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SUMMARY 

Thin f i lms  of AlSb, A l A s  and A1P have been prepared by a three- 

temperature reactive evaporat ion technique, whi le  f i lms  of A1N w e r e  

deposi ted using a reactive s p u t t e r i n g  method. 

a l s o  used t o  produce f i lms  of AlSb. The s t r u c t u r a l ,  o p t i c a l  and e lec t r ica l  

p rope r t i e s  of t hese  f i lms  w e r e  examined and r e l a t e d  t o  condi t ions of 

deposi t ion.  

materials i n  (where ava i l ab le )  t h i n  f i lm,  o r  a l t e r n a t i v e l y  bulk ,  s ing le-  

c r y s t a l  form. 

Reactive s p u t t e r i n g  w a s  

The p rope r t i e s  w e r e  compared wi th  publ ished d a t a  f o r  these  

The f r e s h l y  deposi ted f i lms  of AlSb were found t o  b e  

s t r u c t u r a l l y  and o p t i c a l l y  s imilar  t o  bulk c r y s t a l s .  It w a s  observed, 

however, t h a t  i n  t i m e s  varying from a few hours t o  several weeks, both 

s t r u c t u r a l  and o p t i c a l  p rope r t i e s  a l t e r e d .  The changes w e r e  caused by 

hydro lys is  of t h e  compound when exposed t o  t h e  labora tory  environment 

and w e r e  observed a l s o  i n  f i lms  of A l A s  and Alp. The s t r u c t u r a l  a l t e r a t i o n  

took t h e  form of a change from a we l l - c rys t a l l i zed  depos i t  t o  an amorphous- 

l i k e  one, t h e  change tak ing  p l ace  i n i t i a l l y  a t  t h e  exposed sur face .  

Granular depos i t s  prepared a t  e leva ted  temperatures were observed t o  

degrade most r ap id ly .  Opt ica l  change w a s  evident  i n  t h e  form of marked 

inc rease  of absorpt ion i n  t h e  v i s i b l e  and u l t r a v i o l e t .  

urements on some f i lms  contacted with tantalum showed t h e  presence of 

a s t rong  photovol ta ic  e f f e c t .  Measurements of t h e  s p e c t r a l  v a r i a t i o n  

of t h i s  e f f e c t  i nd ica t ed  t h a t  i t  arose  from a b a r r i e r - l i k e  phenomenon. 

Analyses of t h e  da t a  l e d  t o  reasonable values  both f o r  t h e  band gap of 

AlSb and t h e  work func t ion  of  Ta.  

Electr ical  meas- 
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Sput te red  f i lms  of AlSb acquired a h ighly  o r i en ted  s t r u c t u r e  

a t  temperatures near  65OoC, whi le  evaporated f i lms  w e r e  only p a r t l y  

o r i en ted .  

showed t h e  following: AlSb (evaporated) n, 300 A/min; AlSb (sput te red)  

% 50 A/min. The e f f e c t  of exposure t o  t h e  atmosphere w a s  i d e n t i c a l  t o  

t h a t  repor ted  f o r  t h e  evaporated f i lms .  

An i n v e s t i g a t i o n  of relative growth rates a t  these  temperatures 

A l A s  f i lms w e r e  prepared by t h e  r e a c t i v e  evaporat ion method 

and are be l ieved  t o  b e  t h e  first produced by t h i s  method. 

examination showed t h e  f i lms t o  c o n s i s t  mainly of t h e  bulk  cubic  phase 

although e l e c t r o n  d i f f r a c t i o n  s t u d i e s  on some Al-rich f i l m s  revealed 

t h a t  su r f ace  l a y e r s  comprised a h ighly  o r i en ted  w u r t z i t e  modi f ica t ion .  

Op t i ca l  d a t a  w e r e  c o n s i s t e n t  wi th  i n d i r e c t  band gap of 2 .1  e V  ( i n  

agreement wi th  t h e  bulk form). 

t h e  measured conduct iv i ty  of t h e  f i lms w a s  dominated by a spread of 

shallow impurity levels which could not  be  cha rac t e r i zed  by a s i n g l e  

a c t i v a t i o n  energy. The change i n  p rope r t i e s  when exposed t o  a i r  w a s  

less d r a s t i c  than  t h a t  experienced by t h e  AlSb f i lms ,  t h e  o p t i c a l  

absorp t ion  decreasing a f t e r  a prolonged exposure. 

X-ray 

E l e c t r i c a l  measurements suggested t h a t  

A1P w a s  a l s o  prepared i n  t h i n  f i l m  form by t h e  r e a c t i v e  

evaporat ion method. 

t h e  AlSb and A l A s  f i lms l e d  t o  use of a l coho l - f i l l ed  conta iners  t o  p r o t e c t  

t h e  f i l m  during o p t i c a l  and electrical s t u d i e s .  

d a t a  are c o n s i s t e n t  wi th  a compound wi th  an absorp t ion  edge near  2.5 e V ,  

again i n  good agreement wi th  t h e  bulk  compound. 

was  found t o  adopt t h e  cubic  bulk  form possessing a weak (110) f i b e r  

Experience wi th  t h e  chemical i n s t a b i l i t y  of both 

The o p t i c a l  absorp t ion  

S t r u c t u r a l l y  t h e  f i l m  

2 



t ex tu re .  

w a s  in f luenced  ( a s  i n  t h e  A l A s  f i lms )  by a spread of shallow impuri ty  

levels. 

The electrical r e s i s t i v i t y  s t u d i e s  suggested t h a t  conduct iv i ty  

Study of t h e  p rope r t i e s  of r e a c t i v e l y  spu t t e red  A1N f i lms  

The emphasis comprised a considerable  p a r t  of t h e  o v e r a l l  program. 

on t h i s  compound w a s  motivated by exce l l en t  chemical s t a b i l i t y  character-  

i s t ics  and by t h e  observat ions of  good d i e l e c t r i c  behavior.  

f i lms  of A1N assumed t h e  bulk ,  w u r t z i t e  (hexagonal) arrangement. 

E p i t a x i a l  depos i t s  were prepared on o r i en ted  S i  and Sic s u b s t r a t e s  

toge ther  wi th  s t r o n g l y  tex tured  f i lms  on v i t r eous  s i l i ca .  Op t i ca l ly ,  

t he  f i lms as-deposited i n  a high-pressure glow-discharge system showed 

absorpt ion c h a r a c t e r i s t i c s  with an anomalously low edge, which suggested 

t h e  presence of  n i t rogen  vacancies o r  argon occlusion ( a  s imilar  e f f e c t  

had been observed by Cox, e t .  a l .  (Ref. 1 )  i n  argon annealed s i n g l e  

c r y s t a l s ) .  

temperature w a s  requi red  before  t h e  bulk  absorp t ion  c h a r a c t e r i s  tics 

(with an edge a t  5.9 eV) w e r e  observed. 

low pressure  t r i o d e  s p u t t e r i n g  arrangement y ie lded  f i lms  with t h e  bulk  

p rope r t i e s  i n  t h e  as-deposited state.  

S t r u c t u r a l l y ,  

Annealing i n  n i t rogen  a t  temperatures nea r  t h e  depos i t ing  

Later experimentation wi th  a 

Although t h e  f i lms seemed unsui tab le  as semiconductors, 

d i e l e c t r i c  measurements i nd ica t ed  poss ib l e  use as a r e f r a c t o r y  d i e l e c t r i c .  

Both t h e  d i e l e c t r i c  constant  and d i s s i p a t i o n  f a c t o r  showed less v a r i a t i o n  

wi th  temperature (25' t o  350OC) than  f o r  t h e  bulk  ceramic material, 

i nd ica t ing  fewer conductive impur i t i e s .  Observations of electrical  

breakdown and conduction behavior  showed t h a t  f i lms ,  less than 1500 A 

t h i c k ,  demonstrated erratic behavior under appl ied  vol tage .  This e f f e c t  

3 



w a s  a t t r i b u t e d  t o  leakage a t  g r a i n  boundaries.  

thickness  showed no i n s t a b i l i t y  u n t i l  f i e l d s  g r e a t e r  than 9 x lo6 V/cm 

were appl ied.  

w e r e  r e v e r s i b l e  and cons i s t en t  wi th  a space-charge l imi t ed  mechanism. 

However, a t  h igher  f i e l d s  t h e  c h a r a c t e r i s t i c s  became uns tab le  and 

changed i r r e v e r s i b l y .  Studies  of MIS s t r u c t u r e s  using o r i en ted  A1N 

f i lms  on a s i l i c o n  s u b s t r a t e  revealed t h a t  t he  f i l m s  appeared po la r i zab le ,  

an e f f e c t  assumed due t o  the  p i e z o e l e c t r i c  cha rac t e r  of A1N. 

Films of g r e a t e r  

The main f ea tu res  of t h e  I-V c h a r a c t e r i s t i c  a t  low f i e l d s  

I n  order  t o  reduce t h e  electrical  i n s E a b i l i t i e s  brought on 

by g r a i n  boundary leakage, an e f f o r t  w a s  made t o  induce an amorphous-like 

cha rac t e r  t o  t h e  depos i t s  by t h e  add i t ion  of an amorphous n i t r i d e  com- 

ponent, v i z . ,  Si3N4. 

cathodes with nominal & : S i  r a t i o s  of 6 ; l  and 1:l. The former d i f f e r e d  

only s l i g h t l y  from the  pure A1N f i lms  showing s i m i l a r  o p t i c a l  and e l e c t r i c a l  

behavior.  Films prepared from t h e  l a t te r  cathode, however, assumed an 

almost amorphous s t r u c t u r e  and completely r e v e r s i b l e  I-V cha rac t e r i s  t i c s  

which displayed t h e  t r a p  inf luenced space-charge l imi t ed  behavior.  

Dielectric p rope r t i e s  w e r e  more erratic and demonstrated an added 

d i spe r s ion  wi th  frequency. 

Films of t h e  mixture were co-sputtered from 

A f u r t h e r  e f f o r t ,  t o  prepare a mixed f i l m  with another  s t a b l e  

component, v iz .  BN, is  i n  progress.  F i l m s  of BN a lone  have been r eac t ive ly  

spu t t e red  s o  t h a t  t h e  p rope r t i e s  of mixed A1N-BN may be  compared t o  those 

of t h e  undi luted n i t r i d e s .  

4 



1. INTRODUCTION 

The ob jec t ives  of t h i s  program are t o  s tudy t h e  f e a s i b i l i t y  

of preparing t h i n  f i lms  of t h e  aluminum class of 1 1 1 - V  compounds 

v i z .  A l N ,  AlSb, A l A s  and Alp, by evaporat ion and s p u t t e r i n g  and t o  

correlate t h e  s t r u c t u r a l ,  e l e c t r i c a l  and o p t i c a l  p rope r t i e s  of t h e  

r e s u l t i n g  f i lms  wi th  t h e i r  condi t ions  of deposi t ion.  

This p a r t i c u l a r  family of 1 1 1 - V  compounds i s  an i n t e r e s t i n g  

one because of t h e  broad range of e lectr ical  and o p t i c a l  p rope r t i e s  

which are covered by i t s  members. AlSb, f o r  example, possesses  an energy 

gap comparable t o  t h a t  of  S i  and a s p e c t r a l  response which is  an  almost 

t h e o r e t i c a l  match t o  t h e  s o l a r  spectrum. Light  emissive junc t ions ,  

r ad ia t ing  i n  t h e  v i s i b l e  and u l t r a v i o l e t  may b e  poss ib l e  wi th  Alp. 

A1N wi th  a band gap g r e a t e r  than S i c  seems s u i t a b l e  as an i n s u l a t i n g  

coat ing f o r  i n t e g r a t e d  c i r c u i t r y  where high bond s t r e n g t h  can provide 

both mechanical and environmental p ro t ec t ion  and perhaps improved r a d i a t i o n  

r e s i s t ance .  Other co l l ec t ed  p rope r t i e s  are given i n  Table I. 

The compounds i n  bulk  form, wi th  the  except ion of A l N ,  however, 

s u f f e r  from s e r i o u s  chemical i n s t a b i l i t i e s  e s p e c i a l l y  i n  t h e  presence of 

w a t e r  vapor. A1P reacts r e a d i l y  i n  moist  a i r  and is a known generator  of 

phosphine (Ref. 2 ) .  Both A l A s  (Ref. 3) and AlSb (Ref. 4 )  d e t e r i o r a t e  

r ap id ly  on exposure. A l i t e r a t u r e  survey notes  t h a t  p r o t e c t i v e  environ- 

ments, v i z . ,  a lcohol  shea ths  o r  vacua, are u s e f u l  whi le  electrical and 

o p t i c a l  s t u d i e s  are conducted. 

I n  genera l ,  only A1N and AlSb have been s tud ied  extensively.  

Since,  however, a l l  of t h e  compounds m e l t  only i n  an overpressure of 
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t h e  Group V element,  making both melt-growth and zone-refining techniques 

d i f f i c u l t  t o  apply,  such s t u d i e s  have mainly been r e s t r i c t e d  t o  poly- 

c r y s t a l l i n e  materials o r  a t  b e s t  t o  small, fragmentary, p l a t e l i k e  c r y s t a l s  

prepared by subl imat ion o r  vapor phase techniques.  Some success  has  been 

achieved by use of chemical t r a n s p o r t  methods, v i z . ,  t h e  prepara t ions  

of A1N and Alp. These t r a n s p o r t  methods u t i l i z e  the heterogeneous 

r eac t ion  of a v o l a t i l e  Group 111 h a l i d e  with Group V vapors a t  t h e  

su r faces  of  heated substrates. The h a l i d e s  may be ch lor ides  o r  iod ides .  

Reid, e t .  a l .  (Ref. 5) found t h a t  t h e  iod ide  is t o  b e  p re fe r r ed  i n  t h e  

e p i t a x i a l  growth of A1P on S i  o r  GaAs s i n c e  t h e  t r a n s p o r t  of t h e  A 1  may 

b e  e f f e c t e d  a t  lower temperatures than  by use of t h e  ch lo r ide  carrier. The 

lower source temperatures are p re fe r r ed  t o  prevent  contamination v i a  

r eac t ion  of t h e  vapor wi th  t h e  w a l l s  of t h e  s i l i ca  r eac t ion  chamber. 

Pas t rnak ,  et .  a l .  (Ref. 6)  u t i l i z e s  t h e  ch lo r ide  i n  t h e  prepara t ion  of 

A1N r eac t ing  i t  with N i n  a gas discharge.  This technique, however, 

favors  t h e  formation of  whisker-l ike growth, a t  thicknesses  g r e a t e r  than 

1000 A ,  due presumably t o  a tendency toward homogeneous nuc lea t ion  i n  

t h e  gas  phase. Work by Chu, e t  a l .  (Ref. 7), have shown t h a t  t h e  

ammonolysis of  A l C l  and NH y i e l d s  h igh ly  o r i en ted  f i lms  of A1N t o  

thicknesses  of several microns. 

2 

3 3 

Another compound of  t h e  series, v i z .  , AlSb, has  been prepared 

i n  t h i n  f i l m  form by vacuum evaporat ion techniques (Ref. 8 ,  9 , 10, 11). 

Co-evaporation of t h e  sepa ra t e  elements i s  by f a r  t h e  most favored method 

s i n c e  d i r e c t  evaporat ion of a powdered charge tends t o  decompose, t h e  

v o l a t i l e  Group V element evaporat ing ax subliming a t  a more r ap id  rate. 
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The present  s tudy  descr ibes  t h e  use  of s p u t t e r i n g  and 

evaporat ion techniques f o r  t h e  prepara t ion  of t h i n  f i lms  of t he  A1-V 

family of compounds. The three-temperature evaporat ion method has  been 

used i n  t h e  growth of AlSb f i lms  and has  been extended f o r  t h e  f i r s t  

t i m e  t o  t h e  syn thes i s  of  AlAs and A1P f i lms .  The high decomposition 

temperatures of  t h e  AlAs and A1P compounds raises s p e c i a l  p repa ra t ive  

problems no t  previously encountered i n  t h e  growth of o t h e r  1 1 1 - V  compound 

f i lms .  Methods of overcoming these  problems are discussed.  

Major emphasis has  been placed upon the  prepara t ion  and 

p rope r t i e s  of A1N f i lms  and t h e i r  s o l i d  s o l u t i o n s  wi th  S i  N and BN. 

I n t e r e s t  i n  t h e  n i t r i d e s  w a s  s t imula ted  

i t  became evident  t h a t  thin-f i lm A1N w a s  no t  only t h e  most chemically 

s t a b l e  of t h e  compound family,  b u t  a l s o  possessed very promising 

d i e l e c t r i c  p rope r t i e s .  I n  add i t ion  t o  present ing  r e s u l t s  of s t u d i e s  on 

t h e  s t r u c t u r a l ,  electrical and o p t i c a l  p rope r t i e s  of t h e  n i t r i d e  f i lms 

t h e  a n t i c i p a t e d  d i r e c t i o n  t o  b e  followed i n  t h e  prepara t ion  of f i lms  

p o t e n t i a l l y  use fu l  i n  MIS type s t r u c t u r e s  and i n  p i e z o e l e c t r i c  t ransducers  

w i l l  b e  discussed.  

3 4  

e a r l y  during t h e  con t r ac t  when 

The au thors  w i s h  t o  thank D r .  J. E,  Johnson of t hese  Laborator ies  

f o r  h i s  cons t ruc t ive  a s s i s t a n c e  during t h e  e a r l y  s t a g e s  of this  study. 
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2. EVAPORATED FILMS 

2 . 1  Aluminum Antimonide (AlSb) 

2 . 1 . 1  Prepara t ion  - Essen t i a l ly  t h e  same approach w a s  used t o  p r e p a r e  

f i l m s  of AlSb as t h a t  descr ibed by Johnson (Ref.10) and by David e t . a l .  

(Ref.11).  However, t h e  geometry of the  depos i t ion  system w a s  modified 

i n  order  t o  ob ta in  more f i lm  samples i n  a s i n g l e  pump-down. An aluminum 

m e t a l  charge (99.998%) w a s  contained i n  a BN c r u c i b l e  which w a s  mounted 

i n  a r e s i s t i v e l y  heated tantalum holder  (Fig.  1~). The antimony, i n  the  

form of s m a l l  lumps, w a s  d i s t r i b u t e d  uniformly around a r e s i s t i v e l y  heated 

c i r c u l a r  V-shaped trough made from 5 m i l  tantalum shee t .  Quartz s h i e l d s  

w e r e  provided s o  t h a t  t h e  antimony source w a s  sh i e lded  from the  aluminum 

and t h e  vapor mixture  could e x i t  p r imar i ly  through an ape r tu re  a t  t he  top 

of t he  r eac t ion  chamber. Subs t r a t e s ,  contained i n  r e s i s t i v e l y  heated 

tantalum envelopes w e r e  mounted on a sec tored  wheel (Fig.1B) which 

could b e  ro t a t ed  ex te rna l ly  s o  as t o  b r ing  them sequen t i a l ly  over t he  

ape r tu re .  Excess vapor which bypassed t h e  s u b s t r a t e s  w a s  co l l ec t ed  i n  a 

tantalum canopy clamped t o  a l i q u i d  n i t rogen  t r a p  above t h e  r eac t ion  chamber. 

V i e w s  of t h e  complete system are shown i n  Figs.  2 and 3 .  

Cal ib ra t ion  curves of s u b s t r a t e  temperature (measured a t  the  

f r o n t  f a c e  of quar tz  subs t r a t e s )  vs. h e a t e r  cu r ren t  were p l o t t e d  f o r  

s u b s t r a t e s  heated i n  t h e  tantalum envelopes. The antimony and aluminum 

source  temperatures w e r e  measured d i r e c t l y  during each run wi th  a 

thermocouple and o p t i c a l  pyrometer, respec t ive ly .  The  s u b s t r a t e  temperatures 

9 
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ranged from 500 t o  75OoC, antimony source  temperature from 495°C 

(V.P. 2 x t o r r )  t o  540°C (V.P. t o r r ) ,  and t h e  aluminum 

temperature was  h e l d  cons tan t  a t  1200°C. 

on these  vapor p re s su re  values and on t h e  geometry of t h e  system 

i n d i c a t e s  t h a t  t h i s  range of Sb source  temperatures should correspond 

t o  an i d e a l  range of Sb/A1 vapor f l u x  r a t i o s  

wi th  an Sb source  temperature of 520OC and s u b s t r a t e  temperature of 

600"C, a growth rate of about 300 A p e r  minute w a s  obtained. 

used included (111) c r y s t a l s  of CaF 

c r y s t a l s ,  (111) s i l i c o n  wafers  and v i t r eous  s i l i ca  ( o f t e n  coated wi th  

s p u t t e r e d  Ta  t o  f a c i l i t a t e  electrical measurement). 

A s imple c a l c u l a t i o n  based 

of 1 t o  4. Typically,  

Subs t r a t e s  

(0001) o r i en ted  sapph i re  (A1203) 2' 

2.1.2 S t r u c t u r a l  P rope r t i e s  - When e f f o r t s  were made t o  examine 

t h e  c r y s t a l l i n i t y  and o r i e n t a t i o n  of t h e  AlSb films using r e f l e c t i o n  

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

p a t t e r n s  y i e lded  only d i f f u s e  d i f f r a c t i o n  f e a t u r e s  c o n s i s t e n t  wi th  an 

amorphous s u r f a c e  s t r u c t u r e .  

i z a t i o n  of t h e  e n t i r e  f i l m ,  t h e  depos i t s  w e r e  s t u d i e d  by glancing-angle 

X-ray d i f f r a c t i o n  using a P h i l i p s  powder camera. 

To ob ta in  a more r e p r e s e n t a t i v e  character-  

The r e s u l t s  showed t h a t  

i n  each case, d e s p i t e  t h e  amorphous s u r f a c e  l a y e r ,  t h e  f i lms  immediately 

a f t e r  p repa ra t ion  possessed we l l - c rys t a l l i zed ,  and i n  many cases, 

s t rong ly  o r i en ted  s t r u c t u r e s .  

Most of t h e  samples examined w e r e  single-phase wi th  t h e  cubic  

z inc  blende type  s t r u c t u r e  of AlSb. 

w a s  p re sen t ,  t h i s  w a s  i d e n t i f i e d  as A 1  and i t s  appearance could b e  

accounted f o r  by t h e  f a c t  t h a t  t h e  Sb source  was  deple ted  o r  t h a t  its 

In those  cases where a second phase 
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temperature had f a l l e n  during t h e  run. I n  con t r ad ic t ion  t o  t h e  claims 

of David e t .  a l .  (Ref.11) who reported f r e e  Sb i n  f i lms  deposi ted a t  temp- 

e r a t u r e s  below 65OoC, no uncombined Sb w a s  de t ec t ed  i n  t h e  present  s tudy 

even a t  550°C. This i s  cons i s t en t  both wi th  t h e  earlier work of 

Johnson (Ref.10) i n  these  l abora to r i e s  and wi th  t h e  f ind ings  of 

Gunther (Ref.12) who r e p o r t s  400°C as t h e  lowest condensation temperature 

f o r  Sb on InSb . 
St ruc tu res  varying from randomly o r i en ted  t o  almost completely 

e p i t a x i a l w e r e  obtained on t h e  (111) f a c e  of CaF 

and (110) f i b e r  o r i e n t a t i o n s  w e r e  produced on amorphous qua r t z  s u b s t r a t e s  

Very s t rong  (111) 2' 

and, as shown i n  Table 11, t hese  appear t o  vary markedly i n  type wi th  t h e  

temperature of depos i t ion .  

G e  f i lms  (Ref.13) and i n  spu t t e red  (Ref.14) and co-evaporated (Ref.15) G a A s  

f i lms  deposi ted on v i t r e o u s  s i l i ca .  

S imi la r  e f f e c t s  are found i n  both evaporated 

2.1.3 Op t i ca l  S tudies  - Absorption s p e c t r a  f o r  AlSb f i lms  deposi ted 

a t  from 600 t o  700°C onto CaF 

w e r e  made wi th  a Cary spectrophotometer over a wavelength range 1900 A 

t o  20,000 A, N o  s i g n i f i c a n t  d i f f e rence  i n  t h e  s p e c t r a  w a s  noted f o r  

o r  sapphi re  w e r e  a l s o  s tud ied .  Measurements 2 

t h e  var ious  prepara t ions  , except f o r  a n t i c i p a t e d  thickness  dependences. 

Por t ions  of t h e  s p e c t r a  from several f i lms  are p l o t t e d  i n  Fig.  4 .  Data 

i n  t h i s  f i g u r e  have been p l o t t e d  only f o r  those regions where t h e  

t ransmission is less than lo%, f o r  which e f f e c t s  due t o  s u r f a c e  contam- 

i n a t i o n  and oxida t ion  are least s i g n i f i c a n t  (Ref.16). Resul ts  from 

those  samples exh ib i t i ng  s t rong  in t e r f e rence  p a t t e r n s  near  t h e  1.6 e V  edge 

were no t  included. 
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Fig. 4-Absorption spectra of AI  Sb f i  Ims (significant structural  features 
found by reflectance spectra. are indicated by the arrows, including 

the band-gap value of 1.6eV. Samples 2-197-3 and 2-199-1 
are on  CaF2 2-197-4 i s  on sapphire) 



The s i n g l e  f e a t u r e  most prominent i n  t h e  several regions of 

t h e  s p e c t r a  i s  t h a t  t h e  s e v e r a l  peaks observable a t  energ ies  g r e a t e r  than 

t h e  1.6 e V  absorp t ion  edge are a l l  a t  energ ies  less by about 0 . 1  e V  than 

those tabula ted  from r e f l e c t a n c e  measurements on s i n g l e  c r y s t a l s .  

d i f f e r e n c e  could b e  due i n  p a r t  t o  t h e  d i f f e rence  i n  absorp t ion  versus 

r e f l e c t i o n  measurements and a l s o ,  i n  p a r t ,  due t o  the  e f f e c t s  of 

impur i t i e s  and s t r u c t u r a l  d i so rde r  on the  band s t r u c t u r e  of t h e  material 

(Ref. 1 6 ) .  The absorp t ion  a t  energ ies  j u s t  below t h e  fundamental 1.6 e Y  

edge a l s o  show added components which are due t o  states wi th in  t h e  

forbidden gap. 

This  

When AlSb f i lms were allowed t o  age,  they soon became v i s i b l y  

darker  and more opaque. 

t y p i c a l  observa t ion  w a s  t h a t  made on sample 2-197-4, t h e  o r i g i n a l  absorp- 

t i o n  spectrum of which i s  given i n  Fig.  4. Af t e r  s e v e r a l  months s t o r a g e  

i n  a n i t rogen  box, t h e  spectrum w a s  similar b u t  a 1% transmission sc reen  

w a s  requi red  i n  t h e  r e fe rence  compartment of t h e  spectrophotometer. Thus, 

a reduct ion  i n  t ransmission t o  ~ 1 %  of the  earlier va lue  had occurred. 

I n  t h i s  state,  some w e r e  re-measured. A 

2 .1 .4  Chemical S t a b i l i t y  - A s  shown by t h e  change i n  o p t i c a l  

p r o p e r t i e s  r e f e r r e d  t o  above, t h e  AlSb f i lms ,  even when grown a t  thick- 

nesses up t o  several microns, are h ighly  unstable;  Sorokin (Ref. 9 ) 

r e p o r t s  no tab le  changes i n  r e s i s t i v i t y  and photoconduct ivi ty  on removal from 

t h e  vacuum chamber. E f f o r t s  were made t o  determine t h e . c h a r a c t e r  of t h e  

chemical and s t r u c t u r a l  changes involved b u t  t hese  m e t  wi th  l imi t ed  success.  

Glancing angle  X-ray d i f f r a c t i o n  p a t t e r n s  were obtained from 

f i lms prepared on cleaved CaF and on v i t r eous  s i l i ca  s u b s t r a t e s  a t  2 

t i m e s  varying from a few hours t o  s e v e r a l  weeks a f t e r  t h e  samples had 
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been prepared. 

complete s t r u c t u r a l  degradat ion could occur i n  t i m e s  varying from about 

t h r e e  days t o  two weeks depending upon t h e  s u b s t r a t e  material and growth 

temperature used. The e f f e c t  observed involved the  t ransformation from 

a wel l -c rys ta l l ized  s i n g l e  AlSb phase t o  an amorphous product which 

could not  b e  i d e n t i f i e d  by X-ray d i f f r a c t i o n .  

a t  250'C of t h e  amorphous f i lms  i n  an argon (1% H2> ambient caused severe 

pee l ing  and r e s u l t e d  i n  t h e  development of a c r y s t a l l i n e  Sb phase,  some 

amorphous material s t i l l  remaining. It w a s  concluded t h a t  t h i s  amorphous 

component w a s  probably an anhydrous, o r  poss ib ly  hydrated,  oxide of A l .  

The r e s u l t s  obtained d i f f e r e d  widely and showed t h a t  

Low temperature annealing 

The wide d i f f e rences  found i n  t h e  rate a t  which t h e  f i l m  

s t r u c t u r e s  d e t e r i o r a t e d  may b e  a t t r i b u t e d  t o  d i f f e rences  i n  the  mor- 

phology of t h e  f i lms.  I n  gene ra l ,  those depos i t s  prepared a t  h igher  

temperatures were more granular  and rougher and showed a tendency t o  

degenerate more r ap id ly  due presumably t o  t h e i r  l a r g e r  e f f e c t i v e  s u r f a c e  

area. 

2.1.5 Electr ical  S tudies  - AlSb f i l m  samples co-evaporated a t  a 

temperature of 600"C, a nominal Sb:A1 f l u x  r a t i o  of 5:1, and a t o t a l  

depos i t ion  rate of 300 A/min onto v i t r eous  s i l i c a  s u b s t r a t e s  car ry ing  

m e t a l  f i l m  e l ec t rodes  w e r e  used t o  i n v e s t i g a t e  some electr ical  p rope r t i e s .  

I n i t i a l l y ,  measurements were made under vacuum on a f i lm,  4 microns th i ck ,  

deposi ted on spu t t e red  T a  s t r i p e s .  

were very h igh ,  > 10 ohms, and showed a s m a l l  and unsystematic 

dependence on temperature. It  appeared t h a t  t h e  high r e s i s t a n c e  w a s  

probably due t o  a b a r r i e r  l a y e r  a t  t h e  Ta/AlSb contac t .  

Resis tances  measured between s t r i p e s  

10 
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This hypothesis  w a s  confirmed when i t  w a s  found t h a t  a photo- 

vo l tage  of several m i l l i v o l t s  (open c i r c u i t )  could be developed by 

sh in ing  a microscope i l l umina to r  on t h e  sample. 

response came when t h e  l i g h t  w a s  shone onto the  AlSb d i r e c t l y  over  one 

of t h e  e lec t rodes .  

The s t r o n g e s t  photo- 

The l i g h t  energy dependence of t h e  photovol ta ic  e f f e c t  w a s  

determined by p lac ing  t h e  sample i n  t h e  beam from a monochromator, and 

measuring the  s h o r t - c i r c u i t  photocurrent ,  of t h e  o rde r  of 10 p ic0  

amperes, wi th  a Kei thley 153 millimicroammeter. The i n t e n s i t y  of 

i l l umina t ion  of t h e  sample va r i ed  with wavelength as a quartz-iodine 

tungsten l i g h t  source operated a t  constant  vo l tage  w a s  used t o  i l lumi-  

n a t e  t h e  monochromator en t rance  s l i t .  The relative energy of t h e  beam 

as a funct)ion of wavelength w a s  determined wi th  a thermopile de t ec to r .  

I n  Fig.  5,  t h e  relative photoresponse p e r  i nc iden t  quantum is 

p l o t t e d  aga ins t  t he  wavelength of t he  l i g h t  and a reasonably l i n e a r  

c o r r e l a t i o n  is  seen,  s imilar  t o  t h a t  found by Abraham (Ref.17). 

Mead and S p i t z e r  (Ref-18) have a l s o  obtained similar da ta  using 

s i n g l e  c r y s t a l s  of AlSb and o t h e r  semiconductors t h a t  were f i t t e d  with 

evaporated gold e l ec t rodes  under condi t ions such t h a t  no impuri ty  l a y e r  

w a s  p resent  between t h e  AlSb and t h e  gold f i lm.  By p l o t t i n g  t h e  square  

r o o t  of t h e  photoresponse of t h e  Au/AlSb pho toce l l  vs t h e  l i g h t  energy, 

Mead and S p i t z e r  w e r e  a b l e  t o  determine both t h e  i n d i r e c t  and t h e  

d i r e c t  band-gap of AlSb. The procedure involved decomposing t h e  (photo- 

response)l’* vs energy d a t a  i n t o  a series of s t r a i g h t  l i n e s  by a 

graphica l  procedure. 
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I n  Fig. 6 ,  w e  have s i m i l a r l y  t r e a t e d  our photoresponse data .  

A s t r a i g h t  l i n e  w a s  drawn through The square p o i n t s  are t h e  r a w  da t a .  

t h e  po in t s  a t  lowest energy. Then, t h e  (photoresponse)1'2 va lue  of 

t h i s  ex t rapola ted  s t r a i g h t  l i n e  w a s  sub t r ac t ed  a t  each energy from t h e  

r a w  d a t a  poin ts .  The r e s u l t  is  t h e  sequence of c i r c u l a r  p o i n t s ,  which 

show another s t r a i g h t  l i n e  behavior t h a t  ex t r apo la t e s  t o  zero a t  

hv = 1.6 e V ,  t h e  i n d i r e c t  edge of AlSb. 

It is i n t e r e s t i n g  t o  note  a l s o  t h a t  t h e  present  low energy da ta  

e x t r a p o l a t e  t o  zero  a t  1.03 e V  whi le  t he  low energy d a t a  of Mead and 

S p i t z e r  e x t r a p o l a t e  t o  zero a t  0.90 e V .  The d i f f e r e n c e ,  0.13 e V ,  is 

i n  exce l l en t  agreement wi th  t h e  d i f f e rence  between t h e  "recommended 

values" f o r  t h e  work func t ions  of Au, 4.3 e V ,  and T a ,  4.12 e V  which is  

0.18 e V  (Ref. 19).  

semiconductor contac t  of high q u a l i t y  has  been obtained comparable t o  those 

obtained by t h e  s o p h i s t i c a t e d  cleavage technique of Mead and S p i t z e r .  

The impl i ca t ion  of t h i s  r e s u l t  i s  t h a t  a metal- 

The measurements described above, however, do not  provide 

information on t h e  e l e c t r i c a l  r e s i s t i v i t y  of t h e  AlSb f i l m  i t s e l f  s i n c e  

t h e  metal-semiconductor b a r r i e r  dominates t h e  measurements. When 

t h e  T a  s t r i p e s  were over-coated wi th  N i ,  reasonable ohmic contac t  t o  

t h e  AlSb f i l m  w a s  obtained. During growth of t h e  AlSb f i l m  ( t o  a 

th ickness  of 1 micron), t h e  r e s i s t a n c e  decreased i n  a manner suggesting 

t h a t  bulk-type behavior ( i . e .  an absence of s i z e  e f f e c t s )  w a s  obtained 

a f t e r  t h e  f i r s t  1500 A w a s  deposited.  

It w a s  found t h a t  q u i t e  reproducible res is tance- temperature  

behavior w a s  obtained as a given f i l m  w a s  cycled i n  vacuum over t h e  

range from t h e  depos i t ion  temperature 600°C t o  %30"C, as shown i n  
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Fig. 7. Over t h i s  temperature range, t h e  f i l m  r e s i s t i v i t y  va r i ed  from 

about 2 x 10 ohm-cm a t  3OoC t o  50 ohm-cm a t  600OC. 

Data from two runs are p l o t t e d  i n  Fig. 7. 

5 

It can be  seen  

t h a t  f o r  each f i l m  the d a t a  l i e  on two l i n e a r  segments wi th  a t r a n s i -  

t i o n  a t  about 300°C.  

are no t  t h e  same f o r  t h e  two f i lms although t h e  high temperature 

range i s  dominated f o r  each f i l m  by a level a t  near  mid-gap, 0.8 eV. 

The a c t i v a t i o n  energ ies  de r ivab le  from these  d a t a  

A t  lower temperatures, values of 0 . 2 3  and 0 . 3 2  e V  were found. 

It is not  clear why t h e s e  low temperature values d i f f e r  bu t  i t  is 

conceivable t h a t  t h e  d i f f e rence  is mainly a matter of t h e  s to ich iometry  

achieved i n  t h e  f i l m  depos i t ion ,  s i n c e  Kover (Ref. 20) has a t t r i b u t e d  a 

donor l e v e l  a t  0.3 e V  t o  Sb vacancies.  It should b e  noted t h a t  

Shaw and M c K e l l  (Ref. 21) have repor ted  a l e v e l  a t  0.8 e V  i n  h igh  

r e s i s t i v i t y  s i n g l e  c r y s t a l s .  

The r e s i s t i v i t y  of a semiconductor can b e  expressed as 

where n and p are t h e  e l e c t r o n  and h o l e  concent ra t ions  and p 

are t h e i r  r e s p e c t i v e  m o b i l i t i e s ,  whi le  e is  t h e  e l e c t r o n i c  charge. 

and 1-1 
n P 

The 

concent ra t ions ,  n and p,  can i n  t u r n  b e  expressed as 

n = Nc exp (-Efn/kT) 

and 

p = Nv exp (-E /kT) 
f P 

( 3 )  
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where Nc and Nv are t h e  conduction and valence band d e n s i t i e s  of 

states. The sum of t h e  e l e c t r o n  and ho le  Fermi ene rg ie s ,  

are equal t o  t h e  va lue  of t h e  energy gap, E 

is  a t  thermal equilibrium. 

and E 
Efn  f P  

( = 1 . 6  eV) when t h e  sample 
g 

From Eqs. (1) , ( 2 ) ,  and (3)  i t  can b e  deduced t h a t  t h e  resis- 

t i v i t i e s  a t  two temperatures should be  i n  t h e  r a t i o  

T2 - "T  leu^ uT1 
P 

P 
- -  - - -  

n~ 2 e u ~  uT2 T1 
( 4 )  

v 

i f  only one carrier dominates t h e  conduct iv i ty  a t  a given temperature. 

I f  an attempt is  made t o  compute t h e  r e s i s t i v i t y  r a t i o  from 

Eq. ( 4 ) ,  t h e  r e s u l t  is comparable t o  experiment only i f  t h e  mobi l i ty  r a t i o  

i s  given an impossibly l a r g e  va lue ,  with t h e  0.8 e V  po r t ion  of t h e  

curve having t h e  l a r g e r  1.1. Small values of t h e  r a t i o  could b e  explained 

by a v a r i e t y  of phenomena bu t  t h e  r a t i o  seems much too  l a r g e  i f  i t  i s  

assumed, f o r  example, t h a t  conduction occurs by both holes  and e lec-  

t rons a t  h igher  temperatures and by e l ec t rons  a lone  a t  lower tempera- 

t u r e s .  

It t h e r e f o r e  appears t h a t  t h e  d a t a  of Fig.  7 do not  represent  

a "bulk" proper ty  of AlSb f i lms .  

lies i n  a "ba r r i e r "  phenomenon, b u t  i t  is  not  clear j u s t  what kind of 

b a r r i e r  i s  involved. 

con tac t s ,  micro-cracks, o r  metal-semiconductor b a r r i e r s .  

Explanation of t h e  d a t a  probably 

The governing phenomenon may b e  i n t e r g r a n u l a r  
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2.2 Aluminum Antimonide - React ively Sput tered 

The prepara t ion  of AlSb by an a l t e r n a t e  technique, v i z . ,  

reactive s p u t t e r i n g  was  a l s o  achieved during the  course of t h e  present  

s t u d i e s .  E s s e n t i a l l y  t h e  method is  similar t o  t h a t  descr ibed f o r  A1N 

i n  Sec. 3.1.1, t h e  A 1  s u b s t r a t e ,  s u b s t r a t e  ho lders ,  experimental  chamber 

and condi t ions f o r  depos i t i on  being v i r t u a l l y  i d e n t i c a l .  

d i f f e r s  only i n  t h e  means of i n j e c t i n g  t h e  group V element, i n  t h i s  case 

Sb, i n t o  the  discharge i n  a gaseous o r  vapor form. 

The scheme 

2.2.1 Prepara t ion  - An A 1  cathode designed t o  hold a number of 

s o l i d  Sb p ieces  w a s  f ab r i ca t ed ,  as shown i n  Fig.  8. It w a s  expected t h a t  

t h e  h e a t  generated i n  t h e  cathode by t h e  discharge would provide a 

s u f f i c i e n t  vapor p re s su re  of Sb. 

t h e  temperature of t h e  cathode during spu t t e r ing .  With opera t ing  con- 

d i t i o n s  approximating those  of t h e  A1N experiments,  an equi l ibr ium 

cathode temperature of 435°C w a s  reached. 

pressure  w a s  

t h e  s u b s t r a t e  s u r f a c e  of approximately 750 A h i n .  

A thermocouple w a s  i n s t a l l e d  t o  monitor 

The corresponding Sb vapor 

t o r r ,  which should provide a n  a r r iva l  rate of Sb a t  

Films w e r e  deposi ted on CaF (111) s u b s t r a t e s  heated i n  t h e  2 

range 400 t o  700°C; t h e  temperature w a s  confined t o  t h i s  range t o  pre- 

vent  both condensation of excess Sb and thermal e tch ing  of s u b s t r a t e s .  

Thicknesses of deposi ted f i lms  ind ica t ed  growth rates of less than 

50 A/min. 

ance of t he  cathode s u r f a c e  implied t h a t  an A1-Sb r eac t ion  had occurred a t  

t h e  cathode s u r f a c e ,  and t h a t  subsequent s p u t t e r i n g  of t h e  compound w a s  

impeded by t h e  high r e s i s t i v i t y  of t h e  l aye r .  

This r e l a t i v e l y  slow rate toge ther  wi th  the blackened appear- 
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I n  an e f f o r t  t o  confine the  r eac t ion  between t h e  Sb vapor and 

A 1  t o  t h e  s u b s t r a t e  s u r f a c e  the arrangement w a s  modified s o  t h a t  t h e  Sb 

w a s  suppl ied from a source  e x t e r n a l  t o  t h e  system (Fig.  9 ) .  During the  

bake-out cyc le  t h i s  source  w a s  kept  cool  by in t e rpos ing  a water-cooled 

f l ange  between i t  and t h e  main chamber. 

method w e r e  Al-rich due apparent ly  t o  i n s u f f i c i e n t  t r a n s p o r t  of Sb from 

t h e  e x t e r n a l  source.  

The f i lms  obtained by t h i s  

2.2.2 S t r u c t u r a l  and Op t i ca l  Proper t ies  

Transmission e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  obtained f o r  f i lms  

spu t t e red  via the  scheme i l l u s t r a t e d  i n  Fig.  8 are shown i n  Fig.  10.  

Deposits on (111) CaF su r faces  a t  4OOOC show p o l y c r y s t a l l i n e  r i n g  2 

p a t t e r n s .  

The o r i e n t a t i o n  r e l a t i o n s h i p  between t h e  high temperature depos i t s  and 

t h e  s u b s t r a t e  are as follows: 

Films deposi ted on s u b s t r a t e s  a t  650°C w e r e  h ighly  or ien ted .  

Data from t h e  absorp t ion  s p e c t r a  of deposi ted f i lms  i n d i c a t e  

band-gap values  corresponding t o  measured values  f o r  bu lk  AlSb, v i z .  

1.55 t o  1.6 e V .  However, t h e  very t h i n  na tu re  of t h e  f i lms  made i t  

d i f f i c u l t  t o  ob ta in  d e t a i l  i n  t h e  spectra. 

2.3 Aluminum Arsenide (AMs) 

2.3.1 Prepara t ion  - I n  earlier temperature c a l i b r a t i o n  experiments 

performed wi th  t h e  three-temperature evaporat ion sys  t e m  used f o r  t h e  
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prepa ra t ion  of AlSb f i l m s ,  i t  w a s  found t h a t  when both t h e  A 1  source  and 

t h e  s u b s t r a t e  were a t  temperature t h e  T a  r i n g  source  conta in ing  t h e  Sb 

could achieve temperatures, due t o  r a d i a t i o n ,  ranging from about 150°C 

t o  280°C. 

a t u r e  is  4 x 10 t o r r  corresponding t h e o r e t i c a l l y  t o  an approximate 

depos i t ion  rate of 800 A/min. Since t h i s  value appeared t o  impose a 

r a t h e r  l a r g e  lower l i m i t  t o  t h e  As  f l u x ,  e f f o r t s  w e r e  made t o  provide 

The equi l ibr ium vapor pressures  f o r  A s  a t  t h e  h igher  temper- 

-2 

a g r e a t e r  degree of c o n t r o l  by i s o l a t i n g  t h e  As source  i n  a sepa ra t e ly  

heated pyrex extension t o  t h e  r e a c t i o n  chamber as shown i n  Fig.  11. The 

remaining f e a t u r e s  of t h e  system w e r e  e s s e n t i a l l y  t h e  s a m e  as those 

used f o r  t h e  depos i t ion  of AlSb f i l m s ,  except t h a t  a l a r g e  l i qu id -  

n i t rogen  cooled Meissner t r a p  w a s  a l s o  added t o  c o l l e c t  unreacted A s .  

Several experiments w e r e  c a r r i e d  ou t  wi th  t h e  modified system 

using A s  source  temperatures ranging from 200 t o  38OoC, s u b s t r a t e  tempera- 

t u r e s  from 500 t o  7OO0C, and with t h e  A 1  source  opera t ing  a t  1150OC. 

A t  A s  source  temperatures below about 320"C, t h e  f i l m  products obtained 

w e r e  found, by X-ray a n a l y s i s ,  t o  comprise a mixture  of A l A s  and f r e e  

A l .  A t  h ighe r  A s  temperatures, no depos i t  w a s  obtained. Inspec t ion  of 

t h e  A 1  source  a f t e r  t hese  experiments showed i t  t o  b e  covered wi th  a 

yellow l a y e r  of AlAs  c r y s t a l l i t e s .  

r e a c t i o n  product had prevented f u r t h e r  evaporat ion of t h e  A 1  d e s p i t e  

It w a s  concluded t h a t  t h i s  s u r f a c e  

the high opera t ing  temperature of t h e  m e t a l  m e l t .  This i n t e r p r e t a t i o n  

i s  cons i s t en t  wi th  t h e  high temperatures repor ted  f o r  t h e  decomposition 

of t h e  compound (Ref. 22). 

The r e s u l t s  achieved wi th  lower As  source  temperatures ind i -  

ca ted  t h a t  d e s p i t e  t h e  l a r g e  amount of A s  vaporized ( t h e  cold traps i n  
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t h e  chamber w e r e  found t o  b e  l i b e r a l l y  coated wi th  condensed As)  trans- 

f e r  t o  t h e  s u b s t r a t e  s u r f a c e  wi th  t h e  arrangement shown i n  Fig.  11 w a s  

i n e f f i c i e n t .  

varying t h e  A s  vapor i za t ion  rate t h e  non-equilibrium line-of-sight 

evaporat ion afforded by a T a  r i n g  source  arrangement might prove more 

e f f e c t i v e .  Thus, t h e  modified system w a s  abandoned. 

It w a s  reasoned t h a t  d e s p i t e  t h e  poorer  c o n t r o l  i n  

With s u b s t r a t e s  he ld  a t  temperatures below about 680°C, t h e  

following observations w e r e  made on varying t h e  A s  ( r i n g  source) temp- 

e r a t u r e .  

w e r e  produced. 

For As temperatures lower than 350°C, dark yellow opaque depos i t s  

When t h e  A s  source  temperature w a s  increased  above 360"C, 

t h e  depos i t s  obtained changed t o  a t ransparent  yellow i n  appearance b u t  

were very t h i n .  A t  h igher  A s  temperature (> 4 2 O o C ) ,  no v i s i b l e  depos i t  

w a s  obtained. I n  these  runs t h e  A 1  source w a s  found t o  b e  aga in  covered 

completely with a l a y e r  of yellow p o l y c r y s t a l l i n e  A l A s .  

With s u b s t r a t e s  he ld  a t  temperatures h igher  than 7OO0C, i t  w a s  

observed t h a t  i f  t h e  A 1  source  a lone  w a s  operated,  no condensation of A 1  

occurred. Under these  condi t ions ,  t h e  depos i t  s t r u c t u r e  var ied  wi th  t h e  

As  source  temperature i n  t h e  following manner. 

w a s  increased  up t o  near 4OO0C, t h e  depos i t ion  rate increased  t o  a 

maximum of approximately 650 A pe r  minute -- t h e  f i l m  products i n  each 

case possessing t h e  p a l e  yellow t r anspa ren t  appearance c h a r a c t e r i s  t i c  of 

pure  A&. For h igher  A s  temperatures,  r e a c t i o n  a t  t h e  A l m e l t  occurred, 

When t h e  As  temperature 

i n h i b i t i n g  evaporat ion of t he  m e t a l .  Some s e l e c t e d  r e s u l t s  f o r  AlAs  

f i lms  grown under near-optimum condi t ions  are presented i n  Table 111. 

It is i n t e r e s t i n g  t o  compare t h e  condi t ions  described h e r e  f o r  

producing s to i ch iomet r i c  f i l m s  wi th  those normally used f o r  o t h e r  1 1 1 - V  
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compounds such as InAs o r  G a A s .  For t hese  compounds, t h e  melt ing po in t  

and c r i t i c a l  condensation temperature of t h e  Group I11 element is lower 

than t h e  lowest temperature a t  which t h e  Group V element a lone  condenses, 

and t h e  upper end of t h e  "s to ich iometr ic  temperature i n t e r v a l "  is defined 

by t h e  decomposition temperature of t h e  compound (Ref. 2 3 ) .  For t h e  

A 1  class 1 1 1 - V  f i lms ,  t h e  cri t ical  condensation temperature of t h e  metal 

i s  much h igher  and l i es  between t h e  condensation temperature f o r  t h e  

Group V element and t h e  decomposition temperature of t he  compound. Thus, 

by ad jus t ing  t h e  r a t i o  of t h e  A 1  and Group V f luxes  and depos i t ing  a t  

temperatures above 7OO0C, it w a s  poss ib l e  t o  ensure s to ich iometry  f o r  

each of the  A1 compound fi lms. 

2 . 3 . 2  S t r u c t u r a l  P rope r t i e s  - The f i lms which w e r e  grown using the  

A s  r i n g  source  w e r e  examined by e l e c t r o n  ( r e f l e c t i o n )  and glancing-angle 

X-ray d i f f r a c t i o n .  

by X-ray d i f f r a c t i o n  t o  comprise mainly t h e  cubic s p h a l e r i t e  form of 

AlAs (Ref. 24) toge ther  wi th  a minor A 1  phase. However, t h e  r e f l e c t i o n  

e l e c t r o n  d i f f r a c t i o n  p a t t e r n s ,  although confirming t h e  composition 

ana lys i s  i nd ica t ed  by t h e  X-ray method, showed t h e  AlAs phase t o  possess 

a h ighly  o r i en ted  hexagonal w u r t z i t e  s t r u c t u r e  (Fig. 1 2 ) .  Subsequent 

re-examination of t h e  X-ray data d i d  i n  f a c t  show a weak trace of r e f l ec -  

t i o n s  cons i s t en t  wi th  the hexagonal polymorph b u t  suggested t h a t  t h e  

amount p re sen t  was  probably less than 1 o r  2 percent of t h e  cubic form. 

I n  summary, such a f i l m  cons is ted  e s s e n t i a l l y  of non-oriented cubic AlAs 

( toge ther  wi th  some f r e e  A l ) ,  b u t  possessed a t h i n  s u r f a c e  region i n  

which t h e  A l A s  phase had adopted a s t r o n g l y  f iber - tex tured  wurtzi te- type 

s t r u c t u r e .  

Films grown a t  lowest c o n t r o l l a b l e  As f l u x  w e r e  found 



Fig, 12 -Electron diffraction pattern from 
evaporated aluminum-rich AlAs f i lm 

showing Wurtzite structure 

RM-40682 



Films prepared a t  h igher  As f l u x  d e n s i t i e s  and a t  h igher  

s u b s t r a t e  temperature, y i e lded  no r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n s .  

of t h e  cubic form of A l A s  bu t  wi th  a s t rong ly  developed (111) f i b e r  

texture .  

X-ray d i f f r a c t i o n ,  however, showed these  t o  c o n s i s t  e s s e n t i a l l y  

Towards t h e  end of t h e  s t r u c t u r a l  i n v e s t i g a t i o n s ,  a f u r t h e r  AlAs  

f i l m  (KB59-1) grown by D r .  H .  Kunig i n  these  l a b o r a t o r i e s  w a s  submitted 

t o  us f o r  s t r u c t u r a l  and o p t i c a l  examination. This  f i l m  has  been 

deposi ted a t  480°C by co-evaporation using t h e  arrangement descr ibed pre- 

v ious ly  by Johnson (Ref.10) f o r  t h e  prepara t ion  of AlSb f i lms .  I n  t h i s  

system, t h e  sources  w e r e  arranged below and equi -d is tan t  from t h e  s u b s t r a t e  

i n s i d e  a thermally sh i e lded  enclosure i n  an e f f o r t  t o  approach more 

c l o s e l y  equi l ibr ium growth conditions a t  the  s u b s t r a t e .  The f i l m  

comprised a poor ly-crys ta l l ized ,  non-oriented, cubic  A l A s  phase bu t  w a s  

appreciably th inne r  (Q 1500 8) than t h e  nominal th ickness  (% 6000 8) 
a n t i c i p a t e d  from t h e  experimental conditions.  I n  v i e w  of t he  f a c t  t h a t  

t h e  A 1  source  w a s  observed t o  be covered ex tens ive ly  wi th  a yellow l a y e r  

of A l A s  a t  t h e  end of t h e  run, i t  appears  l i k e l y  t h a t  t h e  evaporat ion of 

A 1  w a s  impeded o r ,  more probably, stopped e n t i r e l y  be fo re  the  experiment 

w a s  completed. 

2.3.3 Opt ica l  S tudies  and Chemical S t a b i l i t y  - The o p t i c a l  absorp- 

t i o n  of s e v e r a l  AlAs f i lms  w a s  measured. 

t o  v i s i b l e  l i g h t ,  and showed absorp t ion  thresholds  a t  about one micron. 

The s p e c t r a  of t h r e e  later f i lms ,  which w e r e  yellow t o  t h e  eye, are shown 

i n  Fig.  13. Absorption f e a t u r e s  a t  the  a n t i c i p a t e d  values of 2 .1  e V  

( i n d i r e c t  edge) (Ref. 18) and 2.9 e V  ( d i r e c t  edge)(Ref. 18) are c l e a r l y  p re sen t .  

A1-rich f i lms  were nea r ly  opaque 
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The low temperature f i l m  KB59-1 seems t o  have a less developed set 

of absorpt ion edges. 

Measurements w e r e  made pe r iod ica l ly  t o  assess poss ib l e  

d e t e r i o r a t i o n  e f f e c t s .  One f i lm  s t o r e d  i n  a dess i ca to r  between measure- 

ments, w a s  measured each week f o r  s e v e r a l  weeks. An inc rease  of the  

o p t i c a l  t ransmission of about 10% per  week w a s  observed. This is an 

opposi te  t rend t o  t h a t  shown by the  AlSb f i lms .  

A f i lm  of A l A s  deposited onto a s i l i c a  s u b s t r a t e  previously 

coated wi th  a set of T a  s t r i p e s  and coated with MgF2 i n  an attempt t o  pro- 

tect t h e  A l A s  w a s  examined e l e c t r i c a l l y .  The r e s i s t a n c e  from s t r i p e  t o  

s t r i p e  w a s  Q lo9  s2 j u s t  a f t e r  depos i t ion  and > l o lo  52 t h ree  days l a te r ,  

a f t e r  s to rage  i n  a N 

e f f e c t  could b e  observed i n  t h i s  f i l m  a t  t h i s  t i m e ,  although a s m a l l  

photovol ta ic  e f f e c t  had been observed th ree  days e a r l i e r .  

f lushed box. No photovol ta ic  o r  photoconductive 2 

2.3.4 E l e c t r i c a l  Studies  - R e s i s t i v i t y  measurements w e r e  made on 

f i lm 2-234-4 r e fe r r ed  t o  i n  Table 111. To minimize chemical decomposition, 

t h i s  f i lm  w a s  t r ans fe r r ed  rap id ly  from the  evaporator t o  a vacuum system 

used f o r  electrical measurements. A r e s i s t a n c e  vs - p l o t  (Fig.  14) w a s  

made f o r  the range -190OC t o  6OOOC and w a s  found t o  b e  completely 

r eve r s ib l e .  

conduct ivi ty  w a s  dominated by a spread of shallow impurity l e v e l s  which 

1 
T 

1 The log  R vs. r p l o t ,  however, w a s  not  l i n e a r  suggest ing t h a t  

could no t  be  charac te r ized  by a s i n g l e  a c t i v a t i o n  energy. 

w e r e  later obtained on f i lm  2-235-4 which w a s  f i t t e d  with e lec t rodes  i n  

S i m i l a r  r e s u l t s  

a H a l l  b a r  configurat ion.  This f i l m  w a s  found t o  b e  p-type wi th  a low 

mobi l i ty  value i n  the  range 0.5 cm /volt-sec.  and an estimated carrier 2 

3 concentrat ion of 1017 car r ie rs /cm (measured a t  room temperature) . 
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deposited at  72OoC, thickness 2 microns 



An at tempt  w a s  made t o  observe thermally s t imula ted  cu r ren t  

behavior i n  2-234-4 by i r r a d i a t i n g  i t  when cold (at -190°C wi th  a 100 

w a t t  mercury vapor lamp) and then  monitoring i t s  dark  r e s i s t a n c e  as the  

temperature w a s  r a i s e d  a t  a constant  rate of about 2°C per  minute. 

No TSC e f f e c t s  were observed, which w a s  perhaps no t  s u r p r i s i n g  i n  view 

of t h e  r e l a t i v e l y  low r e s i s t i v i t y  and presumably high carrier concen- 

t r a t i o n  of t h e  f i l m  material. 

Two A l A s  f i l m  samples w e r e  prepared wi th  nominal T e  doping 

levels (based on the  vapor pressure  da t a  f o r  A s  and Te) of 0.1%. A c t u a l  

condi t ions  r e a l i z e d  during growth, however, caused T e  enrichment above 

t h i s  normal concent ra t ion  due t o  a rise i n  the  temperature of t he  

Group V element source.  

i n  t hese  experiments,  s o  t h a t  t h e  approximate thicknesses  of t h e  f i lms  

w e r e  only of t h e  o rde r  of 1000 A. A r e s i s t a n c e  vs - p l o t  w a s  made f o r  

one of these  f i lms ,  2-231-2, i n  t h e  temperature range from 25 t o  450°C. 

An anomalous and i r r e v e r s i b l e  drop i n  r e s i s t a n c e  occurred i n  t h e  range 

above 2OO"C, ev iden t ly  caused by major s t r u c t u r a l  changes i n  t h e  f i lm ,  

o r  by chemical decomposition. 

Also, r a t h e r  low depos i t ion  rates were obtained 

1 
T 

2.4 Aluminum Phosphide (Alp) 

2.4.1 Prepara t ion  - I n  the  t i m e  set  a s i d e  f o r  t h e  evaporat ion phase 

of t h e  experimental  s tudy ,  i t  w a s  poss ib l e  t o  undertake only one at tempt  

a t  synthes iz ing  A1P i n  t h i n  f i l m  form. 

w e r e  ad jus ted  s o  as t o  match approximately those which had proved successfu l  

i n  t h e  p repa ra t ion  of A l A s  f i lms ,  i .e.  wi th  a nominal P/A1 f l u x  r a t i o  of 

about 5 t o  1, and wi th  a s u b s t r a t e  temperature of about 720°C. 

Source and s u b s t r a t e  condi t ions  

The 
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s i l i c a  s u b s t r a t e  w a s  coated wi th  Ta-s t r ipe  e l ec t rodes  i n  a H a l l  b a r  

conf igura t ion  leaving  t h e  c e n t r a l  area of t h e  s u b s t r a t e  uncovered t o  permit 

o p t i c a l  absorp t ion  s t u d i e s .  

A t  t h e  completion of t h e  run, which l a s t e d  30 minutes, a 

t r anspa ren t  yellow depos i t  w a s  v i s i b l e  both on t h e  s i l i ca  s u b s t r a t e  and 

on those areas of t h e  b e l l  jar  w a l l  which had been exposed d i r e c t l y  t o  

t h e  aluminum source.  On admitt ing a i r  t o  t h e  chamber and r a i s i n g  t h e  

jar, a s t rong  s m e l l  of phosphine (Ref. 2 ) developed. 

closed aga in  and evacuated immediately t o  avoid f u r t h e r  r eac t ion .  

The chamber w a s  

To e x t r a c t  t h e  f i l m  sample s a f e l y  from t h e  vacuum system and 

t o  preserve  i t  f o r  subsequent measurement, a s p e c i a l  handl ing procedure 

w a s  employed. The e n t i r e  b e l l  jar  w a s  encased wi th  a polythene bag 

l a r g e  enough t o  extend t o  t h e  base  p l a t e  wi th  t h e  j a r  i n  the  r a i s e d  

pos i t i on .  

t h e  bag. 

phe r i c  p re s su re ,  whereupon t h e  j a r  w a s  r a i s e d  and t h e  forceps used 

(through t h e  f l e x i b l e  polythene wa l l )  t o  t r a n s f e r  t h e  f i l m  t o  t h e  

ampoule. 

w a l l ,  moist a i r  w a s  f lushed  through t h e  chamber and i n t o  an exhaust 

system f o r  several hours,  u n t i l  no f u r t h e r  odor of phosphine could b e  

de t ec t ed  wi th  t h e  jar open. 

A p l a s t i c  ampoule and a p a i r  of forceps w e r e  enclosed i n s i d e  

Pure argon w a s  b l ed  i n t o  t h e  chamber u n t i l  i t  reached atmos- 

Af te r  t h e  ampoule had been removed via a s l i t  i n  t h e  polythene 

2.4.2 S t r u c t u r a l ,  Op t i ca l  and Electrical  S tudies  - A rap id  t r a n s f e r  

from b e l l  jar  t o  t h e  e l e c t r o n  microscope w a s  e f f e c t e d  t o  l i m i t  p o s s i b l e  

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

t h e  presence of A1P i n  i t s  b u l k s p h a l e r i t e  form, Fig. 15. The 

Examination via r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  confirmed 

d i f f r a c t i o n  p a t t e r n  a l s o  showed t h e  f i l m  t o  possess a weak (110) f i b e r  

t ex tu re .  
4 3  



Fig. 15 -Electron diffraction pattern of AIP f i l m  
deposited on si lica at 7 2 O O C  

RM-43692 



To perform electrical r e s i s t i v i t y  s t u d i e s  t h e  f i l m  w a s  

i n s e r t e d  i n t o  a second vacuum system and f i t t e d  wi th  probes, precautions 

being taken t o  keep t h e  f i l m  immersed completely i n  a lcohol  whi le  t he  

con tac t s  w e r e  being ad jus ted .  

performing o p t i c a l  s t u d i e s ,  t h e  f i l m  being he ld  i n  a l a r g e  spectro- 

photometer c e l l  f i l l e d  wi th  e t h y l  a lcohol .  

measure t h e  H a l l  e f f e c t  wi th  t h e  f i l m  mounted i n  a tube containing 

flowing dry n i t rogen .  

S i m i l a r  p recaut ions  were observed while  

Attempts were a l s o  made t o  

The f i l m  r e s i s t i v i t y ,  measured a t  room temperature by t h e  fou r  

probe method v i a  t h e  Ta  e l ec t rodes ,  w a s  estimated t o  be  50 ohm-cm. 

Figure 16 shows t h e  v a r i a t i o n  of f i l m  r e s i s t a n c e  wi th  temperature between 

-180" and 600°C. 

is  influenced by a spread of shal low impurity l e v e l s  wi th  a c t i v a t i o n  

energ ies  ranging approximately between 0.04 and 0.15 e V .  Attempts t o  

determine the mobi l i ty  f o r  t h i s  f i l m  w e r e  unsuccessful,  s i n c e  the  H a l l  

vo l tage ,  f o r  t h e  s m a l l  values of cu r ren t  which could b e  passed through 

the  sample,  w a s  too low t o  be  measured r e l i a b l y .  

The observed v a r i a t i o n  suggests t h a t  t h e  conduct iv i ty  

Op t i ca l  absorp t ion  w a s  measured wi th  t h e  f i l m  immersed i n  

e t h y l  a lcohol .  Figure 1 7  shows t h e  spectrum obtained, t oge the r  with a 

trace of t h e  absorp t ion  of t h e  spectrophotometer ce l l  (conta in ing  a lcohol )  

without  t h e  f i lm .  

lengths  less than 5000 A, as would be  expected f o r  a material wi th  a 

2.45 e V  band gap (Ref. 25). Also evident is  a set of i n t e r f e r e n c e  f r i n g e s  

which, using t h e  value 3.4 f o r  t h e  r e f r a c t i v e  index of A1P (Ref. 24) , show 

t h e  f i l m  t o  be  9100 A t h i ck .  

The absorp t ion  i s  seen  t o  rise s t e a d i l y  a t  wave- 
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Fig. 16-Temperature dependence of resistance measured o n  AIP f i l m  (2-237) 
deposited at 72OoC, thickness 9100A 
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2.5 Discussion 

The r e s u l t s  repor ted  i n  t h e  preceding s e c t i o n s  i n d i c a t e  t h a t  

t h e  r e a c t i v e  evaporat ion technique i s  not only w e l l  s u i t e d  t o  t h e  pre- 

pa ra t ion  of f i lms of AlSb, i n  confirmation of o t h e r  published d a t a ,  bu t  

may a l s o  be  used f o r  t h e  growth of A l A s  and A1P f i lms.  

prepara t ion  of s to i ch iomet r i c  f i lms  of t h e  l a t te r  compounds, achieved 

f o r  t h e  f i r s t  t i m e  by t h i s  method, appears favored by using condi t ions  

such t h a t  t h e  s u b s t r a t e  temperature exceeds t h e  c r i t i c a l  condensation 

temperatures both of t h e  Group V elements and of aluminum, and by main- 

t a i n i n g  t h e  vapor flux of t h e  Group V element low enough t o  avoid compound 

formation a t  t h e  A 1  source.  This  l a s t  condi t ion  is e s p e c i a l l y  c r i t i c a l  

s i n c e  i t  is d i f f i c u l t  t o  achieve A 1  source  temperatures high enough 

Successful 

(Q 1600°C) t o  ensure thermal decomposition of t h e  a r sen ide  and phosphide 

compounds which might form on t h e  s u r f a c e  of t h e  molten metal. 

rates of depos i t ion ,  approximately 300 t o  600 A/min are a t t a i n e d  with 

t h i s  method and t h e r e  appears t o  b e  no d i f f i c u l t y  i n  preparing f i lms many 

microns i n  th ickness .  

High 

The f i lms ,  as a group, d i sp l ay  bulk  s t r u c t u r a l  and o p t i c a l  

p r o p e r t i e s .  

modi f ica t ion  of A l A s  i n  t h e  s u r f a c e  l a y e r s  of an A 1  r i c h  depos i t .  Bulk 

type behavior  is a l s o  shown i n  t h e  r e l a t i v e  chemical i n s t a b i l i t i e s  of AlSb, 

A l A s  and A1P i n  moist a i r .  These lead  t o  changes i n  t h e  s t r u c t u r e  and 

phys ica l  p rope r t i e s  and t o  avoid t h i s  care m u s t  be  taken immediately a f t e r  

prepara t ion  t o  p r o t e c t  t he  f i lms p r i o r  t o  examination. 

The main except ion i s  t h e  observat ion of a hexagonal w u r t z i t e  
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Ohmic contac ts  of good q u a l i t y  are achieved f o r  t he  AlAs and 

A1P f i lms using spu t t e red  tantalum. 

tend occasional ly  t o  be  non-ohmic and electrical eva lua t ion  w a s  compli- 

The contac ts  t o  AlSb f i lms ,  however, 

cated somewhat by t h e  r e s u l t i n g  b a r r i e r .  The very r ap id  d e t e r i o r a t i o n  

of these  f i lms makes i t  d e s i r a b l e  t h a t  contac ts  b e  deposi ted "in s i t u "  

i n  order  t h a t  t h e  semiconducting proper t ies  can b e  observed. 

Although r e l a t i v e l y  low r e s i s t i v i t y  f i lm  products w e r e  

deposi ted,  t h e  carrier mob i l i t i e s  i n  the  A l A s  and A1P f i lms w e r e  low; 

s e v e r a l  o rders  of magnitude less than those recorded f o r  bulk materials. 

The causes of low mobi l i t i e s  i n  the  l i t e r a t u r e  f o r  f i lms such as CdS, S i ,  

G e ,  G a A s ,  e t c . ,  are numerous; e.g., heavy compensation and a t tendant  ionized 

impurity s c a t t e r i n g  (Ref. 26),  g ra in  boundary s c a t t e r i n g  (Ref. 26),  

d i s l o c a t i o n  s c a t t e r i n g  (Ref. 27) ,  etc. I n  add i t ion ,  t h e  I I I - V  compounds 

seem p a r t i c u l a r l y  prone t o  the  formation of impurity bands a t  low impurity 

levels (Ref. 28). Both the  observat ion of p o l y c r y s t a l l i n e  s t r u c t u r e s  i n  

the  present  f i lms (with assoc ia ted  numerous boundaries) and t h e  suggest ion 

i n  t h e  r e s i s t i v i t y  vs.  temperature da t a  of the  presence of shallow 

impurity l e v e l s ,  s e e m  cons i s t en t  with t h i s  explanat ion.  
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3. SPUTTERED FILMS 

3.1 Reactively Sputtered A1N - Diode System 

3.1.1 Prepara t ion  - It is  gene ra l ly  recognized t h a t  aluminum i s  

one of t h e  most d i f f i c u l t  m e t a l s  t o  s p u t t e r  phys ica l ly  due t o  i t s  

h ighly  r e s i s t i v e  s u r f a c e  oxide which cannot e a s i l y  b e  eliminated i n  the  

r e l a t i v e l y  high p a r t i a l  p ressures  of oxygen o r  water vapor encountered 

i n  convent ional  vacuo (loe5 - t o r r ) .  For t h i s  reason, although 

re ferences  t o  t h e  phys ica l  and r e a c t i v e  s p u t t e r i n g  of o the r  metals 

abound i n  t h e  l i t e r a t u r e ,  v i r t u a l l y  none i s  a v a i l a b l e  f o r  aluminum 

and i ts  compounds. 

I n  t h e  present  s t u d i e s ,  i t  w a s  f e l t  t h a t  s i n c e  A1N possesses t h e  

h ighes t  i n s u l a t i o n  r e s f s t a n c e  of t h e  compounds under i n v e s t i g a t i o n ,  r e a c t i v e  

s p u t t e r i n g  of A 1  i n  N 

of extending t h i s  method t o  t h e  o the r  A1-V compositions. 

oxide r e t a r d a t i o n  problem r e f e r r e d  t o  above, a Varian, ion-pumped, 

bakeable s t a i n l e s s  steel uhv t a h l e  top system (of t h e  VI312 type) ,  capable 

of base  pressures  i n  t h e  low 10 

would provide an exce l l en t  test of t he  f e a s i b i l i t y  2 

To avoid the  

-9 t o r r  range, w a s  used f o r  t h e  experiments. 

The s p u t t e r i n g  arrangement w a s  of t h e  s imple diode type, 

Fig.  18, t h e  r e l a t i v e  cathode-anode spacing 'being 4 cm. A 5 cm diameter 

d i s k  of aluminum ( p u r i t y  99.999%) served as cathode. 

l a r g e r  d i s k ,  8 cm diameter,  of T a  wi th  a r ec t angu la r  cut-out measuring 

2 x 1 cm a t  its cen te r .  Four s u b s t r a t e s  w e r e  mounted i n  r e s i s t i v e l y  

heated Ta envelopes (S i  s u b s t r a t e s  could a l t e r n a t i v e l y  be  heated d i r e c t l y )  

The anode w a s  a 
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Solid Di 

+ l  Ta Shield 

Fig. 18-Schematic of arrangement for diode reactive sputtering of 
AIN films. Resistive heating of substrates in Ta envelopes 

via the  solid and split disks of the substrate holder 



and could b e  pos i t ioned  d i r e c t l y  above t h e  a p e r t u r e  i n  t h e  anode by a 

r o t a t a b l e  holder  e x t e r n a l l y  d t iven .  A number of d i f f e r e n t  s u b s t r a t e s  

were used among which were s ing le -c rys t a l  S i ,  S i c ,  A1203 (sapphire)  and 

v i t r eous  S i 0  Where poss ib l e ,  s u b s t r a t e  dimensions were 10 mm x 8 mm x 2 mm. 

Both t h e  sapphi re  and s i l i c a  s u b s t r a t e s  could b e  used when both o p t i c a l  

and electrical measurements w e r e  required.  

When a p res su re  of 10 

2' 

-9 t o r r  had been a t t a i n e d ,  t h e  experi-  

mental  chamber w a s  i s o l a t e d  from t h e  i o n  pump and "Research Grade" argon 

( impuri ty  conc. < 5 p.p.m.1 w a s  admitted u n t i l  a discharge w a s  e s t ab l i shed .  

Using a s t a t i c  argon pressure  of 80 x t o r r ,  an  anode-cathode p o t e n t i a l  

of 2500v and a cu r ren t  dens i ty  of 1 ma/cm , t h e  cathode w a s  spu t t e red  

u n t i l  A l w a s  observed t o  be deposi ted on a monitor s i l i c a  s l i d e .  

p ressure  of about 5 x 10 

admitted through a needle  valve, and with t h e  discharge i n t a c t ,  t he  l eak  

rate w a s  ad jus ted  u n t i l  t h e  t o t a l  chamber pressure  remained constant .  

Under these  condi t ions ,  the rate of consumption of N 

w a s  balanced by i t s  rate of replacement via t h e  needle  valve. 

It w a s  reasoned t h a t  optimum stoichiometry i n  t h e  f i lms  would 

b e  achieved by using s u b s t r a t e  condi t ions favoring condensation only of 

t h e  A1N composition. In  t h i s  case, s i n c e  N i s  a permanent gas ,  i t  w a s  

necessary simply t o  use a chemically i n e r t  s u b s t r a t e  and t o  maintain i t s  

temperature high enough t o  prevent t h e  aluminum condensing alone.  

depos i t ions  w e r e  c a r r i e d ,  t he re fo re ,  a t  temperatures h igher  than 550°C 

which from Rhodin's (Ref. 29)  earlier d a t a  on "cr i t ical  temperatures" f o r  

aluminum might b e  expected t o  ensure a t  worst  only a very s m a l l  conden- 

s a t i o n  rate f o r  t h e  m e t a l .  

2 

A p a r t i a l  

t o r r  of n i t rogen  (impurity conc. < 1 p.p.m.) w a s  -3 

i n  t h e  discharge 2 

2 

Most 
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Subs t r a t e s  w e r e  heated p r i o r  t o  pos i t ion ing  above the  anode 

aper ture .  Thicknesses of deposi ted A1N f i lms  were measured i n t e r f e r -  

omet r ica l ly .  

cu r ren t  dens i ty  and argon pressure  values  used f o r  r e a c t i v e  s p u t t e r i n g ,  

pure A 1  could b e  deposi ted on unheated s u b s t r a t e s  a t  rates i n  excess of 

200 A/min. However, t h e  A1N growth rates under comparable condi t ions 

w e r e  only 50 - 100 A/min. 

10 - 30 A/min. 

Some a d d i t i o n a l  test  da t a  ind ica t ed  t h a t ,  wi th  t h e  vol tage ,  

A t  h igh temperatures rates ranged between 

3.1.2 S t r u c t u r a l  S tudies  - S t r u c t u r a l  s t u d i e s  of t h e  A l N  f i lms  w e r e  

c a r r i e d  out  i n  most cases by means of r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  

using t h e  high-resolut ion d i f f r a c t i o n  attachment of a JEM 7 e l e c t r o n  

microscope. The da ta  obtained from these  s t u d i e s  are summarized i n  

Table I V  and examples of t he  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  are shown i n  

Figs .  19A, 19B, and 20. Deposits spu t t e red  onto unheated s u b s t r a t e s  appear 

t o  comprise of single-phase hexagonal A1N form (Ref. 30’1 b u t  show no 

evidence of p re fe r r ed  o r i e n t a t i o n .  

is  observed u n t i l  t h e  s u b s t r a t e  temperature is  r a i s e d  above 8 O O 0 C ,  when 

a (0001) f i b e r  t e x t u r e  develops. This t e x t u r e  gradual ly  s t rengthens  

with inc reas ing  temperature u n t i l  a t  95OOC s i g n s  of azimuthal alignment 

cons i s t en t  w i th  ep i taxy  are apparent.  

t h e  f i l m  possesses a well-developed e p i t a x i a l  s t r u c t u r e  wi th  the  rela- 

t i onsh ip  t o  t h e  S i  s u b s t r a t e :  

No s i g n i f i c a n t  change i n  s t r u c t u r e  

A t  1000°C, a considerable  p a r t  of 

[ l l . O i A I N  // [1ioiSi 
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Table I V  E lec t ron  Di f f r ac t ion  Data f o r  Reactively 
Sput te red  A1N F i lms  

Sample No. Subs t r a t e  T- ("C) Thickness (A) Remarks 

184 S i  (111) 27 5000 C r y s t a l l i n e  bu t  no 
o r i e n t a t i o n  

185 S i  (111) 27 2500 C r y s t a l l i n e  bu t  no 
o r i e n t a t i o n  

186-1 S i (  111) 800 600 (000 1)  - f i b e r  t e x t u r e  

~ 5 0 0  600 weak (0001)-fiber t e x t u r e  186-2 S i  (111) 

188-2 S i  (111) 800 5000 (0001) - f i b e r  t e x t u r e  

188-3 S i ( l l 1 )  1000 5000 e p i t a x i a l  AlN(0001) 

191-1 S i  (111) 9 50 2500 s t rong  (0001)-fiber tex- 
t u r e  (tending towards 
ep i taxy)  

191-2 S i ( l l 1 )  900 2500 (0001) - f i b e r  t e x t u r e  
(Not e p i t a x i a l )  

19 1-3 S i (  111) 1000 2500 s t rong  (0001)-fiber tex- 
t u r e  (tending towards 
ep i taxy)  

19 2-1 SiC(OOO1) 1300 1900 mostly e p i t a x i a l  AlN(0001) 
--some r i n g  component 

19 2-2 CaF2 (111) 800 600 (0001) - f i b e r  t e x t u r e  

19 2-3 CaF2 (111) 600 2500 (0001) - f i b e r  t e x t u r e  
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Fig. 19A-Electron 
sputtered on ( 111) 

fraction patterns of AIN films reactively 
: ( a )  unheated substrate; ( b )  substrate 
tern per at u r e 9OOOC 
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Fig. 19B-Electron diffraction patterns of AIN f i lms reactively 
sputtered on ( 111) Si  : ( c )  substrate tempera 

( d )  substrate temperature 

RM-40124 



of AIN films 
s of 6H-type 
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S i m i l a r  r e s u l t s  w e r e  obtained i n  t h e  growth of A1N f i lms on 

S i c  c r y s t a l s ,  although i n  t h i s  case 

b e  somewhat h ighe r  than  f o r  S i .  

(Fig. 20), t h e  o r i e n t a t i o n  of t h e  e p i t a x i a l  component being: 

Epitaxy is  incomplete even a t  1300°C 

Evaluat ion of g r a i n  s i z e  based on A l N  f i lms deposited on S i  

showed t h e  f i lms t o  be  composed of a r r ays  of s m a l l  c r y s t a l l i t e s  wi th  

average diameters of 600 A (Fig. 21). 

3.1.3 Chemical S t a b i l i t y  - I n  view of t h e  r ap id  d e t e r i o r a t i o n  ob- 

served i n  t h e  s t r u c t u r e  and o p t i c a l  p rope r t i e s  of t h e  AlSb f i lms on 

exposure t o  t h e  atmosphere, i t  w a s  decided t o  check on t h e  chemical 

r e s i s t a n c e  of A1N f i lms t o  h igh  temperature oxida t ion .  Film samples 

prepared on S i  s u b s t r a t e s  were allowed t o  age f o r  s e v e r a l  weeks then 

w e r e  re-examined by r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  and by glancing- 

angle  X-ray d i f f r a c t i o n .  

and o r i en ted  s ingle-phase s t r u c t u r e s .  

They w e r e  found s t i l l  t o  d i sp l ay  we l l - c rys t a l l i zed  

The f i lms w e r e  then heated i n  a i r  

f o r  per iods  t y p i c a l l y  between 15 and 30 minutes a t  temperatures ranging 

from 250°C t o  750°C. No change i n  t h e  e l e c t r o n  o r  X-ray d i f f r a c t i o n  

p a t t e r n s  w a s  observed u n t i l  t h e  temperature exceeded 700"C, when t h e  

e l e c t r o n  d i f f r a c t i o n  p a t t e r n  showed a n  inc rease  i n  t h e  d i f f u s e  background 

s c a t t e r i n g .  The s t r u c t u r e  change appeared t o  have been confined t o  t h e  

f i l m  s u r f a c e ,  however, s i n c e  t h e  X-ray p a t t e r n  showed only s l i g h t  broad- 

ening i n  t h e  d i f f r a c t i o n  lines. Moreover, t h e  X-ray p a t t e r n  was  

e s s e n t i a l l y  unchanged even a f t e r  ox id iz ing  f o r  s e v e r a l  hours a t  750°C. 
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- 2p- 

Fig. 21-Tran smission electron micrograph of reactively sputtered 
AIN film f 1000A thick) deposited on (111) Si at  90O0C 

RM-44305 



A1N f i lms  thus possess a f a r  h igher  r e s i s t a n c e  t o  chemical 

a t t a c k  than  do t h e  o t h e r  81-V spec ie s .  

3.1.4 O p t i c a l  S tudies  - I n  genera l ,  q u a l i t a t i v e  examination 

of t h e  o p t i c a l  s p e c t r a  confirmed t h a t  t h e  f i lms w e r e  A1N. Quan t i t a t ive  

comparisons, however, i nd ica t ed  t h a t  c e r t a i n  prominent f e a t u r e s  of t h e  

s p e c t r a  w e r e  influenced by e f f e c t s  due t o  impur i t i e s  o r  s t r u c t u r a l  d i s -  

order i n  the  f i lms.  

One A1N sample which w a s  examined, v i z .  , 2-192-3, w a s  prepared 

on a CaF s u b s t r a t e  he ld  a t  about 600°C. 

Fig. 22. The absorp t ion  is  seen  t o  rise monotonically as a func t ion  

of energy. Various values f o r  t h e  energy gap could b e  obtained f o r  

t h i s  f i lm ,  depending on t h e  energy func t ion  p l o t t e d .  More meaningful, 

however, is a comparison t o  the d a t a  of Cox et .al .  (Ref. 1) who measured 

t h e  absorp t ion  s p e c t r a  f o r  t h i n  A1N s i n g l e  c r y s t a l  p la te le ts .  Thei r  

d a t a ,  shown i n  Fig.  23, g ive  the  absorp t ion  s p e c t r a  f o r  an as-grown 

A1N s i n g l e  c r y s t a l  toge ther  wi th  an o p t i c a l  scan  f o r  t h e  same c r y s t a l  

a f t e r  annealing f o r  2 hours a t  1100" i n  argon. 

normalized t o  the  same va lue  as t h a t  of Cox et.al. a t  wavelengths greater 

than 3600 A, show an inc reas ing  absorp t ion  t h a t  c l o s e l y  p a r a l l e l s  t h a t  

of t h e i r  Ar-annealed c r y s t a l ,  although t h e  correspondence i s  not  exact .  

Cox et.al. (Ref. 1) i n t e r p r e t  t h e  absorpt ion-increase caused by argon 

annealing as being due t o  n i t rogen  vacancy formation. 

a l s o  show t h e  absorp t ion  s p e c t r a  of two f i lms of r e a c t i v e l y  spu t t e red  A1N 

which had been prepared t o  near ly  i d e n t i c a l  thicknesses on s i l ica ,  a f t e r  

The da ta  are presented i n  2 

The d a t a  i n  Fig. 22 when 

I n  Fig. 23, w e  

which one w a s  annealed i n  n i t rogen  a t  900°C f o r  2 hours. The s p e c t r a  
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sputtered A1N to bulk single crystals. 
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showed t h a t ,  a f t e r  anneal ing t h e  abso rp t ion  a t  ene rg ie s  < E i s  decreased 

and t h a t  i t  then  c l o s e l y  resembles t h a t  f o r  as-grown bulk  crystals. 
i? 

Changes i n  t h e  s p e c t r a  w e r e  emphasized by running a spectrum 

wi th  t h e  N 2  annealed f i l m  i n  t h e  r e fe rence  compartment of t h e  C a r y ,  and 

t h e  unannealed f i l m  i n  t h e  r e g u l a r  sample compartment, Fig.  24. It can 

b e  seen  t h a t  t h e r e  are s i g n i f i c a n t  changes a t  4.42, 3.75, and 2.8 eV.  

The f e a t u r e  of 5.05 e V  may b e  a n  in s t rumen ta l  a r t i f a c t ,  s i n c e  t h e  sl i ts  

are opening r a p i d l y  i n  t h i s  wavelength reg ion .  

These abso rp t ion  s p e c t r a  show t h a t  t h e  number of mid-gap states 

i s  s i g n i f i c a n t l y  reduced by t h e  n i t rogen  anneal .  They a l s o  show t h a t  a 

s i g n i f i c a n t  order ing  of t h e  s t r u c t u r e  t akes  p l ace .  The r educ t ion  i n  

s ta te  dens i ty  is  i n d i c a t e d  by t h e  r educ t ion  of t h e  absorp t ion ,  w h i l e  t h e  

o rde r ing  is  i n d i c a t e d  by t h e  appearance of d i s c r e t e  abso rp t ion  thresholds  

r a t h e r  than  t h e  monotonically inc reas ing  abso rp t ion  found i n  t h e  as- 

grown f i lms .  

2 To i n s u r e  t h a t  t h e  s h i f t  of band-edge p o s i t i o n  i n  t h e  N 

annealed f i l m s  w a s  n o t  due t o  an e f f e c t  generated by a p a r t i c u l a r  type 

of s u b s t r a t e  a set of fou r  A1N f i lms  w e r e  depos i ted  t o  a th ickness  of 8000 A 

a t  about  1000°C, two on t h e  (0001) f a c e  of s apph i re  (Al2O3) and two on 

v i t r e o u s  s i l i ca ,  and examined o p t i c a l l y  i n  annealed and unannealed 

states. The r e s u l t s  are shown i n  Fig.  25, and i n d i c a t e  t h a t  t h e  sub- 

strate material has  no e f f e c t  on t h e  change i n  absorp t ion  edge nor  i n  t h e  

g e n e r a l  d e t a i l s  of t h e  abso rp t ion  curves.  

s h i f t  is as soc ia t ed  w i t h  a b u i l t - i n  s u r p l u s  of A r  due t o  t h e  n a t u r e  of 

t he  ambient dur ing  depos i t ion .  The A r  occ lus ion  presumably l e a d s  t o  a 

W e  thus  conclude t h a t  t h e  
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Fig. 25-Optical absorption in four  AIN films, thickness 8000A, deposited o n  
vitreous sil ica and sapphire under same sputtering conditions. One f i lm on  

each substrate was given standard annealing treatment in nitrogen 



ni t rogen  deficiency o r  a n i t rogen  vacancy condition s i m i l a r  t o  t h a t  

reported f o r  A r  annealed bulk c r y s t a l s  (Ref. 1). 

3.1.5 Dielectric Proper t ies  - A comparison w a s  made of t he  capaci- 

t i v e  proper t ies  of r eac t ive ly  sput te red  A1N fi lms with those of the  bulk 

material. To ob ta in  a r ep resen ta t ive  r e s u l t  f o r  given deposit ion condi- 

t i o n s ,  capacitor s t r u c t u r e s  based on a metal-nitride-metal sandwich 

arrangement were constructed. These consisted of base e lec t rodes ,  those 

i n  immediate contact with the  s u b s t r a t e ,  of sput te red  T a ,  2500 A th ick .  

Such fi lms e i t h e r  covered t h e  e n t i r e  s u b s t r a t e  o r  only p a r t  of i t ,  the  

la t ter  configuration being chosen t o  permit o p t i c a l  evaluation. After 

an A1N f i lm  w a s  deposited,  counter-electrodes of evaporated Au and A 1  

o r  of sput te red  Ta  w e r e  deposited. 

w a s  attempted during the  electroding schedules. The counter-electrode 

configuration w a s  an hexagonal a r r ay  of 0 .3  mm do t s  on 0.5 mm cen te r s ,  

thus approximately 200 ind iv idua l  test samples w e r e  ava i l ab le  on a given 

subs t r a t e .  

No i n t e n t i o n a l  hea t ing  of subs t r a t e s  

Capacitance measurements w e r e  made over a frequency range 

between 1 and 100 kHz with an impedance br idge  (General Radio Type 

1608-A.) When Ta /AlN/Ta  sandwiches w e r e  examined t h e  e f f e c t s  of tempera- 

t u r e  change could be observed between 25' and 500°C, hea t ing  taking place 

i n  a 10 t o r r  vacuum t o  prevent oxidation of t he  e lec t rodes .  A t t e m p t s  

t o  use gold o r  aluminum electroded sandwich s t r u c t u r e s  i n  s i m i l a r  experi- 

ments were unsuccessful, t h e  main d i f f i c u l t y  being caused by peeling of 

-5 

t he  counter-electrode as t h e  temperature w a s  r a i sed .  Room temperature 

measurements w e r e  a l s o  made using the  Au/AlN/Ta and A l / A l N / T a  sandwiches 

and w e r e  i n  exce l l en t  agreement wi th  those using t h e  T a  e lec t rodes .  
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Reproducible measurements w e r e  obtained from f i lms  i n  the  

thickness  range 0.15 t o  5 microns. Films with thicknesses  less than 

0.15 micron demonstrated an  erratic behavior under appl ied  vol tages ,  

t h e  breakdown being a t t r i b u t e d  t o  leakage a t  g r a i n  boundaries.  

following d i e l e c t r i c  d a t a  thus are based on t h e  p rope r t i e s  of t h e  

t h i c k e r  f i lms .  

The 

A t  25°C and 1 kHz, measurements of capaci tance y ie lded  a 

d i e l e c t r i c  cons tan t ,  E / E ~ ,  of about 8 .5  i n  good agreement with t h a t  f o r  

t he  bulk.  

dependence and v a r i a t i o n s  of & / E  

s e v e r a l  f requencies  are shown i n  Fig.  26. Some comparative s e l e c t e d  

bulk d a t a  (Ref. 31) are a l s o  shown. The temperature dependence of & / E  

f o r  t h e  f i lms  d i f f e r e d  from t h a t  f o r  t h e  bulk,  t h e  former being insen- 

s i t i v e  t o  temperature up t o  350°C and a t  t h i s  l i m i t  s t i l l  r e t a i n i n g  a 

room temperature value.  

a t  350°C and 1 kHz shows a three-fold inc rease  over t h e  room temperature 

value.  

The f i l m  d i e l e c t r i c  proved t o  have a s l i g h t  frequency 

wi th  temperature up t o  500°C f o r  
0 

0 

The d i e l e c t r i c  constant  f o r  t h e  bulk  material 

The d i s s i p a t i o n  f a c t o r ,  D ,  as a func t ion  of temperature is  

shown i n  Fig.  27. Again, there is l i t t l e  temperature v a r i a t i o n  up t o  

350°C whereas t h e  bulk  da t a  (Ref. 31) i n d i c a t e  approximately two orders  

of magnitude change, r e f e r r e d  t o  the  room temperature value,  when measured 

a t  350°C and 10 kHz. 

It is  noteworthy, t h a t  t h e  t h i n  f i lm  conf igura t ions  using t h e  

T a  e l ec t rodes  are s t r u c t u r a l l y  s t a b l e  even a f t e r  thermally cycl ing 

s e v e r a l  t i m e s  t o  500°C. This s t a b i l i t y  implies  t h a t  no s i g n i f i c a n t  
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d i f f u s i o n  of t h e  e l e c t r o d e  material has  occurred.  The thermal  insens i -  

t i v i t y  of capac i tance  and l o s s  d a t a  a l s o  appears  t o  sugges t  t h a t  t h e  

f i lms  con ta in  fewer o r  less conduct ive i m p u r i t i e s  t han  t h e  bulk  ceramic. 

Volume ac resist ivit ies,  as c a l c u l a t e d  from capac i tance  and 

l o s s  va lues ,  w e r e  p l o t t e d  as a func t ion  of temperature  f o r  several f r e -  

quencies and are shown i n  Fig.  28. A t  f requencies  less than  10 kHz, t h e  

resist ivit ies of both t h e  A1N f i lms  and t h e  bulk  material decrease  f o r  

a corresponding i n c r e a s e  i n  frequency, t h e  e f f e c t  i n  t h e  bulk  be ing  more 

pronounced. The r e s i s t i v i ty - f r equency  dependence f o r  t h e  bulk  ceramic 

is  a l s o  r e t a i n e d  a t  f requencies  g r e a t e r  than  10 kHz. The r e s i s t i v i t y  

t r end  i n  t h e  f i l m s ,  however, i n  t h e  h ighe r  frequency range is reversed ,  

r e s i s t i v i t y  inc reas ing  wi th  frequency. No s a t i s f a c t o r y  explana t ion  is 

as y e t  a v a i l a b l e  t o  account f o r  t h e  d i f f e r i n g  r e s i s t i v i ty - f r equency  

r e l a t i o n s h i p s .  It is  probable ,  however, t h a t  more than  one p o l a r i z a t i o n  

and conduction phenomenon i s  o p e r a t i v e  and t h a t  t h e  observed d a t a ,  

e s p e c i a l l y  i n  t h e  f i lms ,  are due t o  a combination of superposed e f f e c t s  

(Ref. 32).  

The r e s i s t i v i t y - t e m p e r a t u r e  v a r i a t i o n s  i n  bo th  t h e  f i lms  and 

t h e  bu lk  show decreas ing  resistivities as temperatures are r a i s e d .  

However, a t  comparable f r equenc ie s ,  t h e  f i l m  material e x h i b i t s  h ighe r  

resist ivit ies i n  t h e  temperature  range below 400°C. Those f o r  t h e  f i lms  

show an  a d d i t i o n a l  frequency dependence a t  temperatures near  and above 

350°C. 

3.1.6 P r o p e r t i e s  of Annealed Films - I n  a d d i t i o n  t o  t h e  d a t a  

r e f e r r e d  to i n  Sec. 3.1.5, are r e s u l t s  ob ta ined  dur ing  temperature  
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cycling of s eve ra l  test specimens. (The tests w e r e  coincident with 

I -V measurements which w i l l  be reported i n  Sec.  3.1.8). A t y p i c a l  

r e s u l t  appears i n  Table V. 

Table V 

Frequency Variation of Capacitance and Loss Values 
Of Some Annealed A1N Films 

f (kHz) 

1 

2 

5 

10 

15 

20 

50 

100 

before  220°C - 20 h r .  anneal 
C (F x D 

8.6 .04 

8.6 ,0175 

8.45 .004 

8.3 .0017 

8.1 . O O l  

7.9 ,0005 

7.9 < ,0001 

7.9 <.0001 

a f t e r  200°C - 
C (F x 10-12) 

8.7 

8.6 

8.5 

8.5 

8.4 

8.4 

8.3 

8 .1  

20 h r .  anneal 
D 

.025 

.0045 

. 00 15 

< . O O O l  

< .0001 

< .0001 

< .0001 

< .OOOl 

Measurements i n  the  1 t o  100 kHz frequency range on annealed 

samples show no s i g n i f i c a n t  change i n  capacitance bu t  display a marked 

reduction i n  l o s s .  This suggests t h a t  the  ac r e s i s t i v i t y  a t  frequencies 

above 1 kHz has been increased a f t e r  annealing. A t  f i r s t  s i g h t ,  these 

r e s u l t s  c o n f l i c t  with an increase  i n  cur ren t  (and therefore  i n  the  dc 

conductivity) found i n  t h e  I-V da t a  a f t e r  annealing. The apparent 

disagreement can be  resolved by considering the  marked increase  i n  the  

d ispers ion  of the d i s s i p a t i o n  f a c t o r  a f t e r  anneal r e l a t i v e  t o  t h a t  
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i n  t h e  as-grown f i l m s  (see Fig.  29; t hese  d a t a  are e x t r a c t e d  from 

Table  V). 

than  1 kHz, one notes  t h a t  t h e  l o s s  f o r  annealed f i lms  soon becomes 

g r e a t e r  t han  f o r  theunannealed f i lms .  Thus, low frequency l o s s  charac te r -  

i s t i c s  would s t i l l  b e  c o n s i s t e n t  wi th  a lowered dc r e s i s t i v i t y  ( t h e  l a t te r  

suggested by t h e  I -V d a t a  of Fig.  34).  

I f  t h e  d a t a  i n  Fig .  29 are ex t r apo la t ed  t o  f requencies  less 

3.1.7 I -V  Measurements - To assess t h e  p o t e n t i a l  usefu lness  

of t h e  A1N f i lms  as d i e l e c t r i c  l a y e r s  i n ,  f o r  example, semiconductor f i e l d  

e f f e c t  dev ices ,  i t  w a s  d e s i r a b l e  t o  s tudy  t h e i r  behavior  under appl ied  

f i e l d s .  S ince  t h e  h igh  p repa ra t ion  temperatures used i n  t h e s e  experiments 

had l i m i t e d  t h e  choice  of base  e l ec t rodes ,  only f i lms  depos i ted  on bulk  

S i  o r  on t o  s p u t t e r e d  T a  f i lms  w e r e  i n v e s t i g a t e d .  Data were obtained 

us ing  t h e  sandwich arrangements descr ibed  previous ly .  I n  some cases, 

l a r g e  area coun te re l ec t rodes  w e r e  a l s o  used. 

F igs .  30 t o  33 i l l u s t r a t e  some of t h e  r e s u l t s .  I n  gene ra l ,  wi th  

Au and T a  coun te re l ec t rodes ,  d a t a  are reproducib le  i n  form. This i s  

i l l u s t r a t e d  i n  Fig.  30 which shows a p l o t  based on measurements from 

four  0 .5  mm diameter  e l e c t r o d e  areas on t h e  same f i lm .  Each capac i to r  

s t r u c t u r e  w a s  measured up t o  about 70 V and one w a s  taken t o  a maximum 

vo l t age  of 115 V. 

However, when t h e  cu r ren t  w a s  taken t o  h igh  va lues  a new c h a r a c t e r i s t i c  

w a s  followed on reducing t h e  vol tage .  This  p l o t  approximates t o  a square  

l a w ;  i . e . ,  t h e  observed dependence i s  

The I-V c h a r a c t e r i s t i c  up t o  about  60-70V was r e v e r s i b l e .  

J = k ( V ) 2 ' 2  (5) 
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The s lope  of t h e  low vol tage  segment of t h e  i n i t i a l  p l o t  on a l l  fi lms 

t e s t e d  i s  approximately uni ty  ind ica t ing  the  Ohm's l a w  is followed. 

It is  i n t e r e s t i n g  t o  compare our r e s u l t s  with the  da t a  of 

Kawabe (Ref. 33)  e t .a l .  f o r  s i n g l e  c r y s t a l  p l a t e l e t s  of A1N f i t t e d  with 

Au e lec t rodes  on opposite faces .  These workers expla in  t h e i r  r e s u l t s  on 

the  b a s i s  of a space-charge l imi ted  cur ren t  mechanism of the  type out- 

l i ned  i n  the  theory of Lampert (Ref. 3 4 ) .  A t  low applied voltages where 

any excess i n j e c t e d  carriers are trapped, t h e  carriers n normally present 

thermally w i l l  generate an  ohmic cur ren t  of t he  form 

where V is the  vol tage  applied t o  an i n s u l a t o r  of thickness d,  and 1-1 

is  the  carrier mobili ty.  When the  t r a p s  are f i l l e d  a t  an applied voltage 

VTFL, t h e  i n j e c t e d  c a r r i e r s  are ava i l ab le  f o r  conduction and a steep rise 

i n  cur ren t  occurs u n t i l  the I -V c h a r a c t e r i s t i c  meets a l i n e  represented 

by Child 's  l a w ,  i .e . ,  

a 

J = 9 8 ~ 1 ~ V ~ / 8 d  2 3  , 
(7)  

where 8 is the  f r a c t i o n  of t h e  t o t a l  charge ava i l ab le  f o r  conducti-on, 

and E t h e  d i e l e c t r i c  constant of t he  in su la to r .  

The r e s u l t s  of Kawabe et.al. (Ref. 33)  f o r  Au e lec t rodes  are 

reproduced a t  t h e  r i g h t  of Fig. 30 and demonstrate t he  extreme s e n s i t i v i t y  

of the  I-V c h a r a c t e r i s t i c  t o  thermal h i s t o r y  of t h e  c r y s t a l ,  and presumably 

t o  a number of t r aps .  Curve I is  t h e  r e s u l t  obtained i n i t i a l l y ,  Curve I1 

a f t e r  t h e  c r y s t a l  has been heated t o  16OOC and cooled slowly, and Curve 111 

a f t e r  hea t ing  t o  16OOC and quenching. These treatments produce s i g n i f i c a n t  
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changes i n  VTFL and hence i n  the vo l t age  ranges over  which O h m ' s  l a w  

(equat ion  (6)) and Chi ld ' s  l a w  (equat ion  (7 ) )  are obeyed. 

Our d a t a  f o r  t h e  Au e l ec t roded  A1N f i l m  are n o t  i n c o n s i s t e n t  

wi th  t h e  space-charge l i m i t e d  model, a l though they are open t o  a l t e r n a t i v e  

i n t e r p r e t a t i o n s .  I f  t h i s  model is assumed, t h e  approximate va lue  of 

can be  used i n  t h e  t h e o r e t i c a l  express ion ,  'TFL 

2 
= e d Nt/2 E 'TFL 

t o  c a l c u l a t e  t h e  t r a p  dens i ty  N 

d as 8 x 

This  is  about 5 o rde r s  of magnitude h ighe r  than  Kawabe e t  .a l .  (Ref. 3 0 )  

f i n d  f o r  s i n g l e  c r y s t a l s  b u t  i s  a reasonable  estimate f o r  a p o l y c r y s t a l l i n e  

f i lm .  

number of c r y s t a l l i t e s / c m 3  i n  t h e  f i l m  ( i .e . ,  2.5 x 10 

t h e  micrographic d a t a  in Fig.  21. 

Taking VTFL as 75 V ,  from Fig.  30 

cm. and E as 8 . 5 ,  t h e  va lue  of N is  about 10 / c m  . 
t '  

18 3 
T 

I n c i d e n t a l l y  t h i s  va lue  of NT corresponds very c l o s e l y  t o  t h e  

17 3 / c m  ) based on 

Some r e s u l t s  ob ta ined  wi th  A 1  e l e c t r o d e s  on t h e  same A1N f i l m  

are shown i n  Fig.  31. A much wider  v a r i a t i o n  of t h e  I - V  c h a r a c t e r i s t i c s  

from sample to sample w a s  found i n  t h i s  case and t h e  c u r r e n t  w a s  more 

errat ic  a t  lower vo l t ages .  

number and energy of t r a p s  between samples,  b u t  i n  view of t h e  cons is tency  

i n  t h e  r e s u l t s  w i th  Au e l e c t r o d e s ,  i t  is more probable  t h a t  t h e  e f f e c t  

i s  spur ious ,  and arises from a chemical i n t e r a c t i o n  o r  perhaps a n  oxide  

f i l m  a t  t h e  A l / A l N  i n t e r f a c e .  

This  behavior  could mean a v a r i a t i o n  i n  t h e  

Rather s t r o n g  photoconduct ivi ty  e f f e c t s  w e r e  observed wi th  t h e  

A l / A l N / A l  sandwiches al though none were observed when o t h e r  e l e c t r o d e  

materials w e r e  used. Using v i s i b l e  r a d i a t i o n  from a tungsten lamp, 
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focused wi th  an i n t e r n a l  parabol ic  r e f l e c t o r ,  no photoconduction w a s  

de tec ted .  

inch from t h e  sample, t he  r e s u l t s  shown i n  Fig.  32 w e r e  obtained.  

Although t h e  s p e c t r a l  dependence of t h e  e f f e c t  w a s  no t  measured, i t  

seems probable t h a t  t h e  photoconduction i s  a maximum a t  about 2 .8  e V ,  

which Cox, e t .a l .  (Ref. 1) and Kawabe e t .a l .  (Ref. 33) r e p o r t  f o r  

Al-doped A1N c r y s t a l s .  

However, wi th  a 2 w a t t  mercury-argon lamp placed about one 

Figure 33 shows a f a i r l y  t y p i c a l  I-V c h a r a c t e r i s t i c  f o r  a 

T a / A l N / T a  sandwich. This r e s u l t  is somewhat d i f f e r e n t  from those found 

with A 1  and Au e l ec t rodes .  

w a s  used (approximately 4000 A) t h e  cu r ren t  values  are reduced compared 

with those f o r  A 1  and Au, except a t  low appl ied vol tages  i n  t h e  near- 

ohmic range. Also, t h e  e f f e c t i v e  f i e l d  f o r  breakdown w a s  r e l a t i v e l y  

h igh ,  corresponding t o  a vo l t age  of 350 V, g iv ing  a d i e l e c t r i c  s t r eng th  

of about 9 x 10 V/cm. 

Thus, d e s p i t e  t he  f a c t  t h a t  a th inner  sample 

6 

3.1.8 I -V  Data f o r  Annealed Films - Because e f f o r t s  t o  f u l l y  

explore  t h e  complete I -V  behavior w e r e  impeded by erratic behavior  a t  high 

vol tage,  t h e  cu r ren t s  i n  t h i s  region being s t rong ly  t i m e  dependent, s eve ra l  

test specimens w e r e  examined a t  e leva ted  temperatures.  The purpose of 

an increased  temperature w a s  t o  poss ib ly  f a c i l i t a t e  a complete f i l l i n g  

of t r a p s  a t  lower vo l t age  thus permi t t ing  observat ion of t h e  t r a p - f i l l e d  

vol tage  l i m i t  before  t h e  onse t  of i n s t a b i l i t y .  

Some r e s u l t s  from heated f i lms  appear i n  Fig.  34. The 25'6 

curve dep ic t s  t y p i c a l  behavior  f o r  an as-grown f i lm .  Data i n  t h i s  case 

w e r e  taken from Ta /AlN/Ta  sandwiches i n  which t h e  n i t r i d e  thicknesses  
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w e r e  approximately 4500 A. On r a i s i n g  t h e  temperature ,  a progress ive  

decrease  i n  dc r e s i s t i v i t y  w a s  observed. 

cu r ren t  reg ion  is  no longer  prominent. 

and observance of r e v e r s i b l e  t r a n s i t i o n  t o  a Chi ld ' s  type,  squa re  l a w  

I-V r e l a t i o n s h i p ,  however, had n o t  occurred even a t  an  appl ied  p o t e n t i a l  

of 100 v o l t s .  A t  150"C, and w i t h  120 v o l t s  app l i ed  t h e  square  l a w  

dependence w a s  f i n a l l y  observed b u t  i t  had occurred i r r e v e r s i b l y  , 

Curve A, Fig.  34. Moreover, a 20 h r .  annea l  a t  150°C of similar sandwiches 

wi th  no app l i ed  vo l t age  produced i d e n t i c a l  i r r e v e r s i b l e  squa re  l a w  

behaviors ,  Curve B y  Fig.  34 (measured a t  room temperatures a f t e r  annea l ) .  

A t  1 5 O o C ,  t h e  r ap id ly  r i s i n g  

The a n t i c i p a t e d  f i l l i n g  of t r a p s  

The mechanism which has  produced t h e  new I-V c h a r a c t e r i s  t i c  

i s ,  as y e t ,  unce r t a in .  I n  e f f e c t  t h e  behavior  sugges ts  t h a t  a l l  t r a p s  

are f i l l e d  o r  no longer  a v a i l a b l e .  

seems un l ike ly  s i n c e  t h e  o r i g i n a l  depos i t i on  of A1N took p l a c e  a t  950°C 

(on one e l e c t r o d e ) .  

s u r f a c e  e l e c t r o d e ,  however, I-V measurements w e r e  made on s e v e r a l  

A l / A l N / T a  sandwiches, t h e  A 1  being depos i ted  on a n  unheated A1N f i l m  

( th i ckness  6000 A). A f t e r  a 20 h r . ,  220°C annea l ,  depa r tu re  from t h e  

Dif fus ion  of Ta from e l ec t rodes  

To test t h e  p o s s i b l e  e f f e c t s  of d i f f u s i o n  from a 

space-charge l i m i t e d  , t r a p - f i l l e d  behavior  w a s  observed and is  shown i n  

Fig.  35. The curves ,  i n  f a c t ,  tend t o  resemble those  produced by a 

150°C anneal  of t h e  4500 A Ta /AlN/Ta  s t r u c t u r e  (Fig.  34). 

w e r e  then  submit ted t o  a f u r t h e r  60 h r . ,  220°C anneal .  

e l ec t roded  and unelectroded reg ions  w e r e  subsequent ly  examined, t h e  l a t t e r  

now rece iv ing  A 1  e l ec t rodes .  These r e s u l t s  are a l s o  incorpora ted  i n  

Fig.  35. The squa re  l a w  c h a r a c t e r i s t i c  is  no t  observed, poss ib ly  

The specimens 

Both previous ly  
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a h ighe r  temperature  is  requi red  f o r  t h e  6000 A A1N f i lm.  Di f fus ion  seems 

even more u n l i k e l y ,  a t  t h i s  p o i n t ,  s i n c e  unelectroded areas (during d i f fu -  

s i o n )  showed similar behavior  t o  prev ious ly  e l ec t roded  and annealed 

reg ions .  

3.1.9 C-V ?rieasurements - Capacitance-voltage s t u d i e s ,  v i z . ,  those  

which relate some p r o p e r t i e s  of MIS devices ,  w e r e  made on s e v e r a l  A1N 

f i lms  s p u t t e r e d  onto s i l i c o n  s u b s t r a t e s .  

The f i lms  f e l l  i n t o  several c a t e g o r i e s ,  depending on t h e  

temperature  a t  which they w e r e  depos i ted ,  and t h e  technique used t o  h e a t  

them during t h e  depos i t i on .  I n  an  e a r l y  series, i n  which s u b s t r a t e s  w e r e  

hea ted  r e s i s t i v e l y  by pass ing  c u r r e n t  through t h e  s i l i c o n ,  two f i lms  

were prepared a t  1000°C and 800°C re spec t ive ly .  

n o t  s u f f e r  d i e l e c t r i c  breakdown f o r  vo l t ages  < 100 v o l t s  and t h e  C-V 

s tudy  of t h i s  f i l m  i s  descr ibed  below. The o t h e r  (800°C) f i l m  broke 

down a t  'L 4 v o l t s ,  obv ia t ing  any s tudy  of i ts C-V c h a r a c t e r i s t i c s .  Later 

sets of f i lms  were prepared on s i l i c o n  s u b s t r a t e s  hea ted  i n s i d e  tantalum 

envelopes.  For f i lms  h e l d  i n  envelopes a t  a nominal 800", 900" o r  

1000°C tempera tures ,  breakdown w a s  observed a t  5 t o  15  v o l t s  when f i l m  

th icknesses  were less than  1500 A .  When th icknesses  exceeded 1500-2000 A ,  

r e s u l t s  w e r e  reproducib le  and similar t o  those  f o r  a d i l u t e  mixed n i t r i d e  

as shown i n  Fig.  39 of Sec. 3 . 4 . 4 .  

The 1000°C sample d id  

For t h e  r e s i s t i v e l y  hea ted  f i l m  on which C-V measurements w e r e  

made, t h e  s u b s t r a t e  w a s  p-type, and t h e  accumulation mode capac i tance  

a t  l a r g e  nega t ive  p o t e n t i a l s  ac ross  t h e  sample ( s i l i c o n  grounded) v a r i e d  

from 3.0 t o  3.9 p i co fa rads  as t h e  A1N f i l m  th ickness  va r i ed  from t h e  
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t he  center  of t h e  sample t o  i t s  edges. 

ca lcu la ted  from these  values l ies between 8.0 and 9 . 4 ,  which numbers 

bracket t he  published values.  The uncer ta in ty  arises from the  method 

used t o  determine t h e  f i lm  thickness,  t h a t  i s ,  counting the  in t e r f e rence  

f r inges  observed under monochromatic l i g h t .  D i e l e c t r i c  l o s s  i n  these 

1000 A fi lms w a s  neg l ig ib l e  a t  100 kHz. 

The A1N f i lm  d i e l e c t r i c  constant 

I n  t h e  t rac ing  of a t y p i c a l  C-V p l o t  (Fig. 36) , t he  b i a s  

voltage w a s  swept from zero t o  +60 v o l t s ,  then from +60 t o  -60 v o l t s  

and back by a 0.025 Hz saw-tooth sweep generator.  

On the  i n i t i a l  sweep, from 0 t o  +60 v o l t s ,  the  capacitance of 

a t y p i c a l  u n i t  w a s  2.4 pF, i t s  lowest value.  The capacitance remained 

a t  2.4  pF on t h e  sweep from +60 v o l t s  t o  about -25 v o l t s ,  when i t  rose  t o  

3.3 pF. This value w a s  maintained as t h e  sweep continued t o  -60 v o l t s ,  

and back t o  +30 v o l t s  when a decrease t o  2.4 pF w a s  observed. 

continued sweeping, t he  poin t  of increase  i n  capacitance s h i f t e d  from 

-25 t o  -37 v o l t s ,  while t he  poin t  of decrease remained a t  +30 v o l t s .  

I n  a l l ,  t he  mid-point of t h e  capacitance change, t h a t  is the  voltage 

= 2.9 pF, s h i f t s  by 75 v o l t s  with each sweep a t  which C = 

t o  2 60  v o l t s .  Using the  r e l a t ionsh ip  given by Grove, et .al .  (Ref. 35) 

t o  c a l c u l a t e  t he  charge induced i n  t h e  semiconductor by the  charges i n  

t h e  d i e l e c t r i c  , v iz .  , 

On 

3 * 3  + 2 * 4  
2 

where Q 

flat-band voltage,  C /A is t h e  capacitance pe r  u n i t  area and 4 

is the  number of induced charges per u n i t  area, Vm is the  
S' 

is  the  0 m s  
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metal-semiconductor work func t ion  d i f f e r e n c e  (usua l ly  neg lec t ed ) ,  w e  

n o t e  t h a t  a change of 7 x 1 0 l 2  charges/cm2 thus occurs  i n  t h e  s u r f a c e  

s ta te  d e n s i t y  w i t h  each sweep. 

The s e n s e  of t h i s  h y s t e r e s i s  i n  t h e  C-V behavior  i s  t h a t  of 

i ons  moving i n  t h e  oxide  under t h e  d r i v e  of t h e  60 v o l t  sweep. Reduced 

sweep vo l t ages  gene ra t e  smaller loops.  Flat-band condi t ions  occur a t  

smaller vo l t ages  i n  both  d i r e c t i o n s .  Motion of i o n s  of only a s i n g l e  

charge type  cannot account f o r  t h e c h q e  of t h e  f la t -band v o l t a g e  from 

l a r g e  p o s i t i v e  t o  l a r g e  nega t ive  va lues :  i 2  i s  necessary t h a t  bo th  

p o s i t i v e  and nega t ive  ions  b e  p re sen t .  An a l t e r n a t e  explana t ion  i s  

t h a t  t h e  A1N f i l m  i s  p o l a r i z a b l e ,  and t h a t  t h e  degree and d i r e c t i o n  of 

t h e  p o l a r i z a t i o n  are determined by t h e  sweep vo l t age .  

I n  f i lms  prepared i n  hea ted  Ta  envelopes,  d e p o s i t s  on 

p-type S i  s i m i l a r l y  d i sp l ay  a charge a s soc ia t ed  movement wi th  a change 

of b i a s .  C-V d a t a  f o r  f i l m s  on n-type s u b s t r a t e s  are remarkably 

d i s s i m i l a r  showing no loop c h a r a c t e r i s t i c .  A p o s s i b l e  doping of t h e  

s u b s t r a t e  s u r f a c e ,  thus  forming a p-type l a y e r  and junc t ion ,  is  be l i eved  

i n f l u e n t i a l  i n  t h e  suppressed c h a r a c t e r i s t i c s  of t h e s e  f i lms .  I n t e r -  

p o s i t i o n  of t h i n ,  thermal ly  grown S i 0  l a y e r s  w i l l  be  t r i e d  t o  a l leviate  

t h e  doping e f f e c t .  

2 

3 . 2  React ive ly  Sput te red  A1N (Triode System) 

During t h e  course  of t h e  p re sen t  i n v e s t i g a t i o n ,  i t  w a s  noted 

t h a t  a f t e r  a pe r iod  of  many hours  t h e  growth rate of A1N would decrease  

due presumably t o  t h e  formation of a p a s s i v a t i n g  l a y e r  of  t h e  compound 
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on t h e  cathode.  In a p a r t i c u l a r  experiment,  a drop i n  t h e  N p a r t i a l  

p re s su re  occurred i n a d v e r t e n t l y  and w a s  a s s o c i a t e d  wi th  a s i g n i f i c a n t  

increase i n  t h e  t o t a l  s p u t t e r e d  A1N y i e l d .  The e f f e c t i v e  depos i t i on  

rate i n  t h i s  experiment w a s ,  i n  f a c t ,  some f i v e  t o  s ix  t i m e s  g r e a t e r  

than  t h a t  normally observed. 

2 

Reference t o  a n  earlier work by Kr ikor ian  and Sneed (Ref. 36) 

on t h e  reactive s p u t t e r i n g  of A 1  0 

s p u t t e r i n g  rates and a more h i g h l y  o r i e n t e d  depos i t  might b e  obtained 

by using low p a r t i a l  p re s su res  of oxygen ( c i t e d  p re s su res  necessary f o r  

ep i t axy  of s t o i c h i o m e t r i c  f i lms  are between 10 and 2 x t o r r ) .  

It is  p o s s i b l e  t h a t  s i m i l a r  e f f e c t s  might occur  i n  t h e  r e a c t i v e  s p u t t e r i n g  

of A1N. 

e x e r c i s e  i n  an u l t ra -h igh  vacuum f a c i l i t y ,  however, s i n c e  a wide range 

of growth temperatures  of N 

Therefore ,  i t  w a s  decided t h a t  a sys t ema t i c  s tudy  of f i l m  s t r u c t u r e s  and 

growth rates should b e  undertaken i n  a more f l e x i b l e  t r i o d e  s p u t t e r i n g  

suggested t h a t  bo th  increased  2 3  

-5 

Explora t ion  of such parameters  i n  d e t a i l  is a t i m e  consuming 

p a r t i a l  p re s su res  should b e  s t u d i e d .  
2 

-7 system capable  of base  p re s su res  i n  t h e  10 t o r r  range. Previous 

s t u d i e s  wi th  such a system had i n d i c a t e d  t h a t  bo th  pure  A 1  and A1N f i lms  

could b e  depos i ted  w i t h  t h i s  arrangement. 

3.2.1 P repa ra t ion  - The experimental  arrangement b a s i c  t o  t h e  

supported d ischarge  f a c i l i t y  c o n s i s t s  of a f i lament  ( tungs ten  w i r e ) ,  

anode, t a r g e t  and grounded s u b s t r a t e  suppor t .  The lat ter p a i r  are 

pos i t i oned  i n  a ver t ical  p l ane  p a r a l l e l  t o  one another .  

s u b s t r a t e  spac ing  i s  4 cm. An a x i a l  magnetic f i e l d  is app l i ed  p a r a l l e l  

t o  t h e  e l e c t r o n  c u r r e n t  which flows from t h e  f i lament  t o  t h e  anode, and 

The t a r g e t -  
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helps t o  enhance t h e  p robab i l i t y  of ion iz ing  c o l l i s i o n  

s u b s t r a t e  region. Sput te r ing  is  c i e d  out  by a 

spec ies ,  argon, onto a negatively b iased  (1500-2000 

Subs t ra tes  are heated i n  T a  s t r i p  h e a t e r  envelopes and t h e  

working arrangement permits s equen t i a l  hea t ing  and exposure t o  the  dis- 

charge of one of four  subs t r a t e s .  

3.2.2 - Some da ta  obtained 

by e l ec t ron  and X-ray d i f f r a c t i o i  analyses which are representa t ive  of 

A1N fi lms spu t t e red  r e a c t i v e l y  i n  t h e  t r i o d e  spu t t e r ing  f a c i l i t y  are 

shown i n  Table V I .  The spu t t e r ing  voltage i n  a l l  experiments except those 

marked with an a s t e r i s k  w a s  -1500 V. 

with the  t a r g e t  a t  -2000 V. 

The marked values w e r e  prepared 

Table V I  Data f o r  Triode Reactively Sputtered A1N Films 

Temp. "C 

300 " C 

560 C 

560°C 

560°C 

560°C 

700 " C 

900 " c 
*800 " C 

*900°c 

F i l m  Growth R a t e  
N Press.  ( t o r r )  Composition Thickness (A) (A/min) 2 

A 1  

A 1  

A 1  

A 1  ti A1N 

A1N 

A1N 

A1N 

A1N 

A1N 

3000 A 

1000 A 

1000 A 

1000 A 

3000 A 

2000 A 

3000 A 

3000 A 

1500 A 

We assume t h a t  thickness and growth rates assoc ia ted  wi th  

d on at  300°C r e f l e c t ,  t o  a fair  approximation, t h e  spu t t e r ing  

LOO 
34 

34 

34 

100 

100 

~ 5 0  

100 

80 2 
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rate of A 1  a t  -1500 V dc.  Thus, t h e  growth rates of A1N near  560°C 

seem t o  r ep resen t  complete r e a c t i o n  of a l l  i n c i d e n t  A 1  atoms when t h e  

N p re s su re  exceeds 5 x 10 t o r r .  A t  h ighe r  temperatures ,  a s t i c k i n g  

f a c t o r  c o r r e c t i o n  m u s t  b e  accounted f o r .  

-4 
2 

Opt ica l  and electrical  measurements w e r e  made on f i lms  depos i ted  

on v i t r e o u s  s i l i ca  s u b s t r a t e s  p a r t l y  me ta l l i zed  wi th  s p u t t e r e d  T a  e l ec t rodes  

(Q 1000 A t h i c k ) .  

t a r g e t  vo l t ages  of -1500 Vdc, a N p a r t i a l  p re s su re  of 5 x t o r r  and a t  

temperatures  which covered t h e  range 600' t o  900°C. 

(2-271), t h e  t a r g e t  vo l t age  w a s  a l t e r e d ,  i n  t h i s  case be ing  -2000 Vdc. 

Film th icknesses  ranged from 1500 A t o  3000 A. As judged from e l e c t r o n  

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

w i th  t h a t  expected f o r  pure  A1N. No a d d i t i o n  phase,  e .g .  , A l ,  w a s  

de t ec t ed .  Both t h e  degree of c r y s t a l l i n i t y  and o r i e n t a t i o n ,  however, 

The f i r s t  set of fou r  f i lms  (2-270) were grown wi th  

2 

For t h e  second set  

w e r e  observed t o  i n c r e a s e  markedly as t h e  s u b s t r a t e  temperature  w a s  

increased  from 600" t o  900°C. 

3.2.3 Op t i ca l  P r o p e r t i e s  - The o p t i c a l  abso rp t ion  d a t a  f o r  these 

f i lms  d i f f e r e d  s i g n i f i c a n t l y  from t h a t  ob ta ined  from A1N f i lms  prepared 

i n  a glow discharge  environment. I n  t h e  lat ter cond i t ions ,  t h e  p a r t i a l  

p re s su res  of A r  and N w e r e  80 x lom3 and 5 x 

The t r i o d e  s p u t t e r e d  f i lms  d isp layed  a sharp  abso rp t ion  edge and 

i r r e s p e c t i v e  of  t h e  s u b s t r a t e  temperature  (wi th in  t h e  600" t o  900°C range) 

the p o s i t i o n  of t h e  edge corresponded t o  an  energy gap of 5.95 - + 0.5 e v  

(Fig.  37).  It should b e  emphasized t h a t  t h e s e  f i lms  were n o t  sub jec t ed  

t o  a N 

t o r r ,  r e s p e c t i v e l y .  2 

annea l  y e t  d i sp layed  t h e  b u l k  A1N o p t i c a l  spectrum i n  t h e  2 
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Fig. 37-Optical absorption in three .41N f i lms deposited on  vitreous silica, tw 
having been prepared by diode reactive sputtering, the  t h i r d  by triode reactive 

prepared f i lm i s  likely due to a M2 deficiency in the film. The triode 

prepared f i lm does not suffer in a like manner 

sputtering. The sh i f t  toward higher wavelength for  the  unannealed diode- 



as-deposited condi t ion.  

discharge deposi ted f i lms  which, as-deposited, showed s i g n i f i c a n t  s h i f t s  

of t he  absorp t ion  edge t o  lower energ ies .  

This behavior had not  been evident  i n  t h e  glow 

3.2.4 - T e s t  r e s u l t s  from experimental  

capac i to r  conf igura t ions ,  i .e . ,  f i lms  f i t t e d  with 0 .3  mm evaporated A 1  

counterelectrodes,  i nd ica t ed  t h a t  even f o r  f i lms  only 1400 A t h i ck ,  

the  d i e l e c t r i c  l o s s  w a s  low, ly ing  t y p i c a l l y  a t  about .02 a t  500 Hz, 

decreasing t o  .003 a t  1 kHz and becoming less than .001 a t  frequencies 

g r e a t e r  than 5 kHz. 

dispers ion  wi th  frequency and capaci tances  of 50 picofarads w e r e  measured. 

The d i e l e c t r i c  constant  showed no pe rcep t ib l e  

The behavior of t he  very t h i n  f i lms on app l i ca t ion  of dc f i e l d s  

w a s  f a r  less erratic than f o r  some of comparable thickness  prepared by 

glow discharge s p u t t e r i n g .  The I-V da ta  showed conduction cons i s t en t  

with a space-charge l imi t ed  mechanism with breakdown occurr ing a t  about 

35 t o  60 Vdc corresponding t o  breakdown f i e l d s  g r e a t e r  than 3 x 10 6 
v/cm. 

Room temperature, dc resist ivit ies measured wi th  an appl ied  f i e l d  of 

3 x 10 5 v/cm w e r e  approximately 1013 ohm-cm. 

Several  A1N f i lms  of two thicknesses ,  'L 1000 A and 3000 A ,  

were deposi ted on both n- and p-type S i  s u b s t r a t e s .  MIS measurements 

(at 1 MHz) revealed t h a t  t h e  former w e r e  leaky and su f fe red  breakdown 

a t  appl ied  f i e l d s  of approximately 3 x 10 

exhib i ted  a behavior no t  un l ike  t h a t  reported f o r  n i t r i d e  f i lms prepared 

6 v/cm. The la t ter ,  however, 

by diode reactive spu t t e r ing .  The h y s t e r e t i c  behavior i n d i c a t e s  t he  

movement of charge i n  t h e  d i e l e c t r i c  on the  p-type s u b s t r a t e .  Measurements 

c a r r i e d  out  f o r  an i d e n t i c a l  f i l m  on an n-type s u b s t r a t e  w e r e ,  again 

similar t o  those f o r  t h e  diode spu t t e red  n i t r i d e ,  apparent ly  i n s e n s i t i v e  

t o  any movement of charge. 
93 



3.3 Mixed A1-Si N i t r ides  

The d i e l e c t r i c  p rope r t i e s  of diode s p u t t e r e d  A1N f i lms  show 

them t o  b e  good, low l o s s  i n s u l a t o r s ,  a t  least i n  a th ickness  range 

which exceeds 1500 A. (The lower  thickness  l i m i t  f o r  t r i o d e  s p u t t e r e d  

f i lms is  approximately 1000 A.) U s e  as an i n s u l a t o r  a t  lower thicknesses  

i s  impeded presumably by g r a i n  boundary conduction phenomena s i n c e  A l N ,  

unl ike  s e v e r a l  o t h e r  i n s u l a t i n g  f i lms  used i n  e l e c t r o n i c  components, is 

deposi ted i n  a c r y s t a l l i n e  form. Suppression of t h i s  c r y s t a l l i n e  state 

by t h e  lowering of s u b s t r a t e  temperatures has  no t  been successfu l .  

Some e f f o r t ,  t he re fo re ,  has  been d i r e c t e d  i n  br inging  about 

a reduct ion i n  f i l m  c r y s t a l l i n i t y  (an inc rease  i n  atomic d i so rde r )  by 

at tempting t o  prepare mixed n i t r i d e s  of t h e  form A1N-Si N t h e  l a t te r  3 4 ’  

component being known t o  adopt an  amorphous f i l m  s t r u c t u r e .  

3.3.1 Prepara t ion  - Prepara t ion  of two sets of f i lms ,  wi th  nominal 

A 1 : S i  r a t i o s  of 6:l and 1:1, has  been accomplished t o  da t e .  The r a t i o s  

c i t e d  are r e l a t e d  t o  t h e  t a r g e t  areas of t h e  r e spec t ive  elements and do 

not  necessa r i ly  i n d i c a t e  t h e  t r u e  compositions of t h e  f i lms .  Electron 

microprobe ana lyses  of t h e  f i lms  w i l l  b e  made as p a r t  of t h e  cont inuing 

s tudy.  

diode s p u t t e r i n g  of pure A1N ( see  Sec.  3.1.1). 

coated v i t r eous  s i l i ca  and n- and p-type S i  wafers.  

Films w e r e  deposi ted i n  t h e  optimized condi t ions  used f o r  t h e  

Subs t r a t e s  included T a  

3.3.2 S t r u c t u r a l  and Op t i ca l  P rope r t i e s  - When f i lms  prepared by 

s p u t t e r i n g  a cathode wi th  a 6:l : :Al:Si area were examined by e l e c t r o n  

d i f f r a c t i o n ,  i t  appeared t o  c o n s i s t  p r imar i ly  of a p o l y c r y s t a l l i n e  

A1N-type phase,  Fig.  38. The d i f f r a c t i o n  d a t a ,  however, showed some 
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Fig. 38-Electron diffraction pattern of mixed AIN-Si3N4 f i  Im. 

Substrate temperature, 9OOOC; thickness 6000A 

RM-42946 



evidence of an add i t iona l  component, one which caused d i f f u s e  s c a t t e r i n g  

of d i f f r a c t e d  e l ec t rons .  When t h e  1 : l : : A l : S i  t a r g e t  w a s  used, t h e  

d i f f u s e  d i f f r a c t i o n  component became f a r  more prominent. 

resolved d i f f r a c t i o n  r ings  which w e r e  measured, however, ind ica ted  t h a t  

The p a r t l y  

a phase cons is ten t  with poorly c r y s t a l l i z e d  A1N w a s  still  present .  

Optical  absorption measurements w e r e  made on both sets of 

A1N-Si N f i lms .  The as-deposited fi lms showed a d i f f u s e  absorption 

edge occurring i n  t h e  app ximate wavelength range as f o r  pure, as- 

deposited, A l N  f i lms .  

edge and a s h i f t  t o  higher energ ies ,  again i n  a manner s i m i l a r  t o  t h a t  

f o r  annealed A1N fi lms. 

3 4  

Annealing a t  900°C i n  N caused a sharpening of t he  2 

While the  s h i f t  f o r  t h e  6:l::Al:Si n i s r i d e  films matched t h a t  

f o r  t h e  pure form, t h e  edge f o r  t h e  4 : l : : A l : S i  n i t r i d e  fi lms s h i f t e d  

t o  energies g r e a t e r  than  5.9 e V ,  v i z . ,  t o  an absorption edge value of 

approximately 6.35 eV. The e f f e c t  is  unexpected s i n c e  t h e  energy gap of 

t he  added component, Si3N4, is reported t o  be 4.35 e V  (Ref. 37). Other 

s tud ie s ,  however, have recorded conf l i c t ing  values,  e.g.,* 5.0 e V  (Ref. 38) 

and 6.35 e V  (Ref. 39). 

3.3.3 E l e c t r i c a l  Measurements - The r e s u l t s  of capacitance vs vol tage  

measurements at  1 MHz made f o r  depos i t s  on t h e  S i  s u b s t r a t e s  are shown 

i n  Fig. 39. The sandwich configuration, a f t e r  A 1  counterelectrodes have 

been deposited is  t h a t  of a MIS (metal-insulator-semiconductor) s t r u c t u r e .  

The symmetrical s h i f t  of t h e  C-V p l o t  f o r  films deposited on 

p-type s u b s t r a t e s  i nd ica t e s  t h a t  a po la r i za t ion  e f f e c t  probably is  

generated wi th in  the  d i e l e c t r i c  by the  app l i ca t ion  of a f i e l d ;  such an 

e f f e c t  is observed i n  t h e  pure A1N fi lms (see  Sec. 3.1.9) and has a l s o  
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Fig. 39-Dielectric polarization effect observed in mixed AlN -Si3N4 films. 
F i  Im thickness i s  approxi mately 4500 A 



been observed i n  S i  N (Ref. 4 0 ) .  As f o r  t h e  pure A1N f i lms ,  t h e  

p o l a r i z a t i o n  may b e  due t o  t h e  o r i e n t a t i o n  of d ipo le s  i n  t h e  A1N component 

by t h e  app l i ed  f i e l d  o r  by a s t ress - induced  p o l a r i z a t i o n  inhe ren t  i n  i t  

(A1N is s t r o n g l y  p i e z o e l e c t r i c ) .  The charge induced i n  t h e  S i  by t h e  

3 4  

charges contained i n  t h e  d i e l e c t r i c  is 8.75 x 10 11 / c m  2 , a va lue  i n t e r -  

2’  mediate between those  r epor t ed  f o r  vapor depos i ted  S i  N and S i 0  3 4  
Deposi ts  on n-type s u b s t r a t e s  showed no tendency t o  d i sp l ay  

loop-type c h a r a c t e r i s t i c s ,  t h e  f l a t  band vo l t age  exceeding 100 V. 

Measurements r e l a t i n g  c u r r e n t  and vo l t age  c h a r a c t e r i s t i c s  

i n  t h e  6: l : :Al:Si  n i t r i d e  f i lms  w e r e  e s s e n t i a l l y  s imilar  t o  those  made 

on t h e  pure  n i t r i d e  f i l m s ,  v i z . ,  c u r r e n t s  followed an  Ohmic behavior  

a t  low vo l t age  then  rose  s t e e p l y  as t h e  vo l t age  w a s  i nc reased ;  a f u r t h e r  

vo l t age  increment induced a t i m e  dependent i n s t a b i l i t y  followed by break- 

down o r  a major change i n  t h e  I - V  c h a r a c t e r i s t i c .  

I n  t h e  1 : l : : A l : S i  n i t r i d e  f i l m s ,  however, a reproducib le  and 

h i g h l y  s t a b l e  I - V  behavior  w a s  followed, F ig .  40. The s l o p e s  of t h e  

curves a t  t h e  low and high vo l t age  va lues  r ep resen t  Ohmic and t r a p - f i l l e d  

space-charge behavior ,  r e s p e c t i v e l y .  The vo l t age  at  which t h e  t r a n s i t i o n  

between t h e  m a i n  conduction mechanisms occurred ,  t h e  t r a p s - f i l l e d - l i m i t ,  

w a s  low (Q 10 V) relative t o  t h e  va lues  f o r  pure  AlN f i lms .  I n  a d d i t i o n , t h e  

s l o p e  o f  t h i s  t r a n s i t i o n  w a s  less s t e e p  and sugges t s  t h a t  fewer b u t  

probably more active t r a p s  t ake  p a r t  i n  conduction. Although t h e  I - V  

c h a r a c t e r i s t i c s  of  t h e  1:l mixed n i t r i d e  f i lms  w e r e  s t a b i l i z e d  by t h e  

mixing, d ie lectr ic  measurements showed a range of d i s p e r s i o n  wi th  

frequency. The d i e l e c t r i c  p r o p e r t i e s  of pure  S i  N are unfo r tuna te ly  

n o t  w e l l  cha rac t e r i zed  a t  var ious  f requencies .  Seve ra l  r e p o r t s  l i s t  

3 4  
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c o n f l i c t i n g  va lues  of d i e l e c t r i c  cons t an t ,  e.g.  12.0 (Ref. 41) and 

6.2-8.5 (Ref. 42) b u t  t h i s  proper ty  s e e m s  t o  b e  s t r o n g l y  inf luenced  

by t h e  d e n s i t y  of t h e  depos i ted  l a y e r s  and t h e  g iven  va lues  s e e m  only 

relative t o  t h i s  proper ty .  W e  sugges t  t h a t  both t h e  conduction behavior  

and frequency d i s p e r s i o n  of t h e  d i e l e c t r i c  p r o p e r t i e s  are a t t r i b u t a b l e  

t o  a mod i f i ca t ion  of t h e  numbers and l e v e l s  of t r app ing ,  o r  impur i ty  

sites, re la t ive t o  those  o p e r a t i v e  i n  s p u t t e r e d  A1N f i l m s .  

The 6: l : :Al:Si  n i t r i d e  l a y e r s  d i sp layed  no obvious d i spe r s ion  

wi th  frequency showing, r a t h e r ,  d i e l e c t r i c  p r o p e r t i e s  s imilar  t o  those  

of undi lu ted  A1N. 

3.4 Reac t ive ly  Sput te red  BN 

A second n i t r i d e  scil id s o l u t i o n  system ( i n  t h e  f i l m  form) 

now under i n v e s t i g a t i o n  is A1N-BN, t h e  i n t e r e s t  i n  t h e  l a t te r  component 

stemming from high  temperature  s t a b i l i t y  p r o p e r t i e s  of t h e  bu lk  compound 

(subl imat ion  a t  3000°C i n  pure  form, Ref. 43) .  

system, e f f o r t s  w e r e  made t o  grow and c h a r a c t e r i z e  pure  f i lms  of BN. 

3.4.1 P repa ra t ion  - The uhv, diode s p u t t e r i n g  appara tus  used f o r  

P r i o r  t o  s tudy  of t h e  mixed 

t h e  p r e p a r a t i o n  of A1N w a s  modified only s l i g h t l y .  A cathode w a s  

f a b r i c a t e d  by imbedding slices of  bu lk  boron (99.9999), i n t o  a, "research 

grade", BN b lock .  

w a s  approximately 5 cm . It w a s  noted t h a t  with a n  app l i ed  v o l t a g e  

of -2800 Vdc, a c u r r e n t  d e n s i t y  of 4 m a / c m  , a t a r g e t - s u b s t r a t e  spac ing  

The combined s u r f a c e  area of t h e  imbedded boron sl ices 

2 

2 

of 5 cm, and a s u b s t r a t e  temperature  of 1000°C, f i lms  could be formed a t  

growth rates of  10 A/min. 
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3.4.2 Struc tures  - I n i t i a l  s t r u c t u r e  inves t iga t ions  via r e f l e c t i o n  

e l e c t r o n  d i f f r a c t i o n  showed a micro-crystall ine p a t t e r n  which could not 

immediately be  indexed on t h e  normal hexagonal bulk s t r u c t u r e s .  

deposits on S i ,  w e r e  examined by a transmission e l ec t ron  d i f f r a c t i o n  

Further 

technLque and the  r e s u l t s  are shown i n  Figs. 41 and 42. 

i n  prepara t ive  temperature w a s  introduced t o  note i t s  inf luence  on f i lm 

s t r u c t u r e  and stoichiometry. 

no d i f fe rences  due t o  temperature are evident.  Using t h e  d i f f r a c t i o n  

spo t s  (included with t h e  d i f f r a c t i o n  r ings  f o r  t h e  unheated fi lms and 

due t o  s c a t t e r i n g  from surrounding areas of t h e  s i n g l e  c r y s t a l  Si(100) 

subs t r a t e )  f o r  c a l i b r a t i o n ,  t h e  transmission d a t a  can be indexed on a 

hexagonal cel l  with t h e  following parameters. 

The v a r i a t i o n  

As can be seen i n  t h e  d i f f r a c t i o n  pa t t e rns ,  

a = 2.45 c = 6.88 2 

When compared t o  the  bulk values (Ref. 4 4 )  f o r  t h e  hexagonal form, v i z . ,  

a = 2.51 9 c = 6.66 2 

w e  note  the  d i f f e rence  t o  be  of the order of 2 4 % .  The source of t h i s  

devia t ion  i n  t h e  t h i n  f i l m  la t t ice  parameters is not known, bu t  i t  

appears poss ib le  t h a t  i t  may be assoc ia ted  with s t r u c t u r a l  d i sorder ,  

non-stoichiometry o r  t h e  occlusion of trapped argon. 

and relative i n t e n s i t i e s  are given f o r  t h e  bulk and t h i n  f i lm  forms i n  

Table V I I .  

A l ist  of d-values 

10 1 



Fig. 41-Electron micrograph and selected area dif fract ion pattern 
f rom reactively sputtered BN f i lm deposited 

o n  heated t8OO0C) S i  substrate 

RM-43693 



- 1p - 

Fig. 42-Electron micrograph and selected area diffraction pattern 
from reactively sputtered BN f i lm  deposited on 

unheated Si substrate 

RM-43691 



Table V I 1  D i f f r a c t i o n  Data f o r  BN 

BN (bulk) 

d (A) I (hk. 1) 

3.33 

2.17 

2.06 

1.82 

1.67 

1.55 

1.32 

1.25 

1 . 1 7  

1.14 * 

1.11 

1.08 

a = 2.51 
c = 6.66 

vs 

m 

W 

m 

w 

vw 
vw 
W 

W 

V W  

vw 
vw 

00.2 

10 .o 
10.1  

10.2 

00.4 

10 .3  

10.4 

11 .o 
11 .2  

10.5 

00.6 

20 .o 

BN ( f i lm)  

d (A) I (hk. 1 )  

3.48 vs  00.2 

2.12 m 10 .o 

1.72  

1 .23  

1.16 

1.06 

a = 2.45 
c = 6.88 

W 00.4 

mw 11.0 

00.6 

vw 20.0 

3.4.3 Op t i ca l  and Electr ical  Data - The o p t i c a l  absorp t ion  s p e c t r a  

f o r  two BN f i l m s ,  depos i ted  on v i t r e o u s  s i l i c a , s u b s t r a t e s ,  under 

s imilar  s p u t t e r i n g  condi t ions  is shown i n  Fig.  43. The apparent  

absorp t ion  edge f o r  an unannealed f i l m  l ies  near  5.2 e V  although an earlier 

f i l m  gave a va lue  n e a r e r  t o  4.8 e V ,  The f i l m  which w a s  annealed a t  800°C 

i n  N2 shows a moderate s h i f t  of band edge toward h ighe r  ene rg ie s ,  v i z .  

5.6 e V .  

7,53 e V  (Ref. 45 ) .  

The c a l c u l a t e d  d i r e c t  band gap f o r  t h e  bulk  hexagonal form i s  

Measurement of  d i e l e c t r i c  cons tan t  and l o s s  over a range of 

f requencies  is  given i n  Table V I I I ,  
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Table VI11 Dielectric Data f o r  Reac t ive ly  Sput te red  BN Films 

f (kHz) 0.5 1 2 5 10 20 50 100 

K 3.9 3.9 3.8 3.8 3.8 3.8 3.75 3.5 

--- --- --- --- D .05 .02 .002 --- 

The r epor t ed  va lue  f o r  t h e  d i e l e c t r i c  cons tan t  of  b u l k  BN (hexagonal) 

is 5.12 (Ref. 46) ,  a va lue  f o r  p y r o l y t i c  BN is 3.8 - + 0.2 ( R e f .  4 8 ) .  

The wide range of  abso rp t ion  edge va lues  and t h e  a l t e r e d  

dimensions of t h e  b a s i c  hexagonal cel l ,  when considered i n  r e l a t i o n  t o  

t h e  previous r e s u l t s  f o r  A1N f i l m s ,  i n d i c a t e  t h a t  t h e  s p u t t e r i n g  ambient 

p lays  an  important  p a r t  i n  determining t h e  p r o p e r t i e s  of r e a c t i v e l y  

s p u t t e r e d  BN f i lms .  Fu r the r  s t u d i e s  be fo re  s tudy ing  mixed A1-BN system 

w i l l  be  devoted t o  (1) exp lo r ing  more f u l l y ,  t h e  e f f e c t s  of annea l ing  

schedule  and temperature  and (2)  prepar ing  BN f i lms  by t r i o d e  reactive 

s p u t t e r i n g .  

3.5 Discussion 

The .exce l len t  chemical s t a b i l i t y  of t h e  r e a c t i v e l y  s p u t t e r e d  

A1N f i lms  enabled a wide v a r i e t y  of measurements t o  b e  performed on 

these specimens. 

o p t i c a l  abso rp t ion  measurements, r e s i s t i v i t y ,  capac i tance  and I-V 

Included w e r e  X-ray and e l e c t r o n  d i f f r a c t i o n  s t u d i e s ,  

measurements over  a range of  temperatures  and t h e  observa t ion  of MIS 

c h a r a c t e r i s t i c s .  

S ince  t h e  f i lms  comprised o r i e n t e d  a r r a y s  of s m a l l  c r y s t a l s ,  

i t  is  perhaps n o t  s u r p r i s i n g  t h a t  t h e  observed p r o p e r t i e s  b e a r  some 
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resemblance t o  both b u l k  p o l y c r y s t a l l i n e  and s i n g l e  c r y s t a l  c h a r a c t e r i s -  

t ics.  

la t ter .  S t r u c t u r a l l y ,  f i l m s  are found t o  adopt  t h e  hexagonal w u r t z i t e  

s t r u c t u r e  of  t h e  b u l k  compound. 

absorp t ion  spectrum of  f i lms  as depos i ted  by diode r e a c t i v e  s p u t t e r i n g ,  

v i z . ,  a s h i f t  of t h e  abso rp t ion  edge t o  lower ene rg ie s .  

e f f e c t  had been r epor t ed  by Cox, e t  a l .  (Ref. 1) f o r  argon-annealed 

bu lk  s i n g l e  c r y s t a l s  and expla ined  as due t o  t h e  formation o r  i n j e c t i o n  

of n i t rogen  vacancies .  By annea l ing  i n  pure  n i t r o g e n ,  a t  temperatures  

nea r  t h e  temperature  of depos i t i on ,  t h e  s p u t t e r e d  f i lms  can b e  made t o  

dksplay bu lk  o p t i c a l  p r o p e r t i e s  , thus  appearing t o  co r robora t e  t h e  

mechanism proposed by Cox, e t  a l .  That a s u r p l u s  of argon should b e  

occluded i n  t h e  A1N f i l m  is no t  s u r p r i s i n g  s i n c e  t h e  argon t o  n i t rogen  

I n  gene ra l ,  t h e  resemblance i s  s t r o n g e s t  where compared t o  t h e  

However, an  anomaly is  noted i n  t h e  o p t i c a l  

An analogous 

r a t i o  i s  of t h e  o rde r  of  1 6 : l .  Films depos i ted  by a t r i o d e  r e a c t i v e  

s p u t t e r i n g  technique show no obvious s h i f t  of t h e  abso rp t ion  edge. The 

argon t o  n i t rogen  r a t i o  i n  t h i s  i n s t a n c e  is  reduced t o  approximately 

1:l. 

Room temperature  values of d i e l e c t r i c  cons t an t  observed f o r  t he  

f i lms  correspond t o  those  f o r  p re s sed ,  s i n t e r e d ,  bu lk ,  p o l y c r y s t a l l i n e  

forms ( d a t a  f o r  s i n g l e  c r y s t a l s  w e r e  unava i l ab le ) .  The d i e l e c t r i c  cons t an t ,  

however, shows f a r  smaller v a r i a t i o n  wi th  temperature  (up t o  350OC) than  is 

repor t ed  f o r  b u l k  A1N. The d i e l e c t r i c  l o s s  c h a r a c t e r i s t i c s  followed a 

similar t r end  and both  r e s u l t s  seem i n d i c a t i v e  of a material less 

s u b j e c t  t o  t h e  presence of conducting i m p u r i t i e s .  Although t h e  f i lms  

d isp layed  e x c e l l e n t  d i e l e c t r i c  p r o p e r t i e s ,  i t  w a s  p o s s i b l e  t o  induce 
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s i g n i f i c a n t  conduction i n  them by t h e  a p p l i c a t i o n  of a h igh  electric 

f i e l d  (> 10 V/cm). The conduction behavior  resembles t h a t  observed 

i n  s i n g l e  c r y s t a l s  (Ref. 331 ,  v i z . ,  a space-charge l i m i t e d  c u r r e n t  which 

i s  inf luenced  by t h e  presence of t r a p s  i n  t h e  i n s u l a t o r .  The correspond- 

ence,  however, is  no t  e x a c t ,  and i n s t a b i l i t i e s  arise when h igh  vo l t ages  

are appl ied .  

I - V  c h a r a c t e r i s t i c  u sua l ly  is observed. The former could b e  a t t r i b u t e d  

t o  leakage and even tua l  breakdown along g r a i n  boundaries .  The l a t te r  

6 

E i t h e r  breakdown o r  t h e  adopt ion of a new "revers ib le"  

proper ty  is  unaccounted f o r  b u t ,  i n  e f f e c t ,  r ep resen t s  t h e  permanent 

f i l l i n g  of a l l  t r a p s .  

In t roduc t ion ,  by co-sput te r ing ,  of S i  N i n t o  t h e  A l N  f i lms  3 4  

appears  t o  impart  an  amorphous c h a r a c t e r  t o  them. However, t h e  e l e c t r o n  

d i f f r a c t i o n  evidence,  a l though inconc lus ive ,  sugges t s  t h a t  t h e  mixed 

f i lms  may have adopted a two-phase s t r u c t u r e ,  comprising a micro- 

c r y s t a l l i n e  A1N-type component and an  amorphous S i  N - type component. 

Our pre l iminary  eva lua t ion  of pure  A1N and a d i l u t e  mixture  

(cathode A1:Si r a t i o  6 : l )  as t h e  i n s u l a t i n g  h y e r  i n  

3 4  

of  A1N-Si N 

MIS s t r u c t u r e s ,  i n d i c a t e s  t h a t  t h e s e  l a y e r s  behave e s s e n t i a l l y  i n  a 

3 4  

similar f a sh ion  and show t h e  presence of a cons ide rab le  p o l a r i z a t i o n  

e f f e c t ,  t h e  degree and d i r e c t i o n  of which are determined by t h e  app l i ed  

b i a s  vo l t age .  Reported p i e z o e l e c t r i c  p r o p e r t i e s  (Ref. 4 7 )  sugges t  t h a t  

p o l a r i z a t i o n  i s  stress induced i n  t h e  A1N. 

behavior  of  o r i e n t e d  A1N f i lms  and t h e  MIS behavior  of mixed f i l m s  of 

varying propor t ions  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n  i n  o r d e r  t o  c l a r i f y  

t h e  MIS r e s u l t s .  

However, bo th  t h e  p i e z o e l e c t r i c  
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The I - V  behavior  of f i lms  s t i l l  r i c h e r  i n  S i  N (A1:Si:: l : l)  

d i f f e r s  from t h a t  of t h e  pure  A1N material i n  several r e s p e c t s .  Thus, 

a r e v e r s i b l e  c h a r a c t e r i s t i c  f u l l y  c o n s i s t e n t  wi th  space-charge l i m i t e d  

conduction i n  a n  i n s u l a t o r  wi th  t r a p s  i s  obta ined  and t h e  d i e l e c t r i c  

cons tan t  and d i s s i p a t i o n  f a c t o r  show a g r e a t l y  enhanced frequency d i spe r s ion .  

The former e f f e c t ,  i s  cha rac t e r i zed  by a low v o l t a g e  (Q 10 V) t r a p s - f i l l e d  

3 4  

l i m i t  and a more gradual  t r a n s i t i o n  between t h e  h igh  and low vo l t age  

conduction mechanisms than  w a s  noted f o r  t h e  pure  A1N f i lms .  Such 

behavior  sugges ts  t h e  ope ra t ion  of fewer b u t  more a c t i v e  t r a p s .  The 

i n t e r p r e t a t i o n  of t h e  d i e l e c t r i c  cons t an t  va lues  (Ref. 4 1 ,  4 2 ) ,  

presumably due t o  d e n s i t y  d i f f e r e n c e s  induced by depos i t i on  parameters ,  

have been observed b u t  no r e fe rence  t o  a sys t ema t i c  s tudy  over  a range 

of f requencies  has  been found. It s e e m s  p o s s i b l e  t h a t  both t h e  modified 

conduction behavior  and frequency d i s p e r s i o n  of d i e l e c t r i c  p r o p e r t i e s  

are a t t r i b u t a b l e  t o  a change i n  number and level of t r a p s  o r  impuri ty  

sites i n  t h e  f i l m  s t r u c t u r e .  The n a t u r e  of t h e s e  si tes remains 

s p e c u l a t i v e ,  however, b u t  may inc lude  voids  o r  i s o l a t e d  i s l a n d s  of A l ,  

S i ,  A1N o r  S i  N i n  an o v e r a l l  mat r ix .  The exper ience  wi th  t r i o d e  3 4  

s p u t t e r i n g  i n  t h e  r educ t ion  of argon i n c l u s i o n s  i n  pure A1N sugges ts  

t h a t  t h i s  method might advantageously b e  used i n  t h e  p repa ra t ion  of 

mixed f i lms  of more uniform composition. 

The r e s u l t s  ob ta ined  i n  ou r  pre l iminary  s tudy  of s p u t t e r e d  BN 

f i lms  are encouraging i n  t h a t  t h e  f i l m  products  possess  e x c e l l e n t  

d i e l e c t r i c  p r o p e r t i e s  comparable wi th ,  o r  s u p e r i o r  t o ,  t hose  found f o r  

A1N f i lms .  As  wi th  t h e  A1N f i l m s ,  i t  appears  t h a t  t h e  o p t i c a l  p r o p e r t i e s  

may b e  s e n s i t i v e  t o  argon occ lus ion .  However, i n  v i e w  of t h e  few 
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r e su l t s  ye t  avai lable ,  i t  would be premature t o  discuss t h i s  e f f ec t ,  o r  

the anomalous d i s to r t ion  of t he  hexagonal f i lm s t ruc tu re  (cf .  bulk 

parameters - Sec. 3 . 4 . 2 )  a t  t h i s  s tage.  
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4. CONCLUSIONS AND FUTURE PLANS 

4 .1  Conclusions 

4.1.1 - Evaporated f i lms  of A l A s  and A1P have been prepared f o r  t h e  

f i r s t  t i m e  and t h e  condi t ions  of depos i t i on  l ead ing  t o  s t o i c h i o m e t r i c  

compositions have been def ined .  These condi t ions  d i f f e r  from those  used 

f o r  o t h e r  1 1 1 - V  compound f i lms  due t o  t h e  high decomposition temperatures 

of t h e  Al-compounds. 

4.1.2 - The s t r u c t u r a l  and o p t i c a l  p r o p e r t i e s  of t h e  vacuum depos i ted  

AlSb, A l A s  and A1P f i lms  ag ree  wi th  corresponding bulk  p r o p e r t i e s .  

p r o p e r t i e s  degrade r a p i d l y ,  however, when t h e  f i lms  are exposed t o  a i r  and 

water vapor environments. 

These 

4 .1 .3  - Resistivit ies measured i n  t h e  antimonide,  a r sen ide  and 

phosphide, be fo re  f i l m  d e t e r i o r a t i o n  were comparable t o  bu lk  va lues .  

M o b i l i t i e s ,  however, w e r e  very low and w e r e  a t t r i b u t e d  t o  t h e  many g r a i n  

boundaries  i nhe ren t  i n  f i lms  made up of s m a l l  c r y s t a l l i t e s .  This  f a c t ,  

as w e l l  as t h e  d i f f i c u l t y  experienced i n  producing e p i t a x i a l  s t r u c t u r e s ,  

render  f i lms  grown by vacuum depos i t i on  unsu i t ab le  f o r  t h e  manufacture 

of j u n c t i o n s .  

4 .1 .4  - Films of A1N have been s p u t t e r e d  f o r  t h e  f i r s t  t i m e  i n  

r e s i d u a l  u l t ra -h igh  vacuum condi t ions .  

prepared on amorphous s u b s t r a t e s  and p a r t i a l l y  e p i t a x i a l  depos i t s  on 

s i n g l e  c r y s t a l  s u b s t r a t e s .  

Highly o r i e n t e d  d e p o s i t s  w e r e  

4.1.5 - The s t r u c t u r a l ,  electrical ,  and d i e l e c t r i c  p r o p e r t i e s  of 

A1N f i lms  compared favorably  t o  those  of bu lk  p o l y c r y s t a l l i n e  and s ing le -  

c r y s t a l  material. The d i e l e c t r i c  p r o p e r t i e s ,  i n  f a c t ,  seemed t o  su rpass  
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those  of s i n t e r e d ,  p o l y c r y s t a l l i n e  A l N ,  i n  regard t o  d i e l e c t r i c  l o s s  and 

behavior a t  high temperature.  

4.1.6 - An anomalous s h i f t  t o  lower energ ies  i n  t h e  p o s i t i o n  of t h e  

o p t i c a l  absorp t ion  edge f o r  as-deposited f i lms  could b e  removed by 

anneal ing i n  N 

argon which gave rise t o  t h e  s h i f t .  

As-deposited f i lms  w e r e  be l ieved  t o  conta in  occluded 2 '  

A s i m i l a r  e f f e c t  had been repor ted  

f o r  argon annealed bulk  s i n g l e  c r y s t a l s .  

4.1.7 - Films of a mixed A1N-Si N composition w e r e  deposi ted by 3 4  

t h e  diode reactive s p u t t e r i n g  of an Al-Si cathode of v a r i a b l e  composition. 

D i lu t e  mixtures r e t a ined  p rope r t i e s  s imilar  t o  those  observed f o r  pure 

A1N. Deposits i n  which t h e  A l - S i  r a t i o  w a s  almost u n i t y  w e r e  p a r t l y  

amorphous (probably two-phase) and displayed a space-charge l imi t ed  I-V 

c h a r a c t e r i s t i c .  

dependent , an undes i reable  c h a r a c t e r i s t i c .  (Although these  p rope r t i e s  

The d i e l e c t r i c  p rope r t i e s  of t hese  f i lms  were frequency 

are rep resen ta t ive  of the f i l m s ,  they may a l s o  r e f l e c t  some inherent  

f ea tu re s  p e c u l i a r  t o  t h e  mode of depos i t ion ,  e .g . ,  argon occlusion.  A 

more conclusive r ep resen ta t ion  of f i l m  p rope r t f e s  w i l l  r equ i r e  s tudy  

of  comparable f i l m  s t r u c t u r e s  deposi ted by t r i o d e  r e a c t i v e  spu t t e r ing . )  

4.1.8 - Boron n i t r i d e  (BN) f i l m s  have been prepared by diode r e a c t i v e  

s p u t t e r i n g  and show some d i e l e c t r i c  p rope r t i e s  comparable t o  o r  supe r io r  t o  

those of A1N. The t h i n  f i l m  s t r u c t u r e  is  not  completely cons i s t en t  with 

t h a t  of t h e  bulk ,  adopting a hexagonal s t r u c t u r e  b u t  wi th  s l i g h t l y  modified 

l a t t i ce  cons tan ts .  

4.2 Future  P lans  

The forthcoming e f f o r t  w i l l  b e  d i r e c t e d  towards making a com- 

p l e t e  eva lua t ion  of t h e  p repa ra t ion  and d i e l e c t r i c  p rope r t i e s  of A l N  
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f i l m s ,  and of  o t h e r  f i l m  compositions based on A l N ,  i n  r e l a t i o n  t o  t h e i r  

a p p l i c a t i o n  i n  s o l i d  state devices .  Two primary device  areas w i l l  be  

cons idered ,  i . e .  MIS-type s t r u c t u r e s  based on s i l i c o n ,  and t ransducer  

de lay- l ine  s t r u c t u r e s .  

o f  amorphous A1N-type f i l m  s t r u c t u r e s  (e .g .  i n  mixtures  of t h e  type A1N- 

S i  N ) f o r  MIS a p p l i c a t i o n ,  and c r y s t a l l i n e ,  h ighly-or ien ted  f i lms  

( e , g .  pure  A1N o r  A1N-BN mixtures)  f o r  t ransducer  a p p l i c a t i o n s .  The 

work w e  seek  t o  accomplished is  as fol lows:  

A key o b j e c t i v e  of t h e  s tudy  i s  t h e  p repa ra t ion  

3 4  

4.2.1 - To depos i t  f i lms  of  pure aluminum n i t r i d e  A1N and of s o l i d  

s o l u t i o n s  of type  type  A1N-Si3N4 and A1N-BN on a v a r i e t y  of chemically 

i n e r t  s u b s t r a t e s  i nc lud ing  s i l i c o n ,  v i t r e o u s  s i l i ca ,  sapphire ,  and 

metal-fi lm e l ec t roded  s u b s t r a t e s ,  a t  th icknesses  i n  t h e  range up t o  

4 microns.  The techniques t o  b e  employed f o r  f i l m  depos i t i on  w i l l  

i nc lude  both reactive and r - f .  s p u t t e r i n g .  Experimental condi t ions  

needed f o r  optimum f i l m  growth rates and f o r  e p i t a x i a l  growth ( i n  the  

case of A1N and t h e  A1N-BN s o l i d  s o l u t i o n s )  would b e  e s t a b l i s h e d .  

4.2.2 - The c r y s t a l l o g r a p h i c  s t r u c t u r e  o f ' t h e  f i lms  w i l l  b e  

eva lua ted  by means of e l e c t r o n  and X-ray d i f f r a c t i o n  and, i n  t h e  case 

of f i lms  depos i ted  on s i l i c o n ,  by t ransmiss ion  e l e c t r o n  microscopy. 

The degree of  c r y s t a l l i n i t y  of t h e  f i lms  w i l l  b e  e s t a b l i s h e d  and t h e i r  

p e r f e c t i o n  of  o r i e n t a t i o n  graded i n  a semi-quant i ta t ive  fash ion  using 

cri teria such as widths  of d i f f r a c t i o n  arcs. I n  t h e  case of s o l i d  

s o l u t i o n s , l a t t i c e  parameter measurements are t o  b e  made and c o r r e l a t e d  

wi th  chemical a n a l y s i s  performed by e l e c t r o n  microprobe o r  o t h e r  

appropr i a t e  techniques.  S p e c i a l  a t t e n t i o n  w i l l  b e  pa id  t o  determining 

i f  so l id - so lu t ion  compositions form w i t h i n  t h e  range i n  which an  

amorphous f i l m  s t r u c t u r e  is  s t a b i l i z e d .  
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4.2.3 - Dielectric measurements w i l l  b e  performed on those  f i lms  

depos i ted  on m e t a l l i z e d  s u b s t r a t e s ,  i n  o r d e r  t o  determine r e s i s t i v i t y ,  

capac i tance ,  d i s s i p a t i o n  f a c t o r  and t h e  frequency dependence of t h e s e  

a t  f requencies  up t o  1MHz. Breakdown s t r e n g t h s  w i l l  b e  measured f o r  

a l l  f i l m  compositions produced and t h e  lowest  f i l m  th ickness  a t  which 

t h e  f i l m  is e l e c t r i c a l l y  s t a b l e  under f i e l d s  approaching t h e  nominal 

breakdown s t r e n g t h  would b e  e s t a b l i s h e d .  

w i l l  be  measured i n  a i r  and i n  vacuo t o  assess conduct iv i ty  under h igh  

f i e l d s  and t o  eva lua te  t h e  r o l e  of e l e c t r o d e  metals i n  p o s s i b l e  b a r r i e r  

e f f e c t s ,  and of ambient atmosphere i n  in f luenc ing  f i l m  conduct iv i ty .  

These measurements w i l l  b e  made a t  d i f f e r e n t  temperatures  t o  test t h e  

v a l i d i t y  of var ious  p o s s i b l e  conduction models. 

dependence of p e r m i t t i v i t y ,  d i s s i p a t i o n  f a c t o r  and r e s i s t i v i t y  w i l l  b e  

measured i n  t h e  range - 196 t O  500°C f o r  each f i l m  composition s t u d i e d .  

4.2.4 - Films of pu re  A1N and of mixed n i t r i d e s  ( p a r t i c u l a r l y  those  

wi th  amorphous s t r u c t u r e s )  which have been depos i ted  on s i l i c o n  w i l l  b e  

cha rac t e r i zed  e l e c t r i c a l l y  t o  e v a l u a t e  t h e i r  MIS behavior .  

vo l t age  eva lua t ion  of meta l - insu la tor  s i l i c o n  u n i t s  w i l l  b e  made a t  

1 MHz t o  assess t h e  charge behavior  of mixed composition f i lms  of t h e  

type  A1N-Si N The f i l m s  w i l l  b e  depos i ted  on b a r e  and oxide  coated 

s i l i c o n  s u b s t r a t e s  of  a p p r o p r i a t e  r e s i s t i v i t y .  

w i l l  b e  eva lua ted  f o r  var ious  f i l m  compositions,  depos i t i on  temperatures  

Current-voltage c h a r a c t e r i s t i c s  

The temperature- 

Capacitance- 

3 4' 

The s u r f a c e  s ta te  dens i ty  

and annea l ing  schedules .  Bias-temperature stress tests w i l l  b e  made over  

a temperature  range of  -196OC t o  300OC. Resul t s  w i l l  be  analyzed f o r  
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i n d i c a t i o n s  of i o n i c ,  i n j ec t ion - t r app ing  o r  i n t e r n a l  p o l a r i z a t i o n  e f f e c t s .  

Cor re l a t ions  w i t h  conduction behavior  w i l l  b e  made as app l i cab le .  

4.2 .5  - A s tudy  w i l l  be  made of t h e  p i e z o e l e c t r i c  p r o p e r t i e s  of 

A1N f i lms  wi th  a view t o  t h e i r  use  as microwave a c o u s t i c  t ransducers  

f o r  bu lk  and s u r f a c e  wave de lay  l i n e s .  The e lec t romechanica l  coupl ing 

c o e f f i c i e n t s  of f i lm-deposi ted on t o  A 1  0 and s i l i c o n  s i n g l e  c r y s t a l  

de lay  l i n e s  w i l l  be  measured and compared wi th  those  f o r  ZnO, CdS and 

ZnS f i lms  using microwave pu l se  techniques.  Measurements w i l l  b e  made 

t o  determine t h e  p i e z o e l e c t r i c  cons t an t s  needed f o r  both compressional 

and shea r  wave genera t ion .  

f i be r - t ex tu red  and e p i t a x i a l  f i lms  of pure  A1N and on s imilar  mixed with 

S i  N o r  BN. Measurements on e p i t a x i a l  f i lms  w i l l  r ece ive  s p e c i a l  

emphasis s i n c e  t h e s e  would provide important  in format ion  on s h e a r  mechanical 

energy conversion. Film th icknesses  t y p i c a l l y  i n  t h e  range 2000 A t o  

2 microns w i l l  be  used, corresponding t o  a microwave frequency range 

from 1 t o  10 GHz.  

2 3  

These s t u d i e s  w i l l  be  performed on both 

3 4  
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6 .  APPENDIX (NEW TECHNOLOGY) 

Preparation of Stoichiometric A1-V Films 
by Three Temperature Evaporation 

The following conditions were used to ensure the preparation 

of stoichiometric evaporated films of the compounds AlSb, AlAs and Alp. 

A1 source temperatures should be in the range 1000-1200°C to provide 

incidence rates up to 600 A/min. 

from the A1 source to prevent formation of the compound at the surface 

of the melt. .Adjustment of the source temperatures should be such that 

the Group V element flux is 1 to 1.5 times that for A l .  Substrate 

temperatures must be greater than 700"C, high enough to prevent or 

reduce significantly the deposition of A1 alone. The upper limit for 

the substrate temperature is set only by the decomposition temperature 

The Group V element should be screened 

of the respective compound. 

More detailed data are given for the individual compounds in 

See. 2.1.1 (AlSb), Sec. 2.3.1 (AlAs) and Sec. 2 . 4 . 1  (Alp). 
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