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EVALUAT I ON

1 . This report is the Final Technical Report on the contract. It
covers research done on the growth and testing of aluminum-nitri de-
on-sapphire piezoelectric films during the f u l l  period of perfo rmance.
Alum i num-nitride—on-sapp hire films were fabricated and forwarded to
RADC/ET for use in the fabrication of surface acoustic wave (SAW)
devices. Additional testing was performed at RADC/ET and given back
to the University of Southern Californi a . Advances were made in under-
standing , but not completely solving , problems associated with the
fabrica tion of such films .

2. SAW dev i ces are finding increasing use in military and other systems
due to their advantages of small size and weight , low cost and relia-
bility . Aluminum-nitride-on-sapphire , with its velocity approximately
twice that of other materials , will allow SAW dev i ces to operate at
twice the frequency prev i ously possible .

ALAN J. BUDREAU
Proj ect E ng ineer
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1.0 INTRODUCTION

1. 1 Background

Aluminum nitride epitaxial films grown on R— plane s3pph ire

are of interest for microwave frequency surface acoustic wave

(SAW) devices , such as frequency bandpass channel filters ,

because the high velocity of propagation , 6 km/sec , implies a

reduction in photofabrication requirements by a factor of’ two

over quartz. Further the high coupling coefficient of 0.8

percent suggest lowered filter insertion losses .

Other important factors are associated more with the

substrate. First , the R .-plane of sapphire is also used for the

growth of epitaxial silicon and consequently allows hybrid

fThbricati on of SAW filter and integrated circuit switching

elements for the implemention of monolithic circuit elements.

Second , R— plane sapphire is an increasingly less expe n siv€

substrate due to its use in the production of silicon —o n— sapphire

integrated circuits. Third , the large area substrates promise

A 1N films covering areas in excess of 10 square inches; a number

unlikely to ever be achieved by bulk wafers because the largest

bulk A 1N samples measure in the 1—3 mm range. Fin a lly, more

recent results have shown that the A 1N—on—s apphire ~‘Drnposite

exhibits a temperature coefficient of delay of as low is 1~~ ppm

for a film thickne ss--to— wivel ength ratio of’ O.~~~.

At first glance then , this m ateria ’ combination appears to

1
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be very desirable. However , it is not without its r~roblem s when

it comes down to producing the high quality material required by

microwave frequency SAW filters. Specifically, the real problem

areas are film thickness uniformity , strain induced warping of

the substrate which causes device fabrication errors , and

coupling coefficient and propagation velocity varitions due to

imperfections in the film microstructure. The causes of these

problems involve a complicated interplay between pre—growth

preparation of the sapphire substrate , the actual growth

conditions in the epitaxi al reactor , post—growing of the film ,

and subsequent regrowth operations wherein A 1N is the substrate.

These problems were investigated in the course of the research

project and are described in the following report.

1.2 Program objectives

In g e n e r a l  t e r m s  t he  goal  of t he  r ese~~-ch p r o j e c t  w a s  to

conduct the necessary research required to solve the problem s

associated with the fabrication of A 1N and to then produce a

limited number of representativ e samples for use at RADC /ET in

the microwave frequ .~ncy filter program . Early in the program

this broad objective was reduc ed to a set of specific

experimental research tasks which are outlined below and

discussed in greater detail in Section 2.

1.3 Research tasks

T .~e specific research tasks that wer~ defined in order to

2
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carry out the research objective are 1) substr .~te preparat ion ii)

aluminum nitride film growth iii) sample prepara tion iv ) and film

characterization . The first task was undertaken in order ~~~~
‘ meet

the requirements of optically flat finished material samples

u s i n g  t h i c k  s u b s t r a t e s .  The s e c o n d  t a s k  i n i o l v e d  a s t u d y  of t h e

gas injection system and its effect upon the growth uniformity of

the A .N films. The goa l  w a s  to f i n d  those conditions wh ich would

create more reproducible acoustic characterist ics and flatness

ur• i formity in the as—grown films. The third task invo lve d the

relatively difficult problem of polishing. Here i t  w a s  necessary

to meet not only the flatness requirement but also to ‘lai nta in

the thickness uniformity of the film itself. The fourth task

involved the actual fabrication of UHF transducers a n d f r o m

measurements made upon the tran sducers evaluate the coupling

coefficient and propagation velocity of the film— substrate

composite.

1. 14 Accomplishments

The overall accomplishment of the pro2ram was the definit ion

and verification of the proc edures for fabricating high quality

A1N films of the type required for microwave frequency filters

and to deliver a limited number of these samples to RA DC/ET for

further evaluation. Specifically, it was found that films of

optimum quality and consistancy are best achieved using a

horizontal slotted arm vertical injection system . Further , it

was found that film and substrate polishing in prep aration for

3
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M N  g r o w t h  is .~ st done with a chemo—mechanical polish which

produces a surface ..‘ith little damage.

Acoustoelectric evaluation of the films provided significant

data to add to that already obtained and has verified the

desirable properties of this material. The problems of

interfacial strain and rapid coupling coefficient roll off at

thinner film thicknesses were clarified .

4
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2 . 0  E X P E R I M E N T A L  D E T A I L S

2.1 Substrate preparation

One of the requirements of the goals specified in the

contract was to produce samples with surfaces flat to within two

optical wavelengths C ~ ~6OOOA ) flatness. This effectively

requires substrates with very tight dimensional tolerances.

The aluminum nitride — film— on— sapphire composite is known to

be under considerable strain due to the lattice and thermal

coefficient of expansion mismatches [1]. The effect is

manifested in the bowing of substrates after film growth with the

A 1N on the convex surface , and/or in film or substrate cracking

12 ,3, 4]. With the specified sample dimensions and improved

growth conditions [5], however , minimal s u b s t r a t e  b o w i n g  and

cracking was seen in our samples . Neverth eless , though the

visible effect of strain wis minimized through use of small and

rigid substrates and improved growth methods , the effect taken

together with surface rounding, caused by conventional polishing

methods and nonuniform growth rates , combined to produce sample

surfaces out of’ tolerance. It is clear then , that the goal of

producing flat samples can only be achieved by workin~ on all

phases of the fabrication of the substrate preparation through

f i l m  ‘ rowth -m d  film preparation to achieve the program goals.

5
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The R — p l a n e  ( 0 1 T 2 )  s a p p h i r e  w a f e r s  used for  s u b s t r a t e s  in

the program were purchased from Union Carbide in lots. Use of 3”

diameter wafers , although they cost less per unit area than 1.5”

wafers , was dropped in favor of the smaller wafers for A 1N

growth. The larger wafers presented more problems in that their

surfaces were more “out of flat” required more work in surface

preparation than the smaller wafers.

The wafers purchased had the orientation flats (0.5” in

length ) oriented perpendicular to the sapphire [OlTi ] direction

rather than along 45 degrees as normally used for silicon on

sapphire in order to prev ent amibiguities and consequently

additional substrate orientation work as far as the [O1T1)

direction is concerned . These flats were specified to within 1

degree and this was confirmed by X— ray analysis.

Wafers of two surface finishes were purchased for this

program . Most of the wafers were purchased with epa— qua lity

surfaces. The surfaces were prepared at Union Carb ide with a

final polish using Syton [6] a ch~-m o—mecha n ica l polish of

colloidal silicon dioxide suspended in an alkaline fluid. The

wafers exhibited excellen t surfaces with minimal mechanical

damage but rounded to figures of about 20 optical wavelen ;ths per

diameter inch. A number of wafers were also ordered with

“mirror ” finishes. These had surfaces that had undergone final

diamond slurry polish ing (grit size 5 microns) in preparation for

the Syton polishing step. The wafers exhibited better surface

~~rii~
_ 
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f l a t n e s s  t h an  those w i t h  “ e p i — q u a l i t y ” s u r f a c e s  b u t  had d a m a g e d

s u r f a c e s  u n s u i t a b le  for  e p i t a x i a l  g r o w t h  w i t h o u t  f u r t h e r  s u r f a c e

p r e p a r a t i o n .

The surfaces of the wafers actually exhibi ted more complex

contours than hemispher ical convex shapes usually associated with

polished surfaces. The predominant surface contour was one

resembling a “saddle ” or “potato— chip ”— like shape , (Fig. 1).

This effect can be seen in all wa fers in var ious l egrees of

severity. The effect was easily seen from the eccentricity of

the interference fringe patterns obtained between a one— tenth

wave optical flat and the wafer surface. This effect is probably

due , i) the polishing process which involved high loads in

mechanical mounting and polishing , and ii) the anisotropic

polishing affect in the R— pl ane of sapph..~r-e. The “potato chip ”

effect was pronounced enough in some wafers to effectively

present concave surfaces , contrary to the normally expected

convex surfaces usually associated with polishing methods .

It was in the interests of the final project goals to

achieve substrates with surfaces that are flat to within two

optical wavelengths or with slightly concave surfaces (to

compensate the bowing effect of the strain induced by the A 1N

films to be grown on the substrates). The preparation methods

used on the wafers for the project are listed in the following

sections.

7 
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2 . 1 .1 C o n v e n t i o n a l  p o l i s h i n g  w i t h  “ s o f t”  l a p s .  W a f e r s  of

s u r f a c e  p r o f i l e s  s h o w i n g  m o r e  t h a n  two w a v e l e n g t ~ms pe r  i n c h

off— flatness are mounted onto a stainless steel po t is~-m1ng blank

with wax (Apiezon Z). If mult iple wafers are m o u n t e d  t k ~~~ y ar e

distributed evenly in a circular pattern . These wafers were

polished over periods of up to 33 hours on a conventional

polishing apparatus using Syton as the polishing agent and ~~~~~~

[7] for the polish ing cloth , (Fig. 2). The sjrfao~ s were

constantly monitored with a qua ’ ter—wave optical flat.

The mounting p r o c e d u r e  for the wafers is an import ant step

in achieving the desired result ; any stress put on the wafers in

mounting would result in wafer s with non— flat surfaces afte-

dismounting and the stresses having relaxed . In t~~ case of

multiple wafers , the wafer s also had to be mounted coplanarly t~
ensure even polishing of all surfaces. Improvem ents in surfac e

f l a t n e s s  w e r e  o b t a i n e d  m o s t l y  w i t ~i w a f e r s  t h a t  w e r e  c o n c a v e

i n i t i a l l y .  T h i s  is  p r o b a b l y  b e c a u s e  of  t h e  e q u i p m e n c s  t e n d e n c y

to p r e f e r e n t i a l l y  p o l i s h  a t  t h e  e d g e s  of  t h e  w a f e r s  r a t h e r  th a ~
at the middle.

2.1.2 Pitch lap polishing. An attempt was made to adapt the

techniq ie used to polish m i r r o r  b l a n k s  to p o l i s h  s a p p h i r e  w i t k

Syton. A pitch lap was fashioned out of optical polishing pitch ,

a “texagonal lapoing mold and a 12” iia go n~ l 1/14 wavelen~ t~

optical flat , (Fig. 3). However , Syton l i i  n o t  h a v e  sufficient

grit volume t’~ p r e v I ~n t  t h e  p i t c h  u i p  a n .  the w fers from r u h ~~ ’ n g

C)
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5.

tog ’ther ~~~~~~~ estroy ing the lap surface. Consequently , the

a t t e m p t  w~~s n o t  s i e ~~€ .~s fu l . ( I t  s h o u l d  be n o t e d  t h a t  u s i n ~

m e c h a n i c a l — t y p e  p o l i s h e s  l i k e  L i n d e  “ A ” , w o u l~ c o n c e i v a b l y  h a v e

p r o d u c e d  f i . 5t t e r  r s t r a t e s  b~~t t h e  r e q u i r e m e n t  of an

“ e p i — f i n i s h ’~~ .~~ f a c e  f o r  A 1 N  g r o w ~.h w o u l d  h a v e  m e a n t  f’ u r t n e r

p o l i s h i n g  w i t i ~ 
‘ y tr ’ r~ i s  r e q u i r e ~~. . . m a k i n g  t h e  p i n ~. a c a d e m i c ) .

2 . 1 .3  ‘~od~~f i e d  R C . ~ “ p - e f -~r e n t i a l ”  p o l i s h i n g .  The  p o l i s h

p a d s  ( C o r f a m ’ u~~ •i  fr he S y t Q n  p o l i s h i n g  ~.e chn i q u e s  ~ : ‘e s o f t  an d

p or .)u s , h e n c ’  T i ’  i~~r t i ~~i~~ . ~o l i~~u n g  m e t h o ~~s d h e~’e i ~ po l i sh i n g

a c t i o n  i5 e q u a i  ~~ r o u ~~h o u t  a S2 m 7 ~ C su~ ‘ace  c a n ’~ot  i m p r o v e  t h e

s u r f a c e  f l a t n o s s  of  t h e  s~~~p l e s .  A t e c h n : q ~~ ~n~~r e i n  m a t e r i a l

r emov ~~ ~•..~~~e as es  w ,J.h ~d i a l  d i .~~~~’~~~ 1 r ~~ m the c~~n t e r  o f

t h e  w ’~~ -’ ” ’ i s  r c q u i r ~’.1 f o r  c o r r e o t i o ~, o f ’  t h ~ o o n  ‘ c x  s u r f c T i e

p~~oz ’i - ~~~~
. of  th~ .~~h e r z .  The c o n c e n t r i c  r i n ~ sy s~ ‘use’~ by R C A

[3 ]  is ~~ ch a ,n e t h o ~ and  w a s  u s e d  as .‘~ m o d e t  fo ou p r e f e r e n t i a l

p o l i sh ~e 5. u p .  The p o l i s h i n g  s e t u p , as  s h o w n  ~n F i g .  ~~~, f e a t  j ’-e s

a p o l i s h e d  p ’ .~t en  w i t h  an  i n n e r  a n l  o u t e r  r i n g  of  C o r f a m  t h a t

s u p p o r t e d  a n c ~ a l so  h e l p e d  r o o a t ~~ t h e  s a m p l e  h o l i e r  w h i c h  w ’s

. l1o~ ’~ f r e e d o m  to r o t a t e  a b o u t  a f i x e d  p i v o t .  P~~l i s h i n~ a e t J on

w~~o p ’ o i i d e d  by a r i n g  of C o r f a :~ b e t w e e n  t he  two r i n g s .  I t  h a d

~~ r r a t . c~i e ‘ ~s m d  w~~s se t  o f f  cen t .~’r on t h e  p o l i s h  p~~~~~ -’ to

p r e v e n t  d i s c o n t i n u i t ~~es in  po 1~~~h a c t i o a  a c r o s s  a 4 a f e ’  ourf.a~~e.

~y t o a  w~~s r e c i r c u l a t ed  o n t o  t h e  poi i s h  p .
~ 

l s’i f a :e  w j t b a

‘~e n t r i f u g a l  p i c ’. up  t~~b e .

The ool~~. h i n~ ~:t i D i  p r o f i l e  a c r o s s  a ~ t f ~~~ c u r t a o e  fo  t h i ~
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p o l i s h i n g  se t u p  is  d e t e r m i n e d  b y ,  i )  r e l a t i v e  w i d t h  of t h e  s i z e

of s e r r a t i o n s  on edges  of  p o l i s h  p l a t e n  and s a m p l e  h o l d e r .

Disadvantages of t he  t e c h n i qu e  a r e , i )  t he  p o l i s h  a c t i o n

profile sometimes did not match up to sample surface curvature

such that a sample could have the center region flattened before

the edges , leading to a concave— convex surface with contin ue d

p o l i s h i n g ,  i i)  pad w i d t h s  had  to be d i f f e r e n t  to p r o d u c e  p o l i s h

profiles to match different sized samples , iii) it was not

apparent if the metho d could be applicable to irregular shape d

samples and , iv) surface curvature of samples h a d  to be

continuously monitored as this was a “corrective ” method of

polishing and any over—polishing would lead to substrate surfa :e

profiles as bad or worse than the original.

Some 3” diameter wafers were polished with this meth od and

with pad width equal to half the wafer diameter having edge

serrations of 1/6 wafer diameter deep. At approximately 2 psi ,

surface flattening was seen after about 23 minutes of polish

time. However , discontinuities still occurred in polishin g

action around the polish ring edges as was seen in the sw face

profile of the polished wafers. Flattening across the ent i r e

wafer surface was not achieved . The problems being mainly that

of the discontinuities in polish action and di sadvantage (1).

2.1.L~ Polishing on platens with adjustable profiles. A

different approach to the pol ishing problem was formulated. A

hollow polishing wheel for the polishing mach ine was constructed

14
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so that the prof ile of ~~he pol ishin~ surface can be changed

anywhere from that of a flat surface (as is the normal profile of

all conventional polishing wheels) to a convex or a concave

surface by application of either pressure or vacuum to the hollow

cavity in the wheel (Fig. 5 ) .  It is hoped that this approach to

the polishing problem could compensate and eliminate the inherent

tendency of all rotary polishing fixtures to impart a convex

surface to a polished sample. The approach should be excellent

particularly in the case of chemical polishing with soft polish

pads.

The deflection of a solid circular plate under pressure has

been calculated for different physical configurations , materials

a n d  plate thicknesses [9]. For our case , the formulas for

deflection are

KWa2y z deflection

W ‘ i--r~ , total pressure , psi

( a s s u m i n g  a / r  = 1 , P o i s s o n ’ s r a t i o  0 .3 )

K = loading support factor for deflection

0.212 case (a), Fig. 6

0.053 case (b) , Fig. 6

t = thickness of plate in inches

E = Y o u n g ’ s m o d u l u s  3 x 10~
’ p s i  for steel

This means that for a 10” diameter steel p l a t e  w i t h  h o l l o w  t o p  of

about 0.25” thickness , a pressure of 50 psi would cause a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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deflect ion of approximately 25 mils at the center , the loading

support factor K being estimated at 0.1 , a value between cases a

and b.

Results obtained with sapphire wa fers have been mixed but

encouraging. The tendency of the wafers to be polished to a

concave profile is definitely seen but the amount of time

required to achieve this was of the order of 30 or more hours per

wafer. This was because of the low pressure put on the polish

blank ( ~4 psi). Union Carbide polishes the sapphire with Syton

at pressures at least an order of magnitude larger. The present

polishing setup cannot achieve much larger pressures on the

samples. It was shown however that the objectives of the method

were met , with polished wafers that exhibited flatter surfaces ,

albeit with a very time consuming process.

The applicability of the method to polishing irregular size

samples made it especially well suited for the final polishing of

A 1N films on sapphire. Here the rate of polishing was much

higher and results were obtained in the order of minutes , (See

Section 2.3).

2.2 Film Growth.

The basic growth technique of A 1N films on sapphire used in

this stud y was that of chemical vapo r deposition (CVD). As a

rule , CVD processes are inherently very complex and while there

have been some previous studies of specific CVD m echanisms , most

18

_ _ _ _ _ _ _ _ _



.5’ - _ . - -_  - — .5 —-- — ” — ’ ’_—-.5-~~~~~

of the sys tems  are poor ly  u n d e r s t o o d .

For a typical CVD growth process , a convenient worxing model

for kinetic factors affecting growth is that of assuming a

boundary layer above the substrate surface where t h e  gas stream

velocity approaches zero. This layer defines a concentration

gradient of reactant gases from the main stream value to the

equilibrium concentration value at the substrate surface. This

is the driving force for epitaxial growth that promotes the

diffusion of reactants and gaseous end products of the reaction

at the surface through the boundary layer.

For a finite layer thickness then , the rate limiting step

for epitaxial growth is mass — transport and therefore physically

controlled . Improving gas dyn amics around the substrate surface

would promote film growth. However , by increasing the gas flow

the boundary layer decreases to a point where the concentration

of the reactants at the substrate surface approaches that of the

main stream value . Now the growth rate is limited or determine d

by a surface process and is said to be surface or reaction

kinetics controlled . The limiting rate at the surface may be due

to reactant absorption , product desorption or actual chemical

reaction.

Thus , depending upon the gas transport efficiency and rate

of the epitaxia l growth processes , CVD growth rate can be limited

by a combination of either or both mass transport or reaction

kinetics contr olled processes.

19
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2.2.1 Growth Reactions. (UN in this project was grown via a

CVD process involvir :g the reaction of t rimethy la lu’n inum (TMA) and

ammonia as sources ‘f aluminum and nitrogen respectively. The

use of TMA and ammonia in the presence of ’ hy irogen (as carrier

gas) at hig n temperatures for growth of AIM suggests a complex

r e a c t i o n  c h e m i s t r y .  R e a c t i o n s  l e a d i n g  to A I M  s o l i d  f o r m a t i o n  c a n

i n v o l v e  t h e  h y d r o g e n  g a s  w~~1 as the components of the two

reactant gases. The reactions are f u r t h e r  c o m p l i c a t e d  by  t h e

fact that TMA reacts with ammonia at room temperature to form a

solid compound , (CH
3 
)3A 1 :NH3

which de— al kalyzes with increasin g

temperature to finally release A 1N as a solid [10]. Some of the

possible reactions leading to A 1N formation in the growth system

are listed below:

Reactions I

A l ( C H
3

)
3 

( g )  + NH ~~( g )  —- A l (CH -~)3
MH~~(s)

A l ( C H
3

)
39 

( s )  —— A l ( C H - ) )2 M H 2 + CH~ ( g )

A l ( C H
3

) 2 H2 -— A l ( C H
3

) N H  +
A 1 ( C H

3
) N H  —— A I M  ( s )  + CH 4 ( r ) .

Reactions II

A l ( C H
3

)
3 + H2 -- A l ( C H

3
)
2 H + CH ~ ( g )

A l ( C H
3

)
2 H -- ~ 1 ( C H ~~) i ~2 + c:-~ (g)

+ H2 -— A1H
3 + CH4 (g).

A1H
3 

+ N H
3 —— A I ( N H 2 ) H 2 + H2

A l ( N H 2 )H 2 —- A l ( N H ) ’ d  + H2
A l ( N H ) H  — —  A 1N  ( 5 )  + H2 .

R e a c t i o n s  I I I
C-

20 
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Al (CH
3
)
3
(ads) + H 2 —— Al (CH

3
)2H (ads) + CH4(g)

A l ( C H )
2

H ( a d s )  + 112 —— A l (CH ,)H2
(ads) + CH4(g)

A1 (CH
3
)H2 (ads) + 112 —— AlI-13

(ads) + C 114 ( g )

A1 H
3
(ads) + NH

3 —— A l (NH2 )H2 (ads) + 112

A l (NH2 )H2 (ads) —— Al (NH)H (ads) +

AI(NH)H(ads) —— A 1N (s) + 112

rhe thir d group of reaction , where the reactions occur at

the substrate surface where TMA is absorbed , is probably unlikely

in view of the fact that TMA is a very volatile gas hence

reactions 1 or 2 would probably predominate .

2.2.2 Growth system. The basic growth system for A 1N films

on sapphire is that of an epi- .reactor modified to handle

met alorganic gases , Fig. 7 (From [5]). The gases are brought in

from the center of the susceptor. The rapid reaction between TMA

and NH d i c t a t e s  t h e  s e p a r a t i o n  of t h e  i n c o m i n g  gases  by  a c o a x i a l

arrangement and the physical direction of the gases onto the

substrate surfaces away from the hot reaction chamber walls.

The gases are injected through an injection slot cut at the

bottom of a horizontal arm projecting from the quartz injection

tube. This enables growth of A IN films over the entire area of a

1 .5” diameter sapphire wafer , by oscillating the susceptor so

that the entire sample surface is exposed to the injected gases.

The approximat e growth rates for good A 1N films range from about

1 p /hr. to 3 p/hr .

21
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Growth times were limited because the A 1N surface morphology

became progressive ly rougher and defects (as in inclusions and

holes in growth surface) increased in number as well as size with

i n c r e a s i n g  f i lm  t h i c k n e s s e s  of much beyond 5 y ,  Fig. 8. The

growt h per iods  were short also because the i n j e c t i o n  s y s t e m  h a d  a

tendency to clog the injection slot with A 1N polycrystalline

overgrowth. This resulted in u n c o n t r o l l e d  f l o w  p r o f i l e  c h a n g e s

and pits and spurious nucleations forming on the surfaces because

of dislodged overgrowth. At a total gas flow of a p p r o x i m a t e l y  10

1/ m m , c a l c u l a t e d  a v e r a g e  gas v e l o c i t i e s  in the  q u a r t z  c o a x i a l

tube are about 31 cm/sec while velocities of gases from the

injection slot can run higher. High flow rates of the gases were

required for growth of the A1N film. Several possible

explanations for this come to mind : i) Growth is mass— transport

limited and a high gas velocity is required to reduce the

boundary layer to a point where growth proceeds at reasonably

fast pace , Ii) Experiments have been mad e on epitaxial film

growth to show that if growth temperatures were varied to allow

for alternate melting and recrystallization of the nucleating

material , better and more coherent growth was achieved [11].

Temperatures on the substrates under the high flow of the cold

gases do differ from that of the susceptor. This would be a

function of the exposure time for that particular sample region

to the gases (i.e. susceptor oscillating frequency) , flow

volume , v e l o c i t y  of th e gases , and subs t r a t e  t h i c k n e s s .
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T e m p e r a t u r e  d i f f e r e n t i a l s  on the substrates under actual

growth conditions were hard to measure b e c a u s e  of the use of an

optical pyrometer for temperature measurement and becau se of the

substrate ’s transparency. However , the darkening of the hot

susceptor  su r face , when under  c o n s t a n t  f l o w  of the i n j e c t e d

gases , indicate that temperature differentials would be in the

order of 50°C or so. iii) The rapid reaction of TMA with NH

indicates that for the gases to be able to react at the substrate

surface , gas velocity has to be sufficient to propel the gases to

the surface before premature completion of the reaction in the

hot reactor atmosphere. iv) The injection tube being physically

located vertically above the sample surface , means that the

injected gases need sufficient velocity to overcome the

convection currents caused by the heated susceptor .-

2.2.3 Optimization of growth system . Several experiments

were performed on the growth apparatus in attempts to optimize

growt h c o n d i t i o n s .

2.2.3.1 Characterization of injection systems. Growth rates

of the A 1N film were very dependent on the particular injection

tube used for the run . This points to the necessity to

characterize the injection tubes in order to understand the flow

p r o f i l e s  of ga se s  p resen t  at the subs t r a t e  s u r f a c e .

A simple hot—wire anemometer probe utilizing a Cr—Al

thermocouple and tungsten heater wire was constructed . The

anemometer  f u n c t i o n s  by c o r r e l a t i n g  gas  f l o w  v e l o c i t y  w i t h  a

25
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change in temperature of the heated air surrounding the

thermocouple. This probe was placed in the growth appara tus iii

various injection tubes were characterized as to their flow

profiles , Fig. 9. Measu rement conditions were not identical to

growth conditions since measurements were done at room

temperature where gas viscos ity is low and convection currents

due to the heated susceptor surface were missing. However , a

good qualitative view of the flow profiles can be seen along with

the opportunity to compare different injection systems.

Gas flow profiles of injection tubes of different

configurations were measured with the hot—wire anemometer ,

Fig. 10. In general , the profiles confirmed previously held

impressions of the nature and distribution of gas fiows on the

different systems.

The vertical injection system (i.e. tube V , Fig. 10) , as

used for  SOS g r o w t h  in  i n du s t r y ,  p r o v i d e d  v e r y  e v e n  and

consistent flow profiles of the differ ent systems from injection

t u b e  to i n j e c t i o n  t u b e .  I t s  a d v a n t a g e s  a l s o  i n c l u d e  t he  f a c t

that the velocity profile is uniform througho ut the susceptor

s u r f a c e , a l l o w i n g  c o n s t a n t  r o t a t i o n  of s a m p l e s  d u r i n g  g r o w t h

without having to resort to oscillating ~he sample as is required

for the injection systems directing gas flow onto the susceptor

surface. Its disadvantages however , turned out to be

insurmountable for A 1N growth where very high gas flow ‘-ates are

required for the vert ical injection system in order to  produce a

26
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Figure  9. A ‘ hot-wi re ” generator.
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gas  v e l o c i t y  a t  t h e  s u b s t r a t e  s u r f a c e .  M o s t  i m p o r t a n t , h o w e v e r ,

was the disa dvan t age that the reactant gases h a d  to t r a v e l  a

large distance (and hence a long time) before reaching the

substrate surfaces and are in constant contact with the reaction

chamber walls during that process. This , coupled with the

reactivity of TMA with NH means that almost all of the reaction

takes place at the chamber walls resulting in a very low growth

rate.

The “goose—neck” injection tube (i.e. tube h , Fig. 10)

configuration gave quite consistent flow profiles with high

velocities except that the area of coverage under constant flow

v e l o c i t y  was  m i n i m a l .  T h i s  m e a n t  t h a t  A 1N f i l m s  c o u l d  be g r o ’ .in

at  a good r a t e  w i t h  t h i s  s y s t e m  e x c e p t  t h a t  t h e r e  w a s  n o

u n i f o r m i t y  in t he  f i l m  t h i c k n e s s  t h r o u g h o u t  t h e  s a m p l e  surface.

The horizontal arm injection tube system (i.e. tube a ,

Fig. 10) provided a good compromise between the other systems and

has  been  the  o n l y  s y s t e m  to p r o d u c e  A 1N  f i l m s  w i t h  a d e c e n t

g r o w t h  r a t e  and w i t h  u n i f o r m  s u b s t r a t e  c o v e r a g e .  I t s  c h i e f

disadvantages are the lack of reproducibility of the injection

flow profile (toe slot is cut with a diamond saw blade and cut

width does vary) and the production of A 1N overgrowth around the

slot edges which then falls onto substrate surfaces causing film

irregularities.

2 . 2 . 3 . 2  Coo led  r e a c t i o n  c h a m b e r  g r o w t h .  Some g r o w t h  w a s

attempted with a vertically upward directed injection system as

29
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m e n t i o n e d  in S e c . 2 . 2 . 3 . 1  b u t  r e s u l t e d  in  no A 1 N  f i l m  g r o w t h

a l t h o u g h  t h e  c h a m b e r  w a l l s  b e c a m e  c o m p l e t e l y  c o a t e d  w i t h  w h i t e

A ’L N p o l y c r y s ti l l i n e  p o w d e r .  Measurements of the c h a m b e r  w a l l

t e m p e r a t u r e  d u r i n g  a g r o w t h  r u n  ( a t  1200° C s u s c e p t o r  t e m p e r a t u r e)

r e v e a l  t e m p e r a t u r e s  a r o u n d  the  g r o w t h  c h a m b e r  of 280°C to 390~~ C .

¶ 0 -ga l l  t e m p e r a t u r e  a t  t he  t o p  of t h e  c h a m b e r  w a s  300 C w i t h  a

v e r t i c a l  i n j e c t i o n  t u b e  S e t u p .

It  w a s  d e c i d e d  to b u i l d  a c o o l i n g  j a c k e t  f o r  t h e  c h a m b e r

w a l l s  in  an a tt e m p t  to k e e p  w a l l  t e m p e r a t u r e s  low and  h o p e f u l l y  ‘i
r e d u c e  r e a c t i o n  of t h e  g r o w t h  g a s e s  on t he  w a l l s  b e~’o r e  r e a c h i n g  I
the  s u b s t r at e  s u r f a c e s , ( F i g .  1 1 ) .

S e v e r a l  g r o w t h  e x p e r i m e n t s  w e r e  m a d e  in t h e  w a t e r — c o o l e d

system with different injection systems and different gas flow

r a t e s .  Of a l l  t he  g r o w t h r u n s  u s i n g  a v e r t i c a l  i n j e c t i o n  t y p e

s y s t e m , n o n e  p r o d u c e d  a n y  s u b s t a n t i a l  f i l m  g r o w t h  r a t e .  A l t h o u g h

the  f i l m s  w e r e  d e p os i t e d  v e r y  e v e n l y ,  t he  m a x i m u m  f i l m  t h i c k n e s s

fo r  t he  g r o w t h  r u n s  was  o n l y  a b o u t  O.2p f o r  a ~, r ow t h  r a t e  l e s s

t h a n  O . 2 y / h r - ! T h e r e  a l so  w e r e  i n d i c a t i o n s  t h a t  a f t e r  an i n i ti a l

g rowt h of  O . l p , f i l m  g r o w t h  i s  i n h i b i t e d . G r o w t h  r u n s  w it h t h e

h o r i z o n t a l  i n j e c t i o n  s y s t e m s  in  t he  w a t e r  coo l ed  g r o w t h  s y s t e m ,

p r o d u c e d  f i l ms  w i t h  no d i f f e r e n c e  f r o m  t h o s e  g r o w n  u n d e r  n o r m a l

hot  w a l l  c o n d i t io n s .

The coo led  c h a m b e r  w a l l s  w e r e  s t i l l  b e i n g  c o v e r e d  w i t h  t h e

w h i t e  A I N  p o w d e r  a l t h o u g h  a t  a s l o w e r  r a t e .  T h i s  i n d i c a t es  t h a t

the  TMA a n d  NH g a s e s  p r o b a b l y  ar~ b e i n g  h e a t e d  by t h e  r a d i a n t

~
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h 3 at  of t h e  s u s c e p t o r  w i t h i n  the  c h a m b e r  a t m o s p h e r e  and by t h e i r

p a s s3~~e t h r o u g h  t he  su s c e p t o r  a x i s .  T h e y  t h e n  r e a c t  and  d e p o s i t

on t he  cool  c h a m b e r  w a l l s .

2 . 2 . 3 . 3 E f f e c t  of Si u p o n  A I N  f i l m  g r o w t h .  A g r o w t h  r u n  was

m a d e  w i t h  a h o r i z o n t a l ,  i n j e c t i o n  t u b e  in w h i c h  t he  h o r i z o n t a l  a r m

c o n t a i n i n g  the  i n j e c t i o n  s l o t  w a s  s t u f f e d  w i t h  some q u a r t z  w o o l .

T h i s  w a s  an  a t t e m p t  to p r o d u c e  m o r e  r e s i s t a n c e  to the  gas  f l o w

f r o m  t h e  c o a x i a l  t u b e , so as to r e l i e v e  some of t he  t u r b u l e n c e

around the s lo t  ( t h o u g h t  to c a u s e  t he  A 1N o v e r g r o w t h )  and to even

o ut  t h e  f l o w  p r o f i l e  a c r o s s  t h e  s l o t .

The r e s u l t a n t  A 1N f i l m  g r o w t h  was  s t i l l  u n e v e n , b u t  g r o w t h

r a t e  had  i n c r e a s e .~ c o n s i d e r a b l y  f r o m  a n o r m a l  3~i / h r  to 6p / h r .

E x a m i n a t i o n  of t he  f i l m  by s c a n n i n g  e l e c t r o n  m i c r o s c o p e

t e c h n i q u e s  r e v e a l e d  t h a t  i t  w a s  of good q u a l i t y  a n d  p i e z o e l e c t r i c

m e a s u r e m e n t s  i n d i c a t e  f i l m s  of s l i g h t l y  l o w e r  bu t  s t i l l  v e r y  good

q u a l i t y  c o m p a r e d  to f i l m s  g r o w n  the  r e g u l a r  w a y ,  ( F i g s .  12 , 13 ) .

Upon  c l e a n i n g  the  a p p a r a t u s  a f t e r  the  g r o w t h r u n , i t  W as

n o t i c e d  t h a t  the  q u a r t z  wool  in the  i n j e c t i o n  t u b e  had

d i s i n t e g r a t e d  i n t o  a w h i t e  powdery mass. This led to the

s p e c u l a t i o n  as to w h a t  c a u s e d  t he  i n c r e a s e  in g r o w t h .  S e v e r a l

p o s s i b i l i t i e s  c a m e  to m i n d , i )  t h e  q u a r t z  wool  was  a c t u a l l y

c r e a t i n g  a b e t t e r  m i x t u r e  of t h e  r e a c t a n t  gases  and c h a n g i n g  the

f l ow c h a r a c t e r  so t h a t  f i l m  g r o w t h  is e n c o u r a g e d , i i )  the  q u a r t z

w o o l ’ s l a r g e  s u r f a c e  a r e a  a c t u a l l y  c r e a t e d  a c a t a l y t i c  a c t i o n  on

the  A1 N f o r m a t i o n , or i i i )  t he  Si or  SiO in q u a r t z  a c t u a l l y
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promoted growth of A 1N on sapphire.

In o r d e r  to d e t e r m i n e  t he  a c t i o n , i f  a n y ,  of Si on t h e

g r o w t h  of A I N , S iH ~~ w a s  i n t r o d u c e d  i n t o  the  i n j e c t i o n  f l o w  in

various amounts ani the films were examined under a SEM E l i ) ,

( F i g .  1L ~) .  As c a n  be seen by  t h e  SEM p h o t o g r a p h  of  t h e  a s — g r o w n

f i l m  s u r f a c e , t h e  g r o w t h  m o r p h o l o g y  h a s  c h a n g e d  c o m p l e t e l y  a n d

shows no crystal linity in appearance.

I t  seems a p p a r e n t  t h e n  t ha t , a t  l e a s t  in  t h e  a m o u n t s

i n j e c t e d , s i l i c o n  is a c o n t a m i n a n t  to the  g r o w t h  o f  s i n g l e

c r y s t a l  A 1N a n d  ha s  no c a t al y t i c  e f f e c t  upon  g r o w t h .  T a k i n g  t h e

q u a r t z  wool  e x p e r i m e n t  and  t h e  r e s u l t s  of  S i H ~ , i n j e c t i o n

e x p e r i m e n t s  t o g e t h e r  the  c o n c l u s i o n  can  be m a d e  t h a t  g r o w t h  o f

A 1N  on s a p p h i r e  is h i g h l y  d e p e n d e n t  on f l o w  p r o f i l e  of g a s e s

a b o v e  g r o w t h  s u r f a c e .  The q u a r t z  wool  p r o b a b l y  i n c r e a s e d  f l o w

v e l o c i t y  t h r o u g h  t h e  i n j e c t i o n  s lo t  c a u s i n g  i n c r e a s e d  f i l m  g r o w t h

r a t e .  The d e g r a d a t i o n  in t he  f i l m ’ s characteristics was probably

d u e  to i n c r e a s e d  s t r a i n  in f i l m  due  to f a s t  g r o w t h  a n d / o r  d u e  to

Si or SiO c o n t a m i n a t i o n  f r o m  t he  q u a r t z  w o o l .

2 . 3  S a m p l e  p r e p a r a t i o n .

2 . 3 . 1  S a m p l e  m o u n t i n g  f o r  p o l i s h i n g .  An i m p o r t a n t  s t e p  i n

s a m p l e  p r e p a r a t i o n  is t h a t  of  m o u n t i n g  s a m p l e s  o n t o  p o l i s h in ~

b l a n k s . The  u s u a l  p r o c e d u r e  is to p r e s s  s a m p l e s  o n t o  a h o t

polis n bl an k with mel ted w a x  as t h e  a d h e s i v e .  The ass~~~b l y  i s

a l l o w e d  to cool  w i t h  t h e  s a m p l e s  u n d e r  p r e s s ur e .  I t  h a s  b e e n

h1111~:. . ,_ ,, ~~~~~~~~~~~~ ~~~~~ 
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f o u n d  h o w e v e r , t h a t  t h e  s t r e s s e s  d e v e l o p e d  w i t h  t h i s  p r o c e d u r e

cause d sample surfaces to warp. Subsequent dismounting of these

s a m p l e s  w i t h  f l a t  p o l i s h e d  s u r f a c e s  w o u l d  r e l e a s e  t h e  m o u n t i n g

s t r e ss~~s a n d  p r e s e n t  a w a r p e d  s u r f a c e  a g a i n .

S t r e s s e s  d e v e l o p e d  in s a m p l e  m o u n t i n g  c a n  be a t t r i b u t e d  to

i) mismatch between sample and blank sur~ oces , ii) t e m p e r a t u r e

c o e f f i c i e n t s  of  e x p a n s i o n  m i s m a t c h  b e t w e e n  s a m p l e  a n d  w a x  a n d / o r

p o l i s h  b l o c k , i i i )  t e m p e r a t u r e  c o e f f i c i e n t  of e x p a n s i o n  m i s m a t c h

b e t w e e n  t he  A 1N  f i l m  and  s u b s t ra t e  a n d  i v )  t h e  c h a n g e  in  v o l u m e

of w a x  t h a t  o c c u r s  upon  c o o l i n g.

S t e p s  t a k e n  to e l i m i n a t e  or r e d u c e  t h e  p r o b l e m s w e r e  t o

el ~m i n a t e  t h e  p r o c e d u r e  of p r e s s i n g  s o mp l e s  d o w n  on 4 o

p o l i s n i n g  b l a n k  su r f a c e .  I n s t e a d , t s a m p l e s  w e r e  a l l o ’ w e~ to

float a,-; the wax to e n s u r e  m i n i m a l  m e c h a n i c a l  s t r e s s .  F u r t h ’ e r ,

the s ’~m p l e  a n d  b l o c k  s ’o o u l l  be a l l o w e d  to cool slowly.

;~~other problem arose when it w~~ a t t e m p t e d  to p o l i s h  m o r n

t n : j n o n e  wi . t ’ er  a t  a time. In this case , the a d diti on - al. problem

was t h a t  of  e n s u r i n g  t h a t  a l l  s u r f a c e s  to b~ po li sh ed are

cop lan ‘~r . T h i s  w a s  a c c o m p i  i u o e d  by p l a c i n g  a l a r g e  q ’i~~~t e r  w a v ~

4 J a r t z  o p t i c a l  f l a t  on t o p  of  t h e  w a f ’ ? r s  w o i l e  t h e  m o u i ’ in g  w~ x

w~ s still liquid. After cooling, the flat was ~~mo’/ r’~ onl th e

pal  i s h  b lo c~ a s s e m b l y  w a s  c a r e f u l l y  r e h e a t e d  u p  to  a p o i n t  w h c r e

tn~ wax w i S  i i s c ou s  e n o u g h  to ~- e l i e v e  b e d  s t re s s e s  i n t r o d u c e d

in  t h e  s a m p l e s  f r o m  t he  p r e s s u r e  of  the m o u n t i n g  flat.
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2.3.2 Film polishing. The as—grown A IN films were not

suitable for piezoelectric measurements and for sample delivery.

This was because the surface morphology of the as—grown films

consist of scale— like facets , Fig. 7. The size and depths of the

f a c e t s  v a r y  f r o m  O.5p for  t h i n n e r  f i l m s  ( l i i  or l e s s)  to 5y for

t h i c k e r  f i l m s  ( b y  or m o r e ) .  As the  surfaces will have to

s u p p o r t  SAW of w a v e l e n g t h s  as s h o r t  as ôp , i t  can  be seen t h a t

the  i r r e g u l a r i t i e s  on the  a s — g r o w n  film surfaces are of the same

o r d e r  as the  w a v e l e n g t h  and  w o u l d  i n t e r f e r e  w i t h  m e a s u r e m e n t s .

T h i s  m e a n s  t h a t  t h e  f i l m s  h a v e  to be p o l i s h e d .

We h a v e  l ooked  at  v a r i o u s  polishing methods , from pitch laps

with Lin d e polishes to Syton polishing. The conclusion is that

fo r  f i n a l  p o l i s h i n g  in  p r e p a r i n g  the  s a m p l e s  f o r  SAW d e v i c e s ,

S y t o n  w o r k e d  t h e  bes t  as i t  does  n o t  seem to leave any mechanical

w o r k  d a m a g e  on the  s u r f a c e  t h at  c o u l d  c a u s e  i n t e r f e r e n c e  w i t h  SAW

propagation [.12].

H o w e v e r , as we h a v e  m e n t i o n e d  e a r l i e r , S y t o n  p o l i s h i n g  w i t h

a C o r f a i n  pad c a u s e s  r o u n d i n g  of t he  p o l i s h i n g  s u r f a c e .  T h i s  w a s

a p r o b l e m  in t h a t  it caused many thin films to polish off

e n t i r e l y  a t  the  edges  b e f o r e  t he  c e n t e r  p o r t i o n s  w e r e  p o l i s h e d

s u f f i c i e n t l y .  The r o u n d i n g  e f f e c t  a l so  c a u s e d  d i f f i c u l t y  by

p r e v e n t i n g  t he  s a m p l e s  f r o m  c o n f o r m i n g  to r e q u i r e d  t h i c k n e s s

variation specifications.

A n o t h e r  p r o b l e m  n o t i c e d  w i t h  Syton polishing was that the

t h i c k e r  f i l m s  had  a t e n d e n c y  to be p o l i s h e d  m o r e  in  r a n d o m  a r e a s

38
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than others . This is due to spurious nucleation from the

injection tube that grew on the film surface towards the end of

the growth run . The polish rate between coherent crysta llites of

the good f i l m  and the  p o l y c r y s t al l i t e s  f r o m  s p u r i o u s  n u c l e a t i o n

are different , causing uneven polishing.

T h i s  e f f e c t  is r e d u c e d  by i n h i b i t i n g  t h e  c h e m i c a l  e t c h i n g

action of Syton (pH~2) on A 1N films by neutralizing the flu id

with HNO as monit ored by a pH m e t e r .  We h a v e  f o u n d , u s i n g

neutralized Syton (pH:? ), that polish rates have decreased but

now result in a more even surface profile. The reduced polish

r a t e  was a f a c t o r  of f o u r  l o w e r  and  c o n s e q u e n t l y  l e n g t h e n e d  t h e

p o l i s h  t i m e .  The s ur f a c e s  of  t h e  f i l m s  do not show any

m e c h a n i c a l  a b r a s i o n  d a m a g e  f r o m  the  parti ally neutralized Syton

and a r e  f l a t t e r  w i t h  less  r o u n d i n g  of’ t h e  s a m p l e  e d g e s .

S i n c e  t h e  a m o u n t  of  s u b — s u r f a c e  m e c h a n i c a l  d a m a g e  c o u l d  n o t

be d e t e r m i n e d , a n y  s a m p l e  s c h e d u l e d  f o r  A 1N r e g r o w t h  w a s  p o l i s h e d

w i t h  r e g u l a r  S y t o n .

2 .~4 F i l m  C h a r a c t e r i z a t i o n .

The A 1N f i l m s  w e r e  e x a m i n e d  and  c h a r a c t e r i z e d  f o r  th~~ir

a s — g r o w n  m o r p h o l o g i c a l  a p p e a r a n c e  an - I  p i e z o el e c t r i c  p r o p e r t i e s .

The  r e s u l t s  ‘were c or r e l a t ~~’d w i t h  g r o w t h  - a n d  p r o c e s s i n g  c o n d i t i o n s

in  o r d e r  to  o p t i m i z e  t h e  f i l m s  f o r  h i g h  f r e q w o n o y  s u r f a c e

a c o u s t i c  ‘wa ve - d e v i c e s .
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P r e v i o u s  s t u d i e s  of the s u r f a c e  m o r p h o l o g y  of a s — g r o w n  A 1 N

f i l m s  on s a p p h i r e  w i t h  •a SEM t o g e t h e r  w i t h  p i e z o el e ct r i c

characterization of the same films have established a correlation

between the measured results and film surface character , [5~~.

Subsequent studies of a s — g r o w n  A 1N h a v e  t h u s  m a d e  use of t he  SEM

as a m e t h o d  of d e t e r m i n i n g  f i l m  q u a l i t y .

2. L L 1  F i l m  t h i c k n e s s  m e a s u r e m e n t .  The A 1N f i l m s  w e r e

p o l i s h e d  a f te r  SEM e x a m i n a t i o n  in p r e p a r a t i o n  f o r  a p p l i c a t i o n  of

aluminu m interdi g ita l transducers (IDT ’s) for piezolectric

c h a r a c t e r i z a t i o n .  P o l i s h i n g  w a s  a c c o m p l i s h e d  in e i t h e r  S y t o n  or

n e u t r a l i z e d  S y t on  ( s ee  S e c .2 . 3 ) .  F i l m  t h i c k n e s s e s  and  t h i c k n e s s

v a r i a t i o n s  of  t h e  s a m p l e s  w e r e  m o n i t o r e d  by  examining the

i n t e r f e r e n c e  p a t t e r n s  c r ea t e d  b e t w e e n  t he  f i l m  su r f a c e  a n d

s u b s t r a t e  s u r f a c e  u n d e r  m o n o c h r o m a t i c  l i g h t .  ( I n  t h i s  ca se , a

s o d i u m  l a m p ) .  A b s o l u t e  f i l m  t h i c k n e s s  w a s  measure d by eounti e~

: nt e r f e r e n c e  f r i n g e s  a c r o s s  a w e d g e  p o l i s h e d  a t  the s a m p l e ’ s e d ce

to delineate a cross section of s a p p h i r e  s u b s t r a t e  and  A ’L ;~ f i l m .

: ; -j r f a c e  f l a t n e s s  of t h e  A I N / A l  2 03 c o m p o s i t e  w a s  a l s o

monitor ed by examining interf erenc e patterns -created between t h e

‘ d N  f i l m  ~ u r f a o e  a n d  an  o p t i c a l  f l a t  p l a c e d  on t h e  s a m p l e .  C l o s e

c o n t r o l  of t n e s e  two p a r a m e t e r s , f i l m  t h i c < n e s s  v a r i a t i o n  a n d

s u r f a c e  f l a t n e s s , is  d e s i r e d  f o r  a p p l i c a t i o n s  to  h i g h  f r e q u e n c y

SP.~ - d e v i c e s .

2 . 14 .2  E l e c t r i c a l  c h a r a c t e r i z a t i o n  of  f i l m s .  E l e c t r i c a l

measurements of IDT ’s on t h e  A 1N f i l m s  ‘were m a d e  to d e t e r m i n e  the

L~0

- -

~

, _ ± .~~~-5_ _~~~~~~~~~~~~~~~~~~~~ __ ~~~~~~~~~~ 
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f i l m ’ s s u r f a c e  a c ou s t i c  w a v e  v e l o c i t y  a n d  c o u p l i n g  coefficient.

The  low frequency capacitance of the transducers was rn easu -ed and

t h e  a v e r a g e  c a p a c i t a n c e  per f i n g e r  p a i r , Cs , e s t a b l i s h e d  f o r

t h e s e  p a r t i c u l a r  lOT ’ s. H i g h  f r e q u e n c y  m e a s u r e m e n t s  w e r e  t h e n

m ode with a Hewlett Packard 81410A Network Art alyz~-r . A ref lected

impedance plot of t h e  t r a n s d u c e r  w i t h  swept  f r e q u e n c y  w a s

reproduced onto a Smith chart , (Fig. 15). The r e s o n a n t  1 ocp w a s

c e n t e r e d  on the  S m i t h  c h a r t  by  s e ri e s  i n d u c t o r  t u n : - o .  Ir e

tuning is normally achieved w i t h  an i n d u c t o r  c o i l , b u t  i n  t h i s

case , a t  the  h i gr .  f r e q u e n c y  of o p e r a t i o n  and c a p e c i t a n ~~e of ‘e

IDT , a d j u s t i n g  the  l e n g t h  of t h e  go ld  c o n n e c t i r~ wires was

s u f f i c i e n t  f o r  t u n i n g  p u r p o s e s .

The p e a k  r a d i a t i o n  r e s i s t a nc e  Ra of t h e  t r a n s d u c e r  is

d e t e r m i n e d  h c  t h e  :j i f f e r e n c e  b e t w e e n  t h e  peak  v a l u e  a n d  t h e

e l e c t r o d e  a n d  c o i l  c o n d u c t i o n  l o s s  a t  l o w  f r e q u e n c ie s , w h e r e  no

acous tic int r~racti on is present . Frequency a t  r e s o n a n c e , f 0 ,  i s

me asured where the peak rad iation resistance occurs. The

e l e c t~~o m e o h a n i c n l  c o u p l i n g  c o e f f i c i e n t , K , is  d e f i n e d  by  t h e

equa tion ,
2

K : ~~foCsR a

w h e r e  fo f r e q - u -~n c y  o~ m a x i m a - n  Ra

= r a d i a t a t i on  r e s~ s t a n c e

Cs c a p a c i t a n c e  per  f i n g e r  p a i r .

The  sj r f , j c e  w i v e  p h a s e  v e l o c i t y ,  Vs , is  d e t e r m i n e d  by t h e

s y n c h n o r u s  n - a i i a t i o n  c o n d i t i o n  t h a t  o c c u r s  at ~- ‘sonanc ~~, w h-~~e

~+ I_
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the acoustic wave length matches the t r - In s i J - - ~r p~~~io~ ‘a.. Th-

velocity Vs is given by,

-
‘ 

- 

Vs = foX .

w h e r e  fo = f r e q u en ~~y of m a x i m u m  H 1

transducer electro de pe riad icity.

2.14.2 .1 Discussion of K2and Vs m e a s u r e m e n t s .  K 2 a n l  ‘Js w e r e
-

‘ m e a s u r e d  fo r  some s a m p l e s  a n d  p l o t t e d  a g a i n s t  f i l m  t h i c k n e s s

d i v i d e d  by t r a n s du c e r  period ic i ty, t/ X , ( F i g s .  16 , 1 7 ) .

S u p e r i m p o s e d  upon  the  K 2 m e a s u r e m e n t s  is  a composite c ur ve of some

p r e v i o u s  s a m p l e s , [5 ] .  ( T h e  r e l a t i v e  v a l u e s  of  K 2 of  thes e

p r e v i o u s  s a m p l e s  n a v e  b e e n  r e v i s e d  to r e f l e c t  m o r e  ac-c u~~a t e  Cs

m e a s u r e m e n t s . )

An e x a m i n a t i o n  of t h e  d a t a  p o i n t s  f o r  the  t h r ee  s a -n p ’i e s

m e a s u r e d  r e v e a l e d  a s i g n i f i c a n t  d i f f e r e n c e  in t he  v a l u e s  c o m p a r e d

to the  c o m p o s i t e  c u r v e  a t  some t /  :-, ‘s. For sample 012176 , K 2

val ues at t/~ < 0.1 are significantly higher than those obt a ined

from ~ev ious samples , wh ile s a m p l e  1121475 3howed lcwe r ail Vs

values over all p o i n t s  m e a s u r e d . A l l  t h r e e  s i m p l ~~s sh o w e  I a

s i g n i f i c a n t  d ecrease in K2and Vs values with in:rea sir~ t/ ;~

G r o w t h  an d  i t  i o n s  f o r  t h e s e  t h r e e  s a m p l e s  t o n ’ hC r with a

previous sample used for the com posite c’~rve are nb-il ate in

Table I . The surface morpho logies of th~ fmn s a m p l ~os are also

shown in SEM photo s in Fig. 18.

Studies in  s i l i c o n  on s a p p ~ - e  i e l i c e s  h n v F ’  shaw , the

L4~.
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i n t e r f a c i a l  r e g i o n  to be composed  of an  i n t e r m . ~ i i a t e  c o m p o u n d  of

s i l i c a t e s , t he  ex t e n t  of which seems to be i n f 1u e n c ~~i by th e

d e n s i t y  of i n i t i a l  g r o w t h  sites , H14]. A sim il a r situ a ti on c an

be seen to e x i s t  in  the  A I N / A l 2 03 g r o w t h  s y s t e m . I f  M N  r e a c t s

with Al
2O3

the substrate surface during initi a l nucleation stages

to f o r m  a n i n t e r m e d i a r y  c o m p o u n d , t h e n  t he  f i l m  t h i c k n e s s  a t

which MN forms a closed layer on the surface determ ines w h e n

reaction between MN and A 1203is suppresse d an-i hence d et e rm ines

the  p i e z o e l e c t r i c a l l y  i n a c t i v e  r e g i o n  t h i c k n e s s .  G r o w t h  r a t e s ,

w h i c h  a r e  d e t e r m i ned by g a s  f l o w  v e l o c i t y ,  te m p e r a t u r e  f l 5 ]  a n d

r e a c t a n t  i n p u t , a l s o  ar e  r e f l e c t e d  in c r y s t a l l i t e  s i z e  a n d  h e n c e

n u c l e a t i o n  d e n s i t y .  The  SEM p h o t o~~r a p h s  of  t h e  as l r o ’ w c  A 1 N  f i l m

s u r f a c e s show c r y s t a l l i t e  s i z e s  t h a t  v a r y  d i r e c t l y  ~‘ i t h  ‘ro ~- ’. h

r a t e .  H i g h e r  g r o w t h  r a t e s  t h e n , w o u l d  p r o d u c e  f i l m s  a i t h  t h i c k e r

l a y e r s  of p i e z a e l e c t r i c a l l y  i n , a o t i v ”  m a t e r i a l  - a t  t h~ i n t e r f a c e .

The  e f f e c t s  of  t h i s  l a y e r  c a n  be c l e a r l y  s e e n  b y  ~~ ~s a r i n a  ~ h ’

Sample ’s wi th lifferent w a v e l e n g t h  t ’ a n s u , i c e ~-s  a n d  s .eei~
’’ 

~~~

chan ge of the ~~values at low t~ ‘ S .

Toe lecreas -e in nea sur -~1 2A 4 p arame ters far la~~ler 
t ,  ‘ S

for t h e  pr esent samples can be explain e d by the la:’. t h a t  f i l m

gro~ th co nd ition s c h o n ~~ ’ a f t e r  a p- cri ed of tim -~ i n  t a c  ~~

a p p 3 r / J t~~s d u e  to t he  a c c u m u l a t i o n  of  A 1N  p o l y c r y s t a ~. i~~n e  p.o~~~d e r

a r o u n d  toe  i n j e c t i o n  s l o t .  ~- i x p e r i e n o e  h a s  s h : w n  t b - a t t his

generally occ u rs aroaad two h-o u~ s i n t o  t h e  i~r a~~ h ~ui • i~ h

d~ cr ea sin g g r o w t h  r a t e s , to e time l i m i t a t i o n  doe s no ’

hence th e film thickness (-s r t/ . -. ) a t  :~~~ cb d- ~~r .aiat:oa of ’



pie z electric activity begins to occur decreases. SAW p a r a m e t e r s

for s-ample 021076 (Fig . 16) , before  and aft er furthe r pol ish in g

to remove sur f ace mater ial , c lea r l y  show t he d egr a d at ion of f ilm

quality a s  f i l m  t h i c k n e s s  i n c r e a s e s  b e y o n d  a c e r t a i n  p o i n t .

The inferior quality of s a m p l e  1 1 2 1 4 7 5  as r e v e a l e d  by  t h e  f~i~W

p arame t er measurements a n d  it s  s u r f a c e  m o r p h o l o g y  c a n  b e

expla ined by the f-act that a leak in the h ’yi rogen purifier wa s

-discovered a r o u n d  t he  t i m e  t h i s  s a m p l e  w a s  g r o w n . The r e s u l t a n t

d ec rease  in pur i ty  of the inlet gases  undou b te d ly cont ami na ted

t h e  g r o w t h  s y st e m  and  a d v e r s e l y  a f f e c te d  t h e  q u a l i t y  o f  f i l m

g r o w n .

2 . L4 .2 .2  Su ~~f ’ i c e — w - a v e  g r o u p  v e l o c i t y .  Th e  s u r f a c e  w a v e  g r o u p

i e l o c  i t t  or  p r o p a  yat i o n  v e l o c i t y ,  V g ,  is  m l  a b e d  to s u r f a c e  w a v e

pn as-e -ielo c~~ty, V,s, b y  t h e  relation ,

C U - . .;/ d (t/’\) + 7~

Vg is a ~1c u i  ~t’.eI ~- o-n tne co-npos jt~ Vs cur ve and is s10’w-e i n ,

F i g .  1~~. Pra p~~~a ton I e l o : i ty  f o r  s ev e r a l  s a m p l e s  i s  c - a l c - u l a t e l

N J fl~~a3u ~~1n l  t r i p l ~ - t r a nsit si gn - al th-la y between IDT ’s as

r~~~- - d - -~ i n  ~~~~ f i n e  n t r u :~~~-u r e  of a tr an smission plot ver ni s

sweot f~ -.~~ a - n a y  ~ t. r e s o n a n c e , Fig . 20. The plot is rep ea t e d in

to ’- s- ime f i g u - e  w i t r i  . a5 s ar ~ er a t e r i al b -~tw- een I~~T ‘s t o  conf i-m

SA~ tran~ :niss~ on . Erro r ba rS in t /  
~. 

r e gi m r~ for the mea sure d

poi nts in Fi.’, . 1~~, are t re flect the d iff ’ren ce in film

tmi i ckie ss thro J Ib w k c h  t h e  a - c a u s t i c  w a v e s  t r a v e l  b . -~t w e e n  t h e

tr a-i m’s i -u : ‘~r m’s
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2. 14 .2 . 3  SAW a t t e n u a t i o n  in t he  f i l m .  I n s e r t i o n  l o s s  at

r e s o n a n c e  e n a b l e s  SAW a t t e n u a t i o n  in A 1N  to be c a l c u l a t e d .  For  a

c o n v e n t i o n a l  IDT d e l a y  l i n e ,

I L ( m a t e r i a l )  I L ( t r a n s m i s s i o n )  — IL(tr ansducers )

— IL  ( m l  sm a tc h)

where

IL(transducers) 6 d B .

IL(mismatch) 10 log 4r/(i +

w h e r e  r C !z~/z~I
and Vg z 2d~~f

where d IDT s e p a r a t i o n  d i s t a n c e .

U s i n g  the  above equations and data from Figs. 15 an-d 20, sampl e

0 1 2 1 7 6  a a s  Vg C 6 . 09  k m / s e c .  a n d  a SAW a t t e n ua t i o n  C 2 . 9 3  dB/ p S.

At  h i g h  f r e q u e n c i e s , SAW p a r a m e t e r  m e a s u r e m e n t s  h a v e  b e e n  s h o w n

to be h i g h l y  s e n s i t i v e  to s u r f a c e  f i n i s h  a n d  m a t e r i a l  q u a l i t y

[ 1 2] .  T h i s  is a l s o  t r u e  f o r  A 1N f i l m s  w h e r e  the  s u r f ac e

m o r p h o l o g y  c o n t a i n s  c r y s t a l l i t e s  and  d e f e c t s  l a r g e  e n o u g h  to

require extensive polishing to remove pits from the surface.

Referring to the K2 and Vs measurements for MN 012175 at t/ X C

0 . 2  in  F i g .  16 , i t  can  be seen t h a t  t h e r e  is a l a r g e  d i f f e r e n c e

in  piezo electric activity at different regions of the sample.

T h i s  is  b e c a u s e  of u n e v e n  g r o w t h  r a t e s  c a u s e d  by u n e v e n  ga s  f l o w s

from the horizontal injection tube. SEM examination of t h e

polish ed film surfaces where some IDT ’s are loca t e d , show the

presence of a large number of pits and defects (Fig. 21). The

defect density of the film surface around the IDT ’s has been
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c o r r e l a t e- i  w i t h  d e g r a d a t i o n  of p i e z o e l e c t r i c  a c t i v i t y  and

inc reased  SAW a t t e n u a t i o n  in  t h e  m a t e r i a l .

2.14.3 Other experiments.

2.14 .3.1 Film etching. Some A 1N film surfaces were etched

w i t h  N a O E - I ari d e x a m i n e d  u n d e r  t h e  SEM . T h i s  r e v e a l e d  p r e f e r e n t i a l

etching of’ t h e  s u r f a c e  ( F i g .  2 2 ) .  As e t c h ing r a t e  i n c r e a s e s

a lon g a reg ion of h igher s t ra in o r of higher impur i ty  con ten t

( i .e.  gr ai n boundar ies ) , the techn ique i s useful for reveal ing

the  s t a t e  of s t r a i n  and  c o h e r e n c e  of t h e  f i l m  s u r f a c e .  r r ,o m

Fig. 22 ‘we can see the etched surfaces become progressively

rougher w i t h increas ing  f i lm th ickn ess c r y s t a l l it e s i z e a nd

spur ious nucleation density.

Compar ing the SEM photographs of t h e  e t c h e d  A I N  s u r f a c e  w i t h

as— grown A 1N surfaces d u r i n g  t r  ~n s i t i o n  f r o m  “ s c a l e ” to “ r i d g e ”

growth (Fig. 23 ) along with the Knowledge of the growth

or ientation of A 1N on Al 0 (1120/01T2 ) [5], it can be seen that

etch ing reveals the A 1N (alTo) planes. As has been reported ,

ac-curate alignment of IDT ’s on A 1N is important for optimal SAW

propagat ion in a A 1N /A l
2
0
3 

composite [15]. This etching method

c a n  be a w a y  of d e t e r m i n i n g  A I N  f i l m  o r i e n t a t i o n .

2 . 14 .3 . 2  S a m p l e  b o w i n g  due  to t h e r m a l  a ff e c t s .  As m e n t i o n e d

b e f o r e  ( S e e  2 . 1 )  s t r e s s e s  i n t r o du c e d  i n t o  th~ s a m p l e s  f r o m

unequal temper ature coefficients of expansi on and lattice

constants of sapphire and MN are manifested in subst r at e s b ow ing

57
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an-i  e v e n  c r a c~~i r g  in extreme circ~”nst ances. C a lculati ons ha v e

b e e n  m a d e  f o r  t he  a m o u n t  of  ‘b o 4 i n g ’ d u e  to t h e r m a l  .‘j t r e s se s

i n t r o d u c e d  i n t o  an A l N / P ~l 2 ~ c o m p o s i t e  a n d  sm~~ t h a t . u s i n g

temperature coeff acients to t h e  firs —or der H~~, a linea

‘d e p e r 1 d e o c e  of “ bow i ng ” with r e s p e c t  to f i l m  tn  i’:kn :ss is found

f-or eases wh-~re f i lm th i c k n e s s  i s m u c h  l e s s  t h a n  s u b s t r a te
- 0t h i c k n e s s  1 1 6 ] .  For a g r o w t h  t e m p e r a t u r e  of  1200 C , a n d

su b st r a te di m e n s i o n s  1 .000 ’ X 0.3514” X 0.0140” , sut~
’ ace “bowing ”

due to  stresses -along toe samç ’ c length is O. 14~ .~‘LN I~~lm

thickness. T h i s  f i g u r e  is in  f a i r  a g r e e m — ? n t  with t~~-e “ba~~~r~ , ”

a c t u a l l y  o b s e r v e d  in t h e  p r e p a r e d  s amp l e s  f r o m  c o u n t i n g  t h e

difference Na interfer ence fringe co~ -ats c f  the sur foces o f

s e v e r a l  sam p l es wi t h  d i  “ f e — e n t  Li irn t h i c k n e s s  - a n d  f r o m  t h e  s a n e

s a p p h i r e .

2 . 1 4 . 3 . .~ T e m p e r a t u r e  c o e f f i c i e n t  d e l a y .  As f o r  t h e

surface wave phase velocity and coupling coeffici ent , temperature

c o e f f i c i ~r t  -of d e l d y  of ’ u h e  r~~~fa c e  w a v e  s h o u l d  a l so  be a

fur’ction of’ t /A at thin film thic~’nesses be c -~use of the influence

-of the substrate upon t h e  A 1N ’ s ocLu stic prope:-~~~es. We ‘wo- u ’i

expe ct that th~ coefficient of delay -of the compo site

raat e r ia l (AIN /A 1
2 0 to progr ess frc~. the sa pp h ire value to tha t

of  Al~~’s val ue as f i l m  t h i c k n e s s  i n c r e a s e s .

T e m p e r u t u r e  c o e f f i c i e n t  m e a s u r e m e n t s  have been ma d e  [ 1 1 ]  on

s e v e r a l  A 1 N  C — a x i s  p r o p a g a t i n g  d e l a y  l i n e s  f -or  0 t e m p e r - i t o - - c

r a n g e  2 O — 7 - o C ( F i g .  - - i ) .  The coefficient v alue f i L l S  from that

(1

_ _ _ _  .5 — .5---  —-5-- -
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slightly below sapphires ’s theoretical value of 59.3 ppm /0C to 13

ppm/ °C f o r  t / x ~ O . 6 6  as f i l m  t h i c k n e s s  i n c r e a s e s .  If a l u m i n u m

nitride has a negative coefficient of delay we can expect the

composite structure to exhibit zero temperature coefficient at

some higher t/X. Further measurements have to be made on thicker

films or with higher frequency delay lines to determine if this

actually is true .
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3 .0  C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S

3. 1 Conclusion s.

An important factor in the fabrication of A IN /A l ‘1- s’~mp les2~~
w ith physical dimensions conforming to required contract

specifications is the condition of the substrates ‘-eceive d .

S u b s t r a t e  o r i e n t at i o n  and  s u r f a c e  p r e p a r a t i o n  are s’am~~time s

r e q u i r e d .

3everal growth injectio n s y s t e m s  h a v e  b e e n  e x a m i n e - I  wi~~h t h e

co nclusion that films of -optimum qu ality a - id consis t~~ncy Ire

achieved using a h o r i z o n t a l  s l o t t ed  arm injec t ion system.

Film au-i substrate poi ishin~ in prep a— a t io n for A I J  g r owth

~as ~cs~ i- -one with a chemo — m ech ani cal polish w i ~~h pr cd u c-~~s a

uur fa c e w i th  l i t t l e  m e c h a n ic a l d a m ag e .

Go m e  A1N /A l O~ sarn ples of the - equi r ”~i -c cificat ions have

been  f ab r i c a t e - i  and  del  ivere l to the Cont ractor ~~fl I i l  L i i  im ent of’

the p o ~~ram goals.

Tne approa ch taken in the atter stages of’ the pro gram .— a s

to g r o w  t h i n , g o o d  q u a l i t y  Al~4 f i l m s  on f l a t ,  s ub s t r a t e s , a n d

p—e~~v re s o— t’cces with a m i n i m a l  c h e m o — m e c h a n i c a l  p o l i s h .  The

.a~~ian tages of 5his approach are:

i) The minimizat ion of s-ample “bow ing ” — ia-c to

Nlm/ u-ab str a~ e stress.

ii ) R e l u c tion of growth tim ” r’.- -~ .aire ’i per n-ample.

(.4

_ _ _  _ _ _ _  _______ _____- ,~~~~~~_ , ~~~~~~~~~~~~_ _ _



i i i)  R e d u c t i o n  of c r y s t a l l i t e  s i z e  and  h e n c e  p o l i s h  t i m e .

iv) Achievement of max imum SA4 propagation v e l o c i t y  f o r

reasonable electromechanical coupling.

The disadvantage are the potential interference of the

i n t e r f a c i a l  r e g i o n  w i t h  p i e z o e l e c t r i c  p e r f o r m a n c e  and t he

n o n — z e r o  t h e r m a l  c o e f f i c i e l n t s  of d e l a y .

3 . 2  R e c u m m e n d - a t i o n s  f o r  f u r t h e r  w o r k .

A more the o ret ical study into the growth and r e p r o d u c i b i l i ty

p r o b l e m s  of  f a b r i c a t i n g  A 1N  e p i t a x i a l  f i l m s  on  s a p p h i r e

substrates for SAW d e v i c e s  is  r e q u i r e d  to s u p p o r t  t h e  e m p i r i c a l

results obtain ed in this program . Emphasis should be placed on

toe i n v e s t i g a t i o n  of t h e  g a s  r e a c t i o n  k i n e t i c s  -of A IN gro-wth fr om

C V D  t e chniques together with close monitoring of the results with

elect -ica l -an-I physical examination of tb-c fabricated s a m p l e s .

~urth- e r investi gation into the growth of thic ker good

qu a lity MN ft1n’~ is r -quire d to  f a c i l i t a t e  t h e  characterization

of ’  t u e  t - e m p e r a t u r e  c o e f f i c i e n t  of  d e l a y  of  t h e  c o m p o s i t e  s a m p l e .

The  p o s s i b i l i t y  -of p r o d u c i n g  a zero temperature coefficient

p i e z o e i e c t r i c  c o m p o s i t e  t h a t  c a n  o p e r a t e  a t  h i g ~~-er f r e q u e n c i e s

can then be determi ned .

Some p r e l i m i n a r y  w o r k  h a s  s h o w n  t h a t  MN coul d ser v e as a

u s e f u l  s u b u t — a t e  m a t e r i a l  for t h e  g r o w t h  of other compounds

(-Ga~~~Z nO ,Si ) and wo-k towards this e n d  s h o u l d  be p u r s u e - - i .

(5 
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The s t ud i e s  of the p i e z o e l e c t r i c  b e h a v i o u r  of the

A 1N / s a p p h i r e  compos i t e  suggest tha t  this material would be

applicable to bulk shear wave transduction as well.

66



- —
~~~~~ --------- ~~~~~

----- ‘------ — — - -- — -- 
— ,

—
~~~~

— - —--- - - , 
—- - -

REF E R E NC ES

1. W .M. Yim and R .J. Paff , J. Appi . Physics.

145 , 1 ’4 5 6 ( 19 7 4 ) .

2. M .T. Duffy , C.C. Wang, G.D. O’Clock Jr., S.H.

McFarlane III and P .J.Zanzucchi , J .  E l e c r o n . M a t e r , .  2 ,

359 (1973).

3. W.M. Yim , E.J. S t o f k o , P . J .  Z a n z u c c h i , J . I .  P a n k o v e ,

M. Ettenberg and S.L. Gilbert , J. A ppl . Physics.

1414 , 292(1973).

4. M .P. Callaghan , E.Patterson , B.P. R ichards -an d

C.A.W allace , J.Crystal Growth , 22 , 85(19714).

5. J.K . L i u , K .M. Lak in and K.L. W ang, J. Ap pI. Physics.

46 , 3703(1975).

6. Syton is a Monsanto trademark.

7. Corfam is a Dupont tra demark.

8. M .T. Duffy, C.C . Wang, “Piezoelectr ic Aluminum

Nitride films ” , U.S. Government Report No.

AF CRL— TR-7 14— 0559.

9. W .  G r i f f e l , “ H a n d b o o k  of formulas for Stress and

Strain ” , 175. (Ungar ,1966).

10. E. Wiberg and A. Bolz , FIAT— R ev., 214, 160(1950).

11 . J.K. Liu , R.B. Stokes and K.M . Lakin , Proc. 1975 IEEE

Ultrasonics Symposium , 2314 (1975).

12. R . C .  W i l l i a m s o n , P r o c . 1 9 7 1 4  I E E E  U l t r a s o n i c s

67

.5’— -—- 
/t __, f—— , _ ~~~~~



- -  “ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~

Symposium , 321(197 14 ).

13 .  H .  S c hl o t t e r e r , J .  V a c .  S c i .  T e c h .  13 , 29 , (1/76).

114 . A.J. Nore ika , and D .W. Ing , J. Appl , Physics ,39 ,

5578(1 1 / Ô B )

15. K .M. Lakin , J .K. Liu and K. Wang, Proc . 19714 IEEE

Ul t rason ic s Sympos i um , 302 (19714).

16. R .B. Stokes , pr ivate communication.

68 

~~~~~~~~~~~ ~~~~~~



_ _ _

MISSION
of

Rame Air Development Genie? ’

RA1~~~~ plans and conducts research , exploratory and advanced
development programs in command, controL and coj,miunications
(C3) activities, and in the C3 areas of information sciences
and intelligence. The principal technical mission areas
are cozrrnuriications, electromagnetic guidance and control ,
surveillance of ground and aerospace objects, int.Jligence
data collection and handling, information system technology,
ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.

•~0t-oJTIOA~

‘
~‘~ ~~~~~

Print.d by
Unit.d Stat.s Air Ferc.
Hanscom AFB , Moss. 01731


