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SUMMAUY 

As tin? iniui'fst m-iws m Mklng tilgtar ami higher frequency ■urface 

ucouätic rave devieea such as delay llnee.frequency niicrs. and complex 

diKiiui and analog mtched filtere, the technology is forced tu deal 

with smaller and smaller dimensions.  Al Irequeneies above about 1 GHz 

the width oi MI average transducer finger drops into the aubmlcron 

regloni and conventional photolithographic techniques are not adequate 

m this domain. Photolithography must be BUpplanted with electron-beam 

lithography as resolution requirements rise. 

Electron pattern-producing systems can be divided into two cate- 

gories; the first type exposes an electron-sensitive resist by scanning 

a single small electron beam in a delinod pattern, the scanning electron 

microscope (SEM); and the second produces an entire pattern as one com- 

plete image (the projection exposure system).  The slit-lens syrtem 

developed under this contract is of the second type, i.e.. a projection 

system.  It is capable of producing high resolution patterns for surface 

acoustic wave transducers by transforming a pattern specified by a 

simple set of object mask holes into a set of very fine interdigitated 

lines.  If a substrate coated with a positive electron-sensitive resist 

is exposed in this manner and then immersed in a suitable developer, the 

exposed areas (lines) constituting the images in the resist are developed 

away.  Aluminum can then be deposited on the imago areas and on the un- 

removed resist, which functions as a deposition mask, and the latter can 

be stripped away to leave a set of aluminum fingers bonded to the sub- 

strate in exact duplication of the electron exposure pattern.  If such 

patterns are formed on a piezoelectric substrate (e.g., lithium niobate) 

and contact pads to each set of fingers are provided, then these fingers 

S-l 
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become u •ucrowuve acoustic transducer, ami pairs of these transducers 

•uitably located on the same substrate function as delay lines. 

The slit-lens projection system we have developed oilers several 

advantages over the scanning type system for the routine production of 

such acoustic wave transducers; namely, the slit-lens system is simpler, 

and thoroloro less cosily; it has ;. greater depth oi Held; and it 

should provide shorter exposure time than digitally controlled SEMs. 

During this contract we designed and built a slit-lens exposure 

system and used it to produce successfully a range of interdigitatcd 

transducers and delay lines.  In purticular, we fabricated transducers 

having interfihger spacings of 2.3. 1.5. and 0.68 u on lithium niobate, 

and tnese devices were shovn to operate at 0.725, 1.15, and 2.8 GHz, 

respectively.  These transducers wore about 280 \i  in transverse length 

(perpendicular to the propagation direction of the acoustic wave).  The 

line width of the highest frequency transducer was approximately 3400 A. 

and, judging from the definition of the edge of the fingers, this tech- 

nique should be capable of fabricating transducers of even smaller 

dimensions and hence be useful for higher frequencies.  Moreover, the 

technology can be extended readily to more complex structures, e.g., 

those having predesigned variations of finger widths and spacings in 

any given pattern. 
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I   INTllODUCnON 

During  the past four voars. eonsidermbl« reteareh ami dovolopMnt 

work has been turned out  o» surluce acoustic    wave» propagatll«   in   ihe 

\IIK ami UID-' rangei in liiigle-orystal plosoolectrlc maierul».   A pl«so- 

electric  material  ensures  that   the surlace eooustio    wtve carnos along 

an assueiuled electric  field enabling  the wave  to IKS readily sampled 

or  tapped  at  any point  along   us propagation path.     The presence of 

this electric  Held has allowed u wide  range ol   function«]  components 

lo be realized,  both /or frequency filtering and, more ■ignlficantly, 

time domain  Signal   processing.     The  key   to   these  realization« has been 

the metal-electrode  interdigital   transducer1     (see Figure 1) modi lied 

ior sped lie  applications  by  techniques  such  as grading   the periodicity. 

grading  the electrode overlap distance,   and Jorming linear arrays ol 

spatially  separated wide-band   transducers. 

In spite ol   the great utility of  the   U terdigital   transducer,   it 

has not  been  used often at   frequencies  above about  1 GHz.   mainly bocuusi- 

oi  the difficulty  In fabricating  transducers  suitable  for such high 

frequencies.     Photolithographic  techniques  are generally capable oi   pro- 

ducing   transducers with  J inner widths  of  about   1 \i  und   Interflnger 

spacings  of  2 .■.     Structures with  these  dimensions on lithium niobutu 

constitute   transducers   Unit  operate at  about   750 NDIz. 

The  region oi   higher  frequency devices  has been exploited only with 

electron-beam exposure   techniques   that   use  electrons ol   effective wuvc- 

lengthS  much  smaller   Hum   the wavelengths  available with  liKht,   even  at 

Superscripts  denote references  listed  ut   the end ol   the  report. 
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FIGURE  1      INTERDIGITAL SURFACE ACOUSTIC 
WAVE  TRANSDUCER 

ultraviolet   frequoncios.    Thv use uf such «nail wnvo long I'm i:rcatl\ 

enhanco» the roaulutiun capabil 11 lea.  and tlte acanmng electron «icro- 

•cope (SEM) hau been uavri directly lu produce trauaducera operatinc 

at troquencio» aa high aa 2.35 Cll^*   ''   and  indirectly to produce ultra- 

high reaolution aaaka lor optical    and X-ra/   11tlutgraphy. 

In general,  although tl«e SEM ia a very voraatile inatruaont having 

well-documnled capabilitlea I *r the nicrolabrical ion of aicrorave 

acouatlcal   trannducera,   it  ia alao a very t-oaplex and expenaive  iifi runent. 
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The research carried out at Stanford Research Institute under this con- 

tract was aimed at demonstrating that a new electron-optical projection 

principle, called the "slit-lens" technique, is capable of producing 

acoustic microwave transducers with an apparatus that can be sufficiently 

simple and inexpensive to permit the dedication of such apparatus to 

this sole purpose.  This new principle, described in the next section, 

makes use of the basic symmetries of typical transducer patterns and 

provides simple and stable exposures (on electron-sensitive resist) of 

an entire pattern in parallel rather than serially, as with the SEM. 

Thus, the loss of some of the versatility inherent in scanning systems 

is more than compensated for by the relative simplicity of the resulting 

exposure system. 
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II  THE SLIT-),ENS ELECTRON-BEAM EXPOSURE SYSTEM 

The heart of the exposure system is a one-dimensional aperture 

lens produced by applying an accelerating electrostatic field between 

a slit-like aperture and a conducting substrate beneath it. Figure 2 

shows a cross section of such a configuration, with the long dimension 

of the slit perpendicular to the page. At an appropriate field value 

the electrons from a distant source are focused by this slit-lens onto 

the substrate.  By using slit-to-substrate spacings that are substan- 

tially smaller than the spacing between the object and the slit, the 

system can be used to provide one-dimensional images at very high 

ELECTRON 
BEAM 

CONDUCTING SUBSTRATE 

TA-651583-31 R 

FIGURE 2      APERTURE LENS ACTION 

Preceding page blank 
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deraagnificatlons.  With this technique' it is possible to use ubject mask 

patterns that are large enough lu be made by standard photolithographic 

procedures and to produce electron-beam patterns several hundred times 

smaller. 

A simplified illustration oi the operation oi the slit-lens is 

shown in Figure 3. Here, lour round holes etched in a transmission 

mask act as object patterns when illuminated by a beam oi electrons. 

Each oi these holes is demagniiied in one dimension by the slit- 

lens so that a corresponding set of lines is produced on the substrate. 

The object pattern holes oi diameter D and center-to-center interhole 

spacing L is transformed into a group of lines having widths MD and 

interline spacings of ML.  The magnification factor M(< 1) can be 

approximated from first-order theory (see the Appendix) with the 

expression: 

,    z $ 
1     o s 
M ^    2§ d ~ 1  ' (1) 

o 

where 

z = distance fror object to lens 

d = distance from lens to substrate 

$ = potential applied to substrate 

$o =  potential applied to cathode (energy of electrons at 
object mask). 

The ratio oi voltages necessary to obtain focus for the slit-lens 

can also be worked out from first-order theory to give: 

_s 3 
i       '"     2     + 

o 

2d /9       2d" 
r V4 + r (2> 
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FIGURE 3      BASIC SLIT-LENS EXPOSURE SYSTEM 
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which,   in  the limit  ui  ömall     d/z     (i.e.,   large demagnifications)  works 

out   to be 

h 
r    = 3   . (3) 

o 

Under   tlic-  same condition Eq.   (1)  simplifies  to: 

1 2.      fo 
M       "    2       d       " (4) 

There  are several  advantages   in  using an aperture lens  like  the 

slit-lens   in  an electron-beam projection system.     First  oi   all,   it   is 

a  very  simple  electrostatic  lens.     The entire  lens  consists  oi   a   single 

slit with an  aperture  placed directly above   it.     Construction  oi   the 

lens   is  easily accomplished by well-known honing  procedures.     Alignment 

is automatically  taken care oi   by  properly  placing  the aperture  over 

the  slit,   whereas   in most  other  lens* s,   e.g.,   the Einzel  lens,   a 

number  of  electrodes must be  precisely aligned with respect   to one 

another for maximum resolution. 

Another feature of  the slit  lens  is  its  self-focusing capability. 

First-order theory shows   that at  high demagnilication  the  image will 

always  be  in locus at  the substrate  plane  regardless ot   the spacing 

between  the  slit and  substrate.     Hence  it  is  possible  to vary the 

demagniiicatior  over a  large  range  and  still   keep  the  image   in  locus. 

Interpreted  in another manner  it  can be  stated  that  this  sytem has 

exceptional  depth oi focus.     First-order calculations disclose  that   the 

eiiective   depth oi   iield  is  increased by a  factor of about 3/4  1/M 

over  conventional  electron-optical   systems;   e.g.,   for systems where   the 

demagnilication  is  100  times,the depth  of   field   is  75   times  better   than 

that  for normal  lenses.     A displacement  of  0.81  mm of  the  substrate  is 

necessary     to produce 0.1-^ defocus  in  the  image plane.     This  feature 

^.1 ^_- ,—, . ..^^^^  



makes the lens system exceptionally tolerant to substrate uneveness, 

which limits the resolution of other projection and contact exposure 

systems. It also greatly facilitates pattern production by allowing 

small magnification changes to be brought about without refocusing. 

Aperture  lenses  possess still  another  interesting  feature.     The 

ultimate  resolution  of  an electron-optical   lens  system  is determined 

mainly b\   Uie  spherical  aberration uf  the  system.     Point-source elec- 

trons  that  pass near  the  periphery of  the  lens  are strongly dellected 

to -ross   the  axis  nearer  the  lens   than  those  electrons  that   pass 

through  the  center of  the  lens.     This defect   is  called  spherical  abt.- 

ration and   the   increase  in  spot  size   is given  by: 

C   = C Y    + C v    + 
o 5 (5) 

where Y is the semiangle of lens illumination and C and C are the 
3     5 

third- and fifth-order spherical aberration coefficients, respectively. 

Ray tracing on the SRI computer has shown that, for two-dimensional 

aperture lenses (holes), the coefficients C and C have opposite signs. 
o      5 

Thus, when the angle Y gets large enough, the spherical aberration is 

partially canceled out.  This allows such a lens to be used at 

wider apertures than is normally possible.  Although these computations 

have not been extended to the one-dimensional case oi the slit-lens, the 

electron-optical characteristics should be s'milar. 

Interdigltated lines can be produced by using an object mask 

having holes that are alternately laterally staggered and by interposing 

an interdigitation slit mask between the object mask and the slit-lens, 

as illustrated in Figure 4.  The interdigitation mask is oriented per- 

pendicularly to the slit-lens opening, so that when the slit-lens is 

illuminated irom the object pattern, the interdigitation mask offsets the 

set of images produced by the slit-lens from each row oi holes.  The 

Mi mti*****^^     . 
■ ■ ■ ^n 
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FIGURE 4      ARRANGEMENT FOR PRODUCING INTERDIGITAL PATTERNS 
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vertical position and silt spacing of the interdigitation mask can be 

readily varied to produce transducers of various active areas and con- 

necting linger lengths, 

A simplified view ol the slit-lens exposure system is shown in 

Figure 5.  The system is comprised of two assemblies with a drift space 

between them.  The electron-gun and object mask assembly is situated 

at the bottom ol the system and the slit-lens and substrate holder arc 

at the top.  This arrangement gives maximum accessibility to the sub- 

strate through the top oi the vacuum column (not shown).  The base of 

the column is pumped with a liquid nitrogen-trapped, 6-inch diffusion 

pump. 

To illuminate the slit-lens properly, each hole in the object 

mask must be evenly illuminated.  Uniform exposures at the substrate 

require not only that the intensity of the object mask be even, but 

also that the angular distribution ol the emerging electrons be Iso- 

tropie.  Illumination oi the object mask witli a broad area cathode 

would provide a suitable solution to the uniformity problem.  However, 

broad area cathodes oi either the barium oxide type or the dispenser 

type do not have long lives in demountable vacuum systems, whereas 

tungsten filament emitters do.  Therefore, this problem was surmounted 

by using a single long tungsten wire as the emitter in a triode gun 

structure and providing a set ol deflection plates to scan the emerging 

ribbon beaia oi electrons transversely to yield the equivalent effect oi 

a large area cathode.  Specifically, as shown in Figure 5, the grid and 

anode plates are formed of slits to produce a gun that is a one-dimensional 

analog of the standard electron microscope gun configuration.  The beam 

of electrons that emerges from the gun is spatially defined by an aper- 

ture and then passes through a double-deflection system.  A 50-Hz 

triangle voltage is applied to the first set of deflector plates so 

11 
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that the beam of electrons is uniiormly swept through a range of angles. 

By applying a portion of this triangle wave to the second set of deflec- 

tors, the beam is brought back on axis in the plane of the object mask 

to maintain continuous illumination during scanning, thereby yielding 

the equivalent of the illumination from a broad area cathode of low 

current density.  The low current density is of no consequence, however, 

because exposure times with this scanning illumination technique are 

quite acceptable. 

Although we are using scanning is a means of obtaining uniform 

exposure, this system should not be confused with the scanning electron 

microscope.  In the latter instrument the actual position of the electron 

beam is controlled by precise scanning voltages.  However, in the slit- 

lens system the scanning is done before the beam reaches an object mask 

and hence can be thought of as a scanning condenser lens.  In this func- 

tion only a simple unregulated triangle wave is needed for operation. 

A postobject mask deflector is used to align the beam laterally on 

the interdigitation mask.  The dc voltage applied to this deflector 

serves to cancel out the effects of small misalignments and residual 

magnetic fields within the drift space. 

The upper slit-lens assembly consists of the interdigitation mask, 

the slit-lens with its built-in aperture, and the substrate holder.  In 

the simplest construction all the slit-lens parts are made of movable miyb- 

denum sheets that have smooth straight edges.  The slit width can be 

varied over a large range.  The sample holder is constructed with a guard 

electrode surrounding the sample so that the plane-parallel field be- 

tween the substrate and the slit-lens electrode is not perturbed by 

the edges of the substrate. 

1-3 
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The structure oi' the exposure system is supported within u sell- 

aligning cylindrical vacuum jacket.  The entire system is depicted in 

Figure 6, and Figure 7 shows the disassembled column.  Each section 

has a vacuum seal, which is secured by the weight oi the column und 

the atmospheric pressure differential when the column is under vacuum. 

Since no section oi the column is more than 7 inches long, each section 

is relatively light, and these parts can be readily manipulated by hand. 

The column can be completely unstacked in a matter oi minutes. 

A soft steel is used in the construction oi the vacuum jacket to 

aid in the electromagnetic shielding within the column.  Two concentric 

0.010-inch-thick, permalloy internal shields are used to reduce further 

low frequency magnetic disturbances in the critical drift region. 

Typical dimensions and operating parameters ior the system used 

in this work are given in Table 1, 

Table 1 

TYPICAL EXPOSURE PARAMETERS 

Interdigitation slit opening 0.012 inch 

Slit-lens p.perture opening 0.005 inch 

Slit-lens electrode opening 0.020 inch 

Substrate holder voltage 5000 V 

Filament voltage ~ 1500 V 

Grid voltage - 15 V 

Cathode current ~   6 mA 

Sample current is measured at the slit-lens aperture, which is 

grounded through an external nanoammeter.  This current is used to 

establish the exposure time.  Exposure is terminated by changing the 

sample voltage from +5000 V to cathode potential.  This form of 
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FIGURE 6      COMPONENTS OF  THE  SLIT-LENS SYSTEM 
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FIGURE   7       ASSEMBLED SLIT-LENS SYSTEM 
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the culumii no that only UM luitt traetlon ol «n Inch uf beam travel 

is aiic. UM| by the« ahuttor muchaniam. 

The vulume ol the culumn has been kept to a minimum to provide lust 

evacuation rules.  Typicully. a vacuum ol M x 10  torr can bu obtained 

in about 3 mini  s Irom the time that the rouKhuiK cycle is Initiated. 

A simple gravity vacuum seal on the top ol the column makes removal 

ai.d insertion of samples a lacile operation and, once the column bus 

been properly net up and aligned, exposures can be produced reliably In 

a routine munner. 

The usual delay-line structure consists of two intordiKital trans- 

ducers spaced and oriented appropriately on a piezoelectric substrate. 

Exposure times on the resist mutenal (polymethyl methacrylatc) runge 

Irom 10 s to about 1 minute per transducer, dependint; on transducer 

size.  However, exposure times enn be cudily reduced below those 

figures if this proves desirable.  Typical turnaround times between 

successive pumpdown expusure operations can bo as short as 10 minutes. 

At present, transducer pairs are made one transducer at a time by moving 

the substrate between exposures (step and repeat).  However, it is 

feasible to upgrade the present system to produce transducer pairs (i.e., 

the pattern required for a delay line) ir. a single exposure. 

17 
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III     THIN-FILM  PRCXESSES  1'OR  TOANSDUCER FABRICATION 

Before  pattern exposure,   the  lltliium niobate  substrate  is given a 

thorough chemical   cleaning,   followed by an air plasma etch   to ensure a 

contamination-free  surface.   Pülymethyl(methacrylate)   (PMM)   is  used as 

the   positive electron-sensitive  resist  and  is  applied with  a commercial 

resist  spinner and   then baked   to attain maximum adhesion.     Final  resist 

thickness   is  in   the  range  of  1000  to 1100 I.     The  resist   is   then over- 

coated with a conducting  film that  acts as an electrostatic  shield 

during exposure   to  prevent  charges  buried   in   the   insulating resist 

from deflecting   the electron beam.     We  have  used  both aluminum and con- 

ducting  polymer  films,   500  to 700 A  thick,for  this  shield  layer.     The 

conducting polymer  film offers   the advantage   that   it  dissolves  away 

during  the development  process,   whereas  the  aluminum film must  be 

etched  off   in  orthophosphoric  acid before development  of  the resist. 

The  shielding capability of   the aluminum,   however,   is  somewhu''   greater, 

so  that   the appropriate  shield  layer  is dependent  on  the   thickness of 

the  resist,   beam current,   and exposure  time. 

Figure 8(a)   is  a  cross-sec :ional  view of   the  PMM being exposed   in 

a  strip that will   eventually become a  transducer  finger.   Total  charge 

density at  the PMM surface needed for complete exposure  is estimated 

to be  from 50 to  70 microcoulombs/square  centimeter.     The  shield  layer 

la  removed  in  the   case  of  aluminum,   and  isopropyl   alcohol   is used  to 

dissolve  preferentially  the exposed  region,   leaving   the  unexposed 

region of  the resist with an overhanging lip.     This undercut  [Figure 

8(b) ]  is evident   in  the  scanning electron micrograph.   Figure 9,   which 

depicts  a  cross-sectional   view of   the substrate/resist  sandwich. 
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FIGURE 8      TRANSDUCER  FINGER FABRICATION 
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FIGURE 9      CROSS-SECTION OF ALUMINUM  FILM 
OVER  DEVELOPED  RESIST 

A gentle  treatment   in air glow discharge cleans   the  residue from 

the surface,   and approximately 950 /,  of  aluminum  is electron-beam 

evaporated onto the surface   to form the structure depicted   In Figure 

8(c).     The   undercut  of   the   resist   produces  a   physical   separation   between 

the aluminum on  top of   the   resist  and   the  aluminum  forming   the actual 

transducer  fingers,   and  a  gentle  ultrasoniJication  of   the  substrate   in 

hot  trichlorethylene removes   the  resist  and  the aluminum adhering  to 

it.     This   "lift-Off"   procedure   leaves   fingers  of   aluminum  on   the   piezo- 

electric   substrate   in   the   same   pattern   as   the  electron   beam   image 

[Figure 8(d)]. 
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The pads on the end of the transducers are made by a similar 

lift-off" technique.  A positive photoresist, GAF Microline, is exposed 

with the light image of the desired pad pattern and developed in GAF 

developer to remove the resist in the exposed pad areas.  Aluminum is 

now evaporated onto the substrate using the unexposed resist as a mask. 

Removal of the resist in hot acetone also removes the aluminum overlying 

the resist, leaving behind aluminum bonding pads at the ends of the 

interdigitated lines. 

22 
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lines art- spaced approximately on 2ni centers, and the width ol the 

lines is about 1 .1.  The lines extend lor 1 cm across the surface of 

the silicon.  By a fortunate circumstance a portion of the silicon at 

the substrate's edge became chipped and the resulting flake flipped 

over while it was being held tenaciously by the three aluminum micro- 

tentacles.  This stroke of luck affords a good view ol the uniformity of 

the aluminum lines and shows that the edge resolution is very high. 

With the impetus of these initial results, the improved instrument 

described in the previous section was designed and built.  On com- 

pletion of the construction and debugging of this instrument, trans- 

ducers of three different sizes were fabricated on y-cut, z-propagating 

lithium niobate substrates to form operational delaj lines.  Table 2 

summarizes the dimensions of these transducers and the corresponding 

slit-lens sytcm parameters.  The first devices consisted of Sets of 

transducers with interfingcr spacings of 2.3 u and finger widths of 

1.3 a (Type 1 of Table 2).  The production of these devices was used 

to tune up the exposure apparatus for best definition and to aid in the 

development of ancillary thin-film fabrication techniques. 

Table 2 

MEASURED SLIT-LENS CHARACTERISTICS 

Transducer  Interfinger 

Type      Spacing (a) 

1 2.33 + 0.02 

2 1.50+0.02 

3 0.68 + 0.02 

Spacing(p) 

Between 

Object Holes 

152 

152 

152 

Focus Voltage 

Ratio J /% 

3.33 + 0,01 

3.47 + 0.01 

3,HK + 0.01 

Demagnl- 

ficat ion 

05 + 2 X 

102 + 3 X 

225 + 6 X 
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Uy changing the spacing between Lhu slit-lens and the substrate, 

the demagnification oi the saniü object pattern was increased lu pro- 

duce Ü.75-.I lines on 1.50-y, centers (Type 2).  Finally, the demagni- 

fication was increased to over 20Ü times and patterns with ü.suü ! 

spacing and 3400 . lines were made (Type 3).  Each of these transducers 

was fabricated with 10 Lnterdigitated lingers with an active transducer 

length oi about 280 a. 

Table 3 summarizes the first-order properties oi the slit-lens as 

deduced from the parameters in Table 2,  Here it can be noted that 

Table 3 

FIRST-ORDER CALCULATED SLIT-LENS CHARACTERISTICS 

Transducer 

Type 

Sample 

Spacing  cj 

(inch) 

Demagni- 

fication 1/M 

Focus Voltage 

Ratio V'o 

1 0.337 0(3.7 X 3.07 

2 0.232 108   X 3.04 

3 0.107 263   X 3. 03 

first-order theory approximately describes the operation oi the system. 

However, it is in error by about 6 percent and 16 percent,respectively, 

in the demagnifications for transducer Types 2 and 3.  Moreover, the 

errors in locus ratio I J\     range from 10 percent to 28 percent.  Thus, 

although the basic properties of the slit-lens can be obtained by the 

simplified model, more accurate theory must be developed to obtain 

closer predictions.  This is especially true in the limit oi small 

f-number lenses, i.e., for large slit widths or small siit-lens-to- 

substrate spacings. 
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FIGURE  12      ALUMINUM  TRANSDUCER  FINGER—2.3/J SPACING 
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Fisui'e  12 shows  the  fingers of a similar Type-1  transducer at  two 

different  magnifications.     The  first  of  the scanning electron micrographs 

shows  one  of  the ends of   the  interdigitation region ol   the  fingers.     It 

can  be  seen   that  the ends  of   the   fingers  are not  perfectly  square  or pre- 

cisely   the  same  length.     The   reason  for  these small  departures   is   that 

the  slit-Ions demagnifies  only   in  the direction perpendicular   to  the 

fingers.     In  forming the  image corresponding to the ends  of  the   fingers, 

the  interdigitation slit  acts  as  a  shadow mask and,   because  of   the   finite 

size  of   the  object hole,   a  penumbra  that  extends  for about   10 ^   is   formed 

at  the   finger ends.     Small   illumination  variations  from hole   to hole  on 

the  object  mask cause  intensity   variations on  the corresponding penumbra 

regions   and  hence  in  the  exposure dosages,   thereby  introducing variations 

in effective  line  length.     The magnitude  of  this effect  is  quite   tolerable, 

however,   as can be seen  in  Figure   12  where  the  variance   in  finger  length 

is   less   than +  1.5 |i. 

Another defect observable   in  these micrographs   is   that   there  are 

small   variations  in line width within  the  transducer.     These  result 

from  the  fact  that uniformly illuminated round holes   in  the object 

mask do not   transform into uniformly  illuminated lines when  projected 

by  the   slit-lens.     In  fact,   the  lines  have a sinusoidal   intensity 

distribution along their widths.     Thus,   small   intensity variations 

from hole   to  hole are  reflected  as width  variations   in   the  final   trans- 

ducer  1 Ines, 

This  defect can be   totally eliminated  if  square-shaped  holes  arc 

used   in   the  object  mask.     The  si it-lens   transforms  square  holes   into 

uniformly  illuminated lines,   und this  produces equal  line widths  regard- 

less  of   local   intensity  variations  at   the object mask. 
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Figure V3   is a  scanning electron micrograph oj the aluminum fingers 

m the highest frequency transducer (Type 3).  The line widths depicted 

here are about 3400 .'.  The high resolution oi the fabrication process 

is very evident Ln this micrograph; edge resolution seems to be con- 

siderably less than 1000 k.     On the basis oi these, results ii appears 

that the limits oi resolution have not yet been attained and that even 

higher frequency devices can be fabricated with this technique. 

FIGURE 13  TRANSDUCER FINGERS—6800 A SPACING 
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V OPERATIONAL CHARACTERISTICS OF HIGH FREQUENCY 

SURFACE ACOUSTIC WAVE INTERDIGITAL TRANSDUCERS 

A.  Measurement Techniques 

The three types of high frequency Interdigital transducers fabri- 

cated by the slit-lens system were evaluated by three measurement tech- 

niques: (1) measurement of the pulsed RF insertion loss between pairs 

of similar interdigital transducers on the same substrate,(2) measure- 

ment of the CW insertion loss between pairs of similar transducers, 

and (3) measurement of the electrical input impedance of a single trans- 

ducer using a Hewlett-Packard automatic network analyzer.  The pulsed 

and CW insertion loss measurements should yield similar results if the 

spurious electromagnetic feedthrough and bulk wave signals can be kept 

well below the main surface wave signal.  The insertion loss measurements 

are of value in determining the quality of a complete surface wave delay 

line consisting of two transducers.  However, this measurement is in- 

fluenced by such effects as propagation attenuation, acoustic beam 

diffraction, and misalignment between the two surface wave transducers. 

On the other hand, the measurement of a transducer's one-port input 

impedance allows direct observation of the frequency-dependent coupling 

of that transducer to surface waves and can be used to determine the 

quality of the acoustic wave transducer if the associated parasitic 

circuit elements of the transducer are known.  The pulsed insertion loss 

measurements were made \ising a standard heterodyne receiver system and 

substituting known attenuators in place of the surface wave delay line 

under test to obtain a given reference signal level.  The CW insertion 

loss and input impedance measurements were made on a Hewlett-Packard 

automatic network analyzer.  This instrument is capable of making 

accurate impedance and insertion loss measurements from 110 MHz to 
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12.4 GHz  at   frequency intervals  as  small   as  2 MHz.     Care was   taken   to 

establish   the   precise location of  the   reference  plane  for   the   Impedance 

measurements   to  yield accurate device  characterization.     Care was  alsu 

taken  to minimize  any stray electrical   parasitics  that might  Influence 

this measurement. 

The   interdigital   surface acoustic  wave   transducer patterns were 

fabricated  on  YZ LiNbO    plates.     The  electrodes  were aliRiied with   the 

reference  edge   of  the  .substrate  so  that   the  acoustic beam would  pro- 

pagate  as  colinearly with the crystalline   z-axis as  possible.     The  YZ 

LiNbOg  material  was  selected  because   the  electromechanical   surface wave 

coupling     is   large,   the  propagation  loss   of   surface waves  is relatively 

low  (loss ^, 2.4  dB/cm at  1  GHz),   and  the  surface waves  have  small  dif- 

fraction  loss   for  propagation  in  the  z-direction.     The dimension  of   the 

substrates were:   12.5 mm,   3mm,   and  25 mm   in   the  X,Y,Z  crystal  directions, 

respectively,   with one Y  face  polished  optically flat  (to 1/10 wave- 

length  of   light)   and  scratch free under microscopic evaluation. 

As  detailed  previously,   the   transducers were  composed of  10  inter- 

digital  electrodes  or 4-1/2   interdigital   periods.     This  number is  about 

the  right   number of  periods    N = n/4k2 BS 4     for YZ LiNbO_   for optimum 

transducer  bandwidth when operated under   tuned  and  matched r  nditions. 

For untuned   operation,   the   transducer  bandwidth should be  1/N or 22 

percent   for   this   transducer design.     The   transducer acoustic aperture, 

or lateral  width W,   was measured  to  be  280 p,m lor all   transducers 

fabricated. 

B, Microwave Acoustic  Surface Wave  Test  Fixture 

To measure  accurately the performance   of   the  high  frequency   inter- 

digital   transducers,   a  suitable  microwave   tost  fixture was necessary. 

The  microstrip  test  fixture  shown  in Figure  14  was constructed   to have 

four 50-Q characteristic   impedance   transmission  linos  fabricated  on 
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bond wire connect ions, which in turn causes direct electromagnetic 

coupling between the closely spaced (  O.Sacm separation) transducers. 

Figures 15 and 1« (shown later) show this initial RF feedthrough signal 

from direct coupling.  It was lound that this spurious signal could be 

substantially reduced (by 20 to 30 dB) 11 a ground plane shield (not 

illustrated) was used to surround the transducers on the LiNbO,. and the 

bond wires were kept as short as possible.  A modi lied tost fixture 

having tins ground shield was used to make all CW insertion loss 

measurements on Types 1 and 2 delay lines (725 MHz and 1.15 GHz, res- 

pectively). 

The test fixture shown in Figure 11 allows accurate determination 

ol the length ol' transmission line between the connector and the trans- 

ducer.  Tiiis permits effective measurement of the reference plane and 

allows it to be set at the point where the bond wire attaches to the 

microstrip line.  Because of the high Q of these surface wave transducers, 

precise reference plane location is necessary for accurate impedance 

determination. 

Type  1 high frequency surface wave delay lines were fabricated 

with 4 identical transducer patterns on each substrate, with the trans- 

ducers spaced 0.5 cm apart.  Type  2 delay lines had 5 transducers 

spaced 0.32 cm apart.  The spacing between transducers of 0.5 cm 

corresponds to a signal time delay of 1.4«-iis on YZ LiNbO .  This 

delay was long enough to allow resolution of the surface wave signal 

from the direct electromagnetic feedthrough signals.  The transducers 

pads were . 100 am  square, which provided enough area for easy wire 

bonding. 
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C•   ^l^'-imontal Evaluation oJ Typo ] Transducer Patterns (2^ 

Interflnger Spacing and 725-^Iz Center Früquencv). 

Insertion loss and input impedance measurements were carried out 

on two surface wave delay lines, each having Jour interdigital trans- 

ducer patterns.  These patterrts were fabricated to have a periodicity 

of 4.66 + 0.04 (im.  The patterns appear under microscopic evaluation 

to be of uniformly high quality and without shorted or broken electrodes. 

Figure 15 Illustrates sypical pulse delay characteristics of the surface 

wave device and the corresponding "untuned" insertion loss measurements 

made at 725 MHz.  Figure 15(a) shows the short (0.5 us) pulse of RF 

signal applied to an end transducer of the Jour.  The resulting output 

signals iron, each of the other three transducers is seen in Figures 

15(b), (c). and (d).  The measured time delay r between adjacent trans- 

ducers öl 1.45 us agreed well with the expected time delay of 1,46  us 

calculated from the formula: 

r = —- (us) , 
s 

(6) 

where ' is the distance between the transducers (equaling 0.508 cm in 

this case) and v^ is the surface wave velocity  3,488 X 105 cm/sec for 

YZ LiNbO . 

The sources of delay line insertion loss in general can be attributed 

to three main causes: 

(1) Propagation loss-attenuation of the surface wave as it 

propagates between input and output transducers, 

(2) Loss due to the transducer geomotry-or diffraction and beam 

steering due to acoustic anisotropy of the substrate material, 

(3) Transducer loss-namely, conduction loss within the metal 

electrodes, impedance mismatch between the transducer and the 

electrical circuit, and bulk wave excitation. 
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(al     INPUT  TO 
TRANSDUCER   1 

(b)     OUTPUT   FROM 
TRANSDUCER  2 

(cl    OUTPUT   FROM 
TRANSDUCER  3 

(dl     OUTPUT   FROM 
TRANSDUCER  4 

INSEPITION   LOSS 
23.5 dB 

INSERTION   LOSS 
-  24 8 dB 

INSERTION  LOSS 
25.8 dB 

TIME   DELAY 
SA-1909-10 

FIGURE   15       RF  PULSE TRANSMISSION  THROUGH  TYPE   1   SURFACE-WAVE 
DELAY  LINE  AT  725 MHz 
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The  average difference in insertion loss measured botweon adjacent 

transducers spaced 1.45 as apart was 1.16 dB,  This yields an average 

loss per unit time of Ü.SÜ cID/us at 725 MHz. 

Measurements of the propagation loss of surface waves on YZ LiNbO 

have been carried out by Slobodnik et al. and Lean et al. in  the 

frequency range 0.2 to 5.0 GHz,  The experimentally determined attenu- 

ation per unit time given in Rei, 7 is approximated by the formula; 

1.9   , Propagation loss = 0,9 1   dB/\i3 (7) 

where 1 is the frequency oi the surface waves in GHz, On the other hand, 

measurements cited in Ref. H more closely follow the equation: 

Propagation loss = 1.25 f *  dB/us  .    (8) 

The discrepancy between the two measurements is believed to be 

caused partly by the lact that in Rei. 7 the loss due to "air loading" 

was excluded (i.e., the devices were measured in vacuum).  The additional 
6 

loss attributed to air loading was estimated to be 0.2 dB/us at 1 GHz 

and this loss must be added to that given by Eq. (7) for surface wave 

devices operated in air. 

Equation (8) predicts the propagation attenuation for surface waves 

at 725 MHz to be 0.79 dB/|j,s.  This agrees very well with the measured 

0.80 dB/u,s average loss per unit time between adjacent transducers. 

Three conclusions on transducer quality can be drawn from the fact that 

tie measured loss between transducers appears to be entirely attributable 

to propagation attenuation: 

(1) The lour interdigital transducers have nearly identical con- 

version efi'iciency. 

(2) The transducers are all well aligned with each other. 

(3) The transducers are well aligned with the crystal axis. 
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An estimate ol   the increased Lnsertion loss of a delay line duo to 

misalignment of two adjacent transducers is given b; 

2 
sin nofo 

Loss = 10 log   (dB)  , 

(mö)2 
(9) 

where  9   is   the  angle  of misalignment   between   the   transducers  and a   is 

the  normalized   transducer width   (i.e.,   the width ol   the  transducer 

divided   by  the  acoustic wavelength  =    2H0 ^m/4165 um = üü.2).      li  0.25 

dB   is  assumed   to  be   the  minimum detectable   insertion  loss difference 

between   transducers,   then  the   insertion  loss  measurements   indicate 

that   the   transducers   are  aligned   to  within  better   than   0.17  degrees   of 

each  other  using   the  present  stop  and  repeat   exposure   technique  and 

to within a   fraction of  a degree  with   the  crystalline  axis.     Hence,   by 

using  careful   substrate mounting   techniques,   well-aligned   transducer 

patterns  can be  produced  using   the   present  slit-lens exposure   system. 

The frequency response of a surface wave delay line composed of 

two 4.5-poriod (9-finger) transducers spaced ■ 0,5 cm apart is shown 

in  Figure   16.      The   untuned   insertion   loss  measurement   was   made  using 
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FIGURE  16      FREQUENCY  RESPONSE OF SURFACE-WAVE 
DELAY  LINE—TYPE  1 
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a Hewlett-Packard  network analyzer aver a  frequency range  I'rom 0.40 to 

1.10 GHz.     The  minimum insertion  loss was  23.5 dB and  occured at 725 MHz. 

The  delay line exhibited  a  bandwidth  ol   140 MHz   (between  the 5 dB 

points).     The  bandwidth predicted  for an untuned delay line having  two 

N-period   transducers   is 
o 

BW  (6 dB)   = — , (10) 
N 

where f  is the fundamental frequency.  For the case at hand, Eq. (10) 
o 

predicts a bandwidth oi 162 MHz.  The upper and lower sidelobe level, 

seen in Figure 16 to be i 26 dB down from the peak, was in accord with 

theoretical estimates of sidelobe level for transducers of uniform 

overlap (i.e., unapodized). 

An alternative technique was used to analyze the performance of 

thes  interdigital transducers.  In this approach the electrical input 

impedance of thetransducer was measured near the fundamental operation 

frequency.  Figure 17 shows the results of automatic network analyzer 

measurement of the real and imaginary components of input impedance 

taken at 50MHz intervals from 500 MHz to 1000 MHz on one of the inter- 

digital transducers of the delay line. The reference plane (to which 

these measurements are referred) was taken at the end of the bond wire 

attached to the transducer, and hence the inductance of the bond wire 

must be included.  An equivalent circuit model of the transducer and 

its parasitics is shown in the insert of Figure 17.  The circuit 

includes: the parasitic series inductance L of the bond wire; stray 
s 

capacitance to ground C  from the transducer connections; series 

ohmic loss R. of the transducer electrodes; and a series circuit com- 

posed of a frequency-dependent resistance R and reactance X 
a a 

attributed to electromechanical coupling to surface waves, plus a 

static capacitance C» due to the interdigital electrode array.  Smith 

ct al. have shown that this series transducer model accurately 
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characterizes interdigital transducei-ö in the 100-IUHz irequcncy range 

and should be accurate at higher frequencies, 

* 
The transducer element values at the synchronous frequency UJ 

are predicted to be: 

R (UJ ) =  -— 
a  o    nu; C 

o s 

X (U) ) = 0 
a  o 

(11) 

C = NC = N (1 + e )e W, 
T    s r o 

(12) 

where e is the relative dielectric constant of the substrate and 
r 

e  is the dielectric constant ol free space.  The series ohtnic resis- 
o 

tance, R , lor a transducer having a current distribution that varies 

linearly along the electrodes and is uniform across an electrode is 

given by:9 

(13) 
c  3  N 

where R  is the sheet resistance of the metal electrodes in ohms per 
s 

square.  The calculated values of the circuit elements at 725 MHz for 

the transducer are: Ra = 99.5 0, C = 0.57PF  and R = 53 Q (using 

an estimated va'ue of sheet resistance of aluminum of 1.66 Q  per square). 

These theoretical values can be compared with the values derived 

from the input impedance measurements using the equivalent circuit 

model of Figure 17.  Estimates of the parasitic components are L M 10 nH 
s 

for the 0.8-cm long bond wire and C ^ 0,15 pF for the stray capacitance 
g 

to ground.  Substitution of these values into the equivalent circuit 

These values assume the transducer has equal width metal electrodes 

and gaps, 

For YZ LiNbO , €r = 50, 
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and using  the  measured  input   impedance  of  R       =   107 Q.   X      =  -2^2 Q 
in in 

at the center frequency yield the following elements for the transducer; 
o 

Ra(ajd) = 100 Q,   CT = 0,67 pF, and R = 60 ft .    These measurements agree 

quite closely with the theoretical predictions.  The somewhat high back- 

ground conductive loss of the electrodes is attributed in part to the 

thin aluminum used for the metallization. 

The input impedance data show that a substantial portion of the 

insertion loss of the line was due to impedance mismatch between the 

circuit and the transducer and was not attributabl? to the transducer 

itself.  In fact, the total mismatch loss of the line (i.e., both 

transducers) is 10.7 dB.  The mismatch loss of one transducer is given 

by: 

Mismatch loss = - 10 log   (1 - p )  ,    (14) 

where p is the reflection coefficent at the input.  The reflection 

coefficient for the transducer whose input impedance is shown in 

Figure 17 is p = 0.84. 

It can be shown that if both transducers were tuned with lossless 

inductors, the insertion loss of the line would decrease about 9.5 dB 

to yield a minimum insertion loss value of M 14 dB.  This remaining 

14 dB loss can be attributed to the 6 dB-bidirectionality loss of the 

transducers, the series conductive loss, the mismatch loss of the 

transducer, and the propagation losses. 

The above test results show the transducers produced by the slit- 

lens exposure technique to be of high quality, well aligned with both 

the other transducers on the delay line and the crystal axis. 
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ü'   Experimental Evaluation of Type  2  Transducer Patterns (1.75 n 

Interflnger Spacing and 1.15 GHz Center Frequency) 

Measurements of insertion loss and input impedance (similar to those 

made on the 725-MHz line) were made on two surface wave delay lines, 

each having five interdigital transducer patterns spaced 0.32 cm apart. 

The patterns have a periodicity of 3.50 + 0.04 |am.  When viewed under 

a high power microscope, these patterns appear to be of good quality 

and without broken or shorted electrodes.  Figure 18 shows the RF 

pulse delay characteristics of this delay line and the corresponding 

insertion loss measured between adjacent transducers of 0.88 ^js agrees 

well with the calculated delay of 0.91 ^s.  The direct RF electromag- 

netic feedtrhough pulse (the first pulse observed in each photograph) 

was larger in these measurements than those made at 725 MHz because of 

more closely spaced transducers (0.32 cm versus 0.5 cm) and higher 

operating frequency (1.15 GHz).  The small-pulsed signals observable 

on the bottom three photographs at 0.88 fia intervals were caused by 

the large RF feedthrough pulse being picked up by output transducers 

that reexcited surface waves. 

The difference in insertion loss between adjacent transducers is 

3.9 dB or on the average 4.43 dB per (is of delay.  This value is sub- 

stantially above the experimental value derived from Eq. (8) of 1.67 

dB per (is at 1.15 GHz.  This discripancy was not explained by possible 

loss due to small misalignment between transducers or misalignment 

between the transducers and the crystal axis. 

The untuned frequency response of the delay line consisting of 

(non-adjacent) transducers spaced 0.64 cm apart was measured with the 

Hewlett-Packard network analyzer.  The device was remounted in the 

fixture that gave reduced RF feedthrough.  Results of this test displayed 
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(a)     INPUT TO 
TRANSDUCER 1 

(b) OUTPUT FROM 
TRANSDUCER 2 

(c)  OUTPUT FROM 
TRANSDUCER 3 

(d) OUTPUT FROM 
TRANSDUCER 4 

TIME  DtLAY 

INSERTION  LOSS 
22,b dB 

INSERTION LOSS 
" 26.5 dB 

INSERTION LOSS 
■ 30.4 dB 

SA.1909-13 

FIGURE  18      RF  PULSE  TRANSMISSION THROUGH TYPE  2 SURFACE-WAVE 
DELAY  LINE  AT  1.15 GHz 
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in Figure 19 show the delay line to have a minimum untuned insertion 

loss of 30 dB at a frequency of 1,15 GHz.  The 6-dB bandwidth of the 

1100 
FREQUENCY 

1600 

MHz 

FIGURE 19  FREQUENCY RESPONSE OF SURFACE-WAVE 
DELAY LINE—TYPE 2 

delay line is 240 MHz and agrees well with the bandwidth of 256 MHz 

calculated from Eq. (10) at 1.15 GHz.  The lower frequency sidelobe 

appears to be RJ 26 dB below the minimum in insertion loss as expected; 

however, the upper sidelobe vas obscured due to the direct electromag- 

netic feedthrough. 

The input impedance of these 1.15 GHz center frequency transducers 

was measured using a network analyzer over the frequency range from 

0.8 to 1.6 GHz.   Figure 20 displays the input impedance versus fre- 

quency on a Smith chart (normalized to 50 0) for one transducer.  The 

input impedance of the transducer was measured to be R  s 150 Q, 
in 

Xln =-115 n at   the  synchronous   frequency of  1.15   GHz.     This  measured 
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FIGURE 20       INPUT  IMPEDANCE  (SMITH PLOT)  OF   1150 MHz 
FUNDAMENTAL FRbQUENCY  INTERDIGITAL 
SURFACE-WAVE TRANSDUCER 

impedance can be used  in conjunction with  the equivalent  circuit shown 

in Figure 20  to determine   the  transducer and  various   parasitic element 

values.     Performing   the  analysis yields   the measured  values  of R   (ou   )  = a    o 
79 n,   C    =0.57  pF,   R    =   157 Q,   and C    =  0.15  pF,   assuming L    to be 

T eg s 
10  nH.     The   theoretical   element  values  were  calculated   using Eqs.   (11), 

(12).   and   (13)   to  be   H   (U)   )   = 62.6 Q,   C    =  0.57   pF,   and   R    = 79 Q (assuming 
a o 1 c 

R = 1.66 Q per square). On.',1 observes that the measured transducer elements 
s 

R (UJ ) and C are in substantial agreement with theory; however, the 
a o      T 

ohmic series loss of the transducer arc much higher than expected and 

might be caused by the larger sheet resistance of the thinner metalli- 

zation used on this transducer. 

The mismatch loss of this delay line has been determined from the 

reflection coefficient (p = 0.ti6) of the transducers to bei*) 5 0 dB. 

Hence, tuning the line with a lossless inductor would reduce the inser- 

tion loss 3,5 dB from the minimum measured 22.5 dB to 20 dB.  The trans- 

ducer electrode loss, however, prevents the full 5.0 dB reduction in loss. 
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The tests Of those niorowave froquonoy lutordlKitnl transducers 

anain demonstrate higb quality Of the device ami the capabilities of 

the  slit-lens exposure   technique. 

E,       tixperitKontal   Evaluation ol   lype  3 Transducer  Patterns   (O.tiH  p 

Interlinger Spacing and 2.8   GHz Center Frequency) 

Pulsed  insertion   loss  measurements were carried out  on  several 

delay lines composed of a number ol   interdi«ital   transducer patterns 

Of   1.36  f 0.0J pm electrode  periodicity.     The adjacent   transducers 

were  spaced   *• 0.5 cm apart  and  allgMd with  both  the crystal  axes  and 

the  adjacent   patterns.     These   transducers  did exhibit  some  structural 

defects   (i.e.,   broken electrodes)  when viewed under a hinh  power micro- 

scope,   although several   transducers  had 9 out  of   10 good electrodes. 

Figure 21  ihowi  the microwave  pulse delay characteristics of one delay 

line  having 3  transducers,  each composed of   J electrode  pairs  when 

driven at  2.8  GHz.     The  input   signal was  applied   to one end  transducer 

and   received at   the   two output   transducers.     In  this   instance  the   HF 

feedthrough pulse has  been suppressed  from  the  received signal  by  gating 

the  local oscillator off at   the  time  the  feedthrough pulse  would occur. 

The  "untuned"  insertion  loss  between adjacent  transducers  is  55 dll 

and   the   Joss   to  the  nonadjacent   transducer  is 67 dU.     The   12-dB dif- 

ference  in  loss  between  the  transducers   (or 8.3 dll/ps)  appears  to be 

mostly attributable  to propagation   loss. Uling Kq.   (8)  the  calculated 

loss  at  2.8  aiz   for surface  waves  on YZ  LiNbO    should  be 6.5 dD/ps. 
0 

The discrepancy may  be due   to differences   in  transducer efficiencies 

or propagation  loss mechanisms   (beam steering,   transducer  tilting,   or 

crystal polish).     The delay measured was  1.15 ps between adjacent 

transducers,   as expected. 
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la)    INPUT TO 
TRANSDUCER   1 

(b)    OUTPUT FROM 
TRANSDUCER 2 

INSEHTION  LOSS 

55 (IB 

(c)    OUTPUT FROM 
TRANSDUCER 3 

TIME   DELAY 

INSERTION LOSS 
■ 67 dB 

SA  1909-16 

FIGURE  21       RF  PULSE  TRANSMISSION THROUGH   TYPE  3 SURFACE-WAVE 
DELAY   LINE  AT 2.8 GH/ 
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The microwave   test   fixture  used   to mount   this delay   line  did not 

allow accurate  input  impedance  measurement,   and hence   the  transducers 

could not  be  characterized   in  this  way.     However,   the  pulsed  perfor- 

mance  of  the delay  lines   show the devices   to  function well even at 

this extremely  high operating frequency. 

': 
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VI      CONCLUSIONS ANU RECOMMENDATIONS 

Under  this  contract  a  projection electron-beam exposure  system, 

based on an aperture  slit-lens,   was  designed  and  built.      It   is  capable 

oi   producing high  resolution  surface  acoustic wave  transducer  patterns 

in electron-sensitive  resist  material.     In  parallel  with   the  develop- 

ment of   the  slit-lens exposure   system,   thin-film  techniques  have  been 

developed   that  use   these   image   patterns   to  fabricate  aluminum film 

interdigital   transducers  on  Y-cut  Z-propagating LiNbO  .     Several delay 

lines  composed  of  these   interdigital   transducers  have  been  fabricated, 

tested,   and evaluatec,.     The   transducers worked well at   frequencies  as 

high as  2.8  GHz.     These   transducer  patterns,   having a periodicity  of 

1.36 um,   are  believed  to be  sane  of   the  highest  fundamental   frequency 

surface wave   transducers   reported  to date3'3»4 

The  test  results  on  the   lower   frequency   transducers  of center 

frequency  725  MHz  and  1.15   GHz   illustrated  the high quality of  the 

interdigital  transducer patterns.     The measurements  indicated that, 

by  simple   inductive   tuning,   insertion  losses  on the order of  14 dB 

at  725 MHz  and  20 dB at   1.15   GHz  could  be  achieved  for surface wave 

lines having 1 Ms delay.     All  the delay  lines  fabricated were  relatively 

wide  band,   having« 20 percent   (6  dB)  bandwidth about  the  center 

frequency  and  showing the     (sin  X)/X-type  frequency  response  characteris- 

tic of unapodized  transducers. 

The surface wave  transducers were  further characterized  by making 

input  impedance  versus  frequency measurements near the  fundamental 

frequency using a Hewlett  Packard  automatic  network analyzer.     The 

results  of  these measurements   agreed quite well with  the  expected 

impedance  values calculated  by  using the surface wave equivalent circuit10 

when  the  parasitic  bond wire   inductance  and  bond electrode  capacitance 

to ground were   taken  into account. 
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The pulsed and CW insertion loss in conjunction with the input 

impedance measurements all attest to the quality of the interdigital 

transducers fabricated on this program by the slit-lens technique. 

It appears that this lubrication approach can be used to extend the 

frequency at which surface wave signal-processing devices function 

well into the microwave regime, 1 to 4 GHz, and possibly higher on 

high surface wave velocity material such as aluminum nitride.  Further 

work should be done to establish the resolution limits of this tech- 

nique and hence the frequency limits of the fabricated transducers. 

The slit-lens expoaure system is capable of making devices more 

complex than the simple delay lines fabricated thus far.  Additional 

work in the following two areas would be invaluable for producing such 

devices as frequency filters, tapped delay lines, and matched filters 

that would operate at microwave frequencies.  First, a technique of 

weighting the strength of the individual taps is needed (by either 

width weighting or overlap apodization), and, second, a means of accur- 

ately positioning the Interdigital taps over large areas (by an external 

step and repeat technique) to produce long arrays is required.  If 

these improvements are made to the existing exposure system, a very 

flexible tool for the fabrication of surface wave devices would 

result. 
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Appendix 

FIRST-ORDER SLIT-LENS THEORY 

Tx'ajectory analysis for electrons traveling through the electro- 

static field of a slit-lens can be performed by using an approximation 

technique developed by Gans11.  The assumptions for this technique are 

that the field can be approximated in piecewise fashion by linear seg- 

ments.  This method can be applied to the slit-lens by assuming that 

the slit-lens potential can be separated into two pieces, a preslit 

potential of $  and a postslit potential of I + $  z.  This assumption 
o o   o 

becomes exact in the limiting case where the width of the slit approaches 

zero, i.e., the narrow slit approximation. 

Figure A-l defines the symbols used in the following derivation: 

The off-axis distance of the ray for the field of a one-dimensional 

slit can be obtained by solving the paraxial ray equation, 

»     i  y   f y 
y + —.— +  

2$ 2$ 
0 (A-l) 

For Ray 1 in Region I the solution is trivial; 

y = y ' (z - s ) 
o      o 

(A-2) 

For the transition zone between Regions I and II, $" becomes infinite 

whereas $, $ , y, and y are all finite. Treating $ and y as constants 

since they are continuous, we can integrate Eq. (A-l) across the slit. 

z = 0 

/ 
y dz = 

Z = 0 

// i'y'     i"y \ 
\2$     2f  j 

z = 0 

dz (A-3) 

A-l 
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y. - y 1 o 
($2=0"   ~  *z=0+) 

2$ (A-4) 

or  rewriting 
-    $        y 

y.  - y   =    ~ 
i        o 2$ (A-5) 

in   Region   II.   $"   = o.     Using this  condition Eq.   (A-i)  can  be   integrated 

to  give 

y = yo + 2yi' 

Writing 8 3 § /§' 
o    o 

.1/2 
o 

o 
[(v»i/2-«r]'<A- 6) 

(A-7) 

and using Eqs. (A-2) and (A-5) to solve (A-6), we have 

y  = yo[2(So-P)+   (2P-So)(l  +  z/P)
1/2].(A-8) 

An  image  is   formed at  z = xi  when y  =  0.     Rearranging Eq.   (A-8)   and 

solving  for z = s   : 

P   -  s 
Si  =  43  I   2P   -  s {A-9) 

If we judiciously make si = d (the distance from the substrate to 

the slit) so that focus occurs on the substrate and take $' = * /d 

where $g S  the potential on  the  substrate with respect  to the  slit, 

we  can solve Eq.   (A-9)  for the  voltage  ratio $ /$   : 
s    o 

$ 2     + s 
o o ■Mr (A-10) 

A-3 
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Since  s^  is  generally » d,    this  reduces  to: 

(A-ll) 

The trajectory of Rays can be used to determi ne y and hence the mag- 

nification.  For this ray the equation in Region I becomes 

y = yoz , 

and the ray equation in Region II is 

r->) (A-12) 

Solving for y = y^  at  z   =3^   we  obtain the demagnification of the 

system 

-y       s 
1 00 

s  $ 
_ o s 

M '     y.    '  20   "       =  2$  d    "  1     * 
1 o 

(A-13) 

For d « so, the demagnification simplifies to; 

1 _ 3 ^o 

M " 2 d (A-14) 

The  depth of field can be calculated from Eq.   (A-8)  using a  = $  /$'  = 
00 

«o z/$   ,   differentiating 

dy o o 
dz i 

For 3     »d $  /$    ^ 3, 
o so 

,1/2 

1  + -  1 (A-15) 

dy       2     , 
dz ** 3 yo (A-16) 

A-4 
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Using thu   Lagrange-Helmholtz  relation to  rewrite y'   in  terms  of y' 
e i 

.1/2 / ,1/2 , ^ 1/2 
y   y   *      = y. y. "J.     = y4 yJ ($   + § ) /% ,,. ooo ill lis o (A-17) 

Again,   for s    ■*> d: 
o 

y.     y _o 1 
V ~  2y    "  2M 

A-5 

    

(A-18) 

dy 4 , 
-   - -    MJ^ , (A-19) 

or 

AZ     A3   —       7- 
1   My. (A-20) 

This  depth of  field Az  is  a  iactor oi 3/4M  larger  than  for  the 

usual  nonself-focusing lens,   e.g.,   the  Einzel  lens. 


