1175 Harris/Young Coherent Vacuum Ultraviolet
and Soft X-Ray Radiation 85,714 6/30/78
National Aeronautics and Space Administration
NGL 05-020-103 Harris/Siegman Lasers and Laser Devices 70,000 3/31/80 !
i
NSG 2289 Byer Application of CARS Spec-
troscopy to Turbulence
Measurements 36,833 12/31/78




SOURCE -~ CONTRACT/GRANT NO,

X, Subcontracts

P.1I.

Rockwell International Science Center

74-20773
(Prime: F33615-74~C-5180)

77-70946
(Prime: F33615-74-C-5180)

76-63282
(Prime: NO0014-76-C-0624)

Stanford Research Institute

14307 (Prime: ENY77-10198)

14374 (Prime: PHY77-01849)

Kino

Auld

Kino

Byer

Harris

TITLE

New Techniques for Acoustic
tondestructive Testing

Nethods for the Detection and
Characterization of Surface
Flavs in materials

Ultrasonic Flaw Detection
Studies on Ceramics

Remote Measurement of Air

Pollutants

Excitation of Atomic Inner
Shell States

ANWUAL RATE
as of
9/30/78

$180,000

40,000

14,250

37,625

6,808
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EXPIRATION DATE
as of
9/30/78

9/30/78

9/30/78

6/30/78

1/31/79

9/30/78
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2179 C. M. Fortunko and H. J. Shaw, "Signal Transformation with Recircu-
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2218 J. F. Havlice, G. S. Kino, and C. F. Quate, "Electronically Focused
Accustic Imaging Device." Tech. Report (December 1973). Also,
reprint from Appl. Phys. Letters 23, 11:581-3 (1 December 1373). 17 }

2294 H. Hayakawa and G. S. Kino, "Storage of Acoustic Signals in Surface )
States in Silicon." Preprint (May 1974). Appl. Phys. Letters 25,
5:178-80 (15 August 1974). 21

2297 R. A. Lemons and C. F. Quate, "Integrated Circuits as Viewed with H
an Acoustic Microscope." Preprint (May 1974). Appl. Phys. ‘
Letters 25, 5:251-3 (1 September 1974). 25

2335 J. H. Goll and B. A. Auld, "Multilayer Impedance Matching Schemes
for Broadbanding of Water lLoaded Piezoelectric Transducers and High
Q Electric Resonators." Preprint (July 1974). IEEE Trans. on Sonics
and Ultrasonics SU-22, 1:52-3 (January 1975). 29

2445 J. Fraser, J. Havlice, G. Kino, W. Leung, H. Shaw, K. Toda, T. Waugh,
D. Winslow, and L. 2itelli, "An Electronically Focused Two-
Dimensional Acoustic Imaging System." Preprint. Acoustical
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Holography 6:275-304 (February 1975). 31
2518 G. S. Kino, "Acoustoelectric Interactions in Acoustic Interactions

in Acoustic Surface Wave Devices." Preprint (May 1976). Proc. IEEE

724-48 (May 1976). 59

2570 L. Bui, H.J. Shaw, and L. T. 2itelli, "Study of Acoustic Wave Reso-
nance in Piezoelectric PVFp Film." Preprint (May 1976). IEEE Trans.
on Sonics and Ultrasonics SU-24, 5:331-6 (September 1977). 85

2573 L. Bui, H.J. Shaw, and L. T, 2itelli, "Experimental Broadband Ultra-
sonic Transducers Usina PVF, Piezoelectric Film." Preprint (May
1976). Electronic Letters 12, 16:193-4 (5 August 1976). 91

2586 P. G. Borden and G. S. Kino, "Correlation with the Storage Convolver."
Preprint (June 1976). Appl. Phys. Letters 29, 9:527-9 (1 Nov. 1976). 93

2605 D. F, Moore, J. M. Rowell, and M. R. Beasley, "Superconductive
Tunneling into Niobium~Tin Thin Films." Reprint. Solid State

Communications 20:305-8 (1976). 97
2622 B. A. Auld, J. J. Gagnepain, and M. Tan, "Horizontal Shear Surface

Waves on Corrugated Surfaces." Preprint (October 1976).

Electronics Letters 12:650-1 (25 November 1976). 101

2695 C. 8. DeSilets, J. D. Fraser, and G. S. Kino, "The Design of Efficient
Broadband Piezoelectric Transducers." Preprint (May 1977). IEEE
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s it - g

2
& PRECEDING P/GE BLANG




H.L.
Report No.

2708

2735

2819

B. A. Auld and B.~-H. Yeh, "Piezoelectric Shear Surface Wave Grating

Resonators." Preprint (May 1977). Proc. 31lst Annual Symposium
on Frequency Control.

A. Atalar, C. F. Quate, and H. K. Wickramasinghe, "Phase Imaging in
Reflection with the Acoustic Microscope." Preprint (August 1$77).
Appl. Phys. Letters 31, 12:791-3 (15 December 1977).

§. E, Harris, J. Lukasik, J. F. Young, and L. J. Zych, "Anti-Stokes
Emission as a VUV and Soft X-ray Source." Preprint (June 1978).

~10-

B Nt S

PR W

Page

117

125

129

e g ¢ S e

e e £

a T

3
SO
RSP

Fave

3

. 3o Bl
AL



X

e e s O

R

T A At e A S MR A F U

o ey e

P

AR e T el

TE e TR,

PR T o B ATV O T M T pA T et

UM SO A

e

e

e Ry

s

et

£l

eieas PrC g e T

t

Signal Transformation with Recirculating
SAW Delay Lines

CHRIS M. FORTUNKO AND 11, J. SHAW

Abstract A systewis desenbed for transforming data by
switching it into a bank of iecirculating delay lines in one time
sequence and switching it out in another sequence. This is
applied to 10w to column conversion when the input datu is
in the form of an & X N matnx. Anexperimental demaonstra.
tion is shown which uses SAW wiap-uound delay hne chan-
nels, transtorming i 3 X 3 matrix of RF pulses of 16-us length
and 52 MUz carrier frequency.,

L. INTRODUCTION

Datit processing m teal time can be accomphshed by storing
meonting data in banks of wecirculating surface wave delay
lines and then reading out these data in such 2 way as to trans-
form them in a desited tashion  We consider here some of the
properties of such systems and desceibe the operation of a
suuple prototype system, operating at 52 Mbz carrier fre-
quency, which parforms an operation equivalent to mter-
changing the rows and coluras of & matnx.

‘Lhe basic approach to the use of delay hines for such pur-
poses s illustrated i bag. 1. The essentiad stem is a bank of
tdentical iecirenlating swifuce wave delay hine loops. Input
data fed i at the inpat tenminal of the system are distubuted
among the delwy hoes insome desiied fashion by means of the
WRILE encuttiy. ‘The diata enter the delay Imes through in-

Manwscnpt toeened June 8, 1973, revised August 24, 1973,

Fhes wotk was supportod by the U. S, Ottice of Naval Rescarch
undui the Jomt Senvice Hoctrono Progam by Contiact NOOO14
67 A 01120039,

The authors are with the W W, Hansen Laboratones, Stanford
Umiversity, Standord, Cahf 943085,

ROW SURFALE WAVE L OOPS
INPUT IS A -
M3 R b ——
CIRCUITRY —'-—“
CL___ —
?
COLUMN N .
ouTPUT N S
CIRCUITRY
| R
>
[}

Fig. 1. Block diagram of data transformation system using closed-loop
surface acoustic wave delay hines,

terdigital transducers indicated as arrows in the figure. The
READ circuitry extracts the data from the delay lines by
switching from one delay hne to another in a time sequence
which is difterent from that used for writing, to accomplish
the required transformation of the data train.

The row-to-column converter can be used to perfonm the
intermediate senal-to-parallel conversion whieh is required to
implement decomposable two-dunensional transforms (e.g.,
Fourier, Hadantrd). H can also be used to mterface two sys-
tem with different speeds.

1. ROW-FO-COLUMN
CONVERSION USING CLOSED.LOOP
SURFACE ACOUSTIC WAVE BELAY LINES
We constder now an example of data transformauon. Let
the input data streambe Ay - Ayy - Any - Axys
which 1s ordered according to 1ows of the N X N matnx n

-11-
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FORTUNRO AND SHAW: SIGNAL TRANSIORMATION

Fig. 2 Matua notation.

Fig. 2. We now show that it is possible to devise WRITE and
READ algodithms which will convert this into a sequence
ordered by colunuts of the matny, inreal time, using only
asingle tansducer on each delay line,

The transducers of Fig. 1 can be addiessed at cither of two
tales, onee per aw o onee per bit, To obtain the rowsto-
column converston one of these tates is applied to the WRITE
function aud the other to the READ function. Either rate
may be applied to either Rction giving two algotithu fu
the ow-to-column operation. Figs, 3(@) and (b) illuscate
these two algorithms. In these diagrams suceessive hotizontal
lines shaw the signals seen by the transducet in suecessive de-
lay mes as a function of time reading to the wight, The
squates represent the signals intioduced into the transdaeers
dwiing the WRUTL vpetation, and the quantities between
cutved brackets we the signals extiacted from the tanducers
in the READ opetation The dashes indicate time slots con
tuming no signal.

Frg. 3(a) is for the case s which the WRUTE function 1s
performed at the ow tate and the READ funetion at the bit
mte  Fach row of Fig, 2 fed mtact into a separate delay
e, As indicated by the diagonal anays of carved brackets,
the sequence of gating on the tiaasducers for wadont s a

winform, penodic sean, 1,2, N2 ON e sequens

tially from hae 1 to line N, in repetitive cyeles The final out
put signal is shown at the bottom of Fig, 3@} Tha outpat
sequence iy eal-tie sequence fiee of gaps, ondered aceord-
ing to columns (time evensed) of the matris of By, 2

Fig. 3(b) iepresents the altemnate algotithm m which the
WRITE and READ switching rates have been mterchanged.
Focany row of input data of Fig. 2, the tiist bat enters the
fitat storage toop, the second bit enters the second loop, and
so forth untid the entite row has been stored, one bit m each
delay hine. Duting the READ cycle the entire contents of
each delay hne are sampled, one row at a tume, The sequence
(colunm output) shown at the bottow of Fig. 3(b) is seen Lo
be the same as for Fig 3(a), ondered according to the columns
(ttie reversed) of the matriy of Fig, 2. We see that the algo-
tthiny of Figs. 3(a) and ¢b) result in output sequences whose
tows are columms of the input matriy as desied. However,
both the tows and the elements wathin these rows appear in
the opposite thue sequence to the co tespondmg columns of
lg 2 Phat s, the output sequences in Figs, 3(a) and (b) are
tme tevened  Forcases of direet concern hete, this o not of
comseguence Tt s not desied, however, tcan be conected
by tume-tevensing the mput signal b rows bafore feedg nito
the delay hoe loops Big 3(e) shows this bebwvior - The
apials within cach ow have been tunestevesed before wser-
tion wito the delay te loops Ty e eversal could be
done i a device having o tune delay ot Vadock mtervaly,

-12-
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ather than A X N as would be reguued if 1ow torow thne
reversal were alvo involved. A paramietiic acoustic time e
versal could be employed for this operation,

When one transdueer is used on cach recirenlating delay
line, it total of & delay lines are 1equited to store one A X N
matiix and interchange its rows and columns in 1eal time with.
out gaps. The matrix elements which are stored longest wake
at least 2N < 2 cound tiip chrculations. The tune delay per
circulation is N ¢ | sampling intervals, To accomphsh the
same for a sequence of ¥ X N mattices, two identical sets of
N delay lines each can be used by feeding suceeasive matiices
alternately to the twao sets of delay hnes. The manmmum
number of circulations of data sround the delay loops can
be decreased by wsing mote than one transduces per delay
line.

Fig. 4 1s a functional diagram of a system which can be
used to implement the switching sequences of Figs, 3(a) and
(b). The WRITE and READ curenits, which would ordinandy
consist of seanconductor ciicwmtty, ate wepresented aymbaoly
cally by rotary switches which scan a set of terminals at con-
stant rates. The WRETE and READ switches can be con.
ceived of as identical, except that they totate moopposite
directions and, while their totation tates ae constand, they
are different for the two switchies, wrotdes to nuplement the
different WRUTT and READ rates diseusaed i connection
with Fig. 3. For the algotthm of Fig. 3(a) the WRLTEF swiich
dw ells on eaciv contaet for the tow time of Tag 200 (N
clock intervals, thus makimg sne complete ievolution i the
frame e, ot A2 cloch mievals, The READ switeh mihes
one evolution in the sow tune and thus 1otates at A" tines the
velocity of the WRITE switch. The READ switeh s deact
vated while the WRITE switelvis activated, and viveaena 1o
mplement the alporithn of Fig, 3(b) the otation tates of
these two switehes ate mteichanged

The surface wave delay loops have round tp te delay
sufficient for A4 1 addiesses, to provide real e outpat
sequences, as desenbed o connection with Fiy 3

1L DELAY LINE DESIGN

The stmplest sy stem would wse closed-doop wiap-atound
delay lines (2, 3] duectly as wenculating delay lines, heeping
the input signals on the delay hnes for the cattie number of
rectenlations, Banks of such delay ey are wcadily con
structed to have wdentical tound tnp twe delay  Surface
wave amplifiers could be lov, sed within the closed loops to
mamtan sipnals at constant level wgandless ot the total num
ber of curculanions [4, S]. Tie same suitace wave amphticns
could also bewed to cne all data wmanimg i the stovge
angs following the completion of the READ WRHLL ¢y e,
by tevensing the polanty of the applied b voltage

104 sigle tramsducer s wed oncach delay e loop as
described cathier, the location of the tansducer along the
delay tme ane would not be cutical, as it does not etlect the
tound tup time defay - Altermatively  weparate WREEE and
READ tuansducens could be wed e each loop, with the
spaciig between transducens made wentical fom loop to
loop This would preseut no problem becaase the WRILE
and READ transducers can teadily be spaced snthaently
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from one storage loop to nent at every bit, or vice versa,
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Fig. §. Wiap areund celay line confipuration used in row-o-column
conversion of 3 X 3 matrix.

close together to allow both to be deposited from the same IV, EXPERIMENTAL DEMONSTRATION MODEL USING !
mask. The choice between single tansducers and WRITE- 3 X 3 MATRIX
READ pairs would be made on the basis of details of the
switching algorithm used. We have constiucted a prototype model of the system il
1t is impottant for all surface wave delay loops to have the lusteated in Fig. 4. The model uses asingle 2 in X 1 in wrap
same round-trip time delay, In the fabrication of wrap- atound bismuth germanium oxide plate otiented for propaga-
atound closed foop hnes, thw s the casiest specification to tion of sutfuce acoustic waves along the 110 erystal duection ‘
satisfy, and it can be accomplished with lugh accmacy. on Z-cut surfaces. The Jelay hne construction and the com- i
1F there is only one transducer per loop, the round trip plete device cirenit diagani are shown in Figs, § and 6, se- i
time delay of the loops could be contected experimentally by specti 'y, "The system samphng rate is 1o ps bt with each :
localized adjustiments made any w here within the loops Thas storage loop capable of storing four complete bits of data,
could be implemented by means of an electronic feedback The polishied surface of the delay Tine plate has been subdi- '
. systein which would compensate for effects of temperature vided into thiee equivalent stotage toops with thin stups of .
change, clock diift, and any other instabilities, Electronically  blach wan for cros-tath suppression.. One interdigital trans-
vatiable phase shafting elements for sutface wave delay lines ducer is wsed i cach storage loop. These transducers are of
4 have been demonstiated [6] which would be of interest for standard design with 8 mterdigital peuods and 0.05010 acous-
this purpose  This approach coukd also be used to heep the tic beamwidth, and are fabneated wsing gold-ttansum depost-
tound tip delay around the toops identical to N # 1 clock tion. Each transducer is wdividaally tuned wath a lugh-¢
micevals, in ¢ases where the clock frequency is set extemnally.  mindatutized senes inductor to cancel the capacitive eactange ;
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Fig. 6. Electrical circuit diagram of experimental row-to-coluimn
converter.

of the interdigital array. This tuaing is important for maxi-
mizing the off-on rativ of the semiconductor RF switch,

‘The RF READ and WRITE switches consist of a pair of tan-
dem 6-diode bridges connected to the transducer with a short
length of rigid coaxial cable. Each diode bridge is separately
controlied by a Schuitt driver circuit which is, mn turn, acti-
vated by & TTL logical *1” level. The duration of the logical
“1" level determines precisely the length of time a particular
tap retaing copnected to a common coaxial bus line. With
inductive tuning the physical tap turn on tune is less than 30
ns, which is insignificant compared with the length of one bit
of data (16 us).

The algorithm of Fig. 3(b) was arbitracily chosen for the
READ and the WRITL operations. The input data are writ-
ten in bit by bit, placing successive bits sequentially in succes-
sive storage loops. Each delay line storage loop then has cu-
culating in it the data from one column of the matrix. Dunng

the readout cycle, the entire contents of individual delap loops
are sampled in blocks.

In Fig. 7 we make use of & space-time flow diagram to show
the location of each bit of data at any time. We restrict the
diagram of the special case of the 3 X 3 matrix used in ow
experimental model. Thus the individual bits of data are
labeled A through / corresponding to the order in time in
which they aie stored. The solid lines drawn atound a particu-
lar character denote a WRITE interval while a broken hine is
used to denote a READ interval. Also shown in Fig. 7 ate the
telative positions of the 3 X 3 matrix clements before and
after the 1ow-to-colunm conversion operation, Note that the
columns are time 1eversed, as discussed emlier, In Fig, 8 we
show expetimental oscilloscope displays of the RE envelopes
of two of the many possible data sequences of a binay 3 X 3
matrix. The lower trace in each display wepresents the data
sequence before storing in the delay line storage bank while

-14-
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the upper trace shows the reetified RE output signals iead
from the storage bank, The output signals are not uniform
m amplitude because of the differences m propagation loss
assuciated with the different tune delays of mdvidual bits,
In general, the first bits to be written on the swface of the
loop delay line are the fast to be read and thus are subject to
the most attenuation. (In this demonstration model we did
not employ a SAW amphfier to mteirally compensate for the
propagation losses of the signal.) 1t must also be noted that
the lower and upper oseilloscope traces of Fig 8(a) and (b)
do not oeeur simultancously. ‘Fhe traces were photographed
sepatately by a double exposuie of the film

V. CONCLUSIONS

A systemy has been desetibed in which row-to.column con-
venston i gecomplished i a set of simple, 1denticat delay hnes,
wyolving tolerances which shoubd be readily achievable, and
which could be electromeally controlled to compensate for
cloch etrots and temperature changes. Writing i the nput
data and reading out the output data can be accomplished
dicectly ineal tme by means of switching crcuts, No ausil-
iy time delays ate volved other than those produced n the
mam bank of wWentical delay haes. This avords any problems
of matching of disuanlar delay lnes,

In these systems, the data move along the delay hines, and
are thus scanned by the tuansducers, by reason of the mherent
propagation charactenstic of the acoustic wave, without te-
quiting external divers. The inherent capability of the hnes
to handle either analog or digttal data s also preserved,

Prospects for handhing farge matiices ate good becanne ot

the Luge tune delay and bandwadth capabilities of tectrentating

g, 8. Eaperimental osclloscope traces of two sample matris tiany
ormations accomplished with 3 X 3 matny row-o<column
converter,

surface wave delay lines, Large data rates ate in prospect be-
cause standard approaches, to broadband suiface acoustic
wave transducers §7] can be utilized. Also, the systems are
compatible with frequency multiplexing in the individual de-
lay lines of the bank, to take further advantage of the very
broad band propagation charactenstics on the delay line swi-
faces, allowing a higher physical density of data storage. They
are also compatible with time nultiplying in the individual
lines to allow matching of data rates,
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Electronically focused acoustic imaging device

J. F. Havlice, G. S. Kino, and C. F. Quate

Microwave Laboratory, W. W. Hansen Laboratories of Physics, Stanford University, Stanford, California 94305

(Received 4 September 1973)

A new type of acoustic imaging device, which scans a large array of piezoelectric detectors is
described. Scanning is carried out by a signal traveling along an acoustic surface wave delay line.
The device can be electronically focused, and has given images of objects 20 cm from the detector
array, illuminated with a 5-MHz acoustic wave, with a definition of 1 mm.

We describe in this paper experiments on a new type
of acoustic imaging device, which uses signal-process-
ing techniques to focus on an acoustic image object
plane at some distance from the detector, without the
use of an acoustic lens.

The basic device is illustrated in one- and two-dimen-
sional forms in Figs. 1(a) and 1(b). In the one-dimen-
sional form, it consists of a large number of piezoelec-
tric detectors, which are used to detect an acoustic
image signal from an object illuminated separataly
either by an acoustic wave passing through it or reflect-
ed from it. A multiply tapped delay line (in our case an
acoustic surface wave delay line) is used as the basic
scanning device. There is one tap for each detector and
the output signal from each tap is mixed in a diode
mixer with the output from the corresponding piezoelec-
tric detector. If a signal is inserted on the delay line at
frequency w,, and the signal corresponding to the
acoustic image is at a frequency w,, there will be output
signals from the individual mixers at the sum frequency
w, + w; and the difference frequency w, - wy; these
signals are the products of the acoustic surface wave
signal at each tap and the signal from the corresponding
detector. In the system, the mixer outputs are summed
and either the sum or difference frequency is passed
through a filter into the output circuit.

In order to understand the operation of this device,
we first consider the situation when a short pulse of
frequency w, is sent along the acoustic delay line. In
this case an output signal is obtained at the sum fre-
quency only when the pulsed signal passes by a tap and
there is a signal present on the corresponding detector.
As the pulse passes along the delay line, it scans each
detector 1n turn so that the output may be used to inten-
sity modulate a cathode ray tube, and hence display a
visual image corresponding to one line of the acoustic
image. The acoustic pulse thus acts like the scanning
electron beam in a vidicon,

In the two-dimensional version of this device, illus-
trated in F1g. 1(b), a square array of piezoelectric de-
tectors 1s used with diode mixers placed in series with
each element of the array, When a pulse of frequency
w, is sent along the acoustic delay line in the x direc-
tion and inserted into the piezoelectric detector system
along strips 1n the y direction, it produces a mixed out-
put at a frequency w, + w,. If the output signals are
taken out of strips in the x direction and mixed with
similar signals passing along another delay line in the
v direction, but of frequency w; an output at a frequency
wy+ w; + wg 15 obtained only at the time when the two
pulses are passing a particular detector element This
corresponds to scanmng a line at 45° to the x axis. By

581 Appl. Phys. Lett., Vol. 23, No. 11, 1 December 1973

delaying one pulse with respect to the other, a complete
raster scan may be obtained in this way.

It would normally be necessary to use a lens to form
an image of an acoustically illuminated object at a dis-
tance z from the detector system. However, this device,
unlike camera film, retains phase information as well
as amplitude information.. We have shown that with the
correct choice of signal sent along the delay line, itis
possible to use this phase information in a simple
manner to “electronically focus” on an object at some
distance from the detector, So no acoustic lens is
required.

TO BIAS LINE

SOUND
WAVES W

~

& Wy SCAN SIGNAL

OUTPUT SIGNAL o€
Wg+ Wy

(a)

X DELAY LINE — ouTPUY
(01 +w2 +ws

Y DELAY LINE

N

X SCAN Wy

RARNN

SOUND
WAVES Wg __ * }
MIXERS !
Y SCAN w
) SCAN e

FIG. 1. Schematics of the imaging device: (a) the one-dimen-
sional device (with the complete circuit); (b) the two-dimen-
sional device (without the complete circuit),

Copyright © 1973 American Institute of Physics 581
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We may analyze the focusing properties of the one~
dimensional form of this device by considering how it
forms an image of a line source a distance z from the
detector plane. We take the projection of this line
source on the detector plane to be a distance x4 along it.

The rhortest ray path to the detector plane is of length
z, and the length of a ray path from the line source to
the nth detector element with its center at the element
X, is

1= [(x, = x) + 223, (1)
so that in the paraxial approximation, where we take
(x, = xp) < z%, we find that

l,sz+ (x, =x0)%/22, (2

If the signal emitted from the point source varies as
exp(jw,f), the phase of a signal arriving at a point x,
on the detector array is

co fr -2 -G xe?
d’an"“’s(’ ve 220, ): ()]

where v, is the veloclty of sound in the medium between
the detector and the source. Thus there will be a
square-law variation of phase of the acoustic signal
along the plane of the detector. In an acoustic imaging
system this square law variation of phase could be com~
pensated by the presence of a lens, so that rays leaving
a point source had the same phase delay between the
source point and the image point. In our case, we ar-
range to eliminate this square-law variation of phase by
sending an electrical signal along the surface wave de-
lay line which has the same square-law variation in
phase, but one with an opposite sense. Therefore, the
output signal at the sum frequency has no variation in
phase. To obtain this signal, we insert in the delay line
a linear FM chirp of {frequency w =w;+ it which has a
phase

dp=w t+iuB, 4)
At a point x, on the delay line the phase of this signal is
Gpn= wylt =x,/0) + 30l =x,/v)%, (5

1t follows that the product of the FM chirp and the
acoustic image signal has a phase

W,Z WX,
B0= (0, + 0t 2 - 1Es
w

v
B %\ _w,lx, =x)?
* 2 (’ v) 22y, ®
at the nth tap.

It will be seen that if the spacing between taps is
chosen so that w;v,/v = 2nn, the sum frequency signals
from each mixer all have the same phase if

f=t°=X0/U, (7)

B=wpt/20,. ®)
Equation (7) implies that the system only focuses on the
point x, at a given time #;, i.e., it scans the image at a
velocity v. Perfect focusing occurs on a point at a dis-
tance z from the detector if the sweep rate is chosen to

correspond to that of Eq. (8). Thus changing the sweep
rate is equivalent to changing the focal plane of the lens.

Appl. Phys. Lett, Vol. 23, No. 11, 1 December 1973
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The theory of this device has been worked out in some
detail. It has been shown that if the total length of the
detector system array is L, the output signal from a
line source at (x,, x) varies approximately as

sinfw,L(xy = v1)/2zv,]
w,L{xq ~vt)/22v,

So the effective size of the diffraction-limited spot (the
distance between points 4 dB below the maximum ampli-
tude value) is

Ax=2)\/L, (9)

where A is the acoustic wavelength. With the same de-
finition of spot size, this result is identical to that for
an optical lens of the same aperture,

Because there is a finite number of detector elements,
there will be additional sidelobes at points a distance
d,=2)N/L from the main lobe, where N is the number
of detector elements. The sidelobes correspond to an
extra 2r phasc shift between rays reaching neighboring
detectors. Thus the number of resolvable spots, d,/Ax,
is approximately equal to the number of detector
elements,

We have carried out a series of experiments with 30
element arrays made from a piezoelectric strip approxi-
mately 1 cm wide. One system used detector elements
spaced by 2 mm (and operated at ¢ MHz), with a 50-
MHz signal on the delay line. With this system, we car-
ried out measurements of the chirp rate as a function
of the distance to the focal plane. This was determined
by using a small source, and changing the sweep rate
until the output amplitude reached a maximum, and the
width of the output pulse a minimim. As will be seen
from Fig. 2, the correspondence between theory and
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FIG. 2. Theoretical and experimental sweep rates of the Inear
FM chirp, taken at ¢ MHz,
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|<-———’-—1cm

FIG. 3. Acoustic image of a small crescent wronch located
20 em from the dotoctor array,

experiment i8 excellent. In this case, the definition at
a distance of 25 cin was of the order of 4 mm and the
increase in amplitude obtained with only 18 detectors
illuminated (due to the small acceptance angle of the
initially unslotted piezoelectric strip) was 23 dB over
that from a single detector, which corresponded well
with theory.

A later 30 element array with slots between the de-
tector elements had a much larger acceptance angle; it
operated at 5§ MHz with 1. 2-mm-wide elements 2 mm
apart. With it, it was possible to observe slots, ap-
proximately 1 mm wide and 2 mm apart, in a standard

metal Air Force chart, 20 cm from the detector plane.

Appl. Phys. Lett., Vol. 23, No. 11, 1 December 1973

The calculated resolution for this system at the same
distance was 0.96 mm.

From behind, through a narrow slit, we also illumi-
nated an object, a simple wrench, 25 cm from the de-
tector. We moved the wrench up and down mechanically
80 as to obtain a two-dimensional scan. A photograph
of this image is shown in Fig. 3. It will be seen that the
reproduction is excellent and that the definition is of the
order of 1 mm in the horizontal direction, the direction
of the electronic scan.

In summary, we have demonstrated a new type of
electronically focused scanning system. The system
has been tested with an electronic scan in one direction
and & mechanical scan in the other. All paramoters of
the system correspond well to theory. The basic princi-
ples of the two-dimensional system are understood and
we hope to construct a two-dimensional electronically
focused system of the type shown in Fig. 1(b) within
the next few months,
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Storage of acoustic signals in surface states in silicon*

H. Hayakawa' and G. S. Kino

Stanford University, Stanford, California 94305
(Received 2 May 1374)

An acoustic wave storage device capable of storing an acoustic surface wave signal for times of up
to several millisc.onds is described. The principle of the device is based on that of the acoustic
surface wave co:volver, with the information stored in surface states in silicon. It is expected that
the storage time will ultunately be as much as 10-30 msec for sipnals with modulation frequencies of

tens of megahertz. At the present time, we have seen storage of

pulses approximately 0.4 psec long

for times of approximately 2 msec, but some of these early devices seem to be capable of yielding

storage times as long as 7 msec.

Storage of accustic signals for times of several milli-
seconds may be obtained by using storage of information
in surface state s in silicon. For this purpose we employ
an acoustic surface wave convolver in which the non-
linear coupling between two surface waves is due to elec-
tric field interaction with a semiconductor such as sili-
con separated from the piezoelectric substrate (typically
LiNbOs) by a small airgap. % When signals of frequency
w are inserted at each end of this device, the output at
a frequency 2w is obtained between the silicon and a
metal plate on the opposite side of the piezoelectric sub-
strate, as illustrated in Fig, 1. If one of the input sig-
nals is a short pulse, output will be obtained at a fre-
quency 2w from the point on the silicon which the pulse
is passing at time {. If the surface of the silicon is de-
pleted by a positive dc potential applied between the
silicon and the metal plate, the thickness of the deple-
tion layer will depend on the field due to the applied de
potential, and the extra field due to the presence of sur-
face charges at the surface of the silicon, In this case
the output signal obtained when the device is used as a
convolver, with one of the inputs a short pulse and the
other a long pulse, will vary in time in accordance with
the spatial variation of surface charge carrier density
along the surface. Thus it is possible, by using a con-
volver, to read out the variation of surface state charge
density along the length of the device. This output can
be obtained as the modulation of a carrier frequency
2w,

It is possible to construct a storage device by reading
acoustic information into the surface states from an
externally applied signal, When a dc¢ potential which is
sufficient to bring the surface potential near to the
center of the bandgap is applied to the semiconductor,
the surface states at the silicc.y surface will be depleted.
Now suppose a large signal short pulse is sent along the
device from one of the input transducers, If the signal
is large enough at the peak of the rf cycle, the potential
at the surface becomes positive enough for electrons
to reach the surface from the neutral region of the
semiconductor and be trapped in surface states. These
electrons will be emitted from the surface states in a
time which depends on the surface state recombination
time, If an additional signal which we wish to store
is inserted between the Si and the ground plate while the
pulse 1s sent down the delay hine, the amount of charge
stored in the surface states will be modulated by the
amplitude of the pulse. and so the signal F(¢) applied
into the plate will be read spatially into the surface
states 1n the form F(x/r) where ¢ is the velocity of the
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acoustic pulse. It is necessary, of course, that in order
to obtain storage of a signal the storage pulse length
must be shorter than the rise time of the input signal.

Following the treatment of Nicollian and Goetzber-
ger, 4 it can be shown that, for an n-type semiconductor,
the time constant for emission of electrons from a con-
tinuum of traps at the surface is approximately

1 =exp[-q(¢.-¢.)/k7‘], (1)

T =3, OpUianht
'nVtralls0 nUtantly

where o, is the capture cross section for electrons, re-
garded as essentially uniform over the bandgap, vy, i8
the thermal velocity of electrons, n,, is the electron
charge at the surface after equilibrium has been reached
in the presence of an applied dc potential, ¥, and ¥, are,
respectively, the surface potential and the potential in
the neutral region relative to the intrinsic level, and n
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FIG, 1, Schematic representation of the device. (a) Read-in
process: An intense 110-MHz acoustic pulse of approximately
1 W whose length is 0,2 usec is sent into the delay line from
one transducer. The signal which is to be stored (in this case
a double pulse) is inserted from a contact on the top surface
of the silicon. (b) Read-out process: Two acoustic pulses of
frequency 110 MHz, one of which is a short pulse and the other
is a long pulse, are sent from either end of the delay line. A
signal at a frequency of 220 MHz is detected between contacts
on the top surface of the silicon and the grounded bottom side
of an LiNbO; delay line, In both cases, a dc bias voltage is ap-
plied in order to deplete the surface of the silicon.
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FIG. 2, Storage time, convolution output, and insertion loss as
a function of bias voltage, The convolution output and the in-
sertion loss are normalized by taking values without blas as
references.

is the intrinsic carrier density. The rate at which the
number of surface states N,y in the range d{ are
filled {rom the neutral region is

VR = N 0pttpanttsdid (2)

where it 1s assumed for simphicity that all states are
unfilled initially, Thus if we express », in terms of
thermal equilibrium statistics, we come to the conclu-
sion that we can deduce a filling time 7, for the traps
by writing R,/ 'N,dy=1 7,z or

ST SR (qw w)) 3)
nF Onlitantls on"(hnni

We might expect, therefore, that when the surface
potential is held near the center of the bandgap, the
storage time 7,, could be several tens of milliseconds.

But as the surface potential is raised to form an accumu-

lation layer near the surface so that u#,~ 10! ¢m™, the
time for filling the traps could be of the order of nuno-
seconds, although a sufficiently large number of traps
would be required so as to make the presence of filled
or unfilled traps detectabie.

In our experiments, we used a LiNbQ; substrate with
a bulk silicon semiconductor separated from it by an
airgap of approximately 3000 A. The experiments to be
described here were carried out using 100-Qcm n-type
material, with an oxide layer of approximately 1000 A
thickness and a surface state density of approximately
10" cm2,

We first operated the device as a convolver in the
circuit shown in Fig. 1{b) and measured the convolution
cutput, With a dc bias applied to the system, the semi-
conductor surface would normally be depleted. Next an
intrinsic 1 W 110 MH2 rf pulse is inserted and sent
along the system. The silicon surface states are
charged with electrons so that th.e depletion layer be-
comes still thicker and the convolution output decreases.
As the surface states discharge, the successive convo-
lution outputs increase to the initial value. The time
constant of the surface states, which we define as the
storage time, depends on the dc bias voltage. The
storage time, the initial convolution output, and the in-
sertion loss as a function of bias are plotted in Fig, 2.

It will be seen from this set of results that the storage
time and the convolution output reach a maximum around
a bias of 1,5 kv, while the insertion loss reaches a
minimum, This means that at this bias voltage the sili-

FIG. 3. (a) Read-in sig-
nals: The top trace is the
acoustic pulse. The bottom
trace is a double negative
pulse signal, (The pulse
amplitude is 50 V.) (b)
Read-out signal: The top
two traces are the two
acoustic pulses which are
sent {rom either end of
the delay line, The bottom

(a) (b)

s ... 7
T
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P4t
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trace is the stored double
negative pulse signal read
out at a frequency of 220
MHz after 100 psec, (c)
Read-out signal after 100~
psec double positive pulse
input, (d) Read-out signal
after 1 msec. In all cases
the repetition rate of the
signals is much longer
than the measured storage
time, Time scale: 1,0
psec/div, de biag voltage:
1.5 kv,
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con surface is completely depleted, i.e., the surface
potential reaches the midgap condition. A further in-
crease in the bias causes the surface to be inverted,
resulting in a decrease of the storage time because of
recombination of trapped electrons with holes. Ina
lower bias range, the storage time increases exponen-
tially with the bias at the rate predicted by Eq. (1). By
extrapolating the curve of the storage time to the mid-
gap point, we can determine the capture cross section
o in Eq. (1) to be 2x10% cm™%, which is in good agree-
ment with the results of Nicollian and Goetzberger.*

A second set of experiments involved using a short
acoustic pulse as 2 read-in signal. We used the storage
in the surface state as a memory for a double pulse in-
serted on the semiconductor to which a dc bias was
applied, as shown schematically in Fig, 1(a). After
these writing processes, we were able to read out the
signal in a convolution process by sending a second
acoustic pulse through the device as shown in Fig. 1(b).
Under optimum conditions, we obtained a double pulse
output, the results after 100 usec being shown in Figs.
3(b) and 3(c), and after 1 msec in Fig. 3(d). In Fig.
3(b), we used a negative double pulse as a signal to be
stored so that we detected a negative read-out signal,
although the output signal contained a dc level. When a
vositive double pulse was used, we could obtain a posi-
tive read-out signal as shown in Fig. 3(c}). The results
were critically dependent on the de bias level, but not
very critical with respect to the rf reading and writing
pulse levels or the level or sign of the stored input
signal.

We conclude that it is possible to store acoustic sig-
nals in surface states and read them out again after

Applied Physics Letters, Vol. 25, No. 4, 15 August 1974 -23-

relatively long times. At the moment because of the
thickness of the LiNbQOy, the applied voltages are very
large. Our future intention is to work with surface wave
convolvers using zinc oxide on silicon so as to lower
the required potentials by several orders of magnitude.

We have described here one possible mode of opera-
tion of this device. There are other possible modes of
operation involving use of an input signal to be stored
whose carrier frequency is the same as that of the
acoustic surface waves. As another example, it is also
the reading pulse. In this case the output obtained will
be the correlation of the input signal with the reading
signal,

We would like to thank Hervé Gautier, whose un-
published experiments on the variation of convolution
efficiency with time led us to consider this type of
storage process. We would also like to thank E. Stern
of Lincoln Labs, who kindly furnished us with a preprint
of closely related but independent work by A. Bers and
J.H. Cafarella on essentially the same technique for
storage of acoustic signals,

*The work reported in this paper was supported by the U, S,
Office of Naval Research under Contract No. N00014-67-A-
0112-0039,
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Integrated circuits as viewed with an acoustic microscope

R. A. Lemons and C. F. Quate

Microwave Laboratory, Stanford University, Stanford, California 94305

(Received 9 May 1974)

The images of a high-frequency bipolar transistor obtained with an acoustic microscope are compared
with those of a differentisl interference optical microscope and a scanning electron microscope in
order to iHustrate that the acoustic microscope can be used in a reflection-type mode to obtain
quality pictures of a surface containing integrated circuits. The frequency of the acoustic beam is 600

MHz and the resolution is near 2 p.

The acoustic microscope is a new instrument for ob-
serving microscopic detail which should enhance our
ability to delineate and record detail that is difficult to
see with an optical instrument, 12 The features of the
instrument that we use have been described previous-
ly.>* We use a piezoelectric film to launch the acoustic
beam at one end of a sapphire crystal, and this crystal
contains a spherical lens ground into the opposite face.
The lens is immersed in water and the beam converges
to a sharp focus within the liquid, The large change in
sound velocity at the lens interface which divides sap-
phire and water reduces the spherical aberration to the
point where the beam waist is limited only by diffrac-
tion effects, With our opsrating frequency of 600 MHz
the effective diameter of the beam at the waist is 2 u—a
number which determines the resolution limit.

The 1mage in our system is obtained by mechanically
scanning the object through the waist of the beam, In
previous reports, where we were primarily intercsted
1n biological specimens, we monitored the transmission
of sound by using a symmetrical crystal with lens and
mezoelectric film to collect the scattered beam and con-
vert it to an electrical signal. This information was
displayed on a television monitor with the raster syn-
chronized to the mechanical scanning motion of the
object.

In this paper we describe a modified mode of opera-
tion wherein we monitor the sound wave that is reflected
by the object. In this way we are able to view the struc-
ture of a planiy surface. We report here on our initial
results with this type of microscopic imaging so as to
give some appreciation of what can be done at this stage
in the development of acoustic microscopy. We believe
that this mode will be of utility in viewing integrated
circuits, The diagrammatic representation of the reflec-
tion mode is shown in Fig. 1. The acoustic wave is
launched into the sapphire crystal with a conventional
sputtered ZnO film transducer. The spherical concave
lens, ground into the opposite end of this crystal, fo-
cuses the beam into a diffraction limited spot at the sur-
face of the silicon wafer which forms the substrate for
the integrated circuitry. This lens of diameter 0.2 mm
has an f number of 0.75.

Since the silicon wafer is being scanned the variations
due to the integrated circuits appear as a time-dependent
modulation of the reflected signal. We are able there-
fore to distinguish this component from other reflections
internal to the instrument by proper filtering, yielding
both amphitude and phase information about the object.

In much of our work the strongest signal comes from
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the change in phase and our images take on the appear-
ance of “interference” microscope images, The phase
change comes from variations in the thickness of the
circuitry. For example, a metallized stripe 0,51 u
(A/4) in thickness will give a 180° phase difference be-
tween the signal reflected from the top of the metallized
stripe as compared to the signal reflected from the sub-
strate, Since we are using a coherent cw signal this
phase difference is easily recorded by combining the
reflected signal with a suitable reference signal. In
some of our work we have been able to observe metal -
lized stripes that were 1000 A thick.

The photos that we have recorded with this system
are shown in Figs. 2—4. In Fig. 2 we display a com-
parison between the optical and acoustical image of a
bipolar transistor. The device is the hp22, a high-fre-
quency transistor with a maximum operating frequency
of 16 GHz. The optical photo was taken with an inter-
ference microscope of the Nomarski type, The scale
can be judged from the width of the three fingers con-
nected to the squarish pad on the right. These fingers
form the emitter and they are 2 x wide. Much of the de-
tail found in the optical picture is contained in the
acoustic image. The surface features of the silicon sub-
strate are clearly seen as well as the characteristic
outline of the transistor. There are, however, distinct
differences between the two photos.

In interpreting the acoustic images it should be kept
in mind that the present instrument is phase sensitive.
Accordingly, variations in surface topography will be
recorded in the image as changes in contrast. This fea-
ture is evident in Fig. 2(A) both in the detail of the bond-
ing pads and in the region where the fingers cross to the
base.

SIGNAL OUTPUT SPHERICAL ACOUSTIC LENS

XLIQUID INTERFACE

cmcuuwoy

\
Nt

TRANSDUCER

FOR SOUND SILICON SUBSTRATE

CONTAINING THE
INTEGRATED CIRCUIT

INPUT AT
600 MKz

FIG. 1. Diagrammatic scheme for the reflection mode. The
silicon substrate is scanned mechanically to obtain the image.
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FIG. 2. Acoustic (A) and optlcal (B) comparison of a bipolar transistor. The width of the three narrow fingers is 2

In Fig. 3 we present a comparison between the acous-
tic image of the hp22 and the image as obtained with a
scanning electron microscope (SEM). The resolution is
far greater in the SEM photo but nonetheless the com-
parison 1s interesting and it showe that the 2-u lines
can be easily seen,

Finally, in Fig. 4 we show the acoustic image of an
hp122 together with the optical comparison. This again
1S a bipolar transistor, scaled down from the hp22,
and it 1s the smallest transistor known to us, This ob-
ject1s interesting for this study since the periodicity of
the interleaving fingers is 2.5 u and the width of the
smaller fingers 1s near 1 1. These fingers are clearly
resolved in the acoustic image and 1t gives us confidence
1n our assertion that the waist of our beam is no larger
than 2 u.
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In future woik we must learn how to separate the vari-
ation in amplitude in the reflected signal from the varia-
tion in phase. This instrument was not initially designed
for reflection type operation and it should be possible to
improve the quality of these images by incorporating an
acoustic beam splitter 8o as to improve the separation
of the reflected beam and the incident ‘cam,

The materials used for IC's are trassparent to acous-
tic waves at this frequency and we should be able to ob- .
tain information on the region that lies beneath the
metallized surface —a region inaccessible to the optical
microscope. We must learn to interpret the images
that are formed when we change the plane of focus and
probe the region beneath the surface. This capability
should allow us to delineate defects such as improper
bonds between a metallization layer and the substrate.

FIG. 3. Comparison between

the image from the acoustic

microscope (A) and a scan-

ning electron microscope (B).

The object is the bipolar N
transistor as shown in Fig. 2.
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FIG. 4. Comparison betwoen the acoustic () and optical ®) images of the hp 122~a high=(requency bipolar transistor with

a periodicity of 2,5 4 and a finger width near § .

It is difficult to uncover problems of this type with
either an optical or a scamning electron microscope.

Further, we believe that the various image enhance-
ment techuiques which have recently been developed®
could be applied directly to the electrical signals that
emerge from the microscope, The use of discrete
multiple frequencies in the acoustic ‘system together
with cclor display in the monitoring scope and simple
differentiation of the signal for edge enhancement are
the more obvious techniques that could be employed to
fmprove the image.

The resolution can be improved by moving to higher
frequencies, We have obtained images at 1000 MHz and
we are confident that improvements can be made wiuch
viall allow us to generate images with a resolution suf-
ficient to resolve detail that is less than 1 u in
diameter.

We are grateful to Hewlett-Packard Company for
furnishing us with the transistors. We appreciate the
professional guidance that we received from W. Bond
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during this work. The present instrument is a result

of the talented and careful work of G, Kotler, G. Bicker,
and P. Galle. The optical photos were taken in the inte~-
grated Circuits Laboratory at Stanford and the SEM
photos were taken with the facilities of the Center for
Materials Research. We acknowledge the financial sup-
port of the Office of Naval Research.

LW Ressler, v Poocevdings of the Sympostun on Optical
and Acoustrcal Micro-Flectrones, Vol XX, edited by A
Olmer (Polvtechnie Press, New York, 19%4),

AL Cunningham and C.F  Quate, J  Phys, (Paris) Suppl,
37, 42 Q87 J AL Cunningham and C F, Quate, in Acousli-
cal Holography, Vol, 5, edited by P Green, (Plenum, New
York, to be published.

‘R OA, Lemons and ¢V Quate, Appl, Phys, Lett 24, 183
1974

M.\, Lemons and C L Quate, in Proceedmgs of the Ultra-
soes Svmposuorn, IEEE Catalog No, 73CHC 807-38 58U, od-
ited by 3 de Rleek QUEE, New York, 1473), p. 18,

DA OHandtw and W B, Green, Proc. IEEP 60, w21
(1972),

L
123
L

s




52 IEEE TRANSACTIONS ON SONICS AND ULTRASONICS, VOL. $U-22, NO. 1, JANUARY 1975

Multilayer Impedance Matching Schemes for Broadbanding
of Water Loaded Piezoelectric Transducers and High

Q Electric Resonators

JEFFREY H. GOLL axp BERTRAM A. AULD, FELLOW, IEEE

Abstract—High efficiency, low ripple plezoelectric transduction
into a water load has been achieved experimentally over a band-
width of about 707, by using a two-layer acoustic impendance
matching transformer. Similar performance is predictad for properly
designed transducers in a frequency range of ! to 40 > Hz.

HE NARROW bandwidth of piezoelectric transducers

radiating into water (or other fluid) loads is partly
a consequence of the mismatch of acoustic impedances
between the transducer and the load. Broad bandwidth
coupling to water has been accomplished previously by
using single layer acoustic impedance matching [1]. It
is reporced here that still broader ban*widths may be ob-
tained by using properly chosen multiple layer impedance
matching schemes. Furthermore, while the single layer
method requires for the matching layer a material with
characteristic acoustic impedance of about 6 X 10t
kg/s+m?, which must be prepared synthetically, two layer

Manuseript received July 30, 1974. This work wa~ supported by
the Ofhee of Naval Rewearch under Contract N00014-67-A-0112-
39,

:1 H. Goll was with the Microwave Laboratory, Stanford Umi-
versics, Stanford, Calif. 943035, He is now at The Thomas C. Jenkins
l)ermrt\nlwnt of Biophysies, The Johns Hopkins Umivessity, Balti-
rvre, Md

B A JMuld i with the Microwave Laboratory, Stanford Uni-
versity . Stanford, Calif. 44305

schemes work very well with readily available materials—
glass (or fused quartz) and lucite—as the matching layers.

The theoretical insertion loss and phase transfer in a
50 ohm circuit may be caleulated from the Mason model
[2]. In the interest of high efficiercy, only air-backed
transducers have been considered. The role of the acoustic
impedance matching layers is to transform the load acous-
tic impedance into a freouency dependent complex number
which depends strongly on the characteristie impedances
and thicknesses of the matching layers This impedanee
transformation has a pronounced effect on the frequency
response of the transducer and, by properly chousing the
characteristic acoustic impedances of the layers, a very
broadband response can be achieved. For piezoelectric
ceramic or LiNbHOs transducers, fused quartz and lucite
matching layers, in the configuration illustrated in Fig. 1,
give excellent performance. Over the frequency range in
which the coupling is high, the electrical input impedance
of the acoustically matched transducer is a reasongable ap-
proximation of a simple R-f' circuit of low electrical Q.
Therefore, series inductive tuning may be used to further
improve the insertion loss without affeeting the bandwidth
significantly. Figure 2 illustrates the insertion loss and
phase transfer predicted in a 30 ohm eireuit for a 0.638”
diameter PZT-5A disk, hall wave resenant at 1.35 MHz,
with fused quartz and lueite transformers quarter wave
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GOLL AND AULD! MULTILAYER IMPEDANCE MATCHING SCHEMES
TRANSOUCER (PZT-54)

LUCITE TRANSFORMER

w 1/

BACKED

LOAD
(WATER)

QUARTZ TRANSFORMER

Fig. 1. Physical configuration of the quartz-lucite matchin
scheme. The transducer itself is one-half wavelength thick at fo
and the matching layers are each approximately one-quarter wave-
length thick at fo.

20 3r
e J
1972
3 2w
04 05 08 OF 08 09 (0 i1 12 I3 14
NORMALIZED  FREQUENCY (1/10)
Fig. 2. PFrequency dependence of the insettion loss and phase

transfer for a PAT-3A transducer, with half-wave resonant fre-
quencey fo = 1,55 MHz and with fused quartz and lneite acoustic
transformers, quarter-wave thick at 092 % snd 8 uH seriex in-
ductive electrical tuning.

TABLE 1

£, (oiz) 2+Way Insertion Loss (dB)
0.91 10
0.9 6
1.00 Y4
1.15 5
1.3 6
1.55 5.5
1.66 5
1.8 6
1.9 8
1.94 10

thick at about 1.43 MHz, and with an 8 microhenry series
tuning inductor. The 3 dB bandwidth (about 709%) ‘=
considerably wider and the ripple is smaller than for the
optimal single transformer designs (which have about 459
3 dB bandwidth for the corresponding air-backed case).
Without the tuning inductor, the performance is similar.
The only major differences are that the ripple is slightly
greater and the insertion loss is about 2 dB higher without
the tuning inductor. The phase transfer is very nearly

-2

a3

linear with frequency over the high coupling region. This
property is important in pulse applications.

A transducer was fabricated with fused quartz and lucite
transformers corresponding approximately to Fig. 2, and
the insertion loss was measured by a pulse propagation
method. The results, indicated as two-way insertion loss
in Table I, are in good agreement with the theory except
that the loss is systematically 2 dB per transdueer higher
than predicted. This discrepancy may have been partly due
to electrodes which were not sufficiently thick.

For a large class of transducers, the bandwidth is mainly
determined by acoustic impedance considerations. The
value of the loss, however, will be low only when the
transducer material and the laieral size (active aren) of
the transducers are properly chosen. In general, because
of their extremely high diclectric constants, piezoelectric
ceramics are the proper choice for low (between 1 and 6
MHz) resonant frequency transducers in a 50 ohm circuit.
Lithium niobate (LiNbO;) is the best choice for higher
frequency transducers. For any resonant frequency be-
tween 1 and 40 MHz in a 50 ohn eircuit, proper design
yields theoretical 3 dB bandwidths of about 709, with
loss across the band of less than 5 dB.

Properly chosen three layer acoustic impedunce mateh-
ing schemes offer still wider band (about 909%,), low-loss,
low-ripple transducer designs. The materinls called for
in these designs, however, with acoustic impedanees of
22 X 105 7.8 X 104 and 2.8 X 10¢ kg s-m?, are not all
readily available.

An analogous electrical impedance matehing problem—
the broadband coupling to high @ electrie resonators by
use of multiple, approximately quarter wave transmission
line segments—was also pursued theoretically. It has been
reported previously [3] that bandwidths several times
1/Q may be obtained by the use of a single properly chosen
transmission line segment. It is reported here that sig-
nificantly broader bandwidths with low insertion loss, low
ripple, and good phase linearity may be obtained by using
two properly chosen transmission line segments. The
characteristic impedances and lengths of the transmission
line segments are the important parameters. The utility
of such matching schemes is greatly increased by the
availability of lumped-element approximations of trans-
mission line segments which require relatively few ele-
ments and greatly expand the range of available matching
sections 3],
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AN ELECTRONICALLY FOCUSED TWO-DIMENSIONAL ACOUSTIC IMAGING

SYSTEM

J. Fraser, J., Havlice, G. Kino, W. Leung, H. Shaw,
K. Toda, T. Waugh, D. Winslow, and L. Zitelli

Stanford University, Stanford, California 94305

I. INTRODUCTION

We described a new type of electronically focused and
scanned acoustic imaging device in last year's conference,
This device made use of a surface acoustic wave delay line
to provide the necessary phase references and time delay
for the imaging system and for scanning; it employed mechan-
ical scanning in one direction and electronic scanning in
the other, and was only focused electronically in one direc-
tion, Since that time, we have developed a two-dimensional
electronically focused C~scan device operating in a trans-
mission mode using a separate electronically focused re-
ceiver and transmitter. The receiver is focused and scanned
in the x direction and the transmitter focused and scanned
in the y direction. By using this combination of trans-
mitter and receiver, it is possible to scan out a raster
and obtain M X N resolvable spots with only M + N ele-
ments in the transmitter and receiver arrays.

At the same time we have been constructing a 100 ele-
ment receiver array, which is intended to be used either
with the electronically focused transmitter or with a mech-
anically scanned transmitter focused with a lens. In both
devices we have demonstrated that the principles of the
system are valid; we have improved the sensitivity of the
receiver system by several orders of magnitude over the
earlier devices, by employing double balanced mixers and
amplifiers on every element. However, we have encountered
the major difficulty common to all phased array systems —
the problem of sidelobes. So far, in both the transmitter
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276 J. FRASER ET AL

and the receiver array, the sidelobe level is typically

13 dB lower than the main lobe when the system is unapodized,
as it should be according to the simple theory of a uniformly
excited array.

We have investigated apodizing the system. In theory,
by using Hamming weighting, we should obtain a sidelobe
level of -43 dB. 1In practice, we have not succeeded in ob~
taining better than =20 dB sidelobe levels., The basic rea-
son for this problem is associated with missing elements and
errors in the system. So in this paper we carry out a fairly
detailed analysis of the problem of missing elements, a prob-
lem which will be common to all electronically focused sys=-
tems. We show that it is possible to predict very closely
the amplitudes of the sidelobes when there arec elements mis-
sing, both by simple techniques and more sophisticated
numerical procedures. We also show how it is possible to
evaluate a particular system with missing elements and dis-
cuss possible procedures for eliminating errors,

II. PRINCIPLES OF THE ELECTRONICALLY FOCUSED SYSTEM

The electronically focused and scanned aystem on which
we have worked can be used either in a transmission mode or
a receiver mode, or for both transmission and reception,

In order to explain the principles of operation, we will
consider a receiver in which the object is illuminated with
an acoustic wave of freguency Wwg , as illustrated inFig. 1.
The signal is received by a set of piezoelectric trans-
ducers, The electronic system employed scans the signals
arriving at these transducers and provides phase compensa-
tion for the different rays arriving from a point x, z .,
We use, as a phase reference, a tapped acoustic surface
wave delay line, one tap for each PZT transducer, The rea-
son for the use of an acoustic surface wave delay line is
its convenience, flexibility, and ready availability, It
is also possible to employ a CCD in the same manner, or to
employ a shift register in a very similar system. The out-
put at a frequency w; from each transducer is mixed with
the output from a corresponding SAW tap in a mixer, Origi-
nally these mixers were simple diodes; now we employ ba-
lanced integrated circuit mixers, and the outputs from each
mixer are summed in an output circuit,

-3la-
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TO BIAS LINE
ﬂ\

SOUND
WAVES wg

~

d Wy SCAN SIGNAL

-

OUTPUT SIGNAL o€
Wyt Wy

FIG. l--Schematic-pictorial diagram of acoustic imaging
system,

Suppose we wish to detect a signal from the point x
z , at the plane of the transducer array z - 0 . The

phase of the signal at an element with coordinates X, 0
is

)

Us 2 2
P - — (x=x )" v 27, (1)

v

w
vhere Vo is the wave velocity in the medium of interest,
If we insert a signal on the acoustic delay line with a
phase @y, suck that @, + #. = constant , then in this
case, all the signals from the outputs of the mixer are in
phase and can be added, We have therefore constructed a
matched filter, matched to a source at the point x , z

)
l1.e., we have constructed an electronic lens.
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It is a relatively simple matter to design the correct
signal waveform for this purpose, Consider a signal whose

phase is
2 [al
¢ - A\1t+c\4c2+8“ . (2)

This signal has a frequency

At
W - M o (j)

T |
Jt2+82

At the nCh tap on the surface wave dolay line, the phase
of this signal is

X X \© o
¢An By (t - .B) b A ( - -2) +B° (")
v v

It will be seen that the required phase matching condition
is satisfied 1f xn/v omr , which requires choosing
0y correctly, and

t = x/v (5)
with
\USV
A s e (())
\Y
w
Z(L‘s é
B = T —— - . (7)
Av \Y
w

It will be seen from these results that by using this
electronic signal processing technique, the system focuses
on the point x , z at a time t - x/v and, therefore,
scans along the plane z at a velocity v . At the same
time, with the correct choice of the parameter A , ad-
justment of the parameter B of the signal wvaveform inserted
into the scoustic surface wave delay line is equivalent to
adjusting the focal length of the lens, In this case, by
using the correct waveform, no paraxial approximation is
required, and the lens should not suffer from spherical
aberration,
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In our devices so far, we have not used this waveform,
Instead, we have simplified the approach and used a linear
FM chirp with a frequency

® = W o+ opt (8)
and phase
ut2
¢ = aE+T (9)

In this case, which is equivalegnt to the pgraxial approxi-
mation, {.e., assuming that 2% 5> (x -xy)° , the chirp
rate is varied to vary the focal length of the lens and we
find to focus on the plane 2z

v‘?ms
o= T (10)

2

v
W

It should be noted that a still better approximation to
the ideal signal waveform, which is eafier to realize and
which is accurate to temms in (x=-x,)" , is to use an in-
put signal with frequency

\L‘SV vt .
® Wy - sin (-— ‘IS) . (11)

v 3 z
This is normally accurate enough for most practical purposes,

In our first experiments, we employed a receiver system
of this kind in a transmission mode with an object placed in
front of a narrow strip transducer, the lengthh of the strip
being parallel to the length of the array. The object was
moved up and down mechanically in the y direction and the
receiver was electronically focused and scanned in the x
direction, An alternative to this procedure is, of course,
to use a focused transmitter, focused on a line within the
object, Then either the transmitter can be moved up and
down in the y direction, or the objects can be moved up
and down in the y direction to obtain a two-dimensional
scan. Of course, such a system can also be used in reflec-
tion mode with the transmitter placed in the same plane or
near to the receiver's array.
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280 J. FRASER ET AL,
%5 A second alternative on which we have been working is
¥ to use an electronically focused and scamned transmitter in
B the arrangament shown on the left of Fig, 2. By inserting
L a signal in what normally would be the output port of the

raceiver and a chirp signal on the delay line, it is pos-
sible to obtain a focused and scanned transmitting beam,

A full two-dimonsional image is obtained with the reost of
the systom of Fig. 2, However, the disadvantage of such a
systam is that the scan rate is comparable to that of the
acoustic velocity along the delay line, Ideally wa would

34 prefer to work with a system in which the scan rate in the
vertical direction is relatively slow, and comparable to the
frame rate required, while the scan rate in the horizontal
direction is fast and corresponds to the line time.

An additional desirable feature would be to excite all
the transmitting transducers at the same frequoency; this
would minimize aberrations and also place less savere re-
quirements on the transducer bandwidth, Thus it would be
possible to scan out a normal type of TV raster,

TRANSMITTER

REALLLALUEAA. 2

< RECEIVER LINE
FOCUS

LOCAL EN
mounwh; ‘  SCANNED RASTER

Wy - Wy //

1

Y

« TRANSMITTER
LIN

Y
€
17 Ayt
%CN'RP L—{Z o OUTPYT

"i:—,*-ﬁ-r*—*r—h
1 ae%é e qadh
!

W tpt

RECEIVER

FIG. 2--Schematic-pictorial diagram of awn electromically
scanned, electronically focused imagiug device.
On the left side is the transmitter which provides
a scan rate comparable to the acoustic velocity on
the delay line,
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epoxy bondcd to a mycalex backins. Thc SarTay 18 covered
with & ‘thin: mglar £41m, Th f j,“"ave*a center-to-
center apacing of NT: mila, B fonly -avery: other element

‘was: excited in: the initial system:

In the first systam ve uaed FET implifiers driven from
.taps on. the SAW .line, followed by diode mixers for the three
froqunncicncinvolved dnd tranaistor amplifiers, Tho ‘system
was nubjacc -£o: aome phase and: amplitude errors and’leakage
of #ignals: at unwnntnd fraquoucteu as well as. a low output,
But it .served to prove the £caaibi11ty of the ideas involved,
Initinlly, we Gadd an early-devalopmental model ‘of the re-
ceivér array already described with only 22 elements.

By placing an object between the transmitter and receiv-
er, we were able to obtain a focused image, with a defini-
tion of approximately 2 mm in the x and y directions, a
60 cycle frame rate and a line time of approximately 100 usec.
As predicted we could obtain a stationary focus in the y
direction or move the line up and down at will by changing
the frequency w, manually, thus making it possible to exam-
ine an object slowly or fast, By using a slow chirp repeated
at a 60 cycle rate we obtained a frame time of 60 cycles.

A plcture of a letter S cut in a plece of rubber locat-
ed 7 cm from the transmitter and 10 cm from the receiver is
shown in Fig, 8. By changing the chirp rate by 25% in the
horizontal direction, the letter S is seen to be defocused
in the horizontal direction. Similarly by changing the chirp
rate of the transmitter by 25%, the letter S is seen to be
defocused in the vertical direction, as would be expected,

The transmitter system was rebuilt with different wmixers
and amplifiers, and a 24 element 1.8 MHz array with elements
W7 mils apart. In this case, we used double balanced mixers
(TTI76514), which eliminated the problems with unwanted side-
band frequencies, The mixers were followed by transistor
amplifiers, (2N3906), snd a signal with 20 V peak-to-peak
output could be obtained at the transducers. We also wmade
provision for trimming the output amplitude.

With this system we obtained, with Hamming weighting,
a 20 dB sidelobe level, We took pictures of simple objects
cut in rubber with the system, using a strip receiver me-
chanically scanned in the horizontal direction. Such a
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284 J. FRASER ET AL,
III. EXPERIMENTAL SYSTEMS

We have been working with two types of experimental
arrays, an 80 - 100 element receiver system, and a 22 - 29
clement transmitter system. It is intended that systems
of these types will be used together in a C-scan trans-
mission or reflection mode, as well as employing the receive

er array with a mechanically scanned transmitter for two=
dimensional C-scan imaging.

A schematic of the basic components of the receiver
system is shown in Fig., 5. Each transducer clement con-
sists of a cube of PZT 5A 20 wils square and 16 mils high,
glued with cpoxy to a mycalex backing, and covered on its
front side with a mylar film, The clements have a center-
to~center spacing of 47 mils; they are square in cross
section so that the acceptance angle (measured to be % 300)
is approximately the same in the horizontal and vertical
dirvections, thus giving approximately the same field of
view in both planes. The array itself is mounted on the
side of a water tank.

— 174 CA3048
— QI uF ' KT_T0 DOUBLY BALANCED
—_— F—"MIXER, MCI496

. 3 BOARDS TOTAL
— : 32 AMPLIFIERS
T apFp | | IN EACH B0ARD

R
— L {8 INTEGRATED
ACOUSTIC : CIRCUITS IN
— WAVE , A BOARD)
T gy VAo
— QUuf YA, TO DOUBLY BALANCED |
—_— = F—"MIXER, MCI496
—
axne

FIG. 5--Schematic diagram of PZT preamplifier system,
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TWO-DIMENSIONAL ACOUSTIC IMAGING SYSTEM 283

a frequency g , filtering it so as to only keep the upper
sideband, and then inserting it into the second mixer, we
‘ obtain outputs into all the transducers of frequency o, .
An analysis of the phase variation of the signals pass-
ing along the delay line shows that the phase of the signals
at the nt? tap are

2

Bo(x) = >( y“) "( y“) (12)
X = (o, =« t e =—]+—-(t-—
2''n 1% v o v
9
Yo U u Loy, )
do(x) = (oy- >(c+—--— (t-—+—~) (13
>Tn 2 “1 v v 2 v v

After these signals are mixed together, we obtain a signal §
with phase (vq) - ¢ . This in turn is mixed with

the similar s gnal from cne tap at y, = O , after it has
been modulated with a frequency W The phase of the

. resultant signal at the nth tap ib
RN N
¢(xn) = (ub +ay - 2m1) , + ;5 Yo " ; ()

Thus, the output signal has a square law variation of phase
along the system, which is equivalgnt to a lens producing a 4
beam focused at the plane 2z = w.v=/2uv, . In addition
there is a linear phase temm, which controls the y posi-
tion of the focal point. If (wy+ws=2w)y,/v = 2on ,

the lens focuses on the point vy = L/2,z° ., Alternatively,
if or w, is varied slowly the focal point moves along
the ¥ axis,” Thus by changing one of these frequencies
slowly the bzam may be scanned along the y axis; this is
equivalent to using a slow chirp for the frequemcy w, and
a fast chirp for & which can be changed at will to" vary
the focal length of the lens. In practice the chirp lengths
are chosen to be of the order of 100 nsec long, sufficient
to produce a beam focused on one line of the image, which
itself is scanned by the receiver array within this time.
Then with a delay of the same order, the chirps are re-
inserted in the transmitter delay line and the whole process
is repeated, now with the line moved one line along the vy
axis.
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III. EXPERIMENTAL SYSTEMS

We have been working with two types of experimental
arrays, an 80 - 100 element receiver system, and a 22 - 29
element transmitter system. It is intended that systems
of these types will be used together in a C-scan trans-
mission or reflection mode, as well as employing the receive
er array with a mechanically scanned transmitter for two-
dimensional CG-scan imaging.

A schematic of the basic components of the receiver
system is shown in Fig. 5. Each transducer element cone
sists of a cube of PZT 5A 20 wils square and 16 mils high,
glued with opoxy to a mycalex backing, and covered on its
front side with a mylar film, The clements have a center-
to-center spacing of 47 mils; they are square in cross
section so that the acceptance angle (measured to be & 300)
is approximately the same in the horizontal and vertical
dirvections, thus giving approximately the same field of
view in both planes. The array itself is mounted on the
side of a water tank,

— 174 CA3048
— 0 QHF 1o DOUBLY BALANCED
—_— ; F—"MIXER, WC1496
. 3 BOARDS TOTAL.
— 203 | 32 AMPLIFIERS
— i IN EACH BOARD
Q‘HFI t ‘
L {8 INTEGRATED
ACOUSTIC ' CIRCUITS N
——» WAVE ! A BOARD)
— 174 CA3048
P2T QnF
— i KF 1o pouswy BALANCED |
—_— = MIXER, MCI496
——
a8

FIG. 5--Schematic diagram of PZT preamplifier system,
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The impedances of the individual elements of the array
are of the order of 5000 ), with a center frequency of
2,25 MHz, The system is, in fact, operated anywhere in the
range from 1.6 Miz to 2.5 MHz, with most tests being car-
ried out at 1.8 Miz, Amplifiers for the individual ele-
ments (CA3048 ), k4 to a package, are mounted on the back of
the transducer array., Their outputs are taken through co-
axial lines into doubly balanced mixers (MCl496°, each
mixer being driven via an MC1350 amplifier from a tap on a
50 MHz, 100 tap surface wave delay line approximately
5 inches long, made of BGO. The taps are arranged in two
rows of 50, side by side, and the total delay through the
line is 60 psec. The outputs of 4 mixers at a time are
summed with a 1350 swming amplifier, whose outputs are
in turn connected in parallel, The output of this system
is mixed down to 30 MHz, passed through a 1.5 MHz band-
width filter with 60 dB out of band rejection, to eliminate
any feed through from unwanted signals, and the output then
passed into an IF amplifier. After detection, this output
signal is used to modulate the intensity of a cathode ray
display, whose horizontal sweep is synchronized from the FM
chirp trigger, and whose vertical motion is controlled either
from a mechanical sweep or from the transmitter synchroniz-
ing circuits.

The receiver array performed basically as designed, The

megsured sensitivity of the individual elements was lo'ilwatt/

cm®, and the 3 dB width of the main lobe of the focused beam,
when illuminated from a 1.8 MHz narvow strip source pulsed

for 100 pusec was about 1.% mm at a distance of 25 cm, As will

be discussed, the sidelobe level was higher than we had hoped
thus severely limiting the dynamic range of the recejver sys-
tem, and the effective uniformity of the illumination of an
object placed in front of a uniformly illuminated large area
transmitter. For this reason we have, so far, been employ-
ing the device to observe objects with relatively good con-
trast. This is done by placing the object in front of a thin
strip transducer approximately % inches long, and moving the
object up and down mechanically,

Oune picture of a piece of rubber in which are cut s tri-
angular, circular, and square hole is shown on the top of
Fig. ¢. On the bottom is the acoustic photograph of a thin
metal plate with a number of small holes. It will be ob-
served that the definition of the system is of the ovder of
1.5 mm,
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Ple, » =~Acoustic photographs using an o element veceiver
arrav. On the lett ave optical photos and on the
right are acoustic photos,

The sidelobe level in this (vstom wvas initially vere
high and ot the order ot 1 dB, both near in to the main
tobe as well as turther cut, We attempted to apodice the
arrav with either Hanming weighting ot the chirvp amplitude
itselt, or better still, by Hamming weighting ot the arrav
taps by means of trimmer pots on cach element. Our best
attempts to date have vielded a sidelobe level OB down
from the wain lobe, This is mainlv due to the fact that
initiglly 1. elements out of 100 were inoperative, and later
approximately - elements out ot ¥ ywere inopevative. This
leads to a gidelobe level somovhat worse than we would
expect from the theory given in the next section. lIn part
this is due to the ditticulty of apodizing accuravelv, to
phase errors as well as amplitude errors, and to some cross
coupling in the delavy line. But the priuciple problem is
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g FIG. S==Acoustic imapes obtatned with an electronically

: scanned, clectronically Vocused two=-dimensional

] real time system,  Corner photos show the effect
5 ot v dofocus in the imaping svstem,
k- plcture is shown in Fip. 9. We have not as yet tested the
b transmitter with an electronically tocused recelver array,
i but bope to do so shortly,
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IV, WEIGHTING OF THE ARRAY AND ERROR ANALYS1S
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One of the principle problems associated with any

E

ﬁ phased arrvay system is that associated with sidelobes, 1t

j the sidelobe level §s R dB down from the main lobe, and an
. attompt is made to imape two points A and B with point
§ B wore than R dB  lower in intensity, the image of the

'ﬁ point B may be obscured in the sidelobes of the strouger
f% point source A . Thus, the dynamfc range of an imaping

e
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epoxy bonded to a mycalex backing. The array is covered
with a thin mylar film. The elements have a center-to-

center spacing of 47 mils, but only every other element

was excited in the initial system,

In the first system we used FET amplifiers driven from
taps on the SAW line, followed by diode mixers for the three
frequencies involved,and transistor amplifiers. The system
was subject to some phase and amplitude errors and leakage
of signals at unwanted frequencies, as well as a low output,
But it served to prove the feasibility of the ideas involved,
Initially, wa used an early developmental model of the re-
caiver array already described with only 22 elements.

By placing an object between the transmitter and raceiv-
er, we were able to obtain a focused image, with a defini-
tion of approximately 2 mm in the x and y directions, a
60 cycle frame rate and a line time of approximately 100 usec.
As predicted we could obtain a stationary focus in the y
direction or move the line up and down at will by changing
the frequency w, manually, thus making it possible to exam-
ine an object slowly or fast, By using a slow chirp repeated
at a 60 cycle rate we obtained a frame time of 60 cycles.

A plcture of a letter S cut in a plece of rubber locat-
ed 7 cm from the transmitter and 10 cm from the receiver is
shown in Fig. 8. By changing the chirp rate by 25% in the
horizontal direction, the letter S is seen to be defocused
in the horizontal direction. Similarly by changing the chirp
rate of the transmitter by 25%, the letter S is seen to be
defocused in the vertical direction, as would be expected.

The transmitter system was rebuilt with different mixers
and amplifiers, and a 24 element 1,8 MHz array with elements
47 mils apart, In this case, we used double balanced mixers
(TI7651h4), which eliminated the problems with unwanted side-
band frequencies, The mixers were followed by transistor
amplifiers, (2N3906), and a signal with 20 V peak-to-peak
output could be obtained at the transducers. We also made
provision for trimming the output amplitude.

With this system we obtained, with Hamming weighting,
a 20 dB sidelobe level, We took pictures of simple objects
cut in rubber with the system, using a strip receiver me-
chanically scanned in the horizontal direction. Such a
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F1G. H==Acoustic fmapes obtained with an clectronically
scanned, clectronically tocused two=-dimensional
real time system, Corner photos show the effect
of " defocus in the fmaging systoem,

plcture is shown in Fig, 9. We have not as yet tested the
transmittor with an electvonically tocused receiver array,
but hope to do so shortly.,

IV, WEIGHTING OF THE ARRAY AND ERROR ANALYSIS

One of the principle problems associated with any
phased arrvay system is that associated with sidelobes. 1f
the sidelobe level is R dB down from the main lobe, and an
attempt is made to imape two points A and B with point
B wore than R dB  lower in intensity, the image of the
point B way be obscured in the sidelobes ol the stronger
point source A . Thus, the dynamic range of an imaging
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292 J. FRASER ET AL.
system is limited by tha sidelobe level.

There are several possible approaches to lowering the
of factive sidelobe level. One is to apodize the array,
0.g., amplitude weight the response of the array. In an
acoustic lens system, this is done in part automatically,
because a convex lens tends to have more attenuation near
its edges. With any olectronic or physical lens, the ro-
sponse also tonds to fall off with angle; this provides
further ngodizacion. A second approach, that used by
Thurston,© is to use logarithmic amplifiers on cach receiv-
or clement, and add the resultant signals after the appro-
priate phase matching, as already described. As all rays
from a point source may be assumed to have equal amplitudes,
this gives an image of a point source with a sidelobe level
of just the same value as if the amplifiers were linear.
However, now the signal from another point source would give
an output R dB down in level only if it were far weaker
relative to the main image. This is bacause of the loga-
rithmic response of the amplifiers; if a 50 dB change in
fnput signal corresponds to a 10:1 change in output power
from tho amplifier and a lincar system had a 10 dB sidelobe
level, this system would have a dynamic range of 50 dB.

The full implications of this nonlinecar processing technique
are not oentirely clear, but they do imply a lower effective
sidelobe level at the expense of some loss in grey scale,

A third approach is to use the same array for both trans-
migssion and reception, This tonds to square the response

of the system, and lowar the effective sidelobe level to
ORdB,

Even with careful design, certain difficulties can
arise when elements are missing, there is coupling between
the elements, or there are phase errors in the system, By
fax the worst type of error is that due to missing clements,
In this scction we shall analyze the rosponse of an array to
a point source, and a distributed source, and show how this
is affected by missing elements. We shall describe an analog
tochnique which we have employed to check operating arrays,
and a simple theory which gives casily calculated and accu-
rate estimates of the effect of missing elements.

We consider a receiver array in which the amplitude

rasponse of the array at a point x is F(x) . We suppose
that a signal of frequency wg from a source at the plane z

-46-
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TWO-DIMENSIONAL ACOUSTIC IMAGING SYSTEM 293

of amplitude G(x’) is incident on the array, and the array
is focused by a chirp signal exp j(u}t-+pt2/2) which is
mixed with the signals reaching it. The output of the array

when focused on the plane z , (u = g [2v,) is
Joy x
\ oo )t + (n/2)°) - =5
H = F G(x’
() = o S [ rween e
L X
xe' ( v) dxdx’ . (15)

For the present purposes, we represent the response of
the elements by the sampling function and write

F(x) = F(x )X d(x=x) . (16)

If again, we choose for simplicity the condition udx¥/v =
2ur , which is equivalent to choosing a particular time
for the start of the chirp, we can write the output in the

form .o
i)
H(t) = S(t) f e G(x*) dx*
x’ Juxn x*
~ &%)
X L F(x ) e » (A7)

where S(t) = exp j(ux-+ut2/2) , and s a function ol unit
magnitude, The signal from a point source at
x’ = O[G(x’) = d(x)) is of the form

juxnt
H(e) = s(e)PF(x)e ¥
Juxt

- S(t:)fl-‘(x) e ¥ oax . (18)

Thus, the output from a focused array is the Fourier trans-

form of the response of the array, All we need to know is
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the response of the array to know the form of the output
from the focused system.

Consider now, a uniform array [F(x,) = 1] with N
¢lements a distance ! apart, where L = NI 1is the length
of the array. The output from this array will be

ot (M2
H(t) = s(t) in(QV)t

o] (19)

So the maximum output amplitude is at t = 0 and is of
amplitude N , or N times the output from a single ele-
ment. There are minor lobes at times pNIt/2v = (2n+1l)w/f2 ,
the first sidelobe being 13 dB reduced in amplitude from the
main lobe, In addition there are grating lobes with their
own sidelobes at uft/v = 2mm , where m and n are integers.

A simple way of carrying out analog computations and
illustrating this effect is to use a word generator to
modulate an rf signal, then take the Fourier transform of
the resultant signal in a spectrum analyzer, The result
for a 32 element unapodized system is shown in Fig. 10(a).
The 13 dB sidelobe level and the grating lobes can clearly
be seen.

As a gecond example we can consider the use of Hamming
weighting.” In this case, taking x = O at the center of
the array, F(xn) is chosen so that

F(x,) = k+ (1-k) cos® ﬂ{-‘-‘ (20)

whera L 1is the length of the array. Ideally for k = 0,08
the sidelobe level should be reduced by 43 dB from the main
lobe. The maximum output for N elemunts will be

Ho) « Mith) (a1)

Olsl‘N (k = 0008) .

#

For k = 0.08 the main lobe is 1.5 times as wide at the
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i
3
:
i FIG. 10=-(a’ Top. Point response tunction for a »° element
: unitorm arvay, Note =13 dB sidelobes

near the central lobe and the tar grating
sidelobes.,

(b)) Bottom, Point response tunction fov a ele-
nent Hanming weiphted arrav.  Note =08 dB
sidelobes near in.

3 dB points as for the wnitormlv apodiced arrav., An illus-
tration of Hamming weiphting, taken with the help of the
analop technique, in a clement svatoem, is shown in Fip.
10(b), It is clear that at the expensce ot a slight loss in
definition, the use of apodization should be ot preat help
in improving the sidelobe level,

We now consider the ettect of errors, 1t is apparent
that by using the tormulae already piven, ve can caleunlate
the effect ot both awplitude and phaxe errors on the output
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296 J. FRASER ET AL.

response. We have done this on a computer, and also employed
our analog technique for the purpose. However, it is helpful
to try and obtain some kind of analytic formulae with which
we can estimate errors and find how many elements we can
afford to have missing.
Suppose that the mth element is missing. This is
equivalent to subtracting an error term e(t) from the out-
put of magnitude

Jux t
e(t) = s(t) Flx,) e v (22)
So the total output is
H(E) = Hylt) = oft) (23)
where H_ (t) corresponds to the output when there are no
missing glements.

The period of the function e(t) depends on the posi-
tion x_ of the error, If it is in the center e(t)/s(t)
has vir?ually no phase change with time, If we suppose that
the level of e(t) is much larger than the sidelobe level
in the crror free array, we see that the sidelobe amplitude
relative to the main lobe due to one missing element will be

R = FCey) . (2h)
™ XR(x) - Flx)

In a Hamming weighted system, this corresponds to

2F(xm)

R 13 e—————————————— . 25
n N(L+k) = F(x) (25

Thus for a missing element at the center of the array, with
k = 0.08

1
I SR (
R 0.5lN -1 ° (26)

For N = 32 elements this corresponds to R = 0,061 or
"2!4 dB .
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TWO-DIMENSIONAL ACOUSTIC IMAGING SYSTEM 297

A more exact calculation would take account of the side-
lobe level already present, before the errors were intro-
duced, i.e., 0,007 down from the main lobe. The true side-
lobe level in the presence of errors would then be 0.061 +
0.007 or =23 dB., The result agrees fairly well with the
analog computer result shown in Fig. 11, and is almost
exactly equal to the results of the computer calculation.

When there are several missing elements, the question
is whether the effects are additive or tend to add only
randomly, i.e., if there are M missing f}gments, is the
amplitude error proportional to M or M'/* Unfor-
tunately the former proposition is the more acrurate, for
if we suppose that there are soveral missing elements, the
effect on the error signal is like that of am array wade up
of the missing elements. This array produces a signal with
a main lobe in which the effect of all the elements is addi-
tive, and the main lobe tends to repeat itself in a distance,
if the element spacing is periodic, corresponding to that of

<

OKHT RES.  IMRC

FIG. 1l--Point respounse function for a 3> element Hamming
weighted array with one central element missing
{31 elements present]. Note that the absence of
this single element raises the sidelobe level from
=43 @B to -2% dB.
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298 J. FRASER ET AL,

the grating lobes of the error array. If most of the ele-
ments that are missing are near the center of the array, the
main lobe of the error array will be wider than that of the
full array, so that there will be sidelobes of full ampli-
tude near to the main lobe, More than likely, there will

be other sidelobes of similar amplitude further out from the
main lobe due to the quasiperiodicity of the error signal.
We can therefore make a good estimate of the relative maxi-
mum sidelobe amplitude due to errors from the following
formula:

F(x“)
error_array
F{x_) -y F(xn) ' @1)
full array error array

R =

A picture of what occurs with 2 elements missing is shown in
Fig. 12. The following table gives computed results for
several cases, results taken with the analog system, and
results obtained from the "quick® formula. The "quick"
formula is seen to be accurate, and indicates that the
errors due to missing elements tend to be directly additive,
so that missing elements cause serious problems.

1048/ -50d3m

JOKHZ RES  1MHZ

FIG. 12--Point response function for a 32 element Hamming
weighted array with two elements missing (30 ele-
elements present, central element and third from
center element missing]. Note sidelobe level is
-18 dB.
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.

TABLE I: Comparison of Sidelobe Level Calculation using
Three Tachniques. -In all cases there are 32
elements [numbered =16, =15, ...4=1, +1, ....15,
16}, Hamming Weighted,

: S1delobe Level
‘Missing "Quick" Computer Analog
Elements| Calculation Calculation Measurement
aB dB dB
1 24 -23 -22
1
N -18 «23 =18
! -22 22 <1’
12
=10
1 =19.5 «19.5 =20
12
=1 -17.5 ~17.5 -16
+1 * *
" g ‘17‘6 -18‘5 '18
- 3 - - -
3 18 17 17
-k -18.5 -18 -18
h .
‘10 '26 . 5 ‘25 . 5 ‘26
10
-2
1 «16.5 =17 -16
12
«10
1 -16 =17 -16
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300 J. FRASER ET AL,

We have examined possible ways of compensating for
missing elements, One method is to increase the amplitude
of the elements on each side of a missing element by a fac-
tor of 1,5, This does indeed loweér the sidelobe level to
the correct background ievel in the neighborhood of the
main lobe. But as can be seen in the analog result of
Fig. 13 and from the error theory, the amplitude at other
times will vary as

e(t) =~ s(t) F(xm) [1 - cos Eésl . (28)

Thus, at a point halfway along to the main grating lobe,
pit/v = , and the error is now 3 times the original
error signal., So tha method is not a useful one, It is
therefore vital to carry out the engineering on these
phased arrays very carefully,

A further situation of interest is that associated
with the use of an extended source, and with obstructions
in the path of the acoustic beam, such as a rib in medical
diagnostics, We deal with these problems by considering
the error signal picked up at one element, Suppose first
that this element is missing and we are concerned with the
error signal from a uniform extended source, [G(x’) = 1]
at plane z . It may be shown from Eq. (17) that the ampli-
tude of the signal picked up by a single element is approxi-
mately

1/2

1 /X2
o(t) = —(-—) Fix ) s(e) (29)
2 ’full

whereas the signal picked up by the full array has a maxi-
mum amplitude “o(")max = N(1+k)/2 .

If R 4is the relative error signal from a point source,
we see that the output from an extended source now varies
between

(kz)va | kz)]‘/2
1--—-—R<H<1+(-—-—- R . (30)
24° 212

If the sidelobe level were 25 dB, i.e.,, R = 0,50,
A=06mm, £ =1,2mm, z=15cm , this formula would
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TWO-DIMENSIONAL ACOUSTIC IMAGING SYSTEM 30

FIG. 13~-Point response function for a 32 element Hamming
weighted array with elements adjacent to the one
missing element increased by 1.7 in amplitude.
Top - Compensated array with missing element.
Bottem - Point response function,

Comparing with Fig, 11, near sidelobes reduced

3 but far sidelobes increased,

- indicate a variation of amplitude from 0.7 to 1.3, i.e., an
b amplitude variation of over 5 dB and hence dark bands in

4 observing a uniform extended source, a problem which we

& often encountered in our experimental systems, The basic
p reason for this effect is, of course, that the sidelobes

‘? from a uniform array of sources tend to add, while the main
; lobes do not,

;: On the other hand, this effect is helpful as far as

i obstructions in the path of the beam are concerned. As

7 ’ long as the obstruction subtends an angle at individual

pc:

i
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302 J. FRASER ET AL,

elements far less than their acceptance angles, it will
only obscure a small part of the signal reaching an indi-
vidual element in the array, and have a very small effect
on the sidelobe level, The calculation can be carried out
mathematically by treating the plane including the object
as an extended source, The conclusions reached correspond
to this simple physical picture,

V. CONCLUSIONS

We have shown how to design one~ and two-dimensional
electronic focusing systems, and demonstrated that the
principles of design are valid, A major problem is that
associated with sidelobe reduction, Apodization is of
great help for this purpose, but can fail in its intent if
there are several missing clements. It should however be
possible to obtain at least a-30 dB sidelobe level, and

theoretically =43 dB by careful apodization and engineering
design.

The {mage of an extended source will tend to have large
variations in amplitude even with relatively low sidelobe
levels, {.e., there will be dark bands in the picture. This
is because of diffraction effects. By using a diffuse wide=
band (noise modulated) source so eliminating coherence in
the source, it should be possible to radically decrease this
effect without loss of resolution, This approach nends fur-
ther investigation,

An alternative approach with many additional advantages
is to use a scanned pulsed source as well as a receiver,
This makes it possible to range gate the system, i.,e,, ob-
tain good resolution in the 2z direction as well as in the
x direction. In such a system, if we pulse the source, we
will obtain essentially the same resolution or better than
that in a CW system, provided that the time difference be-
tween rays reaching the array from a point is less than the
time for scan of one spot tg - ds/v where d z). /L is
the resolution. We have carried out such experiments using
a pulsed point source, as shown in Fig. 1k, As the pulse
length of the source is decreased, the received signal
width decreases slightly., More important still, the side-
lobes are cut off., In addition, the range resolution be-
comes equal in time to the tramsverse resolution t_ when

pulse length is equal to t, . It is possible to oxtend
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GATED TRANSMITTER

OEE R

PULSE WIDTH = 50 us
2= 42¢m

¢ mas N s VL s o

GATED TRANSMITTER

PULSE WIDTH = 2 us
2~165"=419cm

FIG, Ll=-Point rvesponse function obtained with an 8L ele-
ment receiver svstem,  (Top):  Response with a
long transmitter pulue. (Bottom): Response with
a short transmitter pulse, Note elimination of
sidelobes fn the short pulse case,

this concept Lo envisave a svstem in which the array is

used as a fast scan tocused transmitter as well as recefver,
Such an arrangoment pives a moving point source at the
object, sbould eliminate wost ot the sidelobe problems aund
give good range resolution ior a B scan device,

The authors would like to acknowledgpe the tine tech-
nical oosistance of DJ. Walsh, C.R. Hall, and L.C. Goddard.
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Acoustoelectric Interactions in Acoustic-
Surface-Wave Devices

GORDON S. KINO, reLLOW, IBEE

Abstrect—The principles of 2 wide range of acoustic-surface-wave de.
vices employing acoustoelectric intcractions with semiconductors are
described. It is shown that acoustoelectsic amplificrs can increase the
dynamic range of a delay-ine filter, Such devices have been operated
on a CW basis and ate beginning to become practical, The acoustic con.
volver and its derivative dovices, the optical scanner, the acoustic focus.
ing and imaging devices, and the storage correlator are described, Sev-
eral of the signal processing applications of the convolver are~discussed.
Vatious types ob constructional techniques, including the air gap con.
wlver and stoustoelectric amplifies, the steip coupled and external di.
ode convalvars, the use of piczoelecttic semiconductors, deposition of
s semiconductor on a piczoclectric substrate, and deposition of a
piczoelecttic material on 3 semiconducting substrate are discussed,

1. INTRODUCTION

COUSTIC SURFACE waves propagating along the surface
Aof a piczoelectric material have an electric ficld asso-
ciated with them; this makus it possible to obtain acous-
toelectric interactions of the acoustic waves with the carricrs
in a semiconductor. We will review the basic types of acous.
toclectric interactions, concentrating entirely on acoustic
surface-wave devices. We will devote most of our attention to
the subject of nonlinear cffects, but, initially, we will discuss
acoustoclectric amplifiers for completeness, because the basic
acoustoelectric interaction theory is well illustrated by a con-
sideration of their properties, and because these devices may
find important applications in the future.

When a semiconductor or a metallic conductor is placed
close to the surface of a piczoclectric material on which an
acoustic wave is propagating, currents will flow in the condue:
tor, and there will be a power loss associated with the acousto-
clectric interaction, However, if a dc drift field is applied 10
drift the carricss in a direction paratlel to the direction of
propagation of the wave, energy can be delivered from the car-
ricts to the wave when the dnft velocity of the carriets is larger
than the phase velocity of the wave. In this case, unilateral
traveling wave amplification can be obtammed; so a unilateral
amplifier, baseg on this principle, can be constructed.

A second enxample of acoustoelectric interactions is that as-
sociated with noulinear ¢ftects.  Because of the lighly non.
lincar relation between the current and the fiehi in a semi-
conductor, nonlinear acoustoelectric interactions between an
acoustic wave and the semiconductor van be relatively strong.
This makes it possibic to devise various parametric types of de-
vices. An important class of such devices are the so-called con-

Manwscript teceived January &, 1976, The Stanford work described
heee is supparted partially by ARPA through the Office of Naval Re.
scarch under Coatract NOOOTS78.C-0129, the Natwonal Science bouns
dation under Grant ENG78 18681, the United Staies Adr Foree under
Contract 1'30602.74 ¢ 00, the Oflice of Naval Resesrch under Cone
tract NOOO1I4-76.C-0632, the Naval Undersea Center under Contract
NOO12 3. 78-C 108, and the Unued States Air Fotee under subeonttact
frow North Anerican Rochwall utider Contract R1-T9.3037),

The suthor v with the W, W, Hansen Laboratories of Physics, Ston:
fort University, Stantord, CA 941308,

volvers and correlators; these take the product of two signals
and form the convolution or correlation integral of the signals,
A recent development of, this principle is » device which can
store signals entering it and take the correlation of the stored
signal with a later signal.

Yet another application of acoustoelectric interactions is as-
sociated with imaging. As carriers can be generated within a
semiconductor when it is exposed to light, the nonlinear inter
actions of an acoustic wave with a semiconductor can be in-
fluenced by the presence of light. By this means, it is possible
to utilize an acoustic pulse to scan one line of an optical iwmage
formed in a semiconductor. By using more complicated scan-
ning waveforms, it is also possible to obtain spatial transforms
of the optical image; this process is difficult to accomplish di
rectly in other types of imaging devices,

There are closely related devices in which the acoustic sur
face waves do not interact directly with the semiconductor,
but, instead, are sampled by means of taps along the delay
line. The signals from these taps are read out into sepatate di-
odes or amplifiers, and the basic convolution process, already
described, can be carried out in these external devices with
such a hybrid system. One application of these principles is to
usc the tapped acousticsurface-wave delay line as a phase ref.
crence, and utilize it for imaging acoustic waves sampled by an
array of transducers, one transducer to cach tap.

We see, therefore, that there is a very wide range of applica-
tion of acoustoelectric interactions. Most of the devices which
are based on this principle are still in the rescarch stage, al-
though acoustic convolvers and cotrelators are beginning to be
tested in radar and communication systems.

Il. ACOUSTOELECTRIC AMPLIFILRS

A, General Considerations

The designer of acoustic-surface-wave devices has to contend
with several sources of loss, as well as with problems due to re-
flections from transducers, taps, and from the edges of the sur-
face-wave device. In addition, there may be difficulties asso-
crated with excitation of bulk waves. The mamn causes of loss
are associated with the material attenuation, diffraction phe-
nomena, and mismatch losses at the transducers [1). Such
losses can be compertated for by the use of exterpal ampli-
fiers, either at the inp.at or the output of the acoustic-surface.
wave filter or delay line. The disadvantage of downg this is in
the limitation of the dynamic range of the system,

Suppose that we consider 4 delay lne with 3 total internal
attenuation and transducer loss of £ dB, and a maxamum wnput
power Py due to saturation effects in the delay line or break:
down in the input tramducer. A device of tlus kind will have
a nuumum noise figute of L dB relative to K78, where & s
Boltzmann's factor, 7' the temperature of the device, and # the
bandwidth, 1t foliows that the dynamic 1ange of the device is
10 logyo(Py/KTB) - 1 4B,

Copyeight ©1976 by The lnstituge of Electricai and Electonics Englneess, Ine.

Pinted In US.A, Annals No.  60SPROM

-50.-




R R T R I R A I ATt

s g RO S ER o

!

ek

R R reog ey

KINO: ACOUSTOELECTRIC INTERACTIONS

The addition of amplificrs at either input or output can
increase the minimum sensitivity or the maximum output
power, ‘but this limjitation on dynamic range will still be
present, and, in fact, may be more severe when amplifiers are
used at the input or output. Such a limitation is not a serious
one when relatively low loss delay lines are employed. How-
ever, in applications involving very long delay lines in which
the internal losscs may be 50 dB, or more, the dynamic
range may be severely limited; or the situation may even be
reached where the delay line is, in fact, not usable because of
its excessive losses. As an example, if we consider a bismuth-
germanium-oxide delay line with a saturation power of 0.2
watts and a bandwidth of 20 MHz, the dynamic range with
only 3-dB insertion loss in cach transducer would be 118 dB
but with 10-dB loss in cach transducer and $0-dB internal loss,
the dynamic range is reduced to $4 dB. Furthermore, if the
transmission loss were larger, perhaps as much as 100 or
200 dB. as it might typically be in a delay line with several mil-
liscconds of delay, the dynamic range could easily be reduced
to zero,

An additional difficulty with acoustic-surface-wave filters
and delay lines is associated with reflections. For instance, an
interdigital transducer can be regarded as a three-port network.
If it is well matched at the electrical port and one acoustic
port, it has a 3-dB loss, but a 6-dB reflection on onc acoustic
port; this gives rise to triple transit echoes [2], [3]). It is,
therefore, common practice to operate with severely mis-
matched output transducers and, hence, higher loss to reduce
the tripic transit echo level

It is apparent that, ideally, it would be useful to have an in-
ternal low noise unilateral amplificr within the delay line to
eliminate internal reflection problems and increase the dy-
namic range. The noise figure of an ideal amplifier (0-dB
noise figure, saturation power greater than that of the delay
line) would be deternmined by the loss of the input transducer;
and the maximum output power by the loss or breakdown of
the output transducer. In practice active amplifiers have their
own limitations due to excessive power dissipation, technolog:
jcal problems of construction, higher noise figures than de-
sirable, and often lower output power than is desirable. Thus
although such amplifiers have been demonstrated in principle
and shown to operate in a manner well predicted by theory,
they have not yet received wide acceptance in their applica
tions to acoustic delay lines because their characteristics have
not heen good cnough to make them competitive with delay
lines using external amphifiers.

B. Types of Acoustoelectric Amphfiers

In this section we shall teview the properties of acoustoelec:
tric amplifiers, both in order to show the nature of the basic
interactions, and to discuss the technological problems associ-
ated with their construction. A review of their properties is
alo of interest, because it will lead us to the basic configura.
tion usec in the acowstic convolver and to an understanding of
the theoretical basis for study of interactions between acoustic
surface waves and semiconductors,

There are several possible configurations which may be used
to obtain interaction between a semiconductor and acoustic
suiface waves,  One possibility 1s to propagate acoustic surface
waves on the sutface of a prezoclectric semiconductor, such as
GaAs or CdS [4]<[8]. In the first case, the nteraction tends to
be very weak, due to the weak Rayleigh wave pezoelectne
coupling cocfficient of GaAs. In the sccond case, because the
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Fig. 1. A schematic of an acoustic amplifier using a film of InSb
vacuum cvaporated on to LINbO, [9].
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Fig. 2. A schematic of an “airgap” amplifier with silicon-on-sapphire
spaced from LiINLO, by thin SIO rails { 11].

mobility of carriers in CdS is low, and it is difficult to obtain
uniform and reproducible samples of the material, relatively
little attention has been paid to its applications for acoustic
surface-wave amplifiers.  However, successful Bleustein-
Gulayev wave [5]-[8) amplificrs have been made with the use
of these materials. In this case the interaction that occurs is
with a type of wave which is closer in jts properties to those
of a bulk shear wave; this has a higher piezoelectric coupling
coefficient than a Rayleigh surface wave,

For these reasons, the configurations that have been most
commonly employed for acoustic-surface-wave amplifiers are
of the types shown in Figs. | or 2. In Fig. !, there is shown
an amplifier in which the semiconductor consists of a vacuum
evaporated film, typically of InSb [9] or CdSe [10] evapor-
ated onto a piczoelectnc substrate, usually LiNbO,, although
other materials such as Biy; GeOyq have been used on occasion
{9]. An alternative configuration shown in Fig. 2, one on
which much of the initial work in this field was carried out, is
to use a material such as Si, separated from the piczoelectric
substrate by a small airgap of the order of 1000 A [11]. In
the initial experiment, bulk silicon or germanium was placed
against 8 PZT or LiNbO, substrate [11)-{13}. The fact that
the surfaces are not perfectly flat was relied upon to prevent
mechanical loading of the substrate by the semiconductor. In
later experiments, dlustrated in Fig. 1, SiO; rails were used
to scparate a silicon-on-sapphire-stice from the piezovlectric
substrate [11]. .

More recently, a mote reliable airgap configuration has been
developed at Lincoln Laboratories for use with both amph-
fiers and convolvers. This configuration, illustrated i Fig. 3 in
the form employed by Ralston, employs a large number of
small posts approximately 4 um square to maintain the spac
ing between the semiconductor and the piezoelectric substrate
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(58] and Bery [89] that associnted technigues Hke the mea-
surement of acoustic loss, the measutement of the de term
assoclated with the nonlincarly induced potential, and the
acoustoelectric effect [60], can also provide entirely new ways
for measuring semiconductor patameters { 58], In addition, it
hag been observed from the results on surface state storage de-
vices that the decay times of surface state traps can be mea-
surod ditectly by such techniques [33].

One of the basic problems with alrgap devices is that the
oXide layer is not covered by a material impervious to im-
puritivs.  In addition, because there can be charges induced
on the oxide surface and on the plezoclectric substrate by
friction or other causes during assembly, the interaction can,
In fact, be nonumiform over the lenpth of the device. A sim-
ple technique which has virtually eliminated this hind of prob-
lem s, not to oxidize the sutface in the normal way (18], IF
the surface is left with a layer of oxide 20-50 A thick, such
as notmally grows on a clean Si surface in ait, a very large
number of swiface states {8 produced, T thay case, which as
different from that with a thick oxide, the Si underneath the
thin oxide is normally depleted while the thick oxide onan n.
type semiconductor normally induces accumulation at the
sutface.  Because there ds a lage number of surface states
present in this case, it iy extremely difficult to change the in-
ternal conditions at the semiconductor by appheation of an
external de field. For the same teason, sutface charges on the
ozde or on the presoelectite substiate, as well as charges
trapped  within the piesoclectone substrate, have very Wttle
fluence on the convolver behavior and, theretore, it s much
easter to make a uniform convolver, Futthermore, as the sa-
face is normally depleted, ths s the cottect operating condi-
tion for oprimum convalver etliieney,  So the angap con-
volver with a thin layer of onade on the suttace v the best to
use for notmal convolver apetation.  Fhe suiface traps them-
selves, as they have a Mow 1eapotse, do not infinence the R
behavior and so the convolver opetates ma predictalble wan-
net, as shown i Lable 1),

On the other hand, if good optical sensitinaty s requited, Le
we requite the cattier denmty within the depletion layer to be
influenced by the presence of Iight, then the presence of a
very Llange number of sutface states of this hind appeas to gne
poot optical senmtividy  Fhis i basieally because of the tapud
tecombumation of genetated cartiers that ocewr 10 s, there
fore, wnportant to chmunate sutface ettects av much as poss
ble in optical devices T a sinalar way, stotage devices baved
on Atoatage nosurface states have problems with nonwmiformity
of sutface states and s1e nat casy to contral - Thus at has be
come mportant (o devise other techmgues, equinalent to the
wse of 3 buned channel e the CUD, tor comtiucting convol
vers which cluminate the intetachions at the sutlave, We will
discuss these fusther, when we disons optical maging and
storage deviees

Lo Optical laging with Convolyers

Fhe convalver conhigutation can-be used (o detect and sean
optical gapes 1 has glicady been pamted out that it s pos.
sble to moake use of the nonlinear capacitive ettects due to R
electiae fields notmal (o the surtace to obtam an el tieal out
POt signad which o line saan of the mape {42 [, [Ho)
I abo posable o mahe use of the presoreasine effect as
sackted with the change i foss cased by the change i sea.
tance due o the acoustie sram i the seannonductor asell
The Tattet type ol elledt fas Been employad vy succendully
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by Luukkala, He employs CdSe deposited on LINDO, to ob-
tain single hine scans and, hence, constructs an bnage by me-
chanically scanning in the perpendicutar direction (48], Ko
teich has also used this effect to make Fourder transform
dovices {47},

1t s the author's opinton that, with the advent of the CCD
technology, it is unlikely that direct optical imang devices
based nn the use of acoustic waves are liable (o be competitive
with solid state TV imaging devices, This statement is not
based on the theoretical definition or sensitivity of acoustic
imaging devices,  With sufficient development, it 1s possible
that the results obtained could be comparable to the best
CCDh's, The devices are parallel processing devices, st do not
tead out the signal senally through the registers as i a CCD.
Thetefore, the teadout can be nondestructive and the devices
ate not as sensitive to a missing element as a CCD. However,
a condiderable investment in technology would be requited to
make competitive optical imagers, and 1t is unbhely that a
device with a considerably betger petformance than the lughly
developed CCD devices would be obtamed in the long run,
On the other hand, the acoustic fmaging devices have unigue
capabilities ot their own,  These ate difficult to dupheate
other devices and make them useful {n certam specialized
appheations. Some examples are as {follows,

1) The possitbility of obtaming very fast scan 1ates,

2 The posibility of directly obtamng one and two dimen-
stonal spatial transforms of optical unages

3 The possibility of wotking wath a wide tange of optical
detectors in both hybod and monohtine contigutations
which would lead to new types of anliated sensttve
devices

4) ‘The posubility of obtaitng electioniv focusing of optical
images without the use of physical tenses,

§) The posaibility of reconstiuction of optnal hologtams i
teal e

We will coneentrate here o the appheavion of the convolver
configuration e which the ontput s taken from the system at
the sum frequency of the input signals, although we shall also
vonsider certan configutations . which the output s tahen
fiom the system at the mput Gegueney, ve., it as if one of
the mput spnals is of zero fregquency,  We shall not deal ain
detwl wath all the other altemative contigarationy which have
been wsed for optical seanning, instead we shall emphasize
tramaform tedhnques, @ umgue application of these devices

We considet the conbiputation shown i bgs 15 and 1o(a),
whuch as dhestiated as anaugap device Followmg the analyws
for the comvolver, it can be shown that, f the <ainer densty
vantion due to the presence of ight s ntz), and the two wmput
aptialy ate of frequencies «0y and Wy respectively, the ontput
from the deviee will be of the form

H(E) e A enp | ptan ! w,):l” I'(r - -:)c.‘(: t :)
g i

Hwy = Wy )z
Cenp -

n(:his (319)
where the maodulations of the (woaerput signals ate 2 () and
GO, tespectnely,and all spatial quantiies ae wetenied to the
venter of the device 2 = O wath apptopriate e changes Sup
pose ane put signal, e scenniag pabsc, v a dedta funs tron,
e Tu) -3 and the other, the readorg peba, s along CW
pulde  Inoaddition, of we avwame that the system s degencrate
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TABLE )

SOMF MATERIALS SUITABLE FOR ACOUSTOFL TCIRIC ACOUSTIC SURFACE
Wave Devices (1), [3). 18). [19)

Rayleigh
Wave
Velocity T av/v
Material V (m/s) epleo (peteent)
LiNULOy, Y-cut, 2-prop. 3330 50.1 2.2
Quartz, Y-cut, X-prop. 3189 4.5 0.093
Cd8, Y-cut, Z-prop. 16 9.8 0.26
GaAs, Z-cut, 22.5°, X-prop. 2763 11.0 0.024
Biy2GeOgp. {H 1] -cut
[110] prop. 1708 38 0.68

Zn0, Z-cut, X-prop. 2680 10 0.045
PZ1 4, X-prop. 2210 138§ 24
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Fig. 4. Internal gain and mternal none figure versuy voltage for o §-mm
long amplifier wegment of the Rahton post supported sihcon on
sapphire amphfier [14]  Yheoretuad pertormance as calculated for
the parameters b 013 gm, o 2 0.86 um, ¥ = 800 cm?/Vss, od =

2.5 X 10°* mho’, 10 percent electtom trapped.

terial.  Further exammnation of the theory shows that the
higher the permittivaty, the lower the optumum trequency.
Therefore, 2T materials with their very high dielectnie con-
stants tend to be appheable at very low frequencies, whereas a
matenal ke LINDO, 15 more sudadble for applications m the
UHE or VHF frequency range.

Some recent 1esults for the gan vanation with acoustic ve-
locity of a cw sihicon on sapphire amphfier taken by Ralston
in the configaration of Fig. 3 are shown in Fig 4. They are
seen to be n good agreement with the theory. it would be
expected that the mtemal electromce gan would be z¢ro when
the carner velocity is equal to the acoustic velocity, and -
crease to a maxemum value where

Vofug = 0dMfcy ¥ | (2.8)

When the carrier dnft velocity is less than the acoustic velocity
of negative, ne., for waves propagating w the opposte direes
tion from the carner dift velocny, there iy enhanced attenuas
twn due to the presence of the senuconductor. The attenua-
tion is maxnnun where

valvg = 1~ adM/cv, Q.9

The device, therefore, functions as a nonteciprocal device,
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Fig. $. A companson of the measured frequency vanation of the elec.
tronic gain with theory [17] for a vacuum deposited 1aSh amplifier
of the type shown in g 1 (9], The curve for PZT-4 is a theorenical
one. d =550 A, od =35 X 10°¢ mho?; = 350 cm?/Ves: h =300 A
for the LiNbO, amplificr.

D. Experimental Devices

It will be noted that the optimum value of the diift velocity
for maximum gain varies lincarly with od. By working with
a very low mobihity semiconductor such as CdSe, with 100
em?/V « s, it is possible to obtain a very-low conductinty. But,
because of the low mobality, a very large drift field is required.
Such conditions have been shown to be practical for CW op-
cration by Solic in an accompanying paper [20]. In lus work
he dwvides the senviconductor up mto small sections across
which the dc potential s applied, so that the potential 1e-
quited across any section is relatively small, even though the
applied Nields may be as much as several kV/iem.  In Sohe's
case, the applied ficlds in neighbonng sections of semiconduc-
tor are of opposite stgn so that alternate sechons function as
amphificrs and attenuators wespectively, this imphes that the
device functions as a reciprocal amphifier,  In carlier work by
Lakin and Shaw [11], the applied tields in neighbonng sees
tions were of the same sign, 1 order to reahze a low potential
nonreciprocal amplitier,

The alternative approach employed by Lakn and Shaw [11],
Coldren (9], Yamanouch: [21], and most recently, Ralston
[14), 15 to wotk with as lugh a mobihity senmconductor mate-
nal as possible, with the numimum practical value of od, in or-
der to obtam CW operation  In Ralston’s case, he has worked
with high quality sithcon on sapphure with a mobiluy of
800 em?/V - s and an extremely low value of od of 2.5 X 107¢
to realize a CW amphtier { 14],

In (2.7). for the gam per umt tength there 1s a term whach -
creases as 17X, and another which decreases with the gap thuck-
ness ain o wavelengths Hence the gam passes through a maxi-
num value at & paricular frequency which depends on the gap
thichness and the diclectiie constants involved. Some piots of
measured and theorctical gain of an In$d on LiNbLQ,; amph-
fier, measured by Coldien, as a function of fiequency, aie
shown m Fig. § compared to the theotetical predictions, It
will be seen that the results are i eveellent agicement with
theoty. The operation of the device s, theretote, wel under-
stoud.

Devices of this kaind have typically given mternal electrome
patns of the order of 60 dB/eman the 200-MU7 range, with the
marunum gam obtaned at frequenaes as hugh as 1 Gilz Thas
mavonum gain i determnned by the satmation power ot the
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device, when it saturates on noise. The noise figure is predict-
able, and depends to some extent on trapping effects in the
semiconductor. Some noise figure resulls are shown in Fig. 4,
An 8-10 dB noise figure is a typical value for reasonable qual-
ity material. This implics a maximum saturation gain of about
80 dB. Thus the devices must normally have the gap between
the semiconductor and the piczoclectric substrate optimzed
in thickness to cause the maximum gain to occur at the fre-
quency of operation of wnterest.

Operating with InSb on a closed loap delay line of the type
described by Coldren and Shaw in an accompanying paper
122}, it has been possible to compensate for the loss of a wave
passing under the semiconductor, around the back of the delay
line, and returming and passing again under the semiconductor.
After many transits, the attenuation in such detay lines can be
extremely large, of the order of many hundreds of dB. By just
compensating for this attenuation, it is possible to cance) it
out and observe an output signal comparable to the input. Us-
ing a delay line with a 25-us loop delay, it was possible to op-
erate it in the Lincar regime with approximately 150 loops of
the delay hines, i.v., a total time delay of 3.75 ms  Beyond this
point, because of the imperfect compensation of the loss by
the gain, the output signal began to increase and the device be-
came unstable,  Operating in a saturated regime, where the
output power was saturated, it was possible to increase the
stable operating regime to approximately 10 ms, In all cases,
of course, it was necessary to design the device very carefully
so that the maximum gain was at a point very close to the fre-
quency for wiich the ninimum internal loss within the device,
which was of the order of 15 dB per loop, was just compen-
sated.

One other feature of this type of interaction which may be
of importance m the future, is its application v so-called
“Avfv” waveguides. As we have seen, when 2 semiconductor
or metal s placed near the piczoelectnic substrate, it lowers the
effective Rayleigh wave velocity, due to its short circniting of
the RF ficlds. By using a narrow stnp of senmconductor, the
wave velocity in the seniconductor region will be lower than
that of the region outside the semiconductor, and an amphfier
can itself form a waveguide, Coldren, working with a 25-um
wide layer of InSb, was able to construct such a waveguide
amplifier, and operate it on a CW basis {22]. This was because
the configuration allowed heat dissipation sideways from the
seimiconductor as well as downwards into the LiNbQ, sub-
strate. Such techmigues have also been used to construct low
loss wavepuides by Hughes [23] and used for loop delay hines
by Adams and Shaw {24].

The basic problem, of course, with a traveling wave semicon-
ductor amphfier 1s the fact that, as the gam s mereased, the
length of the deviee becomes latger and hence the power dissi-
pation increases. Thisas a very different sitwation from that of
the electron beam travehng-wave tube,  The state of the
technology at the present time s that the deviees aie begmnng
to be operated tehably on a CW bans, but with none higutes
and power disipations consuterably hagher and efficiencics
connderably fower than transstor amphtiers operating in the
same frequency tange. oy, therefore, not yet practical to op-
erate these devices m shott delay hoes (o compensate for in-
ternal losses, However, mospecial apphaations where very long
delay hoes are requued and at s not possible to compensate
for thew losses extenually, tie wwe of such amphiiers may be
approaching practicality 1t apparent, however, that fuither
improvement an the power diswpation and m the noise Higuie
of these amphiticss would be ughly desuable. T tms could be
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accomplished, then the application of these amplificts in delay
Iine filters would be of great importance,

1ll. THE AcousTic CONVOLVER
A. The Basic Principles

The most important application, to date, of the acoustoclec:
tric effect 15 to the ASW convolver, whose operation is based
on the nonlincar interaction between two acoustic sutface
waves, When two surface waves pass each other in opposite
directions, it is possible to obtain an output signal at their sum
frequency which s an integral of the product of the two sig
nals within the device. This is equivalent to taking the con-
volution of the two input signals in rcal time.

In order to describe the principles of operation of the con-
volver, we first consider a simple piczoclectric surface-wave
device in which there is no semiconductor present, but in
which there can occur a nonlincar interaction between two
acoustic surface waves propagating along the surface of the
substrate. We suppose, initially, that there are two CW RF
signals iserted at cach end of the delay line with frequencies
W and wy, respectively, 1f the line is of length L, the signals
at any point 2 along the device will be of the forms exp ju (¢ =
zfv) and exp Jw,(t + 2/v), respectively, where v is the acoustic
velocity.  Suppose now that there arc nonlincar interactions
between the two signals due to the nonlinear propertics of the
substrate.  Then, in this piczoclectric maternial, second-order
potentials will be generated at frequencies wy + wy, 2w, , and
2wy as well as de potentials proportional respectively to the
squares of the two input signals. At the plane z, the signal at
the sum frequency will have an associated potential at the sur-
face of the substrate of the form

U D= A exp il +wy) - (wy - wy)zfvl  (3.1)

where 4 15 an arbitrary constant.

It is apparent that the signal at the sum frequency can be
detected by an interdigital transducer of finger pawr spacing
I which 1s capable of responding to a wave with a propaga-
tion constant ky = (wy - w;y)v, such that Kyl = 2n, Perhaps,
the most nteresting case 15 the degenerate case, when w, =
Wy = w, 50 that Ay = 0. Then the potential of the nonlinearly
penerated signal @(¢, 2) does not vary with 2, and can be des
tected between metal films lad down on the top surface and
tower surface of the piczoclectiic substrate  The two possible
configurations for the output transducers are iiustiated in
Fig. 6 [ 258).

Now let us consider the form of the output from a deviee of
this hind when the two input sipnals are modulated and have
the forms F(r} expjwr, and G() exp jot, respectively. In this
case, the degencrate convolver will yield an output of form

V=(.‘¢"’“”f[~‘ (,- :) (.‘[r- ¢ ;’)] dr (32

where ¢ as a constant which is related to the stienpth of the
nonlinear interaction, the distance between the wput trans-
ducers 15 tahen 1o be L, and the wtegration as carned out ovet
the length of the output transducer Ly,

If the spatial length of the acoustic surface mput signals on
the substrate s less than that of the output ttansducer 4,
then the mtegral of (3 2) can be regarded as having mfte
lnaats with complete generality. 1t s then convement (o subs
stitute £ 2/u=7in(3.2), and write it wm the form

Va pedfwt fm)(:m -1~ T)dr (RIKY

¥
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Fig. 6 Twu possible configutations for an acoustic convolver. () A
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Fig. 8 Tome invension and antocoreetation of an avy nunetneal triangle
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with two semiconductor acoustic sutface wave convolvers,

Moo v o
s ) I was abo shown that time inverted signals conld be obe
% . on 10 tained from the deviee by inserthing a signal of frequency w,
b,/ \ YORA £ .
=3 L ‘o&.cﬁ‘ | into one end of the deviee, and a aarrow pulse of frequency
at the center transducer to olitain a time inverted ¢

. ‘ wiv s oo ver oR wy at th ter transdu to obtain a time inverted owtpat
b s }m“_‘ et sighal at the input transducer of frequency @y = wy = Wy
., © 1281, So by using one device as a time mverter, and feeding its
3 ¢ . N

b —— output into a second one which was waed as a convolver, the
h- TreeAglry cottelation between tw denals coult be obtained  An
i Fuy__fAcisne m LN cottelation between twoanput sighals conld be oblatned
AT - dlustiation of the results obtained by Gautier | 26} using two
X degencrate wemiconductor convolvets in this way is shown in
B war e Vst Yaure Fig 8. In his case, the dynamie range obtainable with the type

% () of semivonductor convolver, a device to be described Later

Hig 7. Signal and smage processing i comoher deviees  (a) Speal which has mote dynamic tange, was only 20 dB. With a simple
provessing by anetwoih (0 Sigaal procesing ain a comobier (82 convolvet sy the weak nouhneanty in LINGQ, , it would not
nal procesing mn aatorage cortelator () Image processing,

have been possible to obtam thas result, because of the nmted
dynamic range of the ndividual devices. Thus a basic problem
18 to obtamn a sufliciently strong nonbneat interaction, so that
the dynamie tange of the devive s not lumited by the weakness
of the mtenaction,

where D s a constant related to the strength of the mteraction
between the wavey, and 7 = Ljv s the delay time of an acous-
hie surface-wave passmg dlong the delay line.

Fauation {3.3) will be recogimzed as bemg closely related to 1t s convement to define a Ggate of merit of such devices,
the convolution of the two wpat spnaly  The only diflerence  pelating the ontput powes £y to the mput RE signal powers
from the true comvolution v that the output signal s com- P and Py, respectively, as
pressed hy a factor of 2 tume, thas s becatse the (wo acous-

]

- tie sutfave waves pass each other at avelocuty v This provesy F» ‘5‘; . (3.4)
of comalution v exactl) what occurs when a aignat i passed &by

,g 1o 4 tlter, where the output obtamed 15 the convolution of  Fhin figwee of mesic takey account of losses w the wmput trans:
E the mgnal and the mpulbse response of the flter, as ilustrated  dueer and the vutput tansducer, as well as the stieagth of the
m Pz 7d In the convobver, as itastrated m Fig (b)Y, bes ponbimear mteraction.  Pypical LINDO, convolvers for the

cause the reference connsts of another signal, 1018 posabld o 100-200 MUz frequency tange, ustng an acoustic beamwidth

change the reference or the Olter response 3t wall - Thus the e < 127 wmand autput ransducer leagth 2 em, yelded o fig:

9 comveher inowm pnncple, an exvtemedy flonable device and may — ute of ment conesponding to &~ =83 dBm {25]  Thay e

; be waed to tecopmse dantal codes comnting of tong pulse  phes that, with 2y 20 dBm as the reference input, the output

A tramns o analog codes, such as hacar FM chups Such demens wgnal levet would be reduced by 63 dB from the input signal.

: stratony were made with the carly fotms of the convolver,  Fhus of the satutation ponet of the mput transducers was of .

‘ usmng both degenerate types of convolvers and nondegencrate  the otder of 20 dBimn and the none figute of the receiver was

b convohers with antendigital output transducer The reader  typrcally 90 dBm, the dynamic range of the device would be

3 s reterred to the papers by Catarella {31 and Defranould 20 63 ( 90) - 47 4B

k {27} and Sohe | 20] for some of the more weeent resully of tius A constdenable umprovement m the chatactensties of cone

' type volvers can be obtamed by natrowing the beamwidth w In .
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this case, the power density is tncreased, and the efficiency of
the device increases as 1/w? . By thas means, it has been shown
by Defranould and Maerfeld in a paper piven in this issue, that
by reducing the beamwidth to 100 um from 1 nun with stnp
couples inpul transducers, they can obtamn approximately a
20-dB improvement in efficicncy, thus increasing the dynamic
range by a conesponding amount {27].

B. Principles of Operation of Semiconductor Convolvers

An alternative approach, to which a great deal of attenuation
has been devoted, is to increase the strength of the nonhinear
interaction by making use of the nonlincar response of a seon-
conductor coupled to the RE clectrie fields of the acoustic
waves propapated along the piczoelectiic delay hne. Two
types of interactions with seniuconductors are possible  long-
tudmal mteractions in which the nonlineanty is caused by the
electric ficld parallel to the direction of propagation (0],
(28) and transverse ficld interactions caused by an electne
field perpendiculat to the direction of propagation and to the
surface of the semconductor { 28], 126, [ 291-[31}.

With the Nirst type, because of symmetry, ontput from a
convolver s only obtained when a dnft ficld » apphied to the
semiconductor, So the mteraction 1s essentially based on the
nonlinear acoustoelectric effects which occur i an acoustic
amplifier.  In general, when a dnft field 1s applied, the (wo
waves passing through the device w opposite directions salfer
unequal attenuations or amphfication, and so the product sig-
nal obtained w not the true convolution of the two input sig-
nals,  On the other hand,af the device s divided into short see-
tions to whach altemmating dnft fields are apphied, then both
signals wall suffe: equal attenuation, or better stll growth, and
a true convolution can be obtuned with the additional advan-
tage of compensation for attenuation within the device Con-
volvers with a figure of ment of / =-~16 dlm, dased on this
principle, have been made by Sohe (20] using CdSe land down
on LiNBO,. Some of lus results are desenibed w this assue,
Therefore, we shall concentrate on the tranavense field mterac:
tion devices.

The configuiation which has recewved by tar the most atten-
ton for use as a senconductor convohver v of the ty pe shown
w g 9, 1 will be seen that the basic constiuction s vary
simalar to that of the acowstic amplitier. However, now the w-
teraction s essentially between the efectie tield £ normat to
the suttace ot the seniconducton and the carters i the s
conductor Typally, arelatavely thich semunonductor layer,
thicker than the layer used i the acoustic amphtier, 13 em
ployed so that the panallel field component 17, tends to be
shoited out

Semuconductor depletion layer theory leads to the condlu
ston that a depletion Livet of thichnos Ewill b tormed man
ntype semconductor of donot density Ny such that

E=qNglc (3.5)

where L8 the field notmal to the surtace and ¢ i the permat-
vty of the seniwonductor  In ta, this suphies that the pao-
tential actoss the depletion layer o

GmaN I 20 = BNy {3.0)

1t as thus apparent that the potential tormed actoss the deple-
ton Layet s propattional to the squate of the bield and vanes
myeney with the donor denstty It as 11 the s}emicondua tor
behaves as a distubuted vatactor, with a consderably stionget
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Fig. 9. A schematic of an “aitgap’ siicon convolver spaced by Si0
tails {25, [29].

nonlinuari'ty than can be obtained in the piczoclectric matenal
itself.

By employing this principle, a convolver of the type shown
in 11z, 9 can be constructed. In this case, the potential geners
ated across the depletion layer at any point s proportional to
the product of the two wput signals,  The output is detected
between an clectrode on the lowern surface of the piezoelectne
matetial, capacitively coupled to the surface of the depletion
layer, and an clectrode on the top surface of the senucondue-
tor.  The output potential will be proportional to the mtegral
of the induced depletion layer potential along the length »f
the semconductor,

The cployment of a senuconductor an the convolver un-
phies that several ot the well known prneiples developed for
other semtconductor devices ¢an be incorporated within the
convolver tself,  As we have seen ain Figs, 7(a) and (b), the
convolver itself s equinalent to @ network filter, with an artw-
trary reference network determined by a second input signal
11 stotage in either p-n junctions, Schotthy barners, or surface
states at the sutface of the seniconductor can be employed,
then its posable, asallustrated w g 7(0) to comtiuct a stor-
ae device [321-1371. Altermatively, following the work on
bulk waves by Melcher and Shuren [38] storage can be ob-
taned w traps i CAS or other matenals {39}, 1401 In ths
e, a mgnal K can be read into the device and stored at the
surtface of the semiconductor as a ypatial vanation of charge
along the suiface of the senmuconductor of the torm Fizfv)
When a later signal GG s tead mto the device, it s possible to
obtain an output as dlustiated m Fig 7(c), which s aither the
comvolution o1 the correlation of the two nput vpgnals - Now,
however, the reterence aignal does not have (o be read w at
the same time s the signal to be mterrogated b can be tead
w o waithun the stotgpe tme of the deviee, whieh can be i the
lange of 2 few nuooseconds to a few seconds, depending on
the desipn of the device,

An oxample of the use of such devices could be to employ
them w2 aadat svstem. Suppose, tor mstanee, that 3 coded
agnal o enutted trom the tadac antennd and tetlected from an
object  The received mignal i then stoted w the conelator
storage device, Hoa dater signal tram another part of the otaect
o1 trom a moere dintant obyevt was ecened and then correlated
with the catlion signal, the distortiion due to the enors e the
tdar sy stem il ot due to whomopencities i the atmo-
spheie, could be removed, tot both the teterence and the ag-
nal ot interest would have suttered the same dastottion Suh
cottelaions would take place 1 1eal tme, a4 considerabie ad-
vantage i azophinticated radar system {311, (41

Ay dwcomd evample, we can comsader the sitaation when the
wiconductor »otlnnnmated by an optical nage (42} -{47]
Howe tegard the acoustie beam path as one law ot the iage,
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then the carner density atong the semiconductor will depend
on the external illumination.  As we have already seen, the
convolver output depends wversely on the carrier density.
Thercfore, the output of the convolver will depend on the
change A(2) i the output from a plane 2 due to the tlununa-
tion. In general, when input signals F(r) and G(1) are inserted
into the convolver, the output obtammed will be that shown in
Fig. 7(d). Thus we obtam a type of correlation between the al-
lumination along one Ime of the mmage and the mput signal,

Suppose one signal (¢) 1s a delta function and the other a
long pulse, then the output obtamed will be a ine scan of the
image. On the other hand, if the mput signals ate coded, it
possible to obtan the Founer transform, the Fresnel trans-
form, or other coded transforms of the optical image  As swmt-
able delay hines can be used to obtain the mverse transtonm of
these coded signals, ot s, therefore, posable to teconstiuct the
onginal mage  In additon, it is possdle to carry out vattous
types of Hiltenmg piocesses (o the transtorm mage to chnunate
unnecessary anformation within the image, and hence decrease
the bandwidth  Futthermore, 1f a long code cotresponding to
the ine tme s used, any spot on the unage s 1ead tor the
complete hne tme rather than the spot time  Therefore, a
considerable improvement n the signal-to-noise ratio of the
order of the ratio of the line time to the spot time can be ob-
tamed [(41], [46)

C. Construction Techmques for Semiconductor Convolvers

1t)s apparent that the basic convolver configuration of Fig, 9
is very similar to that of the semuconductor amplifier already
described, for which there ate several silar constructional
techniques. As we have already discussed, the semconductor
can be supported on $10; rals to heepat mechameally cut of
contact with the prezoclectne substiate w the tegon ot the
acoustic beam. But, better still, i order to provide more uni-
form gap spacing, the semuiconductor substiate on which there
may be p-njunctions o1 Schotthy dioades can be supported on
a number of thin b paraliel to the propagation path, cach
one bewg of the ouder of 4 i wide, as dlustrated m g, 10,
As thny dimension v much shorter than the wavelenpth, very
httle mechamical mteraction with the acotstic waves n ob-
seinved and the gap spacmg can be made very umform [$3)
The basie techmgue of tis hind has been pronceied by the
group at Lincoln Laboatones {4 [ES]L3E), {32, 138),
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{37} who support the semiconductor on randomly distributed
small posts, using configurations of the kind shown in Fig, 3
and described mote fully wm another paper in this issue {31].
They obtain a uniformity of meraction better than 1 dB over a
3.8 em length of silicon,

A severe problem with this type of device is the requirement
for an airgap. This involves very carcful optical polishing with
severe mechanical tolerances, and a great deal of attention at
all stages of the assembly and mask making to ehmination of
dust. There are alternative configurations which ¢linmate this
particular difficulty.  Onc employs a piezoelectric material,
usually Zn0, laid down on Si by sputtering techniques, thus
formmg a monohtiue device [48]-{82]. A scecond technique
makes use of a prezoclectne semicenductor, such as GaAs, for
the basic convolution mteraction [44].  As the interaction
takes place below the surface of the GaAs in a depletion layer,
the umformity of the mteraction is excellent. The third tech-
nique is to use a thin senuconductor film, such as CdSe, laid
down on LiINbO, [20]. Some of these configurations will be
discussed further in Section 11-G.

D. Seniconductor Convolver Theory

In order to undeistand the conniderations entenng wto the
design of these deviees, 1t 18 necessary to denve the theory in
somewhat maere detal than the simphified version given as
(3.0} An excellent ticatment for flat band conditwons at the
sutface has been given by Otto [S41, who has obtamed esults
which ate physically meanmgiut. He gives enteta with which
to judge the accuniey of a leas nigorous theory outhned here,
which 18 used o tahe account of other than flat-band con-
dions | 20), [S5].

We wse Boltzmann's appronvimation for the carner density:
n =Ny explQUNT), p = Ulf}r:o) eap = (@W/ATY, m an ntype
semconductor. The potential anywhere within the senucon-
ductor s v with & = 0 and n = ny, T, @ ate the clection tem-
perature and charge, respectively, and A 18 Boltzmann’s con-
stant We may, therefore, wite Ponson’s equation m the
form | 2o}, 153}

13 ) " Crae o ‘
“_1_‘.:1 - _}'_0 (VT L | L QGO -VIAT, (3.7)

whene @pe = = a7 In (no/n,) 15 the Fernn potential in the bulk
senconductor  Atter integration of {(3.7) we tind that

! ATn ST O n
‘;F}n--—o (,Qw*’__‘l_:r_ 14—+
-~ € K7 Ho

.(‘.'Wsln‘ N 9_9.{ - l) (3.8)
A

where Fgo 9 ate the normal field and potential just mside the
surface, respecinely

Fauatton (3 8) as, of course, the relation that s normally
gnen o the treatment of the smiface condition of senmcon-
ducton to detenmime the effectne capacity of 2 depletion,
accumnhation o macaon layer [83) Inour case, we wiite
Fo= g b Fgowhere g on the de value of the surtaee feld,
and £ s the apphed RE telds. Thea the nght-hand side of

(38 can be evpanded to second order m RE quantities
05 ~akgy tblg el (3.9)

We can thus detenmme both the fust and second order pers
tarbatwon m the R potental, whateser the value of the de

i mti_ %
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Fig. 11. Equivalent circuit used in the evaluation of lincar coupling and
loss in the semiconductor convolver,

surface potential. This treatment is valid providing carriers
have time to reach thermal cquilibrium. Such a situation is
true in a deplction or accumulation layer, as well as at flat
band, but may not nccessarily be true in an inversion layer
where the generation rate of carriers is very small,

The linear part of the relation (the term with the coefficient
b) is of course closely related to the results obtained for the
acoustic surface-wave amplifier, as (3.7), and can be summa-
rized in terms of the equivalent circuit for a unit arca shown in
Fig. 11 {26]. In this circuit the potential source due to the
acoustic surface wave is ¢, which can be related to the power
P, in the acoustic wave, as follows:

% I Av(0)
WP, wleptedw v

The gap coupling or capacity across the gap and oxide layer is
Cpp. and the parameters of the semiconductor bulk are rep-
resented by a resistance Ry, in series with a capacitance Cp,. In
addition there is the depletion layer capacity Cyep and the re-
sistive and capacitive terms Rjqy and Ci,y denotmng the shunt.
ing effect of the inversion layer, due to its interaction with the
component of RF ficld paralle! to the surface. The values of
some of these quantities are [26)

(3.10)

Caep =€/l
Caap = Beo/M(BN)
Rp = 1/oB (no accumulation at surface)
Cp = €/Ayg (no accumulation at surfuce) (3.11)

where M(fh) is given by (2.6). Note that if fi is small but
€, 2> €o and there is no oxide present Cy,p = €o/h, the ca-
pacity per unit area we might expect. Sumlarly when the sur-
face is well depleted the capacity Cdepl 1s just the expected
capacity per unit area of the depletion layer, while Cp is the
capacity across a Debye length Ay of the bulk material, as
might be cxpected. Simlaily, Ry is associated with the re-
sistance of a layer A/2m thick, the penctration depth of the
acoustic wave.

In the complete circuit, wmcluding nonhinear effects, we can
regard Cp, and Cyep as being nonlinear capacities driven by two
sources @,y 94y in serics. The two speeial cases of most in-
terest are: 1) the flat-band case for which ¢y = Lgq = 0,
Caep =, and ¢ =-€/6qNy in (3.9), D) the surface s depleted
Rigv = o, and ¢ = - €/2qNy ay we have ahicady idicatad m
(3.6). The parameters ¢ ae, of course, proportional 1o the
nonhnear patts of the bulh capacity Gy and depletion layer ca-
pacty Cyep, tespectively. Thus the nonhneanty of the deviee
tends te be stronger when it 1y depleted at the surface than in
the flat band case. I the device, on the other hand, is accu-
wulated at the sutface, the cffective carner density at the sur-
face 15 larper se Cp, mcieases and Ry, decreases and the device
shows a correspondingly weaker nonbhincanty.
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It can be shown that the voltage Vop induced between the
silicon and the grounded clectrode of Fig. 9, assuming that the
output is open-circuited, is

Vop = X /W (2Pq1 Pgy)'/? (3.12)
where for the flat-band casc:
2
1.,_\/2.____“’ b _!..éi (3.13)

3 qNgv? €e(ep + €0) M?

Equation €3.13), which neglects diffusion effects, indicates
that the normalized convolver efficiency paramecter increases
as the carrier density Ny is decreased. [t would, therefore, ap-
pear to be desirable to work with a material with as low a car-
rier density and hience conductivity as possible. However, as
the material conductivity is decreased, the transverse field in-
teraction with the semiconductor begins to change the attenu-
ation of the input signals, and the output drops due to this
cause; so therc is an optimum resistivity for maximum effi-
ciency. This attcnuation effcct does not affect the output
waveform shape, only its amplitude, because the total attenu-
ation of the two oppositely dirccted input signals to any point
z within the device is constant, and hence their product is con-
stant, whatever the valuc of z. The attenuation per unit length
a, duc to the acoustic surface-wave interaction with a semi-
infinite semiconductor can be determined from an expression
similar to that of (2.7) or by evaluating the power loss from
the cquivalent circuit. When this is done it can be shown that,
in terms of @,

,‘%\/5 u

——

14
3 wueg o @.149)

where u is the carrier mobility.

If we now include the propagation loss in a Iength Z, in the
expression for ¥, will be seen that Vo, ® a, exp (~a, L) so it
follows that the output is maximum where a,/. = 1 or the at-
tenuation is 8.6 dB as shown by Otto [54). This result is
valid whatever the value of the parameter Af, which increases
rapidly with the airgap thickness h. If there is a depletion
layer present in series with the gap this increases the effective
value of M still further, so the optimum valuc of resistivity
required by the theoretical predictions tends to increase with
gap thickness

Some results of this type of theory which have been ob-
tamed by Gautjer [26) are given in Figs. 12 and 13. Similar
plots for different types of convolver configurations, which
give good agreement with the experimental results, have also
been made by Cafarella [31), Otto {54}, and Khuri-Yakub
[S0} 1t will be seen from Fig. 12, plotted for flat band,
that with LiNbO; the optimum value of W is approximately
6 X 107% at 100 MHz, with conductivities n the range of 1-
10 mho/m. However, as will be scen from Fig. 13 the W value
ncreases as the surface is depleted although not by as much as
the full factor of 3 to be expected from the nonhinear theory,
because of the increase m the effective gap width. A compan-
son of expenmental and theoreticat results for two types of
convolvers is given in Table il where the convolver efficiency
s also calvulated takmg account of the measured losses in
the input and output circuts, 1t will be seen that the agree-
ment between experiment and theory in these cxamples 8
eacelient,  When an inversion layer 1s present, it does not di-
reetly mfluence the second order nonlincar coupling cocefir
cient; but, as can be seen from the equivalent cireunt, 1S short-
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TABLE Il

X-VALUES THEORY AND EXPERIMENT

Semiconductor n-type Silicon; untreated; 2 em fongip = 0.0 m¥/V-s

PR AT o e ¢

5 L
R F

R——————— Wi A

Piczoclectne:  YZ LiNbQOaiw = 1.25 mm;/r = 1500 A; /= 108 MHz
QD Q1) By 3GeOjz0iw = 1.25 mm; /e = 3000 A f = $2 MH2

Piczoclectric LINLO;, B113,GeOyo
Si Resistivity (2 cm) ? 7 9 7
Two-Port Insertion Loss® 14 22 20 18
Convolution Filiciency # @n®  -56 -58 -66 -80.5
Output Cirewt Leficiency© 0.4 0.7 0.2 0.18
% at Flat Band (theory) 40%x 107 40x 107 ss5x 10 1ox 107
A Depletion/ % Flat Band! 1.50 1.50 140 2.10
¥ Depletion (Mheory) 60x 107 60x 107 7.7x 1073 21x 107
¥ (Frpenment) (V- m/W) $6X 107 63x 100" 7.0x 107 1L7x 107

lem includes transducer and propagation losses.

Ratic m dB of output ternminal power (1n SO ) to product of input terminal

powers. All powers i mW

€Rat1o of valtage actually developed across a $0-82 load to V.
From 1g. 3.8 and sunuar one for BGO with 3000 A (not paven) (Qodg/aT = -20).

ing effect on the transverse fields decreases the RF potential

seen by the free carriers, These effects have been taken into
account by Gautier {26].

When his tesults ate compared with experiments there is
some diserepancy in the inversion layer region, and between

technolopy, the suitace state density can be kept below 10
3
statesfem® ;e whach case surface states have a very small

and some of the results obtamed by Gautier [26] are shown

DENSITY OF SURFACE STATES
(x 10 el x oV}

T
A
. . / ‘\

- the estimated flat-band  potential and measured flat-band Al o N
g 4 potential. This is due to the presence of surface states at the MR e
silicon dioxide ntedface, the well-hknown effeet wlich occurs 1 teomzdl Ll :

< \ 04 0§ o8 10 1)

in sennconductor devices [55). With careful control of the

ENERGY (av)

Fig. 14, Surface state density of Si-810, structure obtained by experi-
mentens. (@) Gautier [26].  (b) Nicolhan and Goetzberger (56},

stiements of the sutface state density or free carrier properties
rather than for othet purposes. It has been shown by Das ¢f o/,

-68-

effect. Mote typually, with less careful control, the surface (Y Vedbetal [$7] ' i

; state densty s ol the owder of 10 states/em®.  Thus, by H

weasuring the discrepaney between the measared cwves and  in Figo T4 18 wall be seen that the results are comparable to

H the theoretical cutves, one can measure the number of charged  although cruder than those obtained by other technigues. .

3 surface states by the difference m voltage between the theoret- The convolvers could be more carcfully designed for mea- :
ical and expenmental curves [SS1-{87}  Tlus has been done



T ottt

o -

734

{58] and Bers {59] that associated techniques Hke the mea-
surement of acowstic loss, the measurement of the de term
associated with the nonlincarly induced potential, and the
acoustoelectric effect [601], can also provide entitely new ways
for measuring semiconductor parameters [$8]. In addution, it
has been observed from the results on surface state storage de-
vices that the decay thmes of surface state traps can be mea-
surod directly by such techniques [33}.

One of the basic problems with alrgap devices s that the
oxide layer is not covered by a material impervious to fm-
purities.  In addition, because there can be charges induced
on the oxide surface and on the piczoclectric substrate by
friction or other causes during axsembly, the interaction can,
in fact, be nonuniform over the length of the device, A sim-
ple technique which has virtually eliminated this Mind of prob
lem is, not to onidize the sutface in the nonmal way [ 18], If
the surface is left with a layet of oxide 20-50 A thick, such
as notmally grows on a clean Sisurtace in ain, a very large
number of surface states i produced,  In this case, which s
different from that with a thick oxide, the Si underneath the
thin oxide is normally depletod while the thick onide onan n-
type semiconductor normally induces accumulation at the
sutface,  Because thete is a large number of surface states
present in this case, it is extremely difficult to change the in-
ternal conditions at the semiconductor by appheation of an
external de Nield  For the same teason, sutface chatges on the
onide or on the prezoclectiie substiate, a8 well as charges
trapped within the plesoclectiie substrate, have very httle
influcnce on the convolver behavior and, theretore, it is much
casicr to make a uniform convolver,  Furthermore, as the sur-
face is notmally depleted, tha s the cotrect operating condi-
tion for oprimuim convalver effterency. So the wirgap con-
volver with a thin fayer of onide on the sutlace i the best to
use for notmal convolver opetation.  Fhe suiface traps them-
selves, as they have o sow tesponse, do not infiuence the RE
behavior amt so the convolver opetates 1 a predictable man-
net, as shown i Fable 11,

On the othet hand, if poad optcal sensitinaty as requied, e,
we requite the carner densty within the depletion hayer to be
influenced by the presence of hght, then the preseice of a
very lange number ol sutface states of this kind appear to ginve
poor optical senmitivity s s basically becaune ot the tapad
tecombination of geneated catners that ocour 1 s, there
fore, mportant to chnunate suface etfects as mach ay posa
ble in optical devices T a smudat way, stonage devices based
on storape mosarface states have problems with nonumfornty
of sutface states andd ate not casy to control  Thus it has be
comie mpotlant to devise other techmgques, equinalent to the
we of 3 buned channel i the CTDL tor comtiucting convol
vers which climnate the nteractions at the satlace, We wall
dincuss these futther, when we disains opical iaging and
storage deviees

Lo Opucal Imagine with Convohers

e convolver conbiguration can-be used o detect and sean
oplical pages 1 has alicady been panted out that it s pos.
sble tomke use of the nonhineat Capacitne ¢ftocts due to RE
electing Bields normal to the suttace to obtam an eledtireal out
PUE sgnal whach s a line soan of the imape (420} [441, (4o
1 ahoe posable to mahe wae of the presotoasinge ellect as
sociated with the change w loss cansed by the change aesi.
tance due to the acoutine stran m the seancondudctos atselt
The lattet £y pe o effect fas been employ ed vy succentulhy
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by Luukkala, He employs CdSe deposited on LINDO, to ob-
tain single line scans and, hence, constructs an dmage by me-
chanically scanning in the perpendicular direction [45]. Ko
teich has also used this effect to make Fourler transform
devices [47].

It is the author's opinton that, with the advent of the CCD
technology, it is unlikely that direct optical imaging devices
based on the use of acoustic waves ate linble to be compotitive
with solid state TV inmaping devices.  This statement is not
based on the theoretical definitton or sensitivity of acoustic
imaging devices.  With sufficient development, it 1s possible
that the results obtained could be compatable to the best
CCD's. The devices are parallel processing devices, wnd do not
read out the sgnat senally through the registers as in a CCD.
Therefore, the readout can be nondestructive and the devices
ate not as sensitive to a missing element as a CCD. However,
a vomsiderable investment in technolopy would be requied to
make compentive optical imagers, and ot §s unbkely that a
device with a considerably better perfotmance than the lughly
developed CCD devices would be obtamed in the long run,
On the other hand, the acoustic imaging devices liave unigque
capabilities of their own, These ate ditheult to duphicate in
other devices and make them useful in certain speciahzed
appheations, Some examples are as follows,

1) The possitility of obtaming very {ast scan rates,

2) The possibility of ducctly obtaiming one and two dimen-
stonal spatial transforms of aptical tuages

3 The possibility of working with a wide tange ot aptival
detectors in both hybnd and monohthic contigutations
which would lead o new types of whared sensitive
devices

4) The posability of oblaimng electionic Tocusing of optical
images without the use of physical lenses

§) The posubihity of reconstiuction of optial hologtams in
teal time

We will concentrate here on the applicavion of the convolvet
configutation e wlieh the output s tahen trom the system at
the sum frequency of the input sgnals, although we shall also
vomsider certan configtations e whielh the output s taken
from the sy stem at the mput frequeney, ve., s as if one of
the mput signals 15 of 2eto fiegquency, We shall not deal in
detall with aldl the other alternative configarations which have
been used for optical seanmng, nstead we shall emphasise
tramaform teyhnigues, a umgue application of these devices

We conmder the contigaration shown i bigs 18 and 1o(a),
which s dhntrated as an augap device Followng the analva
for the comvolver, i can be shown that, if the cunet deasity
vatation due to the presence of Tight s n2), and the two put
sipiaby are ot frequencies wy and Wy, respectively, the ontpat
from the deviee will be ot the form

llu)" A C\p l[((\?l i W )!lj I(( ¢ “:) (';(I ¢ :)
g v

Hwy = wy)s
v

Tenp n@eW: (318)
where the modulations of the v wpat signals ate 71 and
GO tespectnely, and all spatial quanttiey ae actetied to the
venter of the device 2 = O, with appropaate tune changes Sup
poxe one anput sgngl, the scenriay pulic, woa dolta tungion,
e L) a0 and the othar, the readorg pubv s g long CW
pulve  Inaddition, if we assinse that the system s degencrate
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hig. 1S, A schematic of a convalver configuration for acoustic scanning
of optical images,
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Bigo 16 Difterent operating modes of optical imaging desices  (a) A
smple pulve scan {26]  (B) A device using the acomtoelectae of
fect [A43] (¢) A device 10 which the readout n from a reflected
pubse [AS](d) Ehe techmque employed by Moll e al. [42].

$0 thal ) ® Wy = W, we see that the output would be of the
form J2{1) = An(u) exp 20t Thus we obtamn a scan of one
line of the image scanned at the acoustic velocity v, If 4 spot
defmition dg is required, the time taken Lo scan a spot will be
ts = dyfv, so the bandwidth tequired to obtan thas spot defing
tion will be of the order B~ e, If 7'= Ljvs the transit tune
of an aconstic wave over the length of the device, the number
of tesolvable spots will be A = 7/t or

N =BT, (3.16)

ths the number of 1esolvable spots s equal to the tane-
bandwidth product of the device, As the defay time mvohved
N Opically of the order of one-tenth of o ty peal TV e time,
the corrosponding bandwidth for the same number of 1esolv-
able spots will be of the owdet of ¢ factor of 10 lager, whate
the scan tine will be 10 times less than for o typreal TV hne
sean

Several slternatne Configutations which can be used for
oplicdl niaging by scoustic sittave waves aie showaan big, 16
The anaigement abteady descnbed s shown m Pig 16(4) In
Pige 16(b), a techimgque employed by Lakada ot ol (43,
showa, i which an outpit i obtamed at basebattd due to the
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second order dc term generated by an R scan pulse (the trans-
verse acoustoclectric effect {60}).  This technique has the
advantage of a baseband output, but suffers from the problem
of poor bandwidth because the ouput is taken out through a
relatively small capacitor, the capacitance between the metat
film and the silicon. However, with improvements in the tech-
nology, like the use of ZnO on Si, it may prove to be the sim-
plest approach to scanning.

A third approach is shown in Fig. 16(c). This has the ad-
vantages that a high intensity reading pulse can be used; the
scate rate is hatf that of the other configurations, because the
scanning pulse travels to the point 2 and back to the input
transducer. A problem with it is that attenuation along the
scan path distorts the output signal, as it does in the method
of Fig. 18&(b). This technique has been used by Luukkala ef el
in combination with illumination through a pertodic grating
with a A/2 spacing to give strong reflections, as describdd be-
low. In their case no reading pulse is required [45].

The fourth method shown in Fig. 16(d), histoncally the
first, is due to Moll eral. [42). In this case the attenuation of
the reading pulse by the semiconductor is changed by the seuan-
ning pulse, due to the fact that a high intensity scanning pulse
tends to deplete the semiconductor surface and hence lower
the attenuation, By implementing this method in such a way
as to measure the effect of the hight on the storage time of
carricrs in surface state traps, a relatively sensitive optical scan-
ning device was constructed [42].

One problem with these devices is taeir limited dynamic
range.  As an exawmple, with the configuration of Fig. 16(a)
there is an output from the convolver with no light present,
When a depleted deviee s dluminated, the conditions approach
flat, band, and so there 15 a few decibel change in output
Typically this muphies too small a dynanae range to be use-
ful. Thus some stratagem iy required to chminate the “dark
current”,

One technique which has been used suceessfully in various
forms, 1s to pass the lght reaching the semiconductor through
a relatively coanse optival gratimg of peniod 1 [ 26], 145], [46]
This mtioduces a penodicity into the semweonductor canier
density with a wavenumber Ay = 2a/l In thus case, the out-
put at the sun frequency witl be of the form

HU) = A exp |y + (o,)t]fl"(l - _z_) (,‘(l 1 »z‘)
v v

CCAp LS_‘;‘}LJ_ﬁiL) cos Kyzdz, (3.17)
1t will be seen that a strong output is obtamned if the differ
ence frequency of the two iput aignals is such that (w, = w, )/
v = Ky Inthis case the product of the penodic light vanation
and the two signals wonda generate a wave at the sum fre-
queney Wy - Wy twy. The device acts to piek out the strong
Pouner componeat of the hght reaching it thiough the grating
On the other hand, the datk signal, 1¢, the convolver output
without hipht present, does not contam the penodic compo
nent wath a wave number Ay and, thewetore, only gives very
weah exdtation of the output - With sattioent freguency sep-
arahion o1 more exactly wavenumber separation ot the input
signals, this amphies that the dy namie range of the deviee s
Tnnted Lasieoally at the lower level by none and at the upper
level by satiation
1he basic concepts of thas wdea have been cheched by Gautier
[267 whoe has obtaed results w good agreement with the
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theoretical predictions. The idea has also been used by Luuk-
kala ¢t al. [45) in a CdSc on LiNLO; piczoresistive device
with anly one input scanning signal at a frequency w, and a
grating with a A/2 periodicity. The illumination gives risc to
a reflected wave at the mput frequency w, and yields a good
dynamic range. .

1t is appurent that devices of this kind are capable of re-
sponding to a particular Fourier component of the optical
signal. Thus if onc of the input frequencies is vaned slowly,
the output obtained from the convolver mght be eapected to
correspond to the spatial Founier component of the light with
a wavenumber Ky = (W = wy)lv.

‘This technique has been employcd directly by Korarcich
et al. {47). They used only one input signal and employed a
CdS film laid down on, fused quartz, as illustrated in Fig. 17,
In their experiment, an acoustic surface wave 1s induced in the
substrate by the use of a wedge transducer. The strain associ-
ated with the acoustic surface waves, as with the Luukhala
device [45], alters the effective band gap of the CUS and,
hence, changes the photoconductivity due to an madent-hght
beam. If the acoustic input signal 1s at a frequency w and
hence has a wavenumber & = w/v, the resistance across the
acoustic beam path will change uni rdy of the hght has a
spatial Pourier component A. By varying the frequency of the
acoustic wave signal slowly , it s, therefore, posstbie to obtamn
an output current which s a Fourier transform of the spatial
pattern of the light.

One application of this principle, which has been demon-
strated by Kotnreich et al, [47], is to the deternunation of the
optimum focus of an unage. They muakhe use of the fact that,
wen an image 18 well focused, the edges between hight and
dark segions are sharp and so there are lugh spatial frequencies
present in the mage. When the inage 1s defocused, the hyghier
spatial frequencies i the mage are attenuated. Therefore, by
observing the Founwer transform of the nuage and requiting the
high-frequency components 1o be as strong as possible, they
can determine accutately the pomnt where the best focus of
the image on the photovoenductor sensor 1s obtamed.

Returming now to the convolver confipuration ot tag. 1§,
we consider the situation when the two aaput sighals which
ate Jinear FM chirps with frequencies varymg with time
a8 (Wy = Wy + ur and wy = wy -, respectively, are serted
into the device, 1 a gratmg with a penod cortesponding to o
wavenumber (wy = W )v s placed 1 {ront of the senucon-
ductor, the output obtarned will be of the form

Ln
Ge) = A exp [ (w0 + wy i)

[U

-2
n(z) exp g ]d:.
-L]2

(3.18)

Thus the output is the spatial Vounter transform of the light
intensaity within the device  The desace i, theretore, capable
of taking a dueet real-time Founer transtonm of one e of
an image,

It wall be noted that now frequency cottesponds 1o postion,
for af we consider a spot whiach van be represented as n(:) =
8(zy), the output obtuned vaties as AP W) oy Jusgfudt,
a change m ponition changes the output tregqueney s re-
sult v understandable because with a4 normal Hype ot soan,
time s equinadent to position and o w the Founer tansform
plane frequency v equivalent to posticn Suulaly, the det
mbon notmally depends on the highest frequency component

- PSR
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Fig. 17. The Fourier transform imaging device of Kornreich et al. [47].

available; in a Fourier transform device it depends on keeping
the components with the largest value of ut or frequency ex-
cursion available so as to be able to recogmaze the higher order
Fourier spatial components of n(2).

1t will be noted that a single spot in the image is now read
out during the whole length of tume the chirp signais are pass-
ing through the device, rather than for the spot tume. Further-
more, the chirp length can be arbitrarily long, far longer than
the tine delay of an acoustic surface wave passing through the
device.  The maximum frequency bandwidth of the output
from any point |z4| < L/2 within the device s B = 2ul jv =
2uT, where T s the time delay of ap acousisc wave passing
through the tength of the device. The total bundwudth of the
two input chirps is 8. = 2u7, where 7, is the tme length of
an mput chirp, where the maximum bandwidth B s twiee
that of an individual input transducer. 1t s shown an (26} and
(461 that, of the inverse transform of the miage is taken ¢ither
in a spectrum anatyzer, or in a real time durp Z transform sy s-
tem, the nunimum spot size obtainable is appronimately Jdg =
v/B. 1t follows that the number of resolvable spots i the
mage 8 N = Lide = BT, ie., the time-bandwidth of the de-
vice, and the resolution depends only on the total bandwviudth
8.

However, any spot in the image is now being read for the
charp time 7, . Therefote, the improvement in sighal to nowse
talto compared 1o that of the reading the mage with a nar-
row pulse with a conresponding bandwadth 8. 18
e

3.19
B ( )

G=N-*
T
We can, of course, also regard this improvement i signal-to-
nowse ratio as bemng due to a reduction m the bandwidth re-
quited for the far tonger scanning time used  Thus, m th
systemn, we have emphbryed signal processing concepts to ob-
tan a better signal-tonowne tatio, basically by taking a rely-
tively Jong tune to scan the unage, and by using a more elh-
clent sonning system which reads off any pownt i the inage
for the whole hne time
Thes scanning coneept can be penerabzed to the use ol an
athitrary code. When a coded signal as 1ead into the device,
the output obtwned from one spot will be that code U the
output apnal s ansested anto @ matched tdter, a conelation
peab contesponding to the spot will be obtaned  Another
spot 1 the muage will cotrespond (o @ delayed cortelation
peak, but now the output will be mproved in signal-to nose
ratio because of the Tonger soan tune aed.
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(b} {c} {d)
(2) Two dtmensional picture taken with the Fresnet transform
the clurp excursions are 9.8 amd 7.6 MH»y for 28
The mimimum evoluable spot s dg =~ 028 mm (80 pomts). (b), (¢),
(1) tofect of bandwidth hautations of (e teanfornm sgnal on the re

Ng. 18
fmaging system,

comtituted dmage  {B) No houtation, (¢} suppression of the lower
frequencres, () supprevaon of the lugher tee puenaes {26]

As an additional example, we can conmdet the use of two
chitps of unequal clurp rates w, = wy 41 and @y = W, -
fyt Io this case, 3t can be shown that ¢ Fresnel transform of
the image is ebtained W the input fiequencies vary slowly,
the output sipnat weduces essentally to the Founer ttansform
of the image  In the general case, the output signal can be -
serted fnto a matehed filter consisting of a dispensive delay line
couresponding to a chirp tate () - j3 )2 to tegenctate the otigs
inal image

Aun example of such signal processing s shown in P, 18,
Here a simple image s scanned mechanweally i one duection
and electromeatly n the other A Fresned transtorny i« tahen
and the mverse Tresnel transform taken by ety the out-
put signal into a matched hlter {26] 1 will be seen that, if
cetfain frequencies ate fltered out of the response, the defy
mtion teminns esseatially unchanged, but dafferent patts of the
pretute ate removed  This s because freguency now conre-
sponds to distance in this quast Fourier transform imape

One mpheation of these results i that the use of transform
techniques makes it posaible to 1emove imessential matenal
from the pretute without detetiorating its quahity 1 any eswen-
tial way  As an evample, the low frequeney spatial compo
nents can be filtered out by tine gating the Founer transtorm
wage thus teadiye to chimmate background ifumination i an
wfraied device o “dark cwrrent™ man ophcal magang device
1t should also be posaible to make two-duensional scanned
devices, either with acouwstic waveptindes to define the hines
1M1 ot by using two orthegonal weotstic beams Then oue
could vbtam o diedt raster scan of the two-dunensional trans
form of an optical umape. By we of the storage devices to be
discussed i the neat section, whieh it should also be posable
to make 1w a two dimensional form, 1t should be possible to
tecomstinet these tvo donensional mages  Atbittary  trans-
forms should be obramable w two-dimenstonal devices so that
many of ihe powerful techisgques of spatia! filtening whih
have been suppestad o use with optical amages should be
apphicable i real nme i devaces of the hind  Se far, no on-
petanents have been caned out to prove these prinaiples

the theoty that has been piven leads to the conclusion that
wm a deviee of the order of 2 e tong, with a total transducer
bamdwidth of 100 Milz, 1 would be posible to obtan 600 1e-
solvable spots By nereasing the handwidth of the individual
tansducers o the leagth of the device, a much Liger number
of 1esohvable spoty would be obtanable However, m this case
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g 19 () A convabver in which p' fayens are diffused into an n-type
substeate,  The nonbmear interaction occurs in the junction depletion
regions [34], 1621 (b) A convolver with Schotthy bartiers [aid down
on a semiconductor substiate.

we are assuming that the definition within the device is of the
otder of 30 ., Normally, as in other semiconductor photo-
detectons, tranwerse diffusion of the carriers wounld it the
defmition, and the wodulation transfer factor MTE would
tend to fall off as the spatial period decreases,  Thus, some
wmeans must be found to inhibat the carrier diffusion parallel
to the sennconductor suiface,

These conclusions ate well born out by experiments carried
out at tlatband on these hinds of devices, where simple theorics
lead to tesulls i good agtecment with expetiments | 26}, On
the other hand, when the device is tun with the surface de-
pleted, af 1t i n type, the holes generated in the depletion layer
by the presence of ight atrive at the surface and fill surface
states, In s case, the storage time corresporuds to the storage
time i siface states, Thisas typically much longer than the
couesponding  tecombination time e the bulk in a device
operated at flatband, Thus if the tecombmation time is 7, and
the generation rate of catniers due tincident Light in the de-
pletion layer of an n-type semiconcactor 18 § per unit arcy,
the number of holes per unii ated generated by incident light
will be g1, “The holes that are generated will cause the surface
potential to become mote posttive and, hence the depletion
layer will become thmner  Ttis appaent then, that the longer
the recombmation time, the better the optical sepsitivity of
the device A recombination time comparable to the frame
tune s, thetefore, desuable.

Gautier has operated a device wn such a depletion mode and
obtamed senstivities of 3 pW/em? or 3 footcandles  The
lower it 1s because of the lunited dynamae range due to the
wse of a coarse grating (J0-Mtlz frequency daffereace) tather
than by nowse  This v two orders of magatude better than
tor a devwee operated at flathband  However, the opetation of
a device m thy mode s not practical beeause the image of the
grating 1s wcrdent on the semconductor for long penods of
tune  In thus case slow suiface states are gradually filled up
with cartiers so that the deviee has a tong tetm memoty which
i difticult to erase  The chatactensties of ths device, thete-
fore, ditft with tme and s dynamic range decicases with
time

One way of climmating this dafficulty 1s to remove the -
teraction from the surface  This has been done both with
stotage devices and with optical imaging devices Two con
Dgutations which are wsed are lustrated n Fig 19, 1o one
case (Vig 19(a)), a large number of p* regions in a row are
diffused nto the semwonductor  These form p'n junctions,
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so that in thermal cquilibrium, a depletion layer is formed
under cach p* region. 1f a junction is illuminated with light,
the gencrated holes cannot travel parallel to the surface be-
tween two pairs of junctions because of the potential barrier
at the n region. There should, thercfore, be no sideways dif-
fusion and the MTF should remain constant until the spatial
periodicity in the image becomes comparable to the junction
spacing. Furthermore, the holes which are gencrated in the
depletion layer move towards the p* region, where their re-
combination time 1s extremely long, because any traps in that
region are already saturated with holes. Thus the sensitivity of
such a device to light can be very high {34}, [62].

In a convolver, the p*n junctions are chosen to be of the
order of% wavelength long with —’g wavelength spacing between
them, so as to minimize reflections. The junctions can consist
of strips across the acoustic beam path, or small squaie or cir-
cular regions. In the first case, the strips must be well aligned
with the acoustic beam, which 1s sometimes difficult with an
airgap type of device. In the second case this requirement is
not so important. Nonlinear interactions occur within the de-
pletion layer, just as they would n a device with no junctions
present.  Now, however, as the interaction is below the sur-
face and occurs in an arca of the order of half the area of the
total device (341} the efficiency tends to be decreased by a
factor of approximately 6 dB, as appears to be the case in
practical devices {62). An advantage of this kind of device, as
opposed to CCD's and most other photosensots 1s that the
readout is a capacitive readout, rather than a current readout.
1t 1s, therefore, a nondestructive readout. The same image can
be read out over and over again duning the storage time of
charges within the junction.

A second alternative to this configuration is to use Schottky
barrters at the senicondactor surface, rather than p-n junc-
tions. The storage tune in Schotthy barriers is dependent on
the leakage current which is still very long, and the devices
tend to have better response to RE signals. So the initial re-
sults look promising [35),162].

F. External Diode and Stnp Coupled Convolvers

The most efficient airgap Si-LINDO, convolvers that have
been constructed have an ovenall efficiency F = Py/P Py of
- 42 dBm. After optinuzation for uniformuty and large band-
width, the efficiency 15 typically 20 dB worse than this figure.
In these devices, the mavmmum mput power 1s hted by the
nroperties of the imput transducers, while the mimmum input
power is limited by noise. Fou a reference power of Py of
20 ¢Bm and an output cireutt with a -90 dBm noise figure,
F = =42 dBm ywelds an put nowse figure of - 68 dBm. The
dynamic range for such devices 1s therefore of the order of
70-70 4B, which 1s adequate for many purposes. Therefore,
it world certanly be desirable to arnive at altemative configu-
tations with more efficiency and better sensitavaty.

One such approach s to carry out the maxing prouess i ex-
ternal nonlnear devices, tather than s an internal devace. This
approach has been poneered by Reeder er el [63), [64]).
they employ a sutface-wave delay hine with taps along the de-
Ly line. Fach tap 1 connected to an extemnal nuxer, usually a
diode, as ilbustrated i Fig 20, Phe advantage of this system s
that the nonlinear properties and nupedances of the diodes can
te choven mdependently of the acoustic properties and piezo-
clectrie coupling coetficient of the delay hine matenal. Ihese-
fore, the device can be optummzed for manumum efficiency.
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Fig. 20. An external diode convolves.

The mixers themsclves can cither make use of the nonlinear
I-V characteristic of the diode, or a nonlinear reactive effect,
as in the normatl convolver,

Reeder’s system makes use of the nonlinear resistive effect,
so that it is necessaty to have a dc return path for the diodes.
In the shunt configuration shown, this return path is provided
through resistors; the impedance of the dicides can be opti-
mized by varymg the bas applied to them. The optimum de-
sign of these arrays becomes a tradeoff between choosing the
diode impedance for maximum power sensitivity or for mini-
mum reflection from the individual clements of the array of
tapped transducers. The tapped transducers themselves, be-
cause there are normally a large number of them, should be
made with split % wavelength fingers to minimize reflections
from the fingers. The best sensitivity Reeder obtaned corre-
sponds to /~ -22 dBm with saturation powers of the order of
0 dBm. By adjusting the current, he obtains a saturation
power of 10 dBm with I~ =33 dBm. Thus it will be scen that
a considerable improvement in convolver efficiency can be ob-
tamed by this techmque, although as the cfficiency s made
optimum, the saturation power is correspondmgly decreased
Thus the dynanue range of the system 1s not necessanly greatly
increased by the stratagem of using external mixets, but the
sensitvity of the device can be constdesably improved. The
devices can be made very uniform, and Reeder has used 32 tap
devices to obtamn convolution of hacar FM chirps, and efficient
tune reversal of sigaals in the same manner as a convolver [63].

A disadvantage of these devices is the fact that they only use
a finite number of samphng ponts along the delay line, rather
than contmmuous mteraction as m the normal convolver  Thas
nakes it possible for the device to operate as a convolver with
A number of different mput frequencies, diffenng by intepral
multiples of a frequency which depends on the tap spacing 1.
Consuder the sitwation when the two mput frequencies are wy
and wy, 1espectively, so that the outputs are obtained from
the nth tap from the center of the device n the form exp
Jos(t = nlpfv), exp joar + al. pfu), respectively, After nux-
ing, the output obtained from the system will be of the fol-
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Fig. 21. The device used by Menager and Desormicre to take real time
corzelation of willisecond signals {65].

lowing form

HwMWMMMmePu&:q
n v

+ Bel(wi- W)t 3 exp

L]

[‘i"l«r(‘:! tw) ’J (3.20)

where A and B are constant. It is apparent that the output at
the sum frequency wy = wy + wy is strong, i.e., the signals
from all taps are in phase if

(wy =~ wy)Lpfv=2Mn (3.21)

where M is an integer. Thus because of the periodic spacing of
the taps, it is possble for the convolver to operate at several
different input {requencies, spaced by v/Lp.  This result im-
plics that the maxanum bandwidth s hnuted by this frequency
eacursion, with larger bandwadths there would be aliasing of
ihe input signals. Such a result s also miphed by the samphng
tucorem which would mdwate that at least two samples per
RF modulation cyde are required.

External Intcgration A dosely related fonn of deviee, de-
vised by Menager and Desonsiere, mtegrates m g mstead of
space and takes the real e correlation of nullisecond mput
signaly {605]. Wath the conbipuration shownn Fig. 21, a num-

739

YO 81AS LINE
4

Wy SCAN SIGNAL

OUTPUT SIGNAL O€mmmrmms e
Wyt wy
Fig. 22. Configuration used for acoustic focusing and scanning {67].

ber of separate silicon strips are placed along the device, each
acting as a scparate convolver. The signal output from an indi-
vidual strip with acoustic delay times Ty and 7'y, respectively,
from the input transducers is

h(t, Ty, Ta) & f(t = Th)g(t - Tq) (3.22)

where the input signals are f(t) and g(t), respectively. The
output from cach convolver strip is fed into an integrator. The
resultant time integration from ecach integrator is the integral
of the product of the two input signals:

Sge(T2 = 1) = f - Tglt= Tde.  (3.23)

By switching sequentially from one tap to the next, the times
T, and 7, can be varied and the correlation product of the
two signals taken for several values of the variable 7 = T -
Ty = 2Ty - T where T is the delay time through the device.
Such a device could be useful for correlating digtal codes and
have a performance which would be competitive with existing
digital correlators. The same approach should be possible by
using the Reeder form of tapped delay line, with integrators
on the outputs of cach diode, with the outputs being taken at
baseband frequencies [63].

Acoustic Imaging Devices. Another application of a tapped
system of this kind is to an acoustic imaging device which has
applications to sonar, nondestructive testing and medical imag-
ing. In this device the convolver processing is used to focus
and scan an image, or to take the Fresnel transform of the
spatial variation of a signal arriving at an array of transducers.
Considet as an example, the configuration shown in Fig. 22,
in whith low-ficquency signals of frequency wg from cach
clement of a hnedr atray of piczoclectne transduccers are mined
through the diodes with the scan signals from corresponding
taps on the delay hine, and the outputs summed [46], [66]),
167}, In this case one mput signal is that passing along the de-
lay line, the rest are o set of signals arnving from the individual
transduccrs A plane wave signal arnving at an angle 0 to the
normal to the face of the nth transducer gives nise to an output
from the transducer of the foum exp ~jwnl p sin 8fu,, where
Upe 15 the ware velocity e the acoustic medium and the trans
ducer spacing s taken to be [ for simphaty. 3 a signal of
frequency wy as nserted on the delay hine, the product sighal
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obtiained from the sum line will be of the form

W, wesind
F(1) = A exp [j(w; + wy)r) E expl-J “v_l- + :v — nlp
n

(3.249)

where A is a constant.,

It follows that by changing the frequency of the input signat
to the delay line, the differences in phase between the differ
ent transducers can be canceled out and a strorg output signal
obtained if

Wi, sind 2

- (3.25)
v Um Lt

Thus by changing input signal frequency, it is possible to scan
the angle 8 of the incident beam which s received.

This idea can be extrapolated to allow for focusing of the
input beam. If we generalize the situation to desciibe the prob-
lem of imaging a point (v, 2), where 2 is the distance from the
array, the pataxial equation of optics leads to the conclusion
that the phase ¢, at the nth transducer element due to a point
source of {requency g has a square-law vatiation phase along
the array”

Wt w{v -l 1-)2

Op = gl * (3.26)

Ui 220y
It can be shown by the same type of analysis that if a linear
FM chitp of frequency w; tur, with a square-law vatiation of
phase ¢ = Wyt + w132 s mserted mto the delay hine, the squaie-
Law vanation of phase fiom the point source 13 cancelled out
and a strong output signal 1s obtame d !

ITERANTLI P (327

and 0y 18 chosen so that L pfv = 237, This output is ob-
tained at a time

t = xfv, (3.28)

Thus the device aaturaily scans along a line a distance 2 from
the atray at « velocity e, the focal tength of the electroniv tens
18 changed by changing the chitp ate jo  The defimtion of
such a lens s the same as that of any other lens of the same
apertuie, or width I = N7 e it s

dg = 2\ /1. (3.29)

whete the acoustic wavelength in the medmm s Ny The fimte
spacing of the taps gives nise to ahasing, as already saentioned,
a pheaomenon known as “grating lobes™ inoptics This hinuts
the fickd of view, ot the number of resolvable spots botween
repeated images to appronmmatedy the number of tapsan the
delay hne

the basie conecept ot this system v easily penetalized By
feedimg imput agnals mte the diodes and to the delay hne, the
device can be wsed waith a Goro ducer aray as a transnutien
In practice, the drodes ate usially replaced by balanced nunerns
and amphftens  An example of a transmassion peture taken ot
a L tinck alumnum block using twe focused and scanned
22 element transmatter and reconer arays faang each othet
with the bloeh halfway in between then as shownan by 23
Lhe results were obtamed vath an acoustie frequendy fg of
2SN, with mechaneal scanming of the block i the vertwal
durection, the acoustwe beam bemg defimed i the vertical direc
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ORAWING OF ALUMINUM 8LOCK

Fig 23 Acoustic 1mage of a Lin thick aluminum block with holes
drilled in it.  The transmitter and receiver are both electronically
focused and scanned in the & ditection. Mechanical scanning is used
in the » dircction. The acowstic frequency is 2 & MUz, the blocek is
placed between two 10 element arrays 8 o long, 28 em apart [67].

\ R-Ifa‘amm HOLE

174" diom HOLE

tion by a thin slit [67]. This is the reason why the vertical
defmition of the pictuie is worse than the horizontal definition,

We have described here an imaging system based on the con-
volver piinciple which uses external acoustic transducers. The
coneept is not necessarily limited to the use of low frequency
acoustic transducers. By using continuous convolvers and
multiply tapped output transducers laid down on them, it
should be possible to use the same principles at much higher
acoustic frequencies in the UHE or VRE range. Similuly one
could expect the concept to be applicable to phased arnay
antenna systems By using optical detectors it s possible to
scan optical images, as we have already discussed. However,
if a phase reference 18 employed, as is done i holography,
then it should be possible by these techaigues to either 1econ-
struct hologiaphie images alieady obtaned on film, or to em-
ploy the device for fovusing and scanning optical or nfraied
unages  Thus the convolution punciple employs acoustic
sipnal processing techmques to provide a real-tune scanning
and focusig capatality

Stip Coupled Devices Befote proceeding to other subyects,
mention should be made of one other version of the tapped
comoher system, the stnp-coupled convoher [68], {09
Lhe construction of ths type of convolver has been an at-
tempt to chounate some of the difticulties of the tapped en
ternal drode convolver, which ainvolves making a hy bud type
of device waith many externat connections  The basic wdea here
18 1o use sde stops connedted to diodes, tather than inter-
digrtal transducer tapy  In thas case, an atray of A/8 wide
stups s bd down an the acoustic beam path - In the example
poven by Ao and Shieve [68], this was done by laying down
the staps on a0 LiNbO, substiate, as shown an kg 23 1y
placing the semvonductor normally used for the convoha
outsude the beam path, good medlanical contact can be made
between the senuconductor and the coupling stips 1o then
case, asemiconductor ovetlapping the end of the metal stups
by ditances of the order 25-100 g was placed in contact
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length w by the acoustic wave and the overlap repion of the
diode is of length d, then the curtent density at the senmucon-
ductor is increased by # factor of approvimately w/d over the
value that would be obtained if a semiconductor were placed
directly over the acoustic beam of width w, In the cquivalent
circuit of Fig, 11 this means reducing Cp and increasing R,
radically.’ Consequently, the displacement custent density at
the semicoductor s inereased by the same ratio and the £
ficld at the samiconductor 18 also increased by this value 1t
therefore, follows that the nonhnear effects ate incteased by
a ratio (w/d)?. So the device s a far more effivient nonhnear
convolver than tee normal convolver,  The reasons are the
same as in the extemal diode system, 3 better impedance
match has been obtained, although w thas case the diodes are
being used as reactive nonlinear devices rather than resistive
devices.,

By operating in thiy mode, Kino and Shieve o8], have con-
structed devices with an efficieney Fyp o= Py Py = <22 dBm
and a dynamic 1ange of 80 i, although with a shphtly more
limited dynanue range when the device s opetated m g com-
pletely hinear tegion, where the saturation powers are of the
order of 0 dBm, st anan the external divde convolver

The device, as demonstrated, was not necessandy very praes
tical because it sttt mvolved obtaunng & good mechamcal cone
tact. Adhins, has made such devices wath shicon and alunmanum
nittide laid down sude by side on a sapphae sabntrate [0
The results are promsmg, although the etticiencies, as yet,
have been tow  But the basic poociples have Peen well proven
by his wesults  As we shall see, these paneiples are of preat e
portance 1 stonage devices because they lead to the vondlusion
that, when sepatate diodes ate used to provide the basie non-
lincarity of these devices, st often usetul to have metal cone
tacts whieh are minch Luger than the actual area of the duode
ln s case, tadwal vaprovenient i comolver etlivieney van
be obtamed, and the optmum denpn besomiey 3 ttadeadt be-
fween convolver ethvieney and satination powet

Hoshould be voted that the same aded has been supaested fo
acoustic ampliers {O1-{73] 1o panciple, tt shoukd be pos-
sible to make amphtices wath wudch Lager gans per an tength
The only difference ttom the comohet contipuration would
be that the carmens between the stnps would have to dnitt s
the direction of prapagation of the gcoustic wave  In practiee,
none of these amphtiers have proved (o e very suevesstul
The basie 1cavon tor this, as shown by Maetfeld [7E] and
Blothejaer (73}, 1 that space hamome mteractons an these
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Fig. 24. A strdp coupled convolver |68,

8 p coupled ¢ l68} et o
with the metal strips by mechanical pressure, the acoustic READ MODE
beam width itself being 1,23 mm, )

Each metal strip, where it contacts the semiconductor, acts N =
as an MOS diode, or equivalently, as a nonhnear capacitor. If :&’gé t+
a current [ per unit length is induced on a strip of width 1,

2l
STORAGE OIO0E
)
Pig 28 Aschematic of the system used for the storage correlator [32].

(2) Read in, (b) Read out. () Hiustration of the storage wedhanim
in a dwode

devices are strong, and interaction with these hammonics can
lead to acoustic losses. The acoustic losses due to this cause
typnally outweigh the improvements in acoustic gain ob-
tained at the fundamental harmonie, 1o prneiple, the devices
would worh with a very large number of strips per wavelength,
but 1 practice the mechanieal requirements for downg thas are
{00 severe,

O Storage Conelator

The most 1ecent development in acoustoclecttic devices s
the stonage cotrelator  Tlas device makes use, i aits dafferent
foums, of one of several possible storage mechamsmy such as
stotage in swiface traps, bulk traps, i diodes, or by charging
from an clectron beam

Consder the contigutation shown an P, 25, which s the
one fust used by Beis and Catarella (321 Suppose an RE
sl of trequeney Wy s inseited nto the comolver  Thas
aipral will paive e to a surface acoustic wave which vanes
as enp eyt k) along the device Now suppose that when
the RU wave i passing under the sennconductor, a short RE
pulse of frequency oy s apphed between the output plate of
the comvolver and the senuconductor, thas exates an RE Nield
which vanes as evp oy The nonlmean mteraction between
this apnal and the avoustic surface wave witl then give hise to
de tenms which vany as cos A2 1 the semiconductor had
been mtially buased mto depletion by a3 de field, then the
ponmtne RE peaks would tend 1o snove carners towands the
semconductor surtace and these camens would be trapped in
satface staiey - Fhus a sipoal of the toum (O exp puog 2 nerted
wto the device wall give e 1o a varanon i trap densty of
the form 'O sfo)covi, e

In practuee, the short RE bunt requated on the plate nay
comant ot a smgle s org pubse of one-halt RE evdde A sevend
alternatnve (st used by Havakawa and Ko, s to work with
a basebaind pulse (331 In thas case, the stored wornation
cottespondy 1o the modulation of the RU signal (the postnve
RE peaks)  In both vases, the trapped charge wodulates the
thicbness of the depletion Tayer, sooat atfedty the mtoia tion
of the sencotwducton with any later sipnal read wmto 1
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e T r—————AL A B - \ b it 3 N . ewoe = [

742

The stored information may be rcad out by using a reading
signal which has the same spatial pedodicity [32]. If an RF
pulse is applicd at the input interdigital transducer of the
form G(t) exp jw,¢, an output will be obtained from the out-
put electrode of the form

H(t) = 4 exp (iw,t)fl" ( 3)0(: - —’) d
v v

where the integration is taken over the length of the output
clectrode. It will be observed that the output signal is the cor-
relation of the rcading signal G(¢) and the original stored sig-
nal F(r). Alternatively, if a rcading signal is inserted at the
other end of the device of the form G(1) exp jw, t, the output
signal obtained will be of the form

H(t)= A exp (iw,:)fl"(— -:-) 6‘(: + —:-) g, (3.31)

In this case, the output is the convolution of the stored signal
F(¢) with the reading signat ¢.(r). Ir both cases, if the reading
signal is a 8 function, the signal obtained at the output is the
original stored signal or the time reversed version of the input
signal respectively,

Similarly if the second method is used to store a baseband
pulse [33], the output could be read out at baseband in the
same way, or the device could be used as an acoustic convolver
and the output read out from the plate at a frequency 2w.
The advantage of this technique is that of there is any carier
diffusion or the trapping time is slow, only relatvely low-
frequency information need be stored rather than the carrier
frequency itsclf.

There are numerous other ways to use this device. For in-
stance, if the reading signal is inserted on the plate clectrode
instead of at one of the interdigital transducers, 1t can be
shown that the output signal obtained is either the correlation
or the convolution of this signal with the stored signal, de-
pending on which end of the device the signal was obtamned
from.

Electron Beam Storage: The carliest demonstration of such
storage techniques did not involve the use of a senuconductor,
Instead, Bert of al (36) used a pulsed electron beam incident
on the piezoelectric substrate, in thew case, quartz  The reflec-
tion cocfficient of the clectrons was changed by the potential
at the surface of the diclectric assocurled wath the acoustie
surface waves. Therefore, when the election beam was pulsed
sufficiently rapidly, chatpe was stoted on the swface of the
dielectric, which depended on the acoustic modulation, The
stored charge could be erased from the device by pulsing it
once more with an electron beam. At this time acoustic sur-
face waves propagating w both directions were excited by the
change in potentiai at the diclectrie surtace, and so either the
original signal or a time 1eversed signal could be obtamed from
the storage device.

Distnbuted Diwode Devices: More recently, the trend has
been towards chnunatmg surface etfects, and wothing with
cither Schotthy batners {35)=137] or p-n junchions [34].
Just as with opticai devices and the convolvers themeselves, the
problem of teproducibiity and unttorunty 18 made much
simpler by cmf\loymg mteractions below the sarface of the
semicondudtor.  Futthermore, much better contiol over the
ead in tumes and storape ttmes can be obtamed. The wotk on
Schotthy  barer storage 15 covered i an accompanying

(3.30)
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paper in this issue by Ingebrigtsen, so we shall not describe it
in detail here {35). Suffice it to say that if a row of Schottky
barricrs is laid down on the semiconductor in the configuration
shown in Fig. 18(b), the Schotthy barriers will normally be 1n
thermal equilibrium, and therefore there will be depletion
laycrs under them. Suppose now we pulse the silicon negative
with respect to the grounded film underneath the substrate, as
illustrated in Fig. 25(c). In this casc, a Schottky barrier would
be forward biased and the charge it would receive would be
Q = C,V, where C, is the capacity of the Schotiky barrier to
ground and V the applied potential. If, now the pulse is re-
moved, the Schottky barrier becomes reverse biased and the
only way the charge can leak away from the clectrode is
through the leakage current of the Schottky diode. 1f, in the
reverse biased condition, the lcakage current or saturation
current of the Schottky diode is /g, the discharge time before
the diode returns to equilibrium is approximately 1y = Q//; =
C, ¥/l

More gencrally, if a pulse has been applied to the device and
there is an acoustic surface wave traveling along the surface,
the total potential at the diode will depend on the sum of the
potentials due to the acoustic surface wave and the apphied
pulse, as will the .tored charge when the device 1s forward
biased, It is apparent, then, because the Schottky barner
diode has & very rapid turn on time, i.c., the current rises very
rapidly with voltage and, essentially instantancousty, it should
be possible to charge such a diade 0 a few nanoseconds. On
the other hand, the discharge time will depend basically on
the leakage time. Ut is, therefore desirable to use a diode with
as low a feakage current as possible. This, m turn, imphies the
use of a diode with as high a barrier potential as possible. Fer
this reason, one of the best choiees 1s a platinum-siliade diode
in an n-type semiconductor which has a barner potential of
0.86 ¢V. With such a diode, assuming that the external ca-
pacities are comparable to the internal capacity of the diode
when depleted, the discharge times are estumated to be w the
range of 10-100 ms depending on the size of the contact elee-
trode used with the diode. When the contact arca s larger
than that of the diode, the convolution efficiency 18 mereased
because the device acts as a stnp coupled convolver, turther-
mote, because of the larger capacity of the contact to ground,
the storage time s ancreased.  The results are v reasonable
agreenient with the expenments,  Schotthy barner diode
arrays of this hind have been demonstrated by Ingebnigtsen to
have read m tmes in the order of a few nanoseconds, and dis-
charge tumes of as much as 100 ms. Conelation and convolu-
tion with good cfficiency have been obtamed wath such drode
arrays, and correhation of FM chups and digital codes has
been demonstrated.

Results of this type have alvo been obtamed with p-n diode
artays by Macefeld e ¢l {34] using the types of storage mode
desenbed.  They have shown that althoupgh the tead m
times are of the order of 1 uy, the storage times ate conespond-
mply longer with p-n diodes  The storage time now depends
on the decay time of stoted mimonty catners, which s refa-
tnely tong. Maerteld ef ol have obactved storage trmes of as
wuch as 15 a0 devices of tus Mind, usng connmeradl Vidieon
artays for the p-n diode array.

One pportant apphication of these devices has alicady been
menttoned [37] I thay apphication, cotrelation s varned owt
between a weferenve echo and an echo from the objedt of -
tarest, thus makmg the requuements on the acoutacy of the

-77-

 —

N % v @ Uit dpaona P M e e dke et ks e o MRS i s 0 o Sl NG M T e

PR

Lo W watates il SovedBey oF we Bt o

-

PN

e Ay




PO A

s

Ry e T

P

AT R e i P

8 R g R a4,

R RS T P e g b M "3 45

A 4 A P

pecaes

RN VA

TRER R wory

S e N e e 2

S wdn A CRAR S T w AR ek b e AT S PR SR SOVTNETD,

i
¢

3
£
I
H
~

hnad s B -~ - Al LA 0 i A v WIS A AP I i st S o e A e

KINO: ACOUSTOELLCTRIC INTERACTIONS

radar system or propagation path much less severe, The same
considerations apply to acoustic pube reflection systems used
for nondestructive testing and medical maging.  In this case
the great advantage could be that when an acoustic transducer
is placed in contact wath an object, a reference signat from the
contact could be obtmned, which could be correlated with a
sighal from an echo deep within the object, Now it would be
possible to compensate for an wregular contact, as well as the
charactenstics of the transducet itsell.

The storage correlator 1s an obvious deviee for reconstructing
transformed oplical image signals. It has been shown by
Ingebngtsen {351, {371 that if the Schottky banrier electrode
is made of a resstive material, polysihicon, the forward cur-
rents can be kept low. Therefore, whon a second input signal
is incident on the device, it can be read in and added to the
onginal signal stored i the device without losing the informa-
tion already present. Thus the device acts as an tegrator,
Thas makes at posaible to store sipnal transforms within the de-
vice and thus carty out many of the processes alteady desenbed
for optical imaging, i.c., one can hoge to obtan a type of
holographic storage

Further possibibties anse for two-dumecusional systems It is
still very early to know where tlas work will lead but at would
appear that bit storages of 10 Wits/em?® should be possible
two-dimensional versions of this doviee [37]. DMuithenmoie ot
should be posable to cany out stotage n a hotographic form,
rather than durectly. Inaddition, of coutse, it should be possie
ble in two-dimenstonal devices, just as i the one-domensional
form, to correlate stored intormation with later intormation
read wto the device.

Strage m CdS Before leaning the subiect of storage, it s
mmportant (o buag the reader’s attontion to a closely related
form of storage device suggested by Meteher and Shuen [38],
which has the capabality of very Lirge stotage capaciy at ex-
ticmely gh tat rates Ty s a bulh-wave device winch em-
ploys CdS operated 4t cryogenie temperatures Storage of the
sipgnals i in bulh traps, at low tempeatates the proabiliy for
ficld assisted tunnehing from bound statesas

Y= Alep 1D exp (B ED

where ¢p s the trap energy level  Thus the number of tiaps
filled depends on the electire field strength.

Operation s an exacth the same manner ay aheady de-
scnbed, An R mput signal () exp jop  excites a bulk wave,
and a viform RE field v introdicad by a pair of elactiodes on
cither side of the CAS coystab just as i Fig 25,00 the salicon
weie replaced by g simple electiode Readout follows the
previous technque descubed. In ths case, however, because
of the fow acoustic losaes at =4 K, operation could be carned out
at fiequendes of 10 GH:, and stonage obtamed for sevanal
months,  As this v a volume wave devie, the unphication
that the bt stotage capaaity could be of the order ol 10! ‘/\m’
with exteemely agh it rates

Storage of avoustic wave siginals in CdS has also been ob-
tained at room tempesature, wang the normal Shockdey =Read
medhanem for tithog bulk taps {391, 110), 1581 In thy
case, as 18 usual with CdS, the catner conductinity was con
frolled By lumination, as shown o g 26 Bleustan
Gulaey (ST, Lol waves were caploy ed, swath signat 1ead imto
ttansducer 1, and readowt of tuansducens 2 ot 3 The plate
clectrode, m thie case, was nplaced Iy two celectrodos be-
tween whitch an cledtne fidhd parallel (o the suttace was
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g, 26, The configuration wed for storage of Bleustein-Gulyaey waves
in CdS [39].
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g, 37 1he four configurations for an iterdigatal teansducer on a non-
piezoclectnie subatrate  (4) The mterdital electrodes on top of the
700 and a metal filin at the adertace  (0) Same as (a) but without a
metal i at the inteetace (V) Fhe mterdigital electeodes at the inter
face and a metal i on top ot the /700, (4) Same as (€) but without
wmetal film on top of the 200 (48], {49].

duced.  The expenmental tesults of Maetfeld and Tournons
indicated decay times of the order of 100400 us, with rela-
tively tong readan tumes of the onder of 40 s {39]. Later
work by Bastide e ol induwated 100 ms storage times wath
cotrespondingly longer 1ead m times [40],

H The Zn0 on St and Zn0 on Gads Convolvers

We have desenbed acoustoelectiie devices i which the ter-
action iy obtamned between 4 semitconductor, usually sificon,
and a prezoelectnie substrate, usually hthium mobate, wath the
two matetials sepatated from cach other by means of an ar-
gap. For thus reason, a sophnticated mechamcal technology s
requated with detwled optical foushing of both substrates,
Thete are othet approaches which are bewmg tned to chmumate
these Kinds of difticutties, One s to deposit a semconductor
on a prezoclectnge substrate [9), 1101, §20]. A second
method 1s to depomit AIN and S on sapphiie sude by saide and
use couphing strips between them (091 In this section we will
descuibe yet another alternative, the deposition of 2n0, a
prezoclectiie matetal, on 4 semiconductor such as sthicon or
pallinm arseide. We beheve that this approachs aviable one,
not only beaase 1t can lead to usetul convolvers and amplec
fiers, but i addition, as W been shown by Thohemeld, the use
ot mlicon technology makes i possibie 10 vonstiuct swatches,
amphiicrs, and other devices normally used m mtegrated ar-
cutt on the same subastrate as the acoustic surface-wave
devace [48].

It was showa a tew yean ago by Hichernell vhat sputtered Zn0O
oan encelleat matenal to lay down ona noapiczoclectg sub
stiate 1o obtan good coupling of acoustic sutface wavey (48]
Sesetal confipusations tor ablaming coupling are possible and
ae shownoa Uig 27 They amvolve the use of an mterdigital
transducer, either on the top swrface ot the ZnO or at the wter-
face, with a grovnd dectiode somctumes placed on the opposite
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Fig. 28. The variation of Av/o fot ZnO on senn-insulating Si, with four
different configurations [49].

surface and sometimes missing.  The theory of the coupling
was wotked out by Ko and Wapers [49] who showed that
there is an optunum thickness for the Zn0O. Curves of their re-
sults, which assume that the Siis senuansulating, are given
Fig. 28. With a ground electrode present, there is a peak mn the
effective Avjv, where the thickness of the ZnO 1s of the order
of 0.058 X\, There is a further much larger peak in dv/e, with a
value of 0.015 comparable to that of LiNbQO,y (0 022) where
the thickness of the ZnO is approxamately 0.4 \,

If it is required to mtroduce an acoustic surface wave on a
conductive silicon semiconductor, 1t is usually convement to
work with an interdigital transducer on the top sutface and a
ground clectrode under the Zn0O. 1t wall be obsenved that
epitaxtally grown prezoclectiic matenal must be deposited at
a high temperatute and would both contanunate and be con-
taminated by the siheon  Therefore, & prezoclectric matenal
which can be sputter deposited 15 notmally employed. This
usually mplies the choice of either Cd8 ot ZnO - The latter s
casier to praduce reproducibly i a senu-msulating form,
addation it has a higher couphing coeftiaent

Hicheael has comstiucted Zn0O on St devices with the con-
figuration of Fig 27(d) growng a very thiek layer of S0y on
top of the silivon, then laying down the requured transducers
before deposition of the ZnO [48]. However, i acoustoeled
tric devices the acoustic surface wave must interact with the
siltcon, therefore it s necessary to work with a relatively thin
layet of 810;  Futthermorte, it a Zn0 layet s lad down along
the tength of the acoustic path, it as desitable to have 8 el
tively thin layer because the acoustic tosses wm the 2n0O are
relatively igh  In thus case most of the acoustic enetgy 18 i
the underly mg silicon, rather than in the 7n0 fayver

A convolver may be comstructed in this confipuration, tela-
tively simply, by placig an electiode on the top surface of
the Zn0, as shownan Fig 29 {S0}-[52] The deviee wotks in
much the same mananct as the normal comvoler, except that
now the effective value of Av/vas reltively low, and the opti-
mum remstivity tends to be of the onder of S0 82 amy, although
most of the operating devices that have been constiuctod have
worked with somew hat lewer teaitivity matonal, the optimum
reaistinity not bang very vntical - Devices made i thas con-
figuration have poven an cthioenay of 8 Iy Py SR dABm,
the ety companng qute Jdosely 1o o thoory derned by
Nhun Yakub [S0}, whach s based on the Gaatics theon ab-
wady descnbed (26] 0 Phe esults nndivate, o simple con
volver, the manamum ddtiacendy to e epedted i appron

Ji e

10 TRANSOUCER

Av TRANSPARENT
CONTACT

MONOLITHIC CONVOLVER WITH 2n0/Si
Fig. 29. A schematic of 8 ZnO on Si convolver [$0])-{S2].

mately =52 dBmaf all parameters are optinused, a figure about
10 dB worse than the best airgap convolvers.

The maor disadvantages of this type of convolver are asso-
clated with the presence of surface state traps at the S0, -8
interface, as well as traps at the $10,-Zn0 mterface and within
the Zn0O atself. In particular, the traps within the ZnO are
difficult to clinunate even n single crystal matenat, let alone
i sputtered materials.

The ttapping effects manifest themselves by tending to make
the charactenstics dult with tune. 1 a do potentual s apphied
to the output clectrode, traps will charge up ot dischatge and
the charactensties of the convolver will tend to dnft back to
cquihbiim i times as long as several days. The results de-
pend very much on deposition conditions and have vaned
from laboratory to laboratory. Further, if 1t 15 attempted to
use the devices for optical imaging, the problems are still more
extreme because the presence of hight can chatge the tiaps
[S11, [52]. However, by apply g short pulses to the device
to brmng it back to equibibiium before an optical sean, Llhott
et al. were able to obtan teasonably reproducible results for
acoustic scanmng of optical images {521,

On the other hand, thas storage mechaninm stself can be used
to give a sempermanent read an to 3 device of this hand, al-
though the chatge times are refatwvely sow  Sudh tesults,
both one and two-dimensional configurations, have been ob-
taned by Coldren and ate desenibed i thas twue {51].

One of the myor advantages of a ZnO on St device 1s the
telatnvely small thichness ot the ZnQ, ty pivally ot the order ot
LS pm, compated to the thickness of LINDO, an an aurgap
convohver, wineh s of the order of 1 . This umplhies that w
a storage device, where it s necessary to apply avoltage to the
plate to produce a given ficld at the surtace of the semicon-
ductor, the apphied voltuges must be orders of magnitude
lgher aan atgap LINDO, device than in g Za0 on St deviee
Thus, the 200 on Stodevice can lead to storage devices whinch
need welatively tow apphied voltages compated to other con-
volver Jdevices where s icquied to contiol the chatactenstioy
ty ovteinad potentats apphed to the plates

Many of the same convdonitons tor the climimation of sur-
tace ety and tapping cticots which apphy to wrgap deviees,

abo apply to the 700 on Stdevices  Thus deviees itne been
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constructed with a row of Schottky barriers laid down under-
neath the ZnO layer. By growing a fayer of sputtcred $10,
above the Schottky barriets, Borden and Kino, in unpublished
work, were able to show that trapping effects could be com-
pletely climinated and no hysterests was observed in the char-
acteristics.  Furthermore, by applying a pulse to the metal
clectrode, the characteristics of a convolver could be changed,
i.e,, there was Schotthy barrier storage with decay times of as
much as 100 ms. However, in this case, the maximum voltage
required before saturation of the decay time set in, was of the
order of 20 V. This should be compared to Ingecbngtsen’s re-
sults with LiNbOy Schottky barner airgap convolver where
the onsct of storage occurs with an applied de voltage of the
order of 300 V, a ratio which would be cxpected from the di-
mensions involved {35].

At the present time, complete storage correlation devices
have not been made on ZnO on S1 because of the relative in-
efficiency of these devices compared to the mrgap convolvers,
and hence their hmited dynamic range. However, 1t has been
possible to show that the convolution efficiency can be im-
proved by waveguiding, 1.¢,, tapenng the width of the ZnO
layer from | to 0.1 mm. This should lead to an improvement
of 20 dB in efficiency. In fact, the improvement was 10 dB
because of the additional losses due to the tapermg. When
this effect is taken into sccount, the internal nuprovement in
convolver efficiency was indeed 20 dB {50},

With the demonstration that buned diode devices elinunate
the trapping effects due to the presence of Zn0, one would
expect that ZnO on Si convolvers will become practical de-
vices which can be employed for many of the operations which
have already been demonstrated with wrgap convolvers,

Another very closely related approach, which has been
demonstrated by Grudkowshi ef al. 15 to use Zn0O on GaAs
144). In this case, they only needed the ZnOan the transducer
region to obtain strong mput coupling. In the convolver re-
gion, & Schotthy barrier was lud down on the GaAs and they
employed the piczoelectne coupling of the GaAs itself. Such
convolvers have yielded efficiencies very comparable to the
Zn0 on Si convolvers, but with extremely uniform output
characteristics, 1.e., unifornuty along the length of the device
better than any other device Anown to the author (44]. By
using a Schotthy bartier deposited on the GaAs these authors
were also able to obtan storuge for several seconds of pulses
read into the device, and read thus mformatson out from the
convolver. The decay time was extremely hight sensitive, and
50 the device could be used for optical sensing, Tlus particular
approach is probably well worth pursuing as GaAs w relatively
large sizes becomes more avalable.

IV. CoNncl usIons

It has been shown in this paper that sutface-wave acousto-
electric devices have reached a stage of development where
they are bemg tied out i systems

The best constinctional techmque presently employed is to
separdte the semconductor from the pezoaciectac subatiate
with posts of tals 50 as Lo mantan the umformity of the air-
gap {14, [1S] 0 Other techmques, such as the deposiion of 4
semiconductor on the prezockctine subsntrate {49, {20} or
piezoelectine matenal on a semuconductor (48] <1827, are be.
coming practical and should lead to yvable devices,

At the present e, acvoustoclectiie amphifiers are well
undetstood and thar pertormance can be predicted in detad
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(91, (14], [17]. They provide the advantage of nonrcciprocal
amplification and can, in principle, give an increase n the
dynamic range of a long delay hine. However, they are not yet
sufficiently developed to make these advantages useful in refa-
tively low loss delay line filters rather than using external
amplificrs.  Onc applhication to acoustic convolvers with in-
ternal gamn looks very promising {20].

Acouslic convolvers have the great advantage in that it is
possible to obtain the convolution between a signal and a
reference consisting of another signal. This means that the de-
vice configuration is relatively simple and does not require
multiple taps. At the present time, devices with a large dy-
namic range, whose propertics are umiform over their length,
have been demonstrated i the laboratory and are beginming to
be tested in radar systems. Such devices have been used as
programmable matched filters in spread spectrum systems and
should receive wide application in this field, as well as to radar
systems (311, (74]

The convolver principle has been generalized to a wide range
of new applications. 1t has been shown that the same basic
configuration which involves the interaction between the semi-
conductor and a piezoelectric substrate can be employed for
scanming of optical devices [42]1-{47]. Because convolvers are
able to take transforms relatively simply, 1t 1s possible to ob-
tain Fourier transforms or other spatial transforms of opticat
mages and reconstruct them i a matched filter or a second
convolver [46), [47]. This techmque should, n the end, lcad
to two-dimensional scanming devices capable of yiwelding artu-
trary two-dimensional spatial transtorms of optical images.
There may also be umportant application to infrared unaging,
because of the wide range of sermiconductor materials that can
be cmployed in thais appheation, and because the type of
sensing involves uang the change in capacity of a junction or
depletion layer rather than a current readout,  This type of
sensing s noruadly nondestructive, 1.2, the image can be tead
over and over again

A tecent development is the storage correlator {32]-{40).
This device 1s capable of stonng a signal read mto it at rela-
tively lugh it 1ates, and then taking the correlation of this
stored signal with a later signal read mto 1t. Such devices have
already demonstrated storage tumes of up to 18 seconds at
relatively low Wit rates [34]. Other devices have demonstrated
stotage of nanosccond pulses, with stotage times of the order
of 100 ms [35}. There 1s good pronuse that two-dimensional
forms of these devices can be made with storage densities of
the order of 10° Wutsfem? at hagh input bit rates [37).
Fuithermore, because it as possible 1o mtegrate in these de-
vices, i.e., add several stored signats to cach other, a type of
holograplue storage 15 feasible.  This implies that, beeause of
the transform properties of conmvolvers, it should be possible to
store the sipnals i tamformed form, sather than directly,
thus makmyg properties of an mdwvidual element of the device
somewhat less entical than e a duect storage deviee.

Recently, the comvolver pnnciple has been wsed i tapped de-
lay haes and external mues and itegratons (€3 -[65],
168], [09]. Such convolvers have exeellent sensiinaty. An
appheation of these techigues i to the electronie tocusing
and maging of dulkh avowstic waves.  Thiy panaple has un-
pottant appheations it pondestructive testing, medical magng,
and sonat, and could be generabized for use m phased artay
radar, gh frequency acoustic imagimg, and focusag and scan-
mng of optical wages (o 7.
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The constructional techniques that have been developed are
useful not only for acoustic devices themsclves, but now it s
possitle to construct other types of senuconductor devices on
the semiconducting substrate [48]. By using either GaAs for
. acoustic devices or St with ZnO overlay, it should be possi-
ble to construct a wide range of acoustic amphficrs, oscillators,
and delay linc filters on the same substrate as the other semi-
conductor devices typically needed in a complete system.

It is apparent that acoustoclectric interactions in acoustic
surface wave devices have a wide range of apphications. Many
of the posstbilitics are described in this paper  As the devices
are developed, new ones will no doubt be found with apphca-
tion to radar, sonar, acoustic and optical image processing,
and to signal processing in communication systems.
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Study cf Acoustic Wave Resonance in Piezoelectric
PVF2 Film

LE N. BUI, HERBERT J. SHAW, FeLLOW, ILEE, AND LOUIS T. ZITELLL MEMBER, ILFE

Yo e L F R T

Abstract-Measutements have been made of the acoustic loss factor
and piezoelectric coupling coefficient of poled polyvinylidene fluoride
(PVF,) plastic polymer fitms which are of interest for high-frequency
ultrasonic applications. A theory for piezoelectric resonance in unsup-
ported films was developed for interpretation of the measuremenis.
Unloaded acoustic Q of approximately 14 has been observed at fre-
quencies of 41 and 21.5 MHz for films of 25 and 50u thickness,
respectively.

1. INTRODUCTION

T HAS BEEN shown by a number of authors {1], {2] that
polyvinylidene fluonde (PVF;)! polymer plastic films can
be rendered relatively strongly prezoelectric by a simple poling
process, opening the way to new possibilities for the design o,
inexpensive uitrasonic transducers. The piezoelectnic couphng
constant and the acoustic loss factor of PVF, were determined
by measurements of the components of the electrical imped-

ance about acoustic resonance. Film samples were approxi-
mately 25 y and SO p thick and had evaporated conducting
electrodes on the filim faces. The thickness dilatational vibra-
tion mode was employed, which s of interest for high-
frequency transducers.

We have found that the properties of PVF, lead 1o piezo-
electric resonance curves having different charactenstics than
those of the more faniiliar ceramic matenals such as PZT Asa
result, standard methods for measuring acoustic loss factor O
for the latter materials, involving the simple measurement of
series and parallel resonances, are not applicable to PVF,. We

Manuscript received August 16, 1976, revised December 20, 1976.
This work was supported by the Office of Navai Resgarch under Con-
tract N00014-75-C-0632.

The authors are with the W W. Hansen Laboratornes of Phy sics,
Stanford Unwearsity, Stanford, CA 94305.

1Sometimes referred to in the Yteratuie as (PVDI )

have developed the piezoelectnic resonator theory appropnate
for the ranges of piezoelectric couphng factor k? and acoustic
0 of PVF,, and have used a comparison of theoretical and ex-
perimental response curves in obtaning quantitative measure-
ments of these qualities.

II. THLORY

The theory of thin film nucrowave acoustic transducers for
volume wave excitation has been covered extensively in the
Iiterature [3], [4]. However, in thuse treatments, the acoustic
loss tn the transducer 1s assumed small enough to be neglected,
and the transducer element 1s considered in conjunction with
an acoustic substrate into which acoustic energy generated by
the transducer s radtated. He:e. we formulate a one-dimen-
stonal model ot a transducer including internal acoustic loss.
We work with acoustically unloaded transducers, without a
substrate. Using this model, quantitative predictions can be
made for Q and A} which can be checked experimentally
through simple impedance measurements,

We consider a piezoelectric resonator configuration consist-
ing of a plate o1 filin of prezoelectric matenal with conducting
electrodes on both faces. It can be made to vibrate in one or
more acoustic modes by appilication of a harmonic voltage
across the two electrodes. The lateral dimensions of the reso-
nator are assumed to be large compared to both its thickness
and the acoustic wavelength. The sample orientation 1s chosen
such that the resonator is excited n the thickness vibrational
mode only. We 4.suwr> (t ai the electrode layers are acousti-
cally thin. so as not to ivad the transducer

Using the piezoelectric equations, equations of motion, elec-
trical circunt equations, and boundary conditions, we derive
the plane wave piezoelectric impedance matnx for the resona-
tor Internal acoustic loss 1s accounted for by introducing, n
the expression for elastic stress. a term proportion to 15/Q.

Copyright © 1977 by The Institute of Flectnical and Flectronics Enginecss, Inc.
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Fig. 1. Charge integration techmque used to detect piezoelectricity in
poled PVF; films.

where § is the strain and Q is the acoustic Q of the piezoelec-
tric material defined as the ratio of acoustic energy stored to
the acoustic energy lost par radian, We then calculate the elec-
trical input impedance of the resonator, expressing the result
in terms of an equivalent electrical series circuit. Further de.
tails on the derivation are shown in the Appendix.

The electrical impedance curves for the resonator are strong
functions of @ in the vicinity of resonance, and curve fitting of
experimental impedance values with theoretical curves allows
determination of Q and the piezoelectric coupling constant k?
for the piezoelectric material, which is defined as the ratio of
electrical energy at the output to the total input mechanical
energy.

I1Il. EXPERIMENT

PVF; films exhibit relatively strong piezoelectricity when
stretched, polarized under a relatively high dc field £, at a
moderate temperature 7)., and then cooled to room tempera-
ture with the dc field on. The piezoelectricity obtained de-
pends on £, T, and the poling time. The origin of the piezo-
electricity is not yet fully understood, although it is thought
that the poling process increases true and/or polarization
charges 1n the film through three kinds of process, namely,
injection of homocharge from the electrode, dipole orientation
in the film, and true charge separation 1 the film.

For the present expcriments, we prepared samples by first
evaporating chrome-gold electrodes of ~1000 A thickness on
both surfaces of PVF, films. The masses of the Cr-Au elec-
trodes are 4% and 8% of the masses of the polymer filins with
thicknesses of 50 u and 25 g, respectively. The effects of these
mass loadings are to decrease the resonant frequencies shghtly;
however, in the quantities of primary interest to us, k? and Q,
these effects are small compared to the accuracy of measure-
ment. The films were used as received from the manufacturer
[5}, and were not subjected to additional stretching. They
were then poled using a dc field £, > 500 kV/cm for 2to 3 h
in an oil bath at elevated temperature 7> 80°C.

After poling, we use the integrating circuit shown in Fig. 1 to
test for the direct piezoelectric effect in the PVF, film. A
stress applied to the film gives rise to an open circuit voltage
across the electrodes on the film. Charge developed on the
electrodes 1s integrated by the curcuit shown and displayed as a
dc output voltage. While the device of Fig. | could be used to
measure piezoelectric constants quantitatively, we have not
carried out the necessary calibration procedures for using it 1n
this way. However, we find 1t useful as a qualitative check on
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§ k12 « 0012 ¢ 000!
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Fig. 2. Acoustically generated absolute electrical impedance of un-
loaded PVF, resonator (=25 um).
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Fig 3 Phase of electrical impedance of unloaded PVF; resonator
(=25 um).

the poling process. n all cases, the quantitative evaluation of
k} 15 carried out by means of electrical impedance measure-
ments, as described below.

Fig. 2-5 are examples of matched theoretical and experi-
mental curves of absulute value and phase of the electncal
input impedance as functions of frequency for poled films of
25 wand 50 u thickness.

1t 1s important that the parameters of the electrcal circuit,
namely, the lead inductance and the conduction loss of the
electrodes. be measured carefully and properly accounted for
before any comparison of theory and experiment 1s made.
Contact impedance may be larger than the transducer loss im-
pedance for resonators of moderate coupling constant. Values
of Q and k¥ obtained from these curves are shown 1n Table 1.

Since both Q and &} are unknown quantities to start with,
the direct curve fitting of expenimental impedance values with
theoretical curvey requires that one deals simultanzcusly with

two vanables Thus lengthy process of quantitatively deternun-

ing Q and A} 15 greatly facilitated if we use an approaimation
which allows us to obtam vne unknown independently of the
other Our one-dunensional model of a lossy resonator shows
that near resonance the ratio of the acoustic reactance X, to
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the acoustic resistance R, plotted as a function of frequency
normalized io the thickness resonance frequency ts a straght
hne. The acoustic Q can be readily determined tfrom the slope
of the straight line with  being equat to half the slope. Figs. 6
and 7 show that this method predicts a Q of 13.8, whereas all
the theortetical curves in Figs. 2-5 were computed with a @ of
14 for 25 & film wnd 13 for 50 1 um. The discrepancy be-
tween the two methods is less than six percent.

IV. Discussion

An absolute-adnuttance method, sometimes called the two-
frequency method, has been widely used for determumung the
properties of prezoelectric matenals  This method uses a paral
lel equivalent circwt for a prezoelectnie resonator descnbed by
Van Dyke [6] which cousists of the seties connection of an
inductance 1, a capacitance C, and a resistance R, an parallel
with a second capacttance Co. The scries resonance of the
resonator, which corresponds to maximum admittance, 1s
modeled by the tesonance of the LC crewt, while the pacallel
resonance, which conesponrds to minmmum admuttance, 15 mod
eled by the L, wreuit The populanty of the method stems
from 1ts sunplicity . where a complete evaluation of the equina
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TABLE 1
MEASURED ACOUSTIC PROPERTIES OF PFV; FiLM
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lent circuit constants requires only the measurement of the
manimum absolute admittance, the muumum «bsolute admst-
tance, the frequency of maximum absolute ndmittance, and
the frequency of mimimum absolute adnuttance. This method
1s lughly accurate for resonators of hagh @ (Q > 1000) and rel-
atively tugh QA7 product (50 > Qk? > 10) such as quartz.
Martin [7] has extended the range of this method to include
tesonators of moderately low Q (Q > 100) and moderately low
QA} product, (5 > @k > 1) such as barium titanate, by de-
nving a new set of equations that improve the aceuraey of
detetmtiing 1esonator parameters from the same four mea-

-87-




E 2 S Ppwa sber b 3o %

PP Lty B AE RS S G WA W fTaE LAY B0

334

IEEE TRANSACTIONS ON SONICS AND ULTRASONICS, VOL. SU.24, NO. §, SEPTEMBER 1977

TABLE U

sured quantities, However, PVF, has a lower QA7 product
(Qk} <0.25), and for this case we have found that the above
methods result in substantial errors in detetmning &3 and Q.

When first working with PVF, | with its Q unknown, we at-
tempted to use the two-frequency methods for wutial estimates
and encountered inconsistencies. After applying the curve fit-
tng process described above, it became apparent that the Ok}
range for PVF, hes outside of the appheable ranges of the two-
frequency methods. The quantitative errors which result from
applying the two-fiequency method to matenals of low Ok}
product are shown in Table 11

Since completing our work, we tind that Ohugashy [8] has
concurrently and independently made accurate measurements
of @ and k7 for PVF,. He has used the parallel equivatent
cireutt of the resonator |6}, but n contrast with the two.
frequency method, he carried out the measurment over a
large frequency range. He then varted the patameters R, L,
and Cy of the equvalent cireutt to obtan the best theoretical
fit ot the admittance cuive to the expenmental data pomts.
The  and &} were then obtained from the parameters of the
equivalent circuit,

Companng the parallel equivalent cireut with our senes eu-
cuit (described an the Appendin), they are found to give the
same theoretical fit to the expetimental PVFEy cunves, How-
ever, we believed the series model to be more comenent to
use because 1t ofters the possibility of deternuning Q indepen-
dently of &}, which s of value 1f these two quantities happen
to be unknown, as is usually the case with newly discovered
materuals.

Our measured values tor the couphing coetficient &, aie lesy
than the largest value reported [8] tor PVF,  which 1s 20 per-
cent. We believe this difference tesults from using lower poling
voltage and low poling temperature, This s consistent with
the fact that our A, for SO um film o shightly greater than that
obtained by Ohagashu, where our poling voltage was shightly
tugher.

We have consistently obtaned farger vatues ot Q than those
obtatned by Olugashi (14 as compared t09)  These vatues of
¢ are canstant for ditfferent samples and difterent thicknesses

Percent Krror
“<
Flezoelectric Q Qk" Original two-frequency Nodified two-l{requency
Materials method method ! "
k:‘ b
N Q ke Q
Quarte AN e Q % (Y <2
aatio, ! 1Y -1 BN -~ -
PIT-SA we ~ M -7 > 1
13N
‘/“\"\ 1 SN [I -1 1 4
My
Wy 1 <« e oy N ¢

One explanation is concerned with possible structural ditfes-
ences in the films. We used oriented films directly as received
from Kureha Co., while Olgashi started with unoriented
sheets and uniaxially stretched them, and the stietching condh-
tions may have been different.

APPENDIX
ANALYSIS OF AN UNLOADED AND LoSsy
PIEZORLECTRIC RFSONATOR

We give here a derivation of the sertes equivalent eircwt for a
tossy prezoelectne fiee resonator. We asswne that the lateral
dimenstons of the resonator are large compared to its thickness
so that a one-dimensional analysis can be made, and that the
electrode Layers are acoustically thin, so as not to load the res-
onator  We show e Fig. 8 the one-ditvenstonal resonator with
1ts assoctated electncal and acoustic vinables upon which our
denvation of the electrical series cquaalent cirewit are based
9] The equations necessary for e denvation of the equiva-
lent cucutta given below,

Pezoelectne Equations
Ir=cts ok (n
D=eSE+es N

Boundary Conditions

Fy= A0 (3}
F; =4 1.3 (1) (’”
ry, =v0) (5
ry ® l'(!). ((‘)
Avoustie Fqeasions .

Jr

F O (7
Jd2

Jdv

‘{_ = o8 )

-88- =

W




VeI

e, st 3 e

e

]

BUI efal.: RESONANCE IN PIEZOELECTRIC FILM

10 et

Vs
v * v{0) ——i //;/ﬂ]——-' vyeevit}
///

£, s-AT(0) —— 7

g Fyor ATIH)
P
1y v+ PARTICLE VELOCITY
F + FORCE
vy A+ ELECTRODE AREA

} « FILM THICKNESS
Fig. 8. Electrical and acoustic terminal variables of thin transducer.

The total current through the transducer is
I3 =jwAD. )

Since current is conserved, D must be uniform with z(3D/az =
0). The voltage across the transducer is

t
Vi =f Edz. (10)

We derive the plane wave equation for the lossy resonator by
modifying one of the two standard linear piezoelectric equa-
tions that relate stress T, displacement current D, strain S, and
electric field £. To account for internal acoustic losses, a new
term is added to the stress equation (1), which then becomes

T=cbS+jwns - ek av

where jwn represents acoustic damping [9]. From (2) we ex-
press E in terms of D and S. We substitute that result into
(11), which then becomes

D
7= +jom)S - 5 (12)
where
D_ b / el )
=cb (14 3
¢ ¢ \l ;‘p-e'g (13)

where ¢? 15 the stiffened elastic constant and e 1s the piezo-
electric coefficient. Next using the two acoustic equations, (7)
and (8), and (12), the tollowing wave equation for the medium
is obtained.

v wip
—~t—5——v=0 14)
0zt P +jwn (
where p 1s the density and v 1s the particle velocity. The above
equation has a complex wave propagation constant ¥ = a +j§
as expected for plane wave propagation tn a lossy medium.
Solutions to the wave equation are of the form

v=Acosyz +Bsinyz (15)
where
2
L) - ja)? =+ w p-— 6
Y =B - jo) Bt o (16)
-89~
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Assuming small acoustic losses
3.3
("’-——r-,," << 1)
¢
we find
wn
a=6 55 17)
o V2
53‘34:“)(;5) (18)

where §, is the wavenumber in the lossless case. The acoustic
Q of the lossy resonator can be conveniently expressed in teris
terms of the attenuation constant & and the propagation con-
stant § as

B _cP
=-2-&=;;?. 19

We solve the wave equation in terms of the particle velocities
v, and vy using vhe boundary conditions of continuity of ve-
locity (5) and (6) and obtain

vy siny(f-2)- vy sinyz
v= -

o
sin ¢ (20)

We substitute (20) back into (8), (12), and the two boundary
conditions of continuity of force (3). (4). One can character-
wze the acoustic resonator as a three-port network by express-
ng the two acoustic port variables /'y, &y, and the electrical
voitage ¥, in terms of vy, vy, and /.

The electroacoustic properties of the piezoelectrie transducer
can then be described by the following 3 X 3 matrix:

™ 7] B K7
F, Beothyt Beschyt — ™
w
. , h
Fyl=-j [Beschyt Beothyr — vy (1)
W
h h |
Vs - - s 1y
- LW o) w( o) L J

where B = AZo(1 + 11/ )k = e/e¥ 15 the prezoclectine
constant, Gy = eS4 {t1s the clamped capacitance of the pwezo-
electric transducer, and Z, = (c”B)/w 15 the acoustic imped-
ance. The impedance matnx of (21) teduces to the more fa-
muhar lossless case iff we set a equal to rero, The above
unpedance matrix enables us to determne the electucal equiv-
alent circuit of any lossy transducer by sotving for 1y /7y with
the appropuiate acoustte termmations &, and F 1t the tians-
ducer is loaded on both sides, then &, and &, take on tinte
values that are proportional to the acoustic impedunces ot
thewr respective loads {3]  In our case where we are working
with unloaded tansducets, we set & = F; = 0 and solve to
the electncal wmapedance Zy = 13 /1. We express coth 3¢ and
¢sch 2 an terms of cosh az, cos fr, sinh af and cos g, with
related to g and @ through (19). We expand cosh ar and sin
sinh af to the first order of az - The results show that the elee
trical behavior of a free prezoelectnie resonator can be charae
tenzed by a creurt consisting of the total electiode capacs
tance Co i sentes with an scoustic loss resistance R and an
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acoustic reactance X,;. The expressions for R, and X, are

R, =R, ( )H,(e) (22)
= ( ) Hq(0) (23)
_8¢ 0
uuwoCO W: (24)
6 +sin @
H¢(9)= ) 0 "2( STB) 0 2 g 8
16Q ((H(Zé))cos 5+(:46) sin 5—)
(25)
n ( in 0 -——2)
Ho(8) = L 40

(26)
o\ 0 6\ 2 0
8Q ((l (40) )cos' 3 + (;§> sin? )

where k3 = (e3;3)/(cPe33), 0 = m(w/wp) is the normalized fre-
quency, and wo = (n/t)(c/p)"/? is the half-wave resonant fre-
quency. Both R, and X, are functions of frequency and of
the acoustic Q of the piezoelectric material. R, attains its
maximum value near the center frequency f,, while X, be-
comes negative for a frequency greater than fy and positive for
a frequency less than f,.

All of our impedance measurements were done at room tem-.
perature using a Hewlett-Packard model 4815-A RF vector

impedance meter. The total electrode capacitance Cy was
determined from measurements at frequencies far from reso-
nance. Next, the coupling constant k? and the quality factor
Q were used as adjustable parameters to get the best thecreti-
cal curve fit to the experimental data points. This process of
choosing two variables at the same time is tedious. Examina.
tion of the behavior of the resonator near resonance offers us a
new method for determining Q independently of k3. In (26),
0/(4Q%) is negligible with respect to sin . We take the ratio of
X, to R, and expand it around resonance:

Xa =20 sin ¢

R, 6 +sin 0
where 0 = (1 +8). Thus Q can be conveniently determined
from the slope of the ratio of X, to R, near resonance.
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EXPERIMENTAL BROADBAND
ULTRASONIC TRANSDUCERS USING PVF,
PIEZOELECTRIC FILM

Indexing terms: Piezaelectric tranvducers, Thin-plm detices

Broadband ultrasonic transducers using PVF, piczoelectric
plastics films, combining efficient transduction with extremely
wide and umiform passbands. have been fabricated using very
simple procedures without any critical tolerances. Frequency
spectra of impulsed transducers using films of 25 and SO um
thickness, centred at 10 and 5 MHz, respectinely, are shown,

Imtroduction: Broadband ultrasonic transducers are important
for a variety of purposes, including signal processing where
large bandwidth is needed for high data rates, time-domain
spectrometry where large bandwidth is needed to handle
short pulses, and ultrasonic imaging where operation over a
range of frequencies 15 necessary for obtarring  optimum
response from a variety of objects. We find that very
broadband transducers can te casily constructed using poled
PVF, films,"? using procedures which are much simpler
than those involved in the construction of standard types
using pz.t, ceramic clements. and having bandpass charac-
teristics which are broader and more uniform than com-
mercial p.z.t. transducers.

Descriprion of experimenal transducers, The new transducers
were formed by epoay boading a small piecce of poled PVE,
film to a brass rod. A shetch of a ypical unit is shown
in Fig, 1a. The brass rod serves as an acoustic backing, winch
acoustically loads the back side of the PVF, film, as well as
providing mechamcal support for the film The brass rods for
the present transducers are 25-4 mm i dinmeter, of arbitrary
length and serve as a comenent handle tor holding and
rositioning the transducer, Available tansducer thicknesses
of both 25 and 50 gm were used to radiate rectungular acoustic
beams of the appronimaie dimensions 6:4 192 mm. The
chowce  of the rectanguliar  shape  in this  case  was
arbrtrary and a change to any other shape would 1epresent
only a tivial moditication.

Measured transducaer characteristics Eapermmental models of
the above transducers have been operated in water, v both
reflection and transnussion modes, to determine bandwudih
and msertion 1oss. T this operation, the device of Fig. ta n
simply submerged directly i the watter tank, without any
covering over the PVE, surfice. Passband  characteristics
were determined by aimpubsing the transnutung transducer,
and observing the ouiput of the recenmg transducer on a
spectrum anmalyser. In o the transmission  maode,  separate
transducers were wsed for transmitting and receiving with
sufticiently  close spacing (254 mm) 10 aword eitects of
difftaction and water attenuaton. In the retlection mode,
a single transducer performed as  both  transnutter  and
receiver, with the acoustic beam refiected fram a glass surface
located 12.7mm from the nandueer,

guid M epany bond

‘ rmkr\m:‘ f brass rod
diameter

oA X L 25 4mm

rectangukar

FVE, him a

SN 10 2
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Fig 1 System for spectrum anah sis of echoes in water

@ Sohematic ot PVE tramdue
& Bhah drapram of wstem
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A block diagram of the eaperimental sewp is shown in
Fig. 156 for transmission-mode measurements. The system uses
a standard Panametrics Model 5052 PR unit which delivers
a very short electrical pulse to energise the transmitting
transducer. The spectrum of the excitation pulse was observed
on the spectrum analyser and found to be essentially flat
between d.c. and 20 MHz. An electronic gate selects the
desired echo from the output of the receiving transducer,
separating it from the direct electromagnetic feedthrough
pulse and other pulses in the multiply reflected acoustic
pulse train. The selected echo is amplified and, along with the
gate pulse, displayed on a 2-channel oscilloscope. and the
spectrum of the echo is displayed on a spectrum analyser.

The spectra of the first echo for various transducers are
shown in Fig, 2. The spectrum of a commercil 14 MH2
transducer (Fig. 2a) is shown for purposes of comparison,
The response of the 25 g PVF, transducers (Fig, 28) is essen-
tinlly flat from zero frequency to 20 MHz. The response of
the 50 um PVF, transducers (Fig. 20) is flat within 1048
from 1 to 10 MHz, These are ‘round-trip® spectra, 1€, the
spectrd of the pulses after experiencing two transductions,
The round-trip insertion loss has the same order of magniude
as the commercial p.z.t. unit of Fig, 2a,

The lateral dimensions of the PVE, films are Luge com-
pared with their thickness, so that the tilms vibiate m the
thickness extensional mode. However, the observed thichness
resonance frequencies correspond appronimately to quarter-
wine film thickness, rather than halfwave thickness as tor
unloaded PVE, resonatons, ' * because the impedance ot the
backing materal is greater than hat of the transdueer. The
rato of the acoustic impedance of the brass backing to that
of PVE, v approviniately 11, and a ratio greater than about
L4 is sullicient o shuft the resonance frequency down to the
vicmity of the quarter-wave frequency.® The quarter-wine
frequencies cannot be obtained accurately fiom the spectra
of Fig. 2 because the thickness of the adhesne bond 18 not
accurately hnown, However, 1t is comparible to that of the
PVFE, film, and, in any event, its effect would be to shift the
resonance frequeney further downward, to less than half the
frequencies of unloaded films, and this s conaistent with the
results of Fig. 2.

Fig. 2 Measwed transducer charactenstics

@ Spectium of pz t tamsducet

A Spectium of 2% am PV tansdwear

o« Spevirum ot S0 PAVEy tranvducet

o Tmpadse 1esponse of Waem PV L tanwlucet

Analysis of the transient response of a transducet may be
based on the assumption that, o an electnical mpuise 1
applied, four vltrasomic pulses are geactated, two at cach
face.® For cach of these thvo pans of attess waves, one of the
wanes tanvels into the tamvducet and the other tavels mito
aither the water toading o the backing medium (b, B
Uhe resulting two pubes wathin the ttansducer traved back-
wards and forwards and are teflected and tansnutted at the
transducer faces The degree of reflection depends on the
chatacterntie ipedances of the tansducer, the toadig and
the baching medinm, With owr tamsducer contiguration of
brass PVE, water, the pubse geactated at the PVE G wata
wterface and tanveting wto the tansducer v approvmiatel
ten ames larger w magmtude than the corresponding pube
generated at the brass PVE, nterface (bevause ot the agh
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impedance of brass relative to PVF,). Thus the output stress
consists essentially of two stress waves, one launched from the
front face directly into the water and the other Jaunched from
the front face into the backing and reflected from the back
face into the water. The Jatter wave suffers little reflection at
the PVF,-water interface, because the acoustic impedances
of PVF, and water are relatively close. The two stress waves
arc scparated by the round-trip time in the transducer, This
pair of stress waves is detected by a second transducer of the
same thickness as the transmitting transducer as & bipolar
pulse (Fig. 2d). The fact that the detected pulse is approxi-
mately bipolar indicates that acoustic energy generated
within the PVF, transducer is efficiently coupled to water,
Had it been otherwise, the detected pulse would have many
cycles, owing to multiple reflections inside the transducer.

trass PVFy water
PRs _ PRy
*-— —e
ﬂ Rg Ry Rue Rt
PRy @Ry
Ry+ Rgp Rr « Rw
Ry 24086 Ry 335 Ryz15

Fig. 3 Physical interpretation of response of piezoelactric
transducer to electrical-impulse input

&« stress funil input valtage
R relatve characterishe acowtic impedunce

This is consistent with other measuremsnis®* made on
PVF,, which show that the acoustic impedance of PVF, is
close to that of water, as shown in Fig. 3. This is important
in providing the clean pulse shown in Fig. 24, i contributing
to the very broad bandwidth of the transducer and in com-
vensating for the lower piezoclectric coupling coefficient of
PVF, compared with that of p.z.t., thus maintaining high
transducer efficiency.
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Correlation with the storage convoliver*

P. G. Borden and G. S. Kino

Stanford Unversity, Stanford, California. 94305
(Received 28 June 1976)

A p-n junction type storage convolver has been used to correlate FM chirps with time-bandwidth
products of approximately 90, and to correlate echoes from an acoustic A-scan system which have been

badly distorted by the source transducer.

PACS numbers: 43.60.+d, 43.85.+f, 72.50 +b

Recently, it has been suggested by Stern! that the
storage correlator based on the acoustic surface wave
convolver could be used to remove the inherent distor-
tions in a radar system. When a radar emits a coded
waveform and the reflected echo is correlated with the
origina) reference code, good correlation is only ob-
ta.ned if the emitted waveform is not distorted by the
system or the medium through which it passes. Thus,
with the development of more sophisticated systems
with large time -bandwidth products, the requirement on
the radar system itself becomes very scvere, as do the
requirenments on the lack of signal dictortion along the
path of the radar beam. Similar problems occur in
acoustic pulse echo systems used in medical imaging,
sonar, and nondestructive testing, where distortions
due to the acoustic transducers and the medium itself
can be severe.

In this paper we describe an experiment using a stor-
age correlator to remove the worst errors of this type.
We employed an acoustic transducer to emut an FM
chirp which was reflected from a plastic plate in a
water tank. The reflected echo was used as a reference
stored in the storage correlator A later echo was then
correlated with the reference echo. Thus, both echoes

527 Applied Physics Letters, Vol 29, No 9. 1 November 1976
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suffered the same distortion and a reasonable correla-
tion peak could be obtained

Our experiment employed the V-groove isolated p-n
junction mesa diode array airgap convolver described
by Joly.® When this device is used as a storage corre-
lator, the V-groove isolation technique allows a small
separation between diodes (4 um) without sacrificing
isolation between adjacent diodes.

Several modes of storage correlator operation have
been previously described. = In the present case, a
charge pattern is written into the diode array through
the nonlinear interaction of an rf signal applied to the
diode array top piate (T) and the electric fields asso-
ciated with a short acoustic pulse injected on the inter-
digital transducer (L) which travels along the delay
line, as illustrated schematically in Fig, 2, After the
storage interval, by applying an rf signal to the top
plate (T), the convolution ot this signal with the stored
signal is obtained at the or ginal 1mput port, and the
correlation of the two signals at the other acoustic
port. In the present case. one transducer 1s used for a
short input storage pulse, and the other for readout.
In general, the output will be the correlation of the
second top plate input signal and the stored signal

Copyright © 1976 Amenican Institute of Physics 527
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FIG. 1. Correlation peak obtained with two G-psec-long
15-MHz BW chirps. Horizontal scale: 100 nsec/div,

Typical input ievels are 25 dBm at the acoustic port,
and 60 V p-p at 98 MHz between the top plate and
ground, The half-height storage time is 8 msec.

In a demonstration of high-frequency broadband
linear FM chirp compression, the acoustic input was a
50-nsec 98-MHz pulse and the top plate signals were
two 6-usec-long 15-MHz (90—105 MHz) chirps spaced
200 usec apart. The chirp bandwidth was limited by the
bandwidth of the top plate matching network; the leugth
limit was the acoustic length of the diode array.

Figure 1 shows the correlation peak obtained. The
full width at half-maximum is less than 80 nsec, corre-
sponding to a compression ratio of better than 75, This
favorably compares to the time ~bandwidth product of
(6 usec)x (15 MHz)=90.

A practical application of this pulse compression
technique is the elimination of resolution deterioration
due to poor transducer response 1n a pulse echo system.
To demonstrate this, a 3.25-MHz-center-frequency
2.5-MHz-bandwidth PZT transducer was placed 16 cm
from a plastic block 1h a water tank, as itlustrated in
Fig. 2. The transducer was pulsed with a constant=~
amplitude linear FM chirp. A 6-usec-long 2.5-MHz

WATER TANK
\~ REFLECTING
PLATE ECHOES
FROM FRONT
~ U
ACOUSTIC
TRANSOUCER
A 325 MMz CENTER
.‘_/'L- FREQUENCY
CORRELATED
D-)—“ ouTPYT
CHIRP
GENERATOR -)*-

AMPLIFIER
Il STORAGE DEVICE

STORAGE PULSE AT L
TIME OF FIRSY ECHO

FIG. 2, Schematie of tie acoustie pulse echo system,
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GOOD TRANSDUCER POOR TRANSDUCER

{Q) CORRELATION PEAK

{C) FIRST REFLECTION
S . "™

400nsec/div—e b
2MHZ  4.5MH2

(b) IMPULSE RESPONSE (d) CORRELATION PEAK

tpsec/dwv — k-

(e) IMPULSE RESPONSE

FIG. 3. Pulse echo experument results vith both goad and poor
transducers.

segment of the first reflected pulse from the plastic
block was gated, mixed with 98 MHz, and stored iu the
correlator (see Fig. 2), The gate to the top plate was
then reopened to atlow correlation of a second echo
pulse with the stored first reflected pulse. This second
echo was the triple transit signal returnng frowm the
plastic block, reflected from the transducer face, and
reflected a second time from the plastic block. The
second echo was obtained approximately 210 nsec after
the first cne used as the stored reference.

Figures 3(a) and 3(b) show the correlation peak and,
for comparison, the impulse response of the transducer.
The width of the correlation peak corresponds to a com-
pressien ratio of 9, compared with the TB hmit of 15, :

The same expernnent was tried a second tune with a
poor-quality transducer that extubited severe ringing
mnats impulse response. Figures 3(¢)—=3(e) show the
first reflected pulse, correlation peak, and transducer
impulse response, respectively  The correlation peak
width was essentially the same as that obtained with the
ortginal gh-quahty {ransducer This imdicates that the
resolution of the pulse echo system employing the stor-
age correlator s much mmproved over that which could
normally be obtarned with 3 poor -quakhity transducer that
severely distorts the original wput signal,

The authors wish to thank J. Fraser for hus help i
sething up the rccustic vulse echo svstem
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SUPERCONDUCTIVE TUNNELING INTO NIOBIUM-TIN THIN FILMS*
D.F. Moore
Department of Applied Physics, Stanford University, Stanford, CA 94305, U.S.A.
J.M. Rowell
Department of Applied Physics, Stanford University, Stanford, CA 94305, U.S.A.

and

Beli Laboratories, Murray Hill, NJ 0794, US.A

and

M.R. Beasley
Departments of Applied Physics and Electrical Engineering, Stanford University, Stanford, CA 94305, U.S.A.
(Received 2 April 1976 by H. Suhl)

Oxide-layer tunnel junctions exhibiting both quasi-particle and Josephson
tunneling were produced by overlaying lead on niobium—tin thin films.
The superconducting transition temperature and average energy gap of the
Nb—Sn both increased as the tin concentration was increased toward NbsSn
and reached maximum values of 17.2 K and 3.2 meV, respectively, or

28 = 43kT,.

THE TECHNOLOGICAL IMPORTANCE of the AlS-
type superconductors, and their high transition tem-
peratures and interesting lattice softening at low tem-
peratures, has long made them intriguing candidates for
superconductive tunneling studies. However, previous
efforts to make both point contacts® and oxide-layer
junctions? ™5 have often resulted 1n less-than ideal
tunneling characterstics. Only in the point contact
measurements of Levinstein and Kunzler,! the prox.
imity effect measurement of Bacon and Haemmerle?
and the oxide tunneling of Shen® was the energy gap
24 equal to or greater than the BCS value of 3.52kT.,.
In many other cases (references 4—6 and references
therein) very small energy gaps were observed, typically
~ 1.5kT,. We report here greatly improved oxide-layer

tunnel junctions on thin films of niobum—tin (Nb—Sn).

Both well-defined energy gaps and clear Josephson
tunneling are obtained. We give a brief description of
our results, including a study of the dependence of the
energy gap of Nb—Sn on composition in the vicinity of
stoichiometry. The gap is ~ 4.3 kT, suggesting that

* Work at Stanfc-d supported by the National Science
Foundation through the Center for Materials Research
at Stanford University, by the Joint Services Electronics
Program, and by the Air Force Office of Scientific
Research, Air Force Systems Command, USAF, under
Grant No. AFOSR 73-2435.

t Permanent address.

these films have much cleaner surfaces than any samples
available previously.

The films under study are produced for us by
Hammond, Zubeck, and Hallak, using the dual electron
beam codeposition technique developed by Hammond.”
The films are deposited on sapphire substrates held at
700-800°C, a temperature sufficien* for the formation
of well-reacted dense Nb,Sn. A set of substrates along
a line in the plane of the Nb and Sn sources gives a
series of samples with a spread of composition from one
deposition. The substrates were masked to produce a
film ~ 0.5 mm wide. As the deposition rate is ~ 100 A/
sec, it 1s important to maintain uniformity of deposition
within the last second of the run. For example, 0.5 sec
of excess Sn deposition would seriously affect the
tunneling characteristic, which is sensitive to material
only within a coherence length (~ 50 A) of the surface.
The deposit was terminated by moving 2 shutter very
rapidly in front of the substrates. After the system was
cool (~ 30 min at 2 x 10™®torr), it was vented with
nitrogen. The film thickness ranged from 0.06 to 1.25 um.
Electron micrographs show a smooth surface at 10,000
x with the exception of the thicker films in the tin rich
region.

The tunnel junctions are produced by exposure of
the freshly deposited Nb—Sn to air and deposition of
a lead counterelectrode. In general, the best current—
voltage (/- V) charactenstics are obtained for ox:dation
tumes of thirty minutes or less. Two examples are shown
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30( {a)
JUNCTION #29-1
TEMPERATURE 4.2K
20+
1oF
- Ol
2 VOLTAGE (mV]
”»
E
3
x JUNCTION # 29-3 (b}
§ TEMPERATURE 1.5K

2
VOLTAGE (mV)

Fig. 1. Typical /- characteristics of juncticns on
electron beam produced films. The “1” indicates the
rise in current at Ayp—gn + Apy, at 4.5 and 4.2 mV in
(a) and (b), respectively,

in Fig. 1. In Fig. 1(a) the full /--V characteristic at
4.2°K for a low resistance junction is shown. The strong
rise in the current at the sum of the en21gy gaps,
Anp,sn + Apy {taken 1o be the point of maximum
derivative in /-V), is evident. For this junction the
ratio of the currents flowing just above and below the
rise at Any gn + Apyp is more than ten, at least five
times better than previously reported. The expanded
curve reveals clearly the Josephson tunnel current and
the cusp at Anp sn — Apy- The maximum Josephson
current is self-limited because the junctions are long
compared with the Josephson penetration depth.

Figure 1(b) shows the I-V characteristic at low
temperature of another junction from the same deposi-
tion but with slightly different composition. Prominent
features here are Josephson tunneling with Fiske steps
and, when the supercurrent is reduced by application of
a magnetic field, a rise in the current at a voltage corres-
ponding to Apy,. For the better junctions such as these,
the rise at Apy, is strong and may indicate a small but
finite density of electron states within the gap of the
Nb—Sn. Many junctions exhibit a smaller inflection at
Ap, which is accompanied by subharmonic structure at
Apy/n, where n =2, 3,4 ... . In these cases the inter-
pretation is less certain.

The I-V characteristics of these low resistance
junctions were not explored at large voltages because
the excessive bias currents required cause heating at the
contacts. Longer oxidation times lead to higher junction
resistances but also, unfortunately, to more conduction

Vol. 20; No. 4

below the gap and an increasing amount of curvature
(dZ/dV increasing with V) above Ayp—gn + Apy. After
several days’ oxidation in air the I-V characteristic is
continuously curving, and it is difficult even to determine
the energy gap. Junctions made by briefly heating the
films in air, or by exposure to air of high humidity, also
exhibit this curvature, which seems to be characteristic
of thicker oxides. This behavior may result from the
formation of metallic particles (Sn or Nb) within the
mixed oxide.® This difficulty has precluded a detailed
study of the observed structure in the electron density
of states in the Nb3Sn due to phonons, but this will be
possible with a smaller junction geometry.

The use of the codeposition technique in the
phase-spread configuraticn lends itself ideally to a study
of Axp—gn 35 a function of film composition. Some
typical results are shown in Fig. 2. The charactesistics
have been normalized to have the same differential

NORMALIZED CURRENT-VOLTAGE CHARACTERISTICS
FROM DEPOSITION #135

21% Sn

23 % Sn
e Sy

4! 7
29% Sn

135 mv /ﬂ?mv

x 10 / ImQd

CURRENT

i ? 3 R S
VOLTAGE ACROSS JUNCTION {mV)

(o4

Fig. 2. Variation of characteristics with composition.
Six junctions from twenty-four on a phase spread illus-
trating the variation of Ayy..gn + Apy, (indicated by
arrow) with composition.

conductance at large bias voltages, and displaced verti-
cally for clarity. The quality of the /—V curves shown
in this figuse is not as good as those shown in Fig. 1,
reflecting their larger tunneling resistances. The major
difference is the marked excess tunneling current below
the gap, as mentioned above. Josephson tunneling is
still evident, however, in most cases. The expanded
region for the 23% Sn curve shows an example of the
structure usually associated with the inflexion at Ap,
and its subharmonics.

The Nb—Sn energy gap values obtained from Fig. 2
(after subtracting the known gap for lead) and from five
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Fig. 3. Variation of Nb--Sn energy gaps with composition.

other depositions are plotted in Fig. 3. Although certain
peculiarities are evident, the general behavior is clear,
Anp—sn increases smoothly with increasing tin composi-
tion from 19 at. % Sn through stoichiometry to about

29 at. % Sn where it levels off at a maximum value of
about 3.2 meV and generally stays above 3.0meV, at
least up to 33 at.% Sn. The composition of the films

was established at one point on each substrate by micro-
probe analysis augumented by Rutherford Backscattering
studies, and the relative compositions are believed to be
good to  1at.%. The absolute values are only * 2at.%.°
The transition temperature measured inductively*®
behaves in a similar manner, increasing to a maximum of
17.3 and 17.1°K for the thick and thin films, respect-
ively. The ratio 2Ayy, sn /KT is 4.3 near stoichiometry,
where both Any—g, and 7, have their maximum values,
indicating strong electron—phonon coupling.
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The first peculiarity of Fig. 3 is that there are
differences in the niobium-rich region although the
variation of Ayy—gn With composition is similar for all
depositions. Taken at face value the data suggests a
systematic difference between the thick and thin films,
but the significance of this fact is not clear. Moreover,
there are possible differences in the state of strain,
crystalographic orientation!? and composition right at
the surface of the films,

Depositions No. 82 and No. 99 show a precipitous
drop in the observed Ayy,—gn as the tin concentration is
increased above 29 at. %. Individual junctions in the
transition region show rises in the tunneling current
corresponding to Ayy—gs both 3.0 and 0.7 meV, This
occasional behavior, where the surface is bad but the
bulk T, remains high, certainly seems to be associated
with the onset of a two phase region above
29 at. % Sn?2-13 But whether the low gap represents
disorder or a phase separation toward the surface is not
clear on the basis of present data.

In conclusion we find that oxide-layer tunnel
junctions made on electron beam evaporated Nb—Sn are
superior to those obtained previously by any means, The
surface properties of these Nb—Sn films are quite
reproducible, vary in a regular manner, and appear to
reflect the bulk superconductivity of the films. This has
made possible a study of the gap as a function of com-
position, and holds the promise of further detailed
studies of the electronic properties of this important
superconductor,
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HORIZONTAL SHEAR SURFACE WAVES ON
CORRUGATED SURFACES

tndexing termn: Acountic surface wates. Acounsnic wat e propaga
tion

Experiments have been performed on horizontal shear surface-
wave propagation along a corrugated sutface. The results
are in agreement with approximate theories used 1n analogous
electromagnetic problems.

lmroduction: A well known problem in electromagnetism
concerns the propagation of a TM-type surface wave along an
infinite corrugated surface.! =® The inset to Fig. ! illustrates
this structure for a substrate with finite thickness. In the
electromagnetic case, the shaded region represents an
isotropic  dielectric with electrical-short-circuit boundary
conditions on the corrugated and bottom surfaces. The
structure is uniform along the A direction.

This problem provides a good example of the generation
of solutions to new acoustics problems by wtilising the analogy
between Maxwell's equations and the acoustic-field equa-
tions.” In the electromagnetic problem considered here, the
x component of the magnetic field satisfics the 2-dimensional
wiave equation subject to boundary conditions requiring that
the normal derivative of H, be zero on all surfaces. The
acoustic variable analogous to H, is the \ component of
particle displacement velocity, which satisfies the ordinary
wave equation in 2-dimensional isotropic problems of the kind
considered here. At traction-free boundaries parallel to the
v-axis, the normal derivative of v, is required to be zero.
This shows that the electromagnetic problem has an exact
acoustic analogue in which the inset to Fig. I represents a
free 1sotropic elastic plate with « uniform grating of slots cut
into the upper surface. The known electromagnetic-surface-
wave solution is therefore directly applicable to this new
problem.

The acoustic analogue solution generated in this way
represents @ new type of horizontal shear surface wave.
Although most surface-acoustic-wave research has been

650

concerned with Rayleigh waves, horizontally polarised sur-
face waves are not unknown. Such waves exist on piezoelectric
and magnetostrictive substrates, and also on layered isotropic
substrates (Love waves). The waves considered here are
unique in that they have a propagation velocity that is much
slower than the bulk-shear-wave velocity and they also
exhibit an upper cutofl frequency. These properties suggest
potential applications in the areas of compact long delay
lines and grating filters. It should be noted that these new
surface waves require the presence of the corrugations and
do not exist on a smooth surface, as Rayleigh surface waves

do.
y
d
"I‘ f ELT' h L
/ A z , ’
7
% e
bulk shear
[ h/d+0.5 A wave curve
kd

m/2 —

20

I

0/4
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— 874 1 Q.76
8/ +0.20

! .

n/e "

Bod
Fig. 1 Theoretical dispersion curves for horizontal shear-wave
propagatien on corrugated surface
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Method of solution: Detailed treatments of the analysis are
given in the electromagnetic references cited. Following
Floquet's theorem, one expands the field for y < 0 in terms
of ‘spatial harmionics' exp(flo + 2anfd)z. Inside the tecth
(» > 0) the fields are expanded in terms of SH plate modes.
Using an app.-oximate method, we assume that only the
dominant SH mode exists in the teeth and match the stress
component T,, on the planc y = 0 by Fourier analysis.>
For the continuity condition on ¢, at the same plane, cither
matching of the field at the midpoints of the slots® or
matching the complex power flow* is used. This leads to the
dispersion relations

N DT BN 1 si:_tﬁ.d/})*
khtankh  d W27, ahtanha, D f.002

[ 1, midpoint matching
it =

2, power-flow matching
fom fotdnnld, k = wfV,, a,t = B,3-4k?

-—
o N stots »
y
- 33mm ++ 0/ 4.56, N+80 S
r
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s 0007441824, Nri0 )
\“‘yw:’“ cv 0/de 4,56, N'“O)/
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-~ hd s w/2

i

frequency, MHz

d* 0635mm
hd+08 8/410.76
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Fig. 2 Companson of theory and sxperment for 0 152 x0 318

mm slots

Inthe N X0 case, only a lew of the observed tesonance frequensics are shown
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Fig. 3 Cempanson of theory and expenment for 0 152 x1 27

mm slots
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Over the range of parameters used experimentally we
have found little difference between g = 1 and 4 = 2, and the
second value was used. Fig. 1 shows typical curves for a finite
substrate thickness D, with the surface-wave solution below
the broken diagonal and thickness modes for one value of
above the diagonal,

Results and discussion. The dispersion curves were measured
by observing in transmission the resonance frequencies of a
section of corrugated surface with traction-free ends (Figs.
2 and 3). Fabrication of the grating resonators was uccom-
phshed by sawing 0-152mm slots in aluminium plate. The
measurements were performed using a frequency synthe-
siser and  pzt-SA  thickness shear input and output
transducers affixed with Dow Resin 276-V9. The trans-
ducers were 0-864 mm thick and had a 25-4 mm horizontal
aperture.

Surface-wave resonances occur at frequencies where the
grating is an integral number of half wavelengths long. In an
A -slot grating this means that

fod = pr/N

where pis an integer. Measurements were made by observing
the transmission resonances and counting back to zero to
determine the mode index p. Results for various values of the
parameters are plotted and  compared  with  theoretical
curves in Figs. 2 and 3, 1t is seen in Fig. 2 that the results
are not sensitive to the luteral width of the grating. For the
narrow  grating, rubber dampers were placed along the
grating cdges to suppress diffiaction effects. The experi-
mentd points above the broken diagonal correspond to tha
thickness modes shown i Fig. 1. These spurious responses
create o problem in perfornung measurements near the
surface-wave cutoll frequency. Comparison of the Ad = n/2
points in Figs. 2 and 3 shows that the deeper slots give a
greatly increased amount of wave stowing. A higher-order
surface witve also appears i this case.

Because the polarisation of the surface wave is shear
horizontal, there is no scattering from the surfiuce mode into
the thickness modes at the traction-free end faces of the
resonitor, contrary to the case of Rayleigh surfuce-wave
reflections. However, the kind of transducer used does excite
both types of modes. Although spurious-mode excitation can
be somewhat reduced by careful placement of the transducer
and by damping the lower surface of the plate, mode inter-
ference remnins a problem in frequency regions where the
two mode types overlap. This s clearly shown in Fig. 3,
where the accuracy of the measurements deteriorates at the
higher frequencies, but this can be avorded by using a smaller
vitlue of D to increase the thickness-mode frequencies.

The principal problems to be resolved in further study
and exploitation of these wines are the development of
suitable transducers and of techniques for fabricating narrow
deep slots with smaller dimensions suitable for higher-
frequency operation. Interdigital transducers® and orientation-
dependent etching® are possible solutions to be examined.
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PYROELECTRIC VIDICONS WITH IMPROVED
READOUT

Indevie rermy Pruoelecinn decees, Televvaon camera tibes

The performance of 4 television camera uning a prrovectie
Vidicon has been improved by the use of lybach gas pedestal
rencration and a lowerelatne-pernnttin iy targel matenial

Pyroclectric Vidicons provide televisionscompatible thermal
images relatively cheaply and without the need for cooling,
The performance of tubes described carlier! was limited by
incomplete discharge of the pyroclectric target by the electron
beam. The readout efficiency is goserned by the magmitude
of the positive swing of the target potentinl between scans
(the pedestal’ levell.? I a gas-filled tube thin potential
excursion is obtained by colicchion ol positine 100y on the
target surface, the 1ons baing generated by collisioms of the
clectron beim with the gas i the space between mesh and
target. The ditficulty encountered was that increasmg the beam
to raise the pedestal level caused defocusing. emphasised
targer defects and ginve poor shading.

The deselopment desenibed here allows the pedestal level
10 be set independently of the readowt beam, This s done by
generating most of the pedestal during the line-flyback period
The normal posttive-going blanking pulses on the cathode
present electrons from reaching the target durmg Ayback
Gas 1ons ¢can still do so, however, and concurrent positive
pulses applied to the control grid are used o mctease the
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beam current and so gencrate a large pedestal in this time.
{f necessary, additional pedestal can be obtained by lengthening
the flyback time. Typical tubes, with a fiyback time of 10 us,
provide an equivalent mean pedestal current of 30nA. On
an 18 mm-diameter target, fully scanned by a 4x 3 raster,
the corresponding instantaneous pedestal current is about
60 nA,

The readout efficiency. being a function of the potentinl
swing on the target, can also be¢ improved by substituting
far TGS, the pyroelectric previously used, a material having
lower relative permittivity, The deuterated isomorph of TGS
s favoured, as it has a relative permittivity at 35°C (the
o wrating temperature in the camera) equal to 24, ¢ .m-
pared with 76 for TGS.*

Measurements, shown in Fig. 1, of the minimum resolvable
temperature normalised by /71 as before,’ show the improve-
ments that have been achieved by these means.

{n the panning mode of operation, at 100 lines per picture
height (approximately 3 line-pairs/mm) the m.rt. is now
0-3 C. compared with 2 C previously. The improvement
due to better readout is particularly marked at higher spatial
frequencies: with the normal gas pedestal, the m.r.t. at 250
lines is close to 2.8 C, whereas with *ne flyback itis | C.

Fig. 2 shows the equivalent, minimum-resolvable-temper:-
ture curve for chopped opration. The improved readout
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altows a chopper frequency of 25 Hz 1o be used, each alternate
tield of video nformation being wverted to maintain a con-
stant signal polarity.

The fyback system s the subject of a patent application
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The Design of Efficient Broad-Band Piezoelectric
Transdi:cers

CHARLES S. DESILETS, MEMBER, 1EEE, JOHN D. FRASER, AND GORDON S. KINO, FELLOW, IEEE

Abstract—A design method for acoustic thin disk transducers with
high efficiency, broad bandwidth, and good impulse response is pre-
sented. This method is based on the use of quarter-wave matchinzy
layers between the piezoelectric material and the acoustic load. Asis
made evident using the transmission line model of Krimholtz, Leedom,
and Matthaei, the finite thickness of the piezoelectric material must be
taken into account in the matching layer design, Criteria for optimum
broad-band transducer designs with a given piezoelectric material are
developed which show the importance of a high electromechanical
coupling coefficient. A method {or obtaining Gaussisn shaped pass-
bands, necessary for optimum impulse response, is also shown, Several
transducers have been built to illustrate this design approach with
e«cellent agreement between theory and expetiment., One such trans-
ducer has 3.2 dB round trip insertion loss and one octave bandwidth.

I. INTRODUCTION

design method for acoustic thin disk transducers with

large bandwidths, good sensitivity, and good impulse
response is described in this paper. This method is based upon
the concept that, for broad-band matching with high ef-
ficiency between a piezoelectric material with relatively high
acoustic impedance and a relatively low impedance acoustic
load, one or more quarter-wavelength matching sections must
be used. The fact that the piezoelectric material itself must be
regarded as a finite length transmission line is taken into ac-
count in the design of the matching layers. This significantly
alters the choice of impedance for the matching sections.

In addition, considerable attention is devoted to the problem
of obtaining a good impulse response. For this purpose, the
requirement of a large bandwidth alone is not adequate. As
the impulse response is the Fourier transform of the frequency
response, the ideal bandpass characteristic for a short impulse
response with minimum ringing is a Gaussian shape, and as
shown by Sittig, a linear phase characteristic [1].

Several transducers have been built using this design ap-
proach and show characteristics in excellent agreement with
the theory. One such transducer used lead metaniobate as the
active material, acoustically matched into water with a single
epoxy matching section, air backed, series inductively tuned,
and matched electrically into 50 §2. This transducer shows the

desired flat response over the 40-percent, 3-dB passband, 6.5-
dB round trip insertion loss at band center, and the predicted
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work was supported 1n part by the Office of Naval Research under
Contract NO0014-75-C-0632 and 1n part by the National Science
Foundation under Grant ENG75-18681
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impulse response. A second transducer using PZT-5A ceramic
as the active element was acoustically matched into water,
using two matching sections of a light borosilicate glass and
epoxy, airbacked, series inductively tuned, and electrically
matched into 50 §2. The transducer has the predicted 65-
percent, 3-dB bandwidth, 3.2-dB round trip insertion loss,
and the predicted impulse response. A third transducer,
using PZT-4 ceramic, and acoustically matched on the back
with a high-Joss high-impedance tungsten-loaded epoxy, was
also built; this yielded approximately the desired Gaussian
bandshape and the expected excellent three half-cycle im-
pulse response,

The electrical input impedance of an acoustic transducer,
and consequently the insertion loss and other parameters of
interest, can be determined from the well-known one-dimen-
sional Mason model [1]-[3]. In addition, the effects of
complex acoustic load and backing impedances on the over-
all response at the transducer can be easily taken into account
with this model. In several papers, notably those of Kossoff
[4], Goll and Auld [S], Goll [6], Reader and Winslow [7],
and Sittig [8], the effect of various acoustic matching tech.
niques at the two acoustic ports of the transducer on the
transducer characteristics have been analyzed. These ap-
proaches have included the use of high-loss backing materials
and quarter-wave matching sections. However, the design of
transducers with high sensitivity, broad bandwidth with low
tipple, and short-duration impulse responses has remained
largely a trial and error process. The authors believe that this
is because the Mason model does not lend itself easily to
physical interpretation of the effects of various acoustic and
electrical matching schemes. This hampers the optimization
of the transducer characteristics, such as the bandwidth,
bandshape, and impulse response. Our design procedure,
instead, is based on the transmission line model of Krim-
holtz, Leedom, and Matthaei, {9], [10] shown in Fig. 1.
This has the advantage that it retains the intuitively satisfying
transmission line natute of the transducer, but replaces the
cumbersome distributed coupling of the piezoelectric effect
with a single coupling point at the center of the transducer.
The differences between distributed and single point coupling
are included through a coupling transformer with a turns ratio
that varies with frequency, and a series reactance.

Phystcal intuition and computation are facilitated with this
model, since acoustic matching techniques typically use trans-
mission line formalism, while the electrical matching tech-
niques required in the frequency range of interest typically
use lumped components. A series of computer programs has
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Fig. 1. Transmissiondine model of piczoelectric transducer (after
Krimholtz, Leedom, Matthaei),

been written to impiement the design of transducers using this
model. In these programs, the loss between the electrical and
acoustic ports over the band can be computed, the electrical
input impedance can be determined, and a single electrical
matching network can be designed. The accuracy of such
techniques is sufficient so that the effects of finite thickness
bonds between the matching layers, of stray inductances and
capacitances, and of excess electrical resistance show up
strongly, and makes it possible to determine the nature of such
errors in the construction. In addition, by using Fourier trans-
form methods, the impulse response of the transducer can be
predicted with good accuracy.

II. DESIGN THEORY
A. General Considerations

We first discuss some of the general criteria necessary to
obtain broad-band low-loss matching for an electrical signal
to the acoustic ports. For this purpose, we shall make use
of the Krimholtz, Leedom, and Matthaei (KLM) model il-
lustrated in Fig. 1. In this model, the piezoelectric trans.
ducer is represented by an acoustic transmission line tapped

at its center, and driven by a perfect transformer of ratio
¢:1, where

0 = kp{m/wocoZc)? sine (i’;—) 1)

with sinc x = sin (nx)/nx.
The parameters are defined as follows:

d  thickness of the piezoelectric material;

A area of the transducer;

S clamped dielectric constant;

p  mass density;

¢P  stiffened elastic constant;

v, ctiffened acoustic velocity;

Z, stiffened acoustic impedance (= py,);

e  electromechanical coupling constant;

k% effective piezoelectric coupling coefficient
(= €¥/cPe5),

Ze =Z,A;and

we half-wavelength resonan frequency of the transducer

(=ny,/d).

The transformer has a capacity in series with it of value C, =
€S4/d, the clamped capacitance of the transducer. Thcre is

an additional reactance in series with the transformer which
can be modeled as a variable capacitance of value:

C' = -Colk} sinc (wfwo). @

As IC'I1>> 1Cy |, it only has a minor influence on the opera-
tion of the transducer.

General criteria for the maximum bandwidth obtainable
from a transducer with minimum insertion loss can be cal-
culated for the case where the acoustic ports of the trans-
ducer are terminated with pure resistive loads. The KLM
equivalent circuit would then become a center tapped trans-
mission line terminated by a load Z;, at one end and a load
Zp at the other, When Z; ,Zp <Z, this transmission line
has a resonance near wy. The approximate acoustic Q, Q,,
of the resonator can be calculated by transforming the im-
pedances Z; , Zg, to the center tap, where they have effec-
tive values Z%/Z; and Z}/Zg, respectively; this is a total re-
sistance of value R = Z4/(Z, +Zg). The resultant shorted
quarter-wave transmission lines have a reactive impedance
when placed in parallel of value X = Z/2 tan (mw/2w,). The
acoustic @ can be estimated from the points where X = R,
so that

7 _Zc__
Q‘”(z ZR+ZL)' )

The electrical radiation resistance of the transducer at its
center frequency is

4y [ Zc )
TweCo (ZR +ZL )

a0 = “)
Therefore, the electrical Q, @, of the series inductance tuned
circuit at its center frequency, when supplied by a constant
voltage source, is

L @) ©
woCoRao 4k?]‘ ZC )

The requirement that @, = @, for optimum bandwidth yields
the relation

Zp+Z;

H kI ©

Qe

Further examination of the equivalent circuit shows that the
impedance presented at the transformer terminal, correct to
first order in Q = (w - Wy )fwy, is

Z; z
Zin= -jngd . 7
N Zr vz, 1T @r + 20 o
The reactive piat <f this impedance is like that of a negative
inductance.
The reactance seen at the generator, including a series tuning
inductance L chosen so that wolL = 1/wyCy, is

Q Ze \
woCo [2 “kr- 4k;-((ZR "'ZL)) ] . ®)

This expression 1z correct to first order in . The first term in
(8) is due to L and Cy in seres, the second term 1s due to the
capacitance C’ in the equivalent circuit, and the thurd term 1s

X=
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Fig. 2. Equivalent electrical lumped clrcuit of transducer terminated
by matched loads at both acoustic ports.

due to the acoustic loading. 1t can be seen that, if the
k] << 4, the flrst-order variation of the reactance X with
frequency is minimized when (Zg + 2, ) is chosen to satisfy
(6). Therafore, this choice of terminating impedance satis-
fied the requirement for approximate cancellation of the
reactance, as well as a criterion for optimum matching from a
constant voltage source,

If the impedance of the generator is chosen to equal R,
the officiency of power transfer to the transducer is

4R!R.0
(R +Rgo)? + X'

Since R, = Ro 2t the cenver frequency, and since the first
order variations at the reactance with frequency are essentially
eliminated, the officiency n will have only fourth order varia:
tions with frequency due to the variation of X' with frequency.
First order variations of R with frequency only give rise to
second order variations of n.

As an {ltustration of what occurs in several cases, consider
the situation when bath acoustic ports are termnated by
impedances Z;, =2y = Zo [15), [16]. In this case, the
equivalent circuit becomes that shown in Fig. 2. Half of the
power is amitted from each acoustic port, and the effective
resistance of the acoustic load seen at the electrical port

is 2], 7). (8]

®

R, * Ryo(wolw)? sin? (mew/2no) (10
where
Rqo = 2kH/m) (1wo Co). (1

When the device is untuned, it can be shown that, it C' is
neglected, the minimum power loss occurs with a generator
impedance of Zy = (R3o + 1/wd C3M. At the center fre.
quency, this would correspond to an efficiency of power tran-
fer from the generator to the load (3], [7], [8]

. 1 L2k
TN TRy U

(1)

where, in this formula, the 3-dB loss due to having power
emitted from both acoustic ports is taken into account. It
is therefore desirable to use as high a coupling coefMicient
ko as possible, in order to obtain high efllciency with an un-
tuned transducer. lu this case, tite best efficiency that might
be expected with a PZT ceramic with &} = 0.25, would be
16 percent. Such 3 transducer would have 3 ninimum round
trip insertion loss of 16.0 dB.

The addition of tuning would ideally lower the minimum
loss to 6 dB. A simple series inductance would give an electri-
cal @ at the center frequency, when a soutce impedance

117

Zo ® Ry is employed, of

Q¢ = n/4k}.,

With &} = 0.25, the bandwidth would be narrowed to 32
percent instead of approximately 100 percent. if a constant
voltage source were used, Q, would then be n/2k¥, giving a
bandwidth of 16 percent. It Is, therefore, highly desirable 10
work with as large a coupling coefficient as possible to in.
crease Rwo Cy, and thus tower the electrical @ of the trans-
ducer.

A considerable improvement in efficiency can be obtained
by leaving the left-hand side air backed, i.e., shott circuiting
the lefthand transmission line. In this case, if the right-hand
transmission line is terminated by an impedance Zgx = Z¢, the
effective resistance in the circuit of Fig, 1 is doubled, and the
one way optimized efticiency at the conter frequency wo
becomes 46 percent for k3 = 0.25; the bandwidth of the
series-tunad system then approsches 64 porcent, with source
impedance Rgo, 0r 32 percent for a constant voltage source.

1t is also worthwhile to consider the inportant case, much
used in practice, of a transmitter terminated on its loft-hand
side by a load Z; close to the impedance of the transducer
material, As an example, a PZT-SA transducer (£, = Zp =
34) can be used to excite a wave in water (Zg = 1.5). In
this case, most of the power is emitted into the matched
backing. If the voltage across the conter point of the trans-
mission line is ¥, the power emitted at the conter frequency
into the lefi-hand side is ¥3Z) j2Z&, the power emitted into
the right-hand side is V32, 223

Following the previous arguments, it will be seen that since

k}Zo
ﬂwoCQ(ZN + ZL)

(13)

\J
a0 ©

the maximum efficiency of an untuned transducer is
. pYAY
@y +2p) [L+ 02y + 24K F23)W°

The maxumum efficiency for a PZT-SA transducer with «
watched backing exciting a wave in water s LY percent. If
both sides are matched to the transducer matenal impedance
2y =2y = 2o, the maximum efficiency is that already cal-
culated. 1£Z; = 0and Zg is small, g can be made 100 por-
cent.

n (i4)

8. Front Acoustic Lowd Line
The matching problem for a piezoelectue cetamic used to ex-
Cite an acoustic wave in water is now constdeted. The im-
pedance of the transducer matenalis typically 20 to 3§,
and that of the water is 1.5, Thus in the KLM model the
impedance looking into the nght-hand acoustiv load hne s
like that of a transmussion line with essentiatly 8 short cur
cuit termination, The uupedance s very hugh at the center
frequency, but drops quickly to low values  Consequently,
the bandwidth of the transducer is very small, unless the
impedance at the center is Kept low by using a backwyg tet-
wination,

Quarter-wave impedance tianstormets between the toad and
the piczoelectrie ceranue wall brogden out the frequency
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response characteristics, giving higher etiiciency than trans-

ducers damped by a inatched backing and broader acoustic

bandwidth than undamped transducers. In the past, such
transformers have been designed to match the load imped-
ance to the characteristic impedance of the transducer material
at the center frequency. A better procedure, which is adopted
here, is to design the transformers to give a desirable imped-
ance ut the center t2eaiinal of the KLM model. Thus the

front half of the transducer is itself treated as a quarterawave

matching fayer, i addition to the quarter wave matching

layers bonded to it. As upposed to the usua! design pro-
cedure, Z, , the impedance of the tirst matching section is
chosen to be the transducer material so 2, = Z¢. The value
of Zyy. the input impedance to this section, is then deters
wmined. Thus o better broad-band match is obtained, e
cause use is made of the extia matching tayer which already
exists in the device,

The design of quarterwave transmission line matching sec-
tions has been fonmulated by Collin [ 1], Rablet [12], and
Young [ 13] and others. Thew designs call for the tansoms.
sion line reflection coetlieent nagnitude T o1, altematively,
the power loss tatw £y = V(1 11F), 1o exdubit either a
wantmally flat or Chebyshey response over the desiwed fre-
quency passhand. Larger passhands are achieved by the
addition of more transformer sections,

A similar approach can he used in the design of the acoustie
toad line, although the acoustic impedance mismaiches wre
typreally mueh larger than the microwave ones: higher order
terms are much bigger and showld be included in the caleula.
tion ot the reftection coettivient. Nevertheless, the desgn
formulae developed for two and thiee tayer transmission
line sections can be applied to the scoustic case, amd reason.
ably pood results are abtmned w exact numerical solutions,

As an illustration, the impedance formulae for the binomial
tratistorer are given. This gives close agreement to the
manimally flat case for a small number of wmatching sections.

I Z"_ L VEY i fr

] IN

(1)

where Zp = ternmnatug toad impedance, £y = wmput tmped-
ance of the transmussion line system, £, = ath quatet-wave
matchung section ipedanee, € = binomal coetticient =
NV ) and Zg = etfeetive iapedance at the swtace
of the tansducet

The 1esults shownan Table Tare used as the atacong basis

NORMALIZED FREQUENCY

Fig. 3. Power loss ratios of front acoustic load line of lead metanio-
hate transducer matched with single quarter-wavo plate.

for the vansducer designs reported w2t this paper. I 2ach case,

Z, is the impedance Zp of the transducer material,

As an example, consider the design of a transducer to be
built using lead metaniohate with a water acoustic load. One
bonded atching section ts to be employed, and a maximally
flat passband is desired for the frong load line, Using Table 1
for the two laver transformer, and taking £p = 1.5A and
Lo = 2004, the input mpedance of the acoustic loud line
{Zin) is found to be 474A, over twice the material imped-
ance. For comparison, the value obtated for this case by the
enterion of (6) i3 44 AAL Soa twosection transformer s a
goud choice in this case,

The impedanee of the matchmg laver (23 )i found 1o be
3 36A, whuch difters markedly from the value of SARA. the
value caleulated of the ceranne were assamed to be an mtinue

acoustic transmission line, The system tends to give 2 broader
acoustic bandwidth, because the two nutchang layers have
been taken into account and & broader electueal bandwidih
with better efficiency, because it presents o higher electreal
impedance at bawd center,

The powet toss tatio (g ¢ ) throughe the matelung layers i
plotted as a function of frequency for both cases in Fig. 3,

As can be seen, the weal manmally lat response s obtaned
for the case when the matching liver impedance 18 3.36A,

A similar calewlanon for a PLT-3A nansducer matched o
water (£ 2 34A) vields a value of Zpn for two matelung see-
tons of 96 2A, with thiee sections, 2y = 33A, 2, =804,
Zy # 234A. The value of Z)n Tor the thiee sectton matehed
syatem s shghedy larger than the optunum value of £y =
824 using (0). So a thiee section tansformet is a goad
chuiee in this case,

Thetefore, it i concluded that the opumum lead metanto-
bate tran sducer matched to water tequites only one extea
matching laver with anunpedanve of 3,30, whale the PZT-SA
transduces requates two matching layaas of impedances 8 92
and 234, wespectuvely

Widet passbands can be obtaimed for a given aumber of
matchimg sections with Cheby shev tesponse tf passband npple
can be tolerated Ay wall be shown i the next section, the
acoustic backing hne, n general, s the usuable bandwdth
of the transduces, so that tas filter wesponse 13 not as usetul
as mught be. Moreover, the Cheby shey tilter response yields
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Pig 4. (2) EiTect of shorted back load line on acoustic impedance of
mavimally flat front toad ine  Lead metaniobate transducer (1.27
cm diameter), th) Lffect of resistively toaded back load line on
acoustic impedance of manimally tlat tront load line. Lead metanio.
bate tratsducer (1.27 em diameter).

steep skirts on the frequency response, which 1s undesirable
in pulse-mode applications,

C. Back Acoustic Load Line

In the transnussion hne model, the acoustic impedance seen
at the center node 1s the parallel combination of the input
mpedances of the front acoustic load hne and the back acous-
tic load line. Hdeally, the back load line should be designed to
absorb as little power as possible, and to maintan or enhance
the passband characteristics. As can be seen from (3) and (6).
the optimum acoustic  is expected to be

L’d = ;‘(‘.\—k‘r{iiz ( l(\)

119

This limits the useful bandwidth of an air-backed single
quarter-wave matched PZT-5A transducer to about 45 percent,
but numerical calculations indicate broader bandwidths in two
layer matched transducers,

The effect of the shorted back load line un the input acous-
tic impedance is shown in Fig. 4(a), for the lead metaniobate
transducer previously discussed. As can be seen, the band-
width of the passband is considerably reduced and the band
shape is considerably altered. Asseen in Section A, the com.
bination of the front load line with a low impedance shunted
back load line is an optimum for high efficiency, broad-band
designs. This is because the imaginary part of Zyy varies
linearly with frequency over the passhand, so it tends to
carcel out some of the errors introduced oy the electroacous
ue transformer and a simple tuned electrical tuning network.
Such an effect does not oveur with parallel inductance tuning,
because the resistive part of the input impedance is changed by
the presence of the inductor.

The next simplest back load line design would be the addi-
tion of 1 resistive load of impedance Z;, 1o the ceramic
quarter-wave section, This is accomplished in practice by
honding a high loss material to the back of the piezoelectric
cecamic to stimulate an infinite transmission line, so that no
power is reflected back into the transducer from the back.
The effect of resistive loads of varying impedance on Zyy of
the tead metaniobate transducer previously described is shown
in Fig. 4b). In general, as would be expected, the midband
m.pedance is considerably reduced as the backing impedance
is increased, When the backing impedance approaches Ze,
25 becomes entirely resistive and equal to Zp. 1t should be
noted that most of the available power in this case is radiated
into the back load line, since its impedancy would be only
about 40 percent of that of the frout load line, With a large
number of quarter-wave plates on the front load line Z{§
would approach Z¢, and the round trip insertio-: coss would
approach 6 dB at best. In this case, Zyp drops in value so
broad-band electrical matching becomes more difficult. Thus
this type of transducer would be optimized by using several
quarter-wave plates with a more complicated matching net-
work than just a simple inductance. Alternatively, the match-
ing network could be omitted at the expense of a decrease
in efficiency,

The use of 4 lossy backing of relatively low impedance is
beneticial in the design of a quarter-wave matched transducer,
however. The bandshape of Z; 5 of a backed vansducer
changes as Z; is increased, and becomes Gaussian shaped.

The impulse response of the transducer is therefore unproved,
as will be described. The problem for the deswener, then,
becotaes compromsing bandshape versus imsertion loss tor
this particular transducer configmration. A very low backing
mnmpedance of about 3 appeats to be adequate for the single
quarter-wave iadteled lead metamobate ttansducer descrihed
above,

If the backing tmpedance were to be made large with respect
to Ze, Z{xn would approach a short cacuit at the centet tre-
quency and netease to some peak vatue at approxmnately
wiwy = 0.5 and w/wg = L8 The tansducet could then be
l\P(‘l\\l\‘d oty qll{\ll(‘l-\\ ave o llllt‘\“\llmll(‘i-\\‘il\'\‘ resonanee
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Since in this case the electroacoustic transformer has a better
response at low frequencies, a transducer built on this prin-
ciple could be successfully operated as a quarter-wave trans.
ducer with only dight effects from the higher resonance. This
design has been used by Bui e gl [15] for a very broad
bandwidth transducer which uses low impedance (Zo =

3.8A) PVF, as the piezoelectric element, mounted on a high
impedance (Z = 31A) brass backing. In this case, the electrical
coupling is weak (k3 =~ 0.012), but the acoustic matching to
water is very good. Therefore, a large bandwidth untun2d
transducer can be constructed. This design would be difticuit
to use for transducers employing ferroelectric ceramics, since
no backing material exists with a sufficiently high impedance,

D. Electrical Fort

In order to minimize the insertion loss, the electrical input
impedance of a transduccr should be entirely real over the
passband, and the radiation resistance (R,) should equal the
electrial source resistance (Z,). For a lossless air backed
transducer, the radiation tesistance of the acoustic load
is R,. If the transducer has a resistive load on the back toad
line, the component of interest must be separated out from
R,. Inaddition, the frequency dependence of R, should be
tailored to it some bandshape criterion, such as a Gaussian
form, for optimum impulse response. As we have seen, the
desizn of a lowlass, broad-band matching network is con.
siderably eased if the electrical @ of the transdugers is in-
herently low, which means using materials with large electro.
acoustic coupling constants (k).

The electroacoustic transformer w ihe transmission line
model is frequency dependent, unlike the transfonner in the
Mason model. The impedance varies as sinc? («/wp ). This
function decreases with ¢ near = wy, 50 the radiation resis-
tance tends to be higher at the low-{frequency side of reso.
nance. In the range 0.5 < wfwgy < 1.5, the variation or ¢
with frequency is slmost linear. Thus effect is detrimental
to the response of the transducer and should be compen.
sated, either by an electricai tuning network or by weighting
the high-frequency side of the passband by suitable acoustic
matching. The latter appioach, suggested first by Goll {6}, is
easily accomplished by increasing the thickness of the quartet.
wave plate by a small amount, usually between 4 and 10 per-
cent, The amount of this “skewing’ has been determined
empirically by trial and error computer simulation of the input

impedance and insertion loss of the transducer {n question.
The effect of the quarter-wave plates operating at a slightly
lower frequency than the ceramic compensates the frequency
dependence of the transformer turns 1atio, as can be seen in
Fig. 5 The result is an ap,s Ximately symmetrical band.
shape, about 8 center frequency 90 t9 96 percent of the
half-wave resonant frequency of e ceramie

The series reactance lumped element has a frequency
dependence which varies as (st rw/wp Yw® This term s
always smalf compared to the reactance of the capacitor Gy
and can essentially be neglected i the design ot o tave band-
width transducers

The final intiinsic electocal element i the transnussion line
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Fig 5. Effects of increasing the thickness of single quarter plate 4 per-
cent and series inductive tuning on electrical input impedance. Lead
metaniobate transducer (1.27 om diameter).

model is a capacitor Cy, representing the zerostrain (clamped)
capacitance of the piezoeolectric material. As we have seen, for
minimum insertion loss, this capacitance must be tuned out.
This is most easily accomplished with a series inductance
tuned for zero reactance at the center frequency, s procedure
which is adequate for materials with large k3. Generally,a
more sophisticated tuning network would be desirable for
broader bandwidth operation.

In all cases, the design of an electrical matching network is
highly dependent on the acoustic termination of the trans.
ducer. For the particular arrangement where the front match.
ing plates are chosen to be maximally flat, the total imaginary
part of the electrical input impedance is negative but varies
like a negative inductancs over the passband, Therefore, a
series inductance rather than a parallel inductance just cancels
the imaginary part of the unpedance over the entire passband,
as 18 discussed in Section A following (3) and as can be scenin
Fig. 5. The input impedance thus becomes entirely real over
the passband, as desited. An electrical transformer can then be
emploved to scale R, un or down to the source impedance Z,.
This is the design technique employed for the experimental
transducers described in this paper.

&, Transient Response

A rigorous method of determimug the transient response of
a transducer is {o take a Laplave wansform of the frequency
tesponse as has been done by Onoe [4]) . Further wsight into
the pulse response can be obtaed by using paired echo
theory i the manner described by Sittig {2]. Here we show
how the KLM equivalent crucuit can be employed diteetly to
give some physical insight 1nto the natute of the response.
In this case, the seres teactance C' seems to be of more m-
portance 1t is better represented by placiag it on the acousue
stde of the transformer as shown m Big. 6. The effective
reactance of this impedance now becomes
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Fig. 6. Modified transmission-line model with series reactance repre-
sonted by open clrcuited quarter-wave transmission line.

rulfe 1w
Z 5 cot(2 wo). 17
Such a reactance may be represented by a transmission line of
length d/2 with a negative characteristic impedance -Z/2, as
shown in Fig. 6.

When the transformer is excited by a delta function of cur-
rent, the current at its output can be determined by taking a
Fourier transform of the function sinc (w/2w,). This yields
a rectangular pulse of current which lasts for a time T' =
n/we = dfv,, i.¢., half an RF cycle at the resonant frequency
of the transducer. Physically, the transformer is representing
the fact that the transducer is excited uniformly along its
length.

Now consider what occurs when the transducer is excited by
a step of voltage as illustrated in Fig. 7(a). An exact treat-
ment is very difficult. However, it is apparent that the trans.
former will present a real impedance. Therefore, the input
voltage will be differentiated and a delta function of current
will be obtained at the output of the transformer, as shown in
Fig. 7(b). Suppose now each end of the transmission line is
terminated by the characteristic impedance Zo. The imped-
ance at the center point of the transducer, therefore, will be
22 in series with a negative impedance -Z¢/2, due to the
negative impedance transmission line. Thus the delta function
of current will excite, in turn, a delta function of current in
the transmission line. A delta function of voltage will appear
across this transmission line as shown in Fig. 7(c). After one-
half RF cycle, a reflected pulse will also be emitted from the
quarter-w ave long negative impedance transmussion line as
seen in Fig. 7(c). This will be of opposite sign to the original
pulse because the line is open circuited. These pulses will, in
turn, excite a second set of pulses across the center terminal of
the acoustic transmission line, as shown in Fig. 7(d), of
opposite sign. The output obtained will be delayed but
identical in form to that shown in Fig. 7(d) and is illustrated
in Fig. 7(e).

The output is represented by a series of delta functions.
However, as the impedence presented to the input load is
finite, these delta functions will be rounded off so that a wave-
form more like that shown in Fig. 7(f) will be obtained.

A similar argument can be realized when the situation for a
transducer v’k air backing 1s taken into account. This will
give rise to an extra reflection at the air backing, so that the
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Fig. 7. Impulse response of transducer showing. (a) Step input volt-
age. (b) Current at output of transformer. (c) Voltage at input of
negative impedance transmission line. (d) Voltage at center of line.
(e) Voltage at output. (f) Voltage at output with finite impedancv,
(g) Voltage at output with alr backing.

output obtained will have the form shown in Fig. 7(g). Ex-
citation by a delta function pulse can be dealt with, going
through the same type of analysis; this will give rise to similar
results with slightly extended ringing.

A transient analysis of this kind is limited in its usefulness,
although it can provide some physical feel for the problems
entailed. A more useful technique in the long run is to employ
a Laplace or Fourier transform to analyze the transient
response of a transducer whose frequency response has al-
ready been determined theoretically {12]. On this basis, in
order to obtain as clean a response as possible, a Gaussian out-
put pulse is desired. But with a delta function input,ie..a
narrow pulse, this implies that the Fourier transform of this
response in the frequency plane must be a Gaussian response.
Thus, ideally, the frequency response of the transducer must
be chosen to have a Gaussian shape. A square frequency re-
sponse is not ideal because, although the bandwidth may be
larger, it will tend to give a time response of the following
kind:

Q
F(t)= A cus wy t sinc —,;f (18)

where w, is the center frequency of the transducer as before,
and § is its bandwidth. As might be expected, the addition of
a relatively low impedance backing makes a difference to the
transient response, and, in fact. tends to lead to a more
Gaussian shape in the frequency response. Suitable trans.
ducers with reasonable transient response have been designed
by bearing this consideration in mind and varying the backing
impedance to obtain the best impulse response.
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Fig. 8. Reduction of a load impedance Z; through two quarter-wave
plates of impedances Z, Z,, to an equivalent load impedance and
phase shift, both functions of frequency.
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11l. CoMmpuTATION TECHNIQUES

A set of computer programs has been written to calculate
the electrical impedance and insertion loss of a transducer as a
function of frequency, and the impulse response as a function
of time, by simulating the transmission line model of a trans-
ducer with arbitrary acoustic loads and »:atching layers at
both tie front and back acoustic ports, and with various
electrical matching components. An iterative technique was
used to refer the acoustic loads through the successive trans-
mission line sections of the model to the center mode, as
shown in Fig. 8, using the standard transmission line imped-
ance transformation formula for each section. At the same
time, the phase shifts through each transmission line section
and at each discontinuity calculated and kept for use in com-
puting the transfer function of the transducer. Once the
transmission line sections had been reduced to equivalent elec-
trical impedance as functions of frequency, straightforward
lumped circuit calculations were used to obtain the electrical
impedance of the transducer, and the loss and phase shift
from a known source, through an electrical matching network,
to the load impedance representing the front load and match.
ing layers. The calculation of the phase shift thiough the
matching layers is made to determine the full transfer function
as a function of frequency, which is then Fourier transformed
to give the impulse response.

A simple formula has been derived for the phase shift
through a matching layer. Consider an interface between
media of impedances Zg,, Zo, , as shown mn Fig. 9. If the wave
impedance, looking to the right at the boundary,1s Z,,,, 1t can
be shown that

(20)

where v}, v; are forward wave velocity amplitudes. We also
note that
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Fig. 9. Schematic diagram of forward and backward acoustic wave
amplitudes at an interface.
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where v}, vy, and v, are the forward wave, backward wave,
and total amplitude, respectively. The phase shifts between
vy and v and the phase shift between the forward wave and
the total amplitude are just the phases of the complex ratio of
impedance.

Since the wave impedance and the two characteristic im-
pedances are available for cach interface in turn, phase shift is
easily calculated from (20). The phase between the equivalent
current into the front load line and the forward going wave at ‘
the center node can be determined from (21).

IV. EXPERIMENTAL RESULTS -
A 12.7-mm diameter, air-backed, single quarter-wave
matched transducer was built using lead metaniobate as the
active materjal. The parameters for the cerzmic, supplied by :
Keramos Corp., and designated K-81 were measured using the
technique of Bui er al [16} and determined to be as follows:
k% = 0.10; mechanical Q, Q4 =241 we/27=2.06 MHz,

€33 = 266 €. Z¢ = 20.0. A matching plate was fabricated
by lapping a piece of Dow Epoxy Resin 332, hardened with
metaphenylene-diamine to a thickness equal to a quarter.
wavelength at 1.01 wq. The epoxy had a characteristic im-
pedance of 3.38, slightly less than the optimal maximally
flat value of 3.56.

The ceramic and epoxy plates were cleaned in organic sol-
vents, heated for several hours to remove any absorbed sol-
vents, and assembled in a dust-free laminar flow hood. The
plates were bonded with epoxy under a nonuniform pressure
device, as suggested by Papadakis [17], in order to remove
trapped air bubbles and to insure a negligibly thin bond. The
resulting assembly was mounted into a plastic housing. The
electrical impedance was measured, and later a 13.9 uH
series tuning inductor and BNC connector were added.

The input electrical impedance of the untuned transducer
is shown in Fig. 10(a). Excellent agreement with the theoreti-
cal calculation, which includes the fimite loss of the ceramic,
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can be seen. The experimental electnical impedance was
obtained using a Hewlett Packard Vector Impedance Meter. It
can be seen that the impedance 1s very flat over the passband
and slightly tilted because of the frequency dependence of the
electroacoustic transformer. No quarter-wave plate “'skewing™
was used in this expeniment. The imaginary part of the imped-
ance siows a slight divergence from the theory at tow frequen-
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cies. This effect has not been satisfactorily explained yet, but
could be due to two-dintensional effects not taken into
account in the one-dimensional model.

An inductor of value 15.9 uH would be required to tune the
transducer reactance at the center frequency. An available
inductor of 13,9 uH was used. The two-way insertion loss of
this transducer was measured by transmitting an acoustic
wave from the transducer, excited by a 50-8 internal imped-
ance tone-burst generator. The amplitude of the output of
this generator into a 50-82 load was measured at cach tre-
quency, so as to determine the available power. The trans.
mitted energy was reflected off of a perfectly reflecting
airwater interface and recelved by the transducer loaded by
the same 50-Q generator. A highdmpedance probe was used
to measure both the transmitted and received electrical
voltages. The two-way insertion loss was calculated by com.
paring the available transmitted power and the recelved
power as a function of frequency, and was compared to the
theory, as shown in Fig. 10(b). The round trip insertion loss
of the transducer was 6.5 dB at midband, compared to the
theoretical value of 1 dB. The 3-dB bandwidth is 40 percent,
as predicted, and the bandshape is flat over the passband, as
designed. The additional $.5.dB loss of the transducer over
what was predicted is thought to be due to internal losses in
the inductor and to phase cancellation, since the epoxy
quarter-wave plate was slightly wedge-shaped.

A comparison of the experimental and theoretical impulse
response of the untuned transducer is shown in Fig, 10(c).
The theoretical impulse response was calculated by taking a
fast Fourier transform of the transducer transform function,
as previously deseribed. The experimental results were ob.
tained by shock exciting the transducer with a Panametrics
Pulser (Model 50S0PR). using 3 50-Q damping resistor in the
citeuit and digitizing the reflected echo off an air-water inter.
face with a Biomation 8100 transient recorder sampled at a
rate of 100 mHz, As can be seen, the agreement between
theory and experiment is excellent,

A sccond transducer was designed using two quarter-wave
plates on a 12,7 nun PZT-SA disk of resonant frequency 3.4
MHz. Chrome-nicket electrodes 200 nm thick were sputtered
onto the transducer. These electrodes were negligibly thin
acoustically at this frequency. This material was found to
have parameters k3 = 0.25, ¢ = 830 £y, and 2 = 34,
measured using standard techniques {18}, [19]. Two avail-
able materials were chosen, a light borosilicate glass of -
pedance 11,0, and an epoay of impedance 2.9, Caleutations
indicated that a flat and broad bandshape would be obtained
if these plates were made a quarter-wave thick at 0.98 of the
center frequency of the transducer: but in the plates actually
produced, the equivalent numbers were 0.94 for the glass,
and 1.00 for the epoxy. This S-percent error m the thick.
ness of epoxy plate was only 10 um, illusttating the difticulty
of fabrication of these devices.

The quarter-wave plates were bonded successively to the
PZT.5A disk with a low-~vicosity epony, and the assembly was
mounted in a plastie housing contaming a series inductor to
tune the impedance to a real value at the center frequency
and an autotranstormer to make this value 30 Q
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Fig. 11. Comparison of experimental results with theory for double

quarter-wave matched PZT-SA transducer. (a) Electrical impedance,

(b) Two-way insertion loss. (¢) Impulse rasponse.

The electrical impedance of the transducer was measuted as
a function of frequency before tuning, and is compared in
Fig. 11(a) with the calculated values. After electrical match-
ing, the round trip insertion loss as a function of frequency
and impulse response were measured. The results of these
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Fig. 12. Comparison of experimental results with theory for PZT-4
transducer matched with high-loss, high-impedance backing. (a) Elec-
trical impedance. (b) Two-way insertion loss, (c) Impulse response.

measurements are compared to theory in Fig. 11(b) and (¢).
The measured insertion loss was 3.2 dB at 3.25 MHz, and the
3-dB bandwidth was fiom 2.0 to 4.2 MHz, greater than one
octave. The impulse response was not as compact as one
would like, but, as the calculation shows, this was to be ex-.
pected from the rather square bandshape of this transducer
design. Only about half of the measured insertion loss of 3.2
dB can be accounted for by losses in the electrical compo-
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nents and by diffraction of the acoustic beam from a piston
radiator; the rest may be due to nonuniformities in the epoxy
quarter-wave plate and to deviation of the transducer model
from the single mode piston radiator model.

For comparison, a simple disk transducer of PZT-4 was fab-
ricated with no matching layers and a lossy tungsten-epoxy
backing of impedance 26. The transducer disk was 12.7 mm
in diameter and had a resonant frequency of 3.5 MHz, Its
important material parameters were k3 = 0.24, ¢ = 730 ¢4, and
Zo = 34, The impedance, insertion loss, and impulse re-
sponse were nieasured as before. No electrical tuning was
employed, and a 50-8 source was used with a distance of 3.0
om between the transducer and the teflector. These results
are shown in Fig. 12(a), (b), and (c), respectively. In the im-
pedance plot, note the small value of the resistance compared
to the reactance at the center frequency. As was discussed
earlier, this would lead to a high Q and narrow bandwidth
if electricai tuning was used. The insertion loss plot shows
the very high loss and broad, smooth bandshape characteristic
of such transducers. The measured loss of 34.5 dB is close
to the theoretical value of 30.2 dB. The 3-dB bandwidth is
105 percent. The outstanding property is the very compact
impulse response.

V. CONCLUSION

A design technique for high-fficiency, broad-band piczo-
electric transducers based on the transmission line transducer
model of Krimholtz, Leedom, and Matthaet has been pre-
sented. Significantly improved quarter-wave matching tech-
niques were demonstrated, both theoretically and experi-
mentally. The method gives an estimate of optimum acoustic
loading impedance for broad-band matching, and takes into
account the transmission line nature of the piezoelectric trans-
ducer. Criteria for choice of materials for transducers and
matching layers to achieve a desired bandwidth have been
given, and the effects of a lossy backing on the electrical and
acoustic Qs an impulse response have been discussed. Ex-
perimental results have been given for several types of trans-
ducers, including one with 3.2-dB round trip insertion loss
and 65-percent bandwidth,
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PIEZOELECTRIC SHEAR SURFACE WAVE GRATING RESONATORS

B. A. Auld and Bing-Hui Yeh
Edward L. Ginzton Laboratory
W. W, Hansen Laboratories of Physics
Stanford University
Stanford, California

Sucmary

This paper describes a new type of surface acous-
tic wave grating resonator in which the particle dis-
placement of the surface wave is parallel to the sur-
face, By contrast, the now well-known SAW (Rayleigh
wave) grating resonator has its particle displacement
in the saggital plane,

In the SAW resonator the function of the grating
structure, which consists of either grooves or metal
strips, is to provide two highly reflecting Rayleigh
wave mirrors, between which a standing wave is excited
by means of an interdigital transducer, The basic
function of the grating in the horizontal shear (SH)
type of surface wave resonator considered here is quite
different, An SH surface wave cannot exist on & homo-
geneous (unlayered) substrate in the absence of some
periodic variation, such as a grating, along the sur-
face, That is to say, the surface wave in this case is
a vibrational mode of the grating itself, On the other
hand, the grating is now not required to realize a high-
ly reflecting mirror, because the SH motion reflects
without spurious mode coupling at a traction-free
boundary placed in any symmetry plane of the structure.
For this reason this new type of resonator promises a
substantial advantage in miniaturization coupared with
the conventional SAW resonator,

SH surface wave resonators on PZT-8, Y-cut Xepro=
pagating LINbO, and ST quartz have been fabricated and
tested, Excit?tlon was by means of an interdigital
structure deposited on top of the grating teeth, and
the dimens {ons were chosen to give a resonance {n the
region of 1 to 2 MHz., The groove depth was in the
range of 0,01", and it was found that the diamond saw
fabrication technique used did not provide adequate
precision. Consequently the quality factors realized
were low (< 3000), and use of relatively shallower
etched grooves at higher frequencies is clearly called
for.

Since a sufficient condition for the existence of
this type of surface wave is a periodicity of the con-
ditions along the surface, another technique for trap~
ping the wave at the surface is deposition of an array
of metal strips,

Key words Resonator, Grating, Horizontal Shear,
Interdigital Transducer, P2T, Lithium Niobate, Quartz,

Introduction

In an earlier paperl the existence of a horizone
tally polarized shear (SH) surface wave on a corrugated
substrate was demonstrated by virtue of the exact ana-
logy between this elastic wave problem and the corres-
ponding electromagnetic problem. An extensive litera-
ture exists for the latter case and the solutions given
vere found to be in good agreement with experimental re-
sults obtained for shear surface waves on a corrugated
aluminum substrate, Observations were made by fabrfica-
ting a finite length of corrugated surface (or grating)
and measuring the transmission resonances with thick-
ness shear transducers bonded to the ends of the finite
length of grating. The surface nature of the wave was
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confirmed by measuring gratings on substrates of dif-
ferent depths,

Although previous experiments confirmed the ap~
plicability of the electromagnetic solutions to the
elastic wave problem, the transducers used excited
both the surface wave of the grating and thickness
vaves of the substrate. The mode spectrum was there-
fore cluttered vith many spurious responses and en-
tirely unsuitable for resonator applications, The pre-
sent paper describes an investigstion of SH surface
wave resonances on piezoelectric substrates, Efficient
selective excitation of the grating is then achieved by
suitably choosing the substrate orientation and deposi-
ting » transducer electrode on top of each tooth, As
will be seen, individusl resonant modes of a finite
length of grating may be excited by suitably chosing
the distribution of voltages applied to the electrode
array.

It should be pointed out that the SH surface wave
considered here is 1gt%mate1y related to the surface-
skimming shear wave.<»7 The latter wave or, more pro-
perly, radiation pattern consists of a horizontally
polarized shear elastic vibration skimming along the
surface and slowly diffracting into the substrate,
Diffraction losses are determined by the vertical di-
rectivity of the interdigital transducer (IDT) used
for excitation, Consistent with the analogy of the IDT
as an end-fire antenna array, the radiation pattern is
sharpened and diffraction losses are reduced by in-
creasing the length of the IDT, Addition of a grating
structure to the surface permits the existence of a
genuinely bound SH wave, which travels at a velocity
slower than that of a bulk SH wave, If the IDT is
suitably designed to synchronize with this bound wave,
as in the case of a Rayleigh wave transducer, there
will be essentially no diffraction loss into the sub-
strate,

SH Waves on an Infinite Grating

One way of picturing an SH grating vibration is
to imagine it as evolving from the standard tuning
fork resonator shown f{n the upper left of Fig. 1. An
analogous type of tuning fork, f{n which the arms move
in face shear, i{s shown on the right, Stacking of a
number of these resonators in an array leads to the
tuning fork grating shown at the bottom of the figure,
in which the dashed lines are traction-free surfaces,
The basic SH grating (Fig. 2) evolves from this as the
dimension is extended to infinity along the particle
displacement directfon and the individual supports are
replaced by a continuous substrate. With a fixed
tooth spacing d , the frequency increases with de-
creasing length of the teeth, just as in the case of
the original tuning fork., The grating configuration
provides a means for realizing a tuning fork type of
resonance at frequencies where a single fork becomes
too small to fabricate and mount,

Because the spatial perfod of the vibration in
Fig., 2 is 2d the displacement field in the substrate
can be written as the Fourier series shown in the fig-
ure, where &, 1s the amplitude of the ath pourfer
component and the Y exponential coefficient a is
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related to the wavelength of a8 bulk shear wave by the
equation on the line below, It follows from this that
7. is reosl when 2d is less than a bulk shear wave-
lgngth. In this case all of the Fourier camponents de-
cay exponentially into the substrate ~ that is, the
motion is & surface vibration bound to the grating.
This argument does not, of course, prove the existence
of such a vibration, but its existence has already been
demonstrated analyticallx in the case of the analogous
electromagnetic problem. 99

The vibration shown in Fig. 2, which has a phase
shift of 7 from one grating tooth to the next (the
w-mode), is only one of many that can exist on this
periodic structure. In the previous discussion, the
grating was regarded as essentially an infinite arrasy
of tuning forks. Alternatively, one may look at the
teeth as sn srray of cantilever supported face shear
plate vibrators that are lightly coupled, one to the
next, through the substrate, The vibration spectrum
consists of a continuous distribution of coupled modes,
anslogous to the modes of a perfodically mass-loaded
vibrating string. In this case the phase shift from
section to section is related to a continuous wave num-
ber k = 2n/A , which takes the value m/d for the
m-mode discussed above (Fig. 3).

As shown in References 4 and 5 the relationship
between  and k for this grating surface wave has
the same form as for waves on the periodically loaded
string. The frequency of the m-mode (k = m/d in Fig.
3) corresponds to the lower edge of the stop band,
Above this frequency the surface wave is nonpropagating
(or cut-off), As the depth of the grating grooves is
decreased, the frequency of the 7m-mode increases until
the Vgupar 1line is reached, This corresponds to the
surface~skimming shear wave discussed above., 1In the
so-called slow wave region below this line the solution
is alvays a surface wave,

It should be emphasized that very little slowing
is required to produce a well-confined surface wave,
A Rayleigh wave, for example, has a phase velocity that
is only some five percent below the bulk shear velocity
but is confined to a depth less than a shear wavelength.
One needs, therefore, only a shallow grating to trap
the SH wave on the surface,

Finite Crating Resonators

To produce & standing surface wave resonance the
grating structure must be terminated in a pair of
mirror reflectors, In the standard SAW resonator these
mirrors are realized by long (several hundred periods)
grating arrays designed to operate in the cut-off re-
gion, For the SH surface wave resonator this is not
necessary, A mirror can be realized by terminating the
grating in a suitably located traction-free boundary.
In the case of the 7-mode this is easily seen by exam-
ining Fig. 2, where the particle displacement is along
x and varies with y and 2z , From the symmetry of
the vibration one has that the displacement u_ is
maximum with respect to the z variation at tke plane
denoted by a dashed line in the figure, This means
that the strain component § and the stress com-
ponent T are zero on this plane, Since u_ is a
function only of y and 2z , the stress compoOneats
T z and T,, are also zero - just the conditinns re-
qured for a traction-free boundary, which acts as a
perfect mirror, By further symmetry arguments one can
show that the same boundary conditions acts as a per~
fect mirror for a surfoce wave witn any wavenumber
k .

Figure b gives the profile of an N section re-
sonator contained between two such mirror reflectors.
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As in any standing wave resonance, the resonance con-
dition is that the length L be integral number n
of half wavelengths or, equivalently, that k = nm/ND .
For a 10-section resonator there are thg%gfore ten
modes of resonance, with frequencies determined from
the dispersion diagram by the construction shown on the
figure. A particular mode may be excited by applying
the corresponding distribution of voltages to the
electrodes located on the tops of the teeth, Our ex-
periments have been performed on the n-mode in which
alternate electrodes are excited 180° out of phase, as
in & conventional IDT.

We have fabricated and tested three SH grating
resonators with groove profile dimensions as given in
the upper left of Fig. s and resonant frequencies for
the 7-mode in the range of 1 to 2.5 MHz, The resonator
proper is defined by an electroded region on the top
surface of a grooved block, large enough to eliminate
edge effects and to permit probing of the vibration
pattern outside the electrode region by means of small
rubber damping pads., The grooves were first cut with
a diamond saw, the top surface and reflecting edges
were then polished, the electrodes deposited and the
gold wire leads attached.

In these initial experiments no attempt was made
to polish the inside of the grooves., As will be seen,
this leads to problems withresonance broadening and
coupling into spurious modes due to grating nonunifor-
mity and surface roughness, It is clear that the best
way to gake these structures is by deep etching tech-
niques,

The importance of groove depth uniformity is clear
from the dispersion curves in Fig., 4, where it i{s seen
that the frequency of the m-mode is strongly dependent
on the groove depth h , Nonuniform groove depth
therefore causes different parts of the grating to re-
sonate at different frequencies. This effect was ob-
served in some of our gratings, where the vibration
was found by mechanical probing to be localized in a
small region of the grating, Tighter tolerances on
the fabrication procedure were found to reduce this
effect, It appears from these results that the reso-
nance could be confined to s desired region of the
surface by deliberately tailoring the depth profile of
the grooves.,

Mechanical prubing of the resonators with small
rubber pads confirmed the surface wave nature of the
vibration and also demonstrated a lateral confinement
of the vibration to the electroded region. A lateral
decay distance of the order of 1 cm was observed out-~
side the electroded region, This is due to mass load-
ing by the electrodes, which effectively increases the
depth of the grooves under the electrodes. Because of
this lateral confinement transverse modes are also ob-
served, as in standard SAW resonators,

PZT-8 Ceramic Resonator

The insert of Fig, 5 shows a highly schematic re-
presentation of the resonator geometry, Poling is in
the direction indicated by the heavy arrow. Since it
is not possible to pole over a 3" length, the block
was fabricated from six 1/2" pieces carefully ground
and bonded together with epoxy. No repolishing was
performed after sawing the grooves, and the groove
depth was measured to be approximately five percent
greater at the left end of the grating than at the
right, When the two halves of the grating were excited
independently, different resonant frequencics were ob-
tained - as expected, the lower frequency correspond-
ing to the larger groove depth,




figure 5 shows the measured input {mpedance char-
acteristice for the entire grating - the small pesk at
1.120 MHz corresponding to the deep end of the grating,
A variation of groove depth in the order of five per-
cent corresponds to a frequency variation in the order
of one percent, The estimated resonator Q is of oxder
220, compared with a material Q of order 40O determined
by pulse echo measurements in a large block,

We have also tested the same geometry as & Ray-
leigh wave grating resonator, with the poling in the
vertical direction in Fig, 5., As anticipated the Q is
much lower (of order 50) because trantion=free bound-
aries do wot act as good mirrors for Rayleigh wave
motion,

¥-X Lithium Niobate Rascaator

A lithfum niobate resonator was made {n order to
more clearly fsolate the effects of surface roughness
and reuonator geometry on the Q-factor, As shown {n
Fig. 6 a resonator of samewhat different dimensions was
rnade on a single crystal block, using the same fabrica-
tion method, The top surface is Y-oriented and the
grooves ave along 2 . By cutting the grooves before
polishing the top surface and finishing afterwavds,
grooves with clean upper corners were obtained, They
were, however, very fragile and had to be handled with
great care,

The i{mpedance curve in the figure {s for an unsup-
ported sample and exhibits a very dense spectvum of
spurious bulk modes in the region of the main and
transverse surface wave resonances, Appearance of
strong spurious modes only in the vegion of surface
wave resonance indicates that the spurious coupling s
through mechanical imperfections of the grating and not
divectly from the electrodes,

Figure 7 shows, on the same scale, the impedance
characteristics after glueing the ends of the lithium
niobate block, The bulk modes are now strongly sup-
pressed, although some spurious is still apparent near
to two transverse resonances on the high frequency side
of the main resonance. There is now a strong surface
wave resonance with a maximum impedance of 300 ki , and
Figs. 8 and 9 ahow that the maximun spurious response
over the range from 1 to 7.5 MHz {s L k0

Figure 10 gives on a logarithmic scale the de-
tailed impedance response in the vicinity of the re-
sonance and antirvesonance points, Because of the
large number of spurious modes near the series veso-
nance point, {t is not possible to calculate the Q by
the standard procedure, but it is estimsted to be not
more than 2000, This very low value fs clearly due to
the encrgy loss coupled into a lavge number of bulk
nodes and subsequantly dissipated {n the supports,
Further precision in grating fabrication ts obviously
called for,

ST Quartz Resonator

Figure 11 shows the geometry of a grating resona-
tor on a 39,3° uST* quarts plate with the grooves along
the X divection., Note that the thickness aof the sube
strate is much less than in the other examples, Al-
though the resonator is unmounted the spurious mode
response {s small compared with the lithium niobate
case, and the response is clean outside the 10 Kiz fre-
Quency range shown,

As in the P2T resonstor the low frequency peak is
sttributed to nonuniformity of groove depth. Since
this sccond peak occurs very close to the main sevies
tesonance point, it i{s not possible to arrive at an ac-

curate evaluation of Q, We estimate a value in the or-
der of 3000.

Conclusions

In summary, we have experimentally verified the
surface character of SH vibrations on deep grating
structures and have measured some of the properties of
grating resonatora of this type operating on P2T-8, YX
lithium niobate and ST quarte in the frequency range of
1 to 2 MHe, Q-factors obtained are low, not more than
3000. This {s due in part to technical difficulties in
accurately and uniformly fabricating the large grooves
required at these low frequencies and in part to mode
scattering dus to the effect of substrate anisotropy
on the behavior of the traction-free reflector sur-
faces,

The fabrication problems encountered point up the
need to study shallower grating resonators opervating
at higher froquencies, As pointed out earliev, only
a amall amunt of slowing {s needed to trap the SH vi-
bration on the surface, and the grooves need only be a
small fraction of a wavelength in depth., Since the
periodicity ncoded for wawe trapping may also be in-
duced by periodic boundary conditions on the surface,
an attractive alternative i{s mass-loading or electri-
cal short civcuit strips deposited on the substrate
surface,

The wmajor potentfal advantage of the SH grating
resonator over the standard SAW atructure is in its
small size, Because the grating itzelf does not serve
as a mirror, only a small number of periods {s re-
quired, Also, the presecuce of a spectrum of resonator
modes that can be selected by appropriate coding of
the applied electrode voltages suggests the possibility
of amall multipole monolithic filters at vevy high fre-
quencies,
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Phase imaging in reflection with the acoustic microscope

A. Atalar, C. F. Quate, and H. K. Wickramasinghe

Eaward L. Ginzton Laboratory, Stanford University, Stanford, California 94305
(Recewved 22 August 1977; accepted for publication 3 October 1977)

When a polished surface of a'single crystal is examined with a converging acoustic beam the reflected
signal has a charactenstic response that is dependent upon the elastic properties of the reflecting surface.
This property can be used in the acoustic microscope to monitor the thickness of layers deposited on these
surfaces and the small-scale variations of the elastic parameters in these materials.

PACS numbers: 43.20.Fn, 43.35.Yb, 43.35.Sx, 68.25.+j

In our studies of the acoustic reflections from smooth
surfaces of single crystals we have learned that various
matenials have a characteristic response determined by
the elastic properties of the surface itself, We use the
acoustic microscope to monitor this effect, We have
determined that metallic, or dielectric layers, deposit-
ed on these surfaces alter this response in such a way
that we can deternune the thickness of these layers and
locate some of the subsurface defects.

In the microscope' we use a strongly converging beam
normaily incident to the liquid -solid interface at the
surface of the object. It has been our usual practice to
record micrographs with the sample surface at the focal
point of the beam. There the beam is more or less
collimated and the returning signal has a maximum
value, The details and contours of the surface are
portrayed with moderate contrast, as expected from
conventional imaging theory. What is unexpected, at
least to us, is the fact that the smooth surfaces with
different elastic parameters generate reflected signals
that have a distinet characteristic for each material,
This distinction shows up when the sample 1s translated
along the axis of the beam toward the lens. There we
find important differences n the profile of the reflected
beam as compared to the mirrorlike reflections from a
rigid surface.’ At this mterface the velocity difference
is large, the critical angles are small. and much of the
incident energy is totally reflected. In analhy /ing thns
probiem we decompose the incident beam mto an angular
spectrum of plane waves with incudent angles extending
from 0 (normal incidence) 1o 50 (the half -width of the
beam) Those rays with wm mcident angle that 1s larger
than the critical an1vs undergo total internal refiection,
They are reflected with an amplitude equal to that of the
incident ray and with a phase shift that is determined
by the ratio of the mcident angle to the critical angle,
These puase shifts —known as the Goos -Hanchen shifts
i uptics ' —alter the focal properties of the returning
beam 1n a way that is unique to each material. The
relative phase shifts for the totally reflected rays will
change 1 the presence of a thin film at the interface
and this too can be easily observed at the output of the
transducer We believe that this mechanism can be
used to explain the reversals mn in.age contrast that
have been observed by Wilson® in acoustic micrographs.

The geometry for the reflection microscope 18 depict-
ed m Fig 1. There element 1 1s the prezoelectric
transducer. It serves to convert the rf voltage across
the film nto a plane wave of sound propazating normal
to the tilm. As a receiver for the wave reflected from

79N Appl Phys Lett 31(12), 15 December 1977
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the sample it is sensitive to the phase of the returning
wave, The output voltage is equal to the acoustic field
of the returning pulse as integrated over the area of the
transducer —an important feature of our system since
we monitor and display the voltage amplitude, V. Ele-
ment 2 1s the acoustic lens which serves to focus the
plane wave from the transducer into a waist at the focal
pomt, Element 3 is the reflecting object that we want to
characterize by translating this object along the 2 axis.
Finally, we note that we use a 4-nsec pulse at the input
and include a circulator to separate the input from the
output, We also use time gating to separate the pulse
reflected from the object from other spurious
reflections,

We monitor the amplitude of the transducer voltage
and record it as V(z) in order to distinguish this dis-
placement along the axis of the beam from the lateral
scanning that is used to record conventional acoustic
micrographs. The z coordinate is measured from the
focal point and positive values correspond to lens-
object spacings greater than the focal length,

These curves for V(z) combine both the transducer
response and the reflection characteristic of the object,
We can separate these and analyze the transducer re-
sponse by first assuming that the object 1s a rigid sur-
face. The mncident wave does not penetrate the inter-
face of such an object and at is reflected as a murror
mmage, For this reflector the rf voltage across the
transducer will reach its maximum value when the
reflector is placed at the focal plane (z —0). When the

7N\ o
o O 10 awp
o NPUT 1 () outeur o AND CAT

CIRCULATOR

/ TRANSDUCER (D)

N REFLECTING (D)
0BJECT

fo* RADIUS OF LENS ¢ 100 um
1« FOCAL LENGTH OF LENS =113 fp
Re RADIUS OF LENS APERTURE + 0.7 1

FIG. 1, The geometry of the acoustic transducer and len- -
used for the reflection mode of the acoustic microscope,
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sample spacing is decreased (negative z) the reflected
wave reaches the transducer in the form of a spheri-
cally diverging wave. There the transducer 1s excited
with alternating regions of positive and negative phase
and the integrated response is reduced. Similarly, the
transducer response 1s reduced when the sample
spacing is increased for then the reflected wave at the
transducer 1s a converging spherical wave, If we ne-
glect the transducer-lens spacing and assume that the
system is lessless, we can wort out a simple expres-
sion for V(z). It is of the form sinfn(R/f ) 2/x,][n{R/
£2/7,)Y. The terms are defined in Fig. 1. For that
lens this function with a maximum at 2 =0 has a null
atz= (f//R)ZAl): (l. 13"0/0- 7)‘0)2)\0 =32. GAO' The l‘igid
reflector model has been used by both Weglein and
Kompiner® to explain the contrast reversaiz that have
been observed in micrographs of mtegrated circuits, !
This model is inadequate since different elastic mate-~
rials produce the same response and this does not con-
form to our observations. The rigid model, therefore,
needs to be replaced with a reflector that is elastic.

We can modify the relation for V(z) given above by
calculating the correct value for the reflectivity of the
actual object. We begin as before by decomposing the
incident beam into an angular spectrum of plane waves.
Each of these plane waves is incident upon the interface
with a different angle and we evaluate the amplitude »
and the phase, ¢, of the reflectivity coefficient as a
function of 4, the angle of incidence, Plots of these
two parameters for some simple crystals® immersed
in water are shown in Fig. 2. We can see that the
amplitude of the reflectivity coetficient is slightly less
than unity when the incident angle is less than the criti-
cal angle and it 1s equal to unity for incident angles
greater than the critical angle. The structure in this
curve corresponds to the excitation of various modes
1n the solid. ! It need not concern us since most of the
enern v is returned toward the lens. We are concerned,
howeve =, with the phase of the reflected cays, Those
rays witt small mcident angles are reflecied with a
zero phase shift, while those rays with large mcident
angles are reflected with a phase shift that approaches
27. The information 1s contained in the phase of the re-
flected components, and with different materials and
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FIG, 2, The reflectivity for the labeled surfaces us a function
of sin@ where 0 is the angle of incidence for plane waves, The
reflection coefficient s given by » eap(ie), The amplitude and
phase are plotted separately,
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FIG, 3, The V(2) curves representing the transducer output
versus the lens-object spacing, 2z, The dotted points are the
measured response at 750 MHz, The dashed curves are from
the computer program which includes loss in the liquld, The
colld curves come from the parasial ray equations with a
lossless fluid,

different layering both the critical angle itself and the
slope of the curve are altered,

These curves for the reflectivity coefficient, ampli-
tude, and phase are used to characterize each surface
and they are used in calculating the response of the
output transducer. A computer program has been
written for this purpose and the computed curves for
the four materials given in Fig, 2 are shown as the
dashed lhines in Fig. 3. We have also used the paraxial
rav approximation as a second approach to calculate the
V(z) curve. There we assume that all of the waves in
the Fourier decomposition mtersect the 2z axis with a
small angle. In a number of cases this gives a closed-
form expression which adds a great deal to our physical
msight. The calculated curves from the paraxial ray
equations are shown as the solid lines n Fig. 3. The
acoustic loss of the liquid has been neglected i these

Atalar, Quate, and Wickramasinghe 792
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curves. The measured results in Fig. 3 were recorded
using a crystal with a transducer-lens spacing of 1.25
mm and the diffraction spreading of the beam over this
length degrades the illumination of the lens, We suspect
that this is the reason for the agreement between the
paraxial ray equations and some of the experimental
curves.

We have f{ound in this study that the acoustic micro-
scope can be used in conjunction with the axial transla-
tion of the sample to study the elastic properties of the
surface on a dimensional scale that measures 1 p in
the lateral direction and 1 u in depth, We believe that
the information as gathered in this manner should be
useful in studying subsurface defects, identifying dif-
ferent constituents th.. make up the surface in complex
alloys, and in monitoring the layer thickness in fabri-
cated microstructures, Although we have included no
images here these curves do influence that work since
small variations in the elastic parameters are more
easily seen in the micrographs when the 2 -axis position
coincides with the minimum of the curves of Fig. 3,

We want to express our appreciation to both R.G.
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ANTI-STOKES EMISSION AS A VUV AND SOFT X-RAY SOURCE®

S. E. Harris, J. Lukasik,* J. F. Young, and L. J. Zych

Edward L. Ginzton Laboratory
Stanford Universitﬂ
Stanford, California 94305

A VUV and soft x-ray light source based on spontaneous anti-
Stokes scattering from atomic population stored in a meta-
stable level is described. Unique properties of this source
include: narrow linewidth, tunability, linear polarization,
plcosecond time scale, and quite high spectral brightness.
We show how the maximum source brightness, within its narrow
linewidth, is that of a blackbody at the temperature T of
a metastable storage level, Experimental results showing
laser induced emission at 569 & and 637 K from a He glow
discharge are described. The use of the anti-Stokes process
for direct, internal energy transfer from a storage species
to a target species is discussed.

In this paper we discuss some of the properties of a new type of vacuum
ultraviolet and soft x-ray light source [1,2]. The source is based on spon-
taneous anti-Stokes scattering from atomic population which is electrically
stored in an appropriate metastable level. The source has several unique
properties which include: narrow linewidth, tunability, picosecond time
scale operation, linear polarization, und relatively high peak spectral
brightness, We will see shortly that this peak spectral brightness corres-
ponds to that of a blackbody at the temperature T of the storage level.

A schematic of the anti-Stokes light source is shown in Fig.l.

Though anti-Stokes scattering is usually described in terms of a spon-
taneous scattering cross section, it is better for our purpose to describe
it in terms of a spontaneous emission rate A(®w) induced by the laser pump
field %, at frequency ®_  [3). This spontaneous emission r~te at the
vacuum ugtraviolet frequency ® may be written

¥
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The quantity Az; is the Einstein A coefficient for spontaneous emission
from level |[3)”"to level [1) . The lineshape g(w - ayyy) is the con-

volution of the Doppler- or pressure-broadened linewidth of the Il) -'2)
transition, and A is Wgy = Oyyy -

YOR IEEEER
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Fig.l Schematic and energy level diagram for spontanecus anti-
Stokes light source., An upper and lowexr sideband is obtained.

We see from (1) that as the laser pump field becomes larg:, the anti-
Stokes emission rate approaches the Einstein coeffifcient Azy ; which at
fixed oscillator strength fzj , increases as the square of)the VUV fre-
quency. The cross section for spontaneous scattering is related to the

emission rate by ogp(w) = fuh(w)/(P/A) , where P/A is the incident laser
power density.
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The key to understanding and optimizing this light source is the two-
photon absorption which is created at the ultraviolet frequency dyyy in
the presence of the laser pump frequency M, . For the range of laser power
densities of interest here, both A(m) and the two-photon absorption cross
section o(w) 4increase linearly with laser power density, and are related
to each other in the same manner as are the emission and absorption coeffi-
cients for single-photon processes, i.e., a(®) = (712c2/02) A(w) .

The brightness of the light source, B(®w) photons/(sec em® sterradian
em-1), 18 determined by the interplay of the emissive and absorptive pro-
cesses, and for an infinitely long cylinder of outer radius ry is given

by (1,2]:

Hy 1 ‘

B(w) = 1 - exp [- o(@)(N, -N.)r.] (2a)
bPc? exp (¥u>21/k'r) -1 l 1 evo

s Hoghyy MogHiy “

o) = =g Z = + —Eg(a)-m ) (2b)

6c2e2ﬁ3 W, = W, +m A vuv
0 i i vuv i

(mks units). T 1is the temperature of the metastable level, i.e., N2/N1 =
exp - (fwp1/kT) ; Wij are matrix elements; i are the frequencies of the
intermediate states; and Pp/A is the power density of the pump laser.

In the (two-photon) optically thin case, i.e., o(®)(N] -Np)rg << 1,
B(m) increases linearly with the laser power density and is the same as ob-
tained from the usual spontaneous scattering cross section point of view.

As the laser power density is increased and the medium becomes nominally
two-photen opaque, i.e., o(w)(Ny -No)rg = 1, the brightness approaches a
constant value equal to that of a ulackbody radiatnr at the temperature T
of the metastable level. Once the two-photon opaque or blackbody regime is
attained on line center, the primary effect of a further increase in laser
power density, cylinder radius rp , or ground state density N; 1is to in-
crease the emission linewidth. The total number of emitted photons continues
to increase slowly, and the brightness remains constant.

Before proceeding further, we note that anti-Stokes scattering in the VUV
has been observed by BRAUNLICH and LAMBROPOULOS [U4], and has been discussed
by ZERNIK [5] and VINDOGRADOV and YUKOV [61.

Experimental Results

In our first experiments [2] on this t{pe of light source a glow discharge
was used to store population in the 2slS level of He at 601 X = 166,272 cm-l
(Fig. 2). The cw He glow discharge was produced in a 40 cm long quartz tube
with a cylindrical hollow cathode and pin anode at opposite ends. Typically,
the discharge current was 120 mA and the pressure was about 1 torr. A 0.9 cm
long slit was cut through the side wall of the 4 mm ID capillary and served
as an input slit for the VUV spectrometer. An actively mode-locked Nd:YAG
oscillator-amplifier system produced a train of mode-locked pulses, each with
a pulse length of ~ 1CO psec. Approximately 10 pulses occurred within the
half-power points of the train envelope. The laser was propagath down the
discharge capillary tube and focused to an area of about 3 X 10-% on® and a
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Fig.2 Energy level diagram for laser-induced emission in He,
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The detection system consisted of a spiraltron, a fast preamplifier, a
pulse height discriminator, a coincidence gate, and a counter. The coinci-
dence gate was set to a width of 90 nsec overlapping the laser pulse train,
Typically, 102 counts were registered per minute with a signal-to-noise
ratio of about 100, The relatively low count rate was a result of the
3 x 10°9 laser duty cycle and the 2.5 x 10-8 ratio of detected photons to
total photons generated, Since the source linewidth, even far into the
blackbody regime, was well below the resolution of the spectrometer, the
observed count rate was proportional to the integrated brightness, B =
[ B®) do ,

Using this system we observed laser induced emission at §69 8 637 & and
501 R, as well as He resonance line emission at 584 R, 537 A, 522 R, and
516 %, The emission at 591 % resulted from anti-Stokes scattering from the
He 2s3s level, and had an intensity of about 1/50 of the 569 R radiation.
Figure 3 shows the relative integrated brightness of the 569 8 radiation as
a function of laser peak power density for three He pressures. The points
represent the average of 5 one-minute counting intervals. The solid curves
are theoretical calculations of B . As described in [2], the curves were
drawn using a value of the two-photon absorption coefficient of o(oyyy) =
1.8 x 1072° (P,/A) W/ecm® . The magnitude of each theoretical curve was de-
termined by a geast squares fit to the experimental points., Our results
indicate that the ratio of metastable population to ground state population,
No/N1 = 2.6 x 10"9 , which corresponds to a temperature T = 22,T00¢K ,
These numbers were independent of pressure in this range to within * 5%, At
the highest power density and pressure of Fig, 3, the two-photon source had
a laser induced optical depth of roNjo(wypgy) ~ 7 , well into the blackbody
regime,

The relative intensities of the laser induced emission and the He reso-
nance lines are comparved in Table I for a pressure of 1.6 torr and a laser
power density of 600 GW/cme. The instantaneous count rate was calculated
from the accumulated count using the laser repetition rate and either the ‘
coincidence gate aperture time (for the resonance lines) or the effective {
1 nsec total laser on-time., In order to estimate the brightnecss we calcu- ;
lated the linewidth of the 537 R and 584 £ resonance lines for our geometry
and pressure. Based on a Voight profile, these are 3.2 em=! and 5,6 cm~1
respectively. The linewidth of the laser induced emission for thesc oper-
ating conditions was calculated as 1.3 em~1 at 569 R and 1 em-! at 637 '
The second row of Table I also includes a geometrical factor of 2 to account
for the larger effective radiating area of the resonance line source, Thus,
we estimate that the peak induced emission at 569 R is 140 times brighter
than the strongest He resonance line. As a result of its greater detuning
from the intermediate 2p1P° level, the brightness of the 637 R emission is
about 7 times smaller than that of the 569 A emission,

One of the key properties of a laser-induced two-photon radiator is that
its geometry is dominantly controlled by the pumping laser beam, instead of
by the geometry of the discharge. This allows a two-photon radiator to have
a temperature characteristic of the interior of a plasma or discharge, 1In a
glow discharge similar to ours, in the interior, electron collisions cause i
the population of the 2p1P level to be within a factor of three of the 2sls Y
population., However, it is the exterior QplP level atows which to a large
extent determine the temperature of the single-photon 58h R radiator. As a
result of the fact that these atoms are continuwously radiating, as well as
due to the lower electron density and temperature near the walls, their
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temperature may be significantly lower; thereby probably accounting for the
factor of 140 in relative brightness which we have observed, The attenu-
ation and self-reversal of single-photon radiators which results from cold
atoms, is also avoided in the two-photon radiator.

1.0

0.9t

0.8 1.9 TOrr
L3 TOrr

0.7

o
o
'\

o
0
—
@)
=
~

0.5
0.4

o o O
- N oW

RELATIVE INTEGRATED BRIGHTNESS

0 | | l | l | |
O 100 200 300 400 500 600 700

POWER DENSITY, GW/cm?

Fig.3 Relative integrated brightness at 569 R as a function of 1.06 qm laser
peak power density. The thecoretical curve at each pressure was determined by
numerically integrating (2); the magnitude was determined by a least squares
fit to the experimental points at that pressure,

Flashlamp Applications

One of the uses of this type of light source may be as a flashlamp for short
wavelength lasers. To avoid the inefficiencies of short wavelength optics,
it way be best to mix the target or lasing species directly with the lamp
species. For example, neutral potassium at a density of perhaps 101"
atoms/cm3 might be mixed with He at a density of about 1019 atoms/cm3. The
mixture would then he heated either electrically or by a COo laser beam,

At an appropriate time, an incident tunable laser pulse would cause the
generation of spontaneous anti-Stokes radiation. This radiation would be
absorbed by the neutral potassium, and cause the production of excited-state
Kt. A simplified energy level diagram for this type of interaction is shown
in Fig. 4. As_shown here, the anti-Stokes source would be tuned to gn enexrgy
of 172,732 cm™ so as to cause an inner shell transition from the 3pPls level
to the 3p5hshd level. A second laser beam of energy greater than 28,739 cm-l
would carry this excited electron into the continuum causing the formation of
the excited 3p553 K' ion, By tuning the anti-Stokes source to a discrete
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Table 1 Comparison of resonance line radiation and laser induced emission

at 1.6 torr and 600 GW/em=.

Laser Induced

Resonance Lines Emission

537 8 | 584 R 569 8 | 637 R

Instantaneous Count Rate

¢ 0.8 32.0 5kl 57
10" Counts/Sec
Estimated Peak Brightness*

Photons 0.0l 0.33 46 6.3

1015 —
sec cm Sr cm

*
The time averaged value is cbtained by multiplying by the laser duty
cycle of 3 x 10-9.

A A K+
39348 LLLLLL 20147 ——r3p54s
|
182703 l 3pS4s8s
180552 meeen——3p54 334
|
172732 3p%4s4d
} 601 A
151009 e 3p 53452
I
I
I
|
3p8I0NLL HLL 35,009 : —_—
-1 l
.._____..3p64s —_—

Fig.h Simplified energy level diagram for anti-Stokes pumping of K. The
Zleft) solid arrow shows direct pumping to the continuum of an inner shell
electron. The dashed arrows show two-photon pumping via an intermediate
state,
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intermediate state such as shown here, instead of tuning it directly into
the continuum as shown by the solid arrow on the left side of Fig. 4, it
should be possible to increase the cross scction for absorption of the anti-
Stokes radiation by about two orders of wmagnitude. This, in turn, allows
operation at a K density much lower than would otherwise be possible, and
mitigates, at least somewhat, the problem of the formation of ground state
Kt formed by collision with free electrous.t
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We should note that the energy required to cause lasing on the 601 R
line Yf K' 1s quite small., The calculated gain coefficient is (2.1 X 10“15)
N cm™, where N 1is the density of the potassium fons. A gain of 10 {n a
path length of 1 m requires an ion density of 5 x 101l atoms/em?, Assuming
a confocal volume of about 1 cm’, this requires an energy of about 1 pJ.
This energy must be deposited in a time short compared to the 0.6 nsec spon-
tancous decay time of the K {on.

7 o rn Kot eer F2 4L BRI L G T

Before going further we should note that there are two problems associ- yo
ated with the K-He combination of Fig. N. The first of these {s the forma- !
tion of ground state K ions by autoionization from the jpshshd level; the
second and possibly wore severe problem {s the formation of ground state K
ions by hot electrons in the discharge. During the afterglow, the density
of these ions may rapidly reduce by formation of HeK'! molecules.

which, in a sense, allows the blackbody limitation to be overcome: to the
extent that the product of the single-photon absorption cross section and
density of the target species is greater than the two-photon absorption

cross scction and (ground state) density of the storage species, the anti-
Stokes photons will be absorbed by the target instead of reabsorbed by the
generating species., For appropriate conditions, the effective anti-Stokes
emission rate may then approach that of (1), i

\

§
There is an important advantage to the internal or mixed configurvation ; :

i

¢

?

i

We should also briefly address the question of efficicncy. At a detwning {
of 100 cm~! from the 2p resonance line of He the cross section for spontancous
anti-Stokes scattering is 6 X 10~-0 cme, and varies as the inverse square of i
the detuning from the 2p level. Assuming an exefted state He density of 1ol :
atoms/hmj, a 1 m path length, and allowing for the energy conversion gain of
a factor of 3k, the ratio of anti-Stokes power generated to laser power in-
cident is about 26, This assumes that the media is kept (two-photon) opti-
cally thin, or that equivaleantly, as discussed above, all of the onergy is
absorbed by the target species; and that the excited state population {s wot :
depleted. :

In conclusion, the anti-Stokes light source has poteatial for producing
radiation in the VUV and soft x-ray spectral regions with many laser-like
properties. These include narvow linewidth, tunability, picosecond oper-
ation, and controllable polavization. The source may provide a valuable tool
for studying the spectroscopy, fluoresceat yield, and autotonizing vates of
inner shell transitfons. 1lts use as a pump for VUV and soft x-ray laservs {is
promising.
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