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CHAPTER I 

In t roduct ion  

Since i t s  in t roduc t ion  i n  t h i n  f i l m  form i n  1965, s i l i c o n  

n i t r i d e  has been t h e  ob jec t  of an i n t e n s e  r e sea rch  e f f o r t ,  mainly by 

i n d u s t r i a l  l a b o r a t o r i e s ,  t o  explore  i t s  p o s s i b l e  use  i n  t h e  technology 

and manufacture of i n t e g r a t e d  c i r c u i t s  and mic roe lec t ron ic  devices .  

I n  announcing a technology employing s i l i c o n  n i t r i d e  as t h e  d i f f u s i o n  

mask and d i e l e c t r i c  i n  a new m a t e r i a l ,  Tombs76 e t . a l .  descr ibed  it as 

more uniform wi th  fewer p inhole  d e f e c t s ,  having a r e l a t i v e l y  l a r g e  

d i e l e c t r i c  cons tan t  and l a r g e r  breakdown v o l t a g e ,  and pe rmi t t i ng  g r e a t e r  

c o n t r o l  of t h e  su r face  s t a t e  dens i ty  than  s i l i c o n  d ioxide .  S i l i c o n  

d ioxide  i s  c u r r e n t l y  t h e  most important d i e l e c t r i c  material i n  t h e  micro- 

e l e c t r o n i c s  indus t ry .  It serves  as both t h e  d i f f u s i o n  mask and t h e  

d i e l e c t r i c  m a t e r i a l  i n  s i l i c o n  f i e l d  e f f e c t  t r a n s i s t o r s .  I ts  major 

advantage i s  t h e  ease  wi th  which it grows by thermal  ox ida t ion  on s i l i -  

con s u b s t r a t e s .  However, s i l i c o n  d ioxide  has two major disadvantages 

i n  device a p p l i c a t i o n s ,  it grows thermal ly  on only s i l i c o n  s u b s t r a t e s  

and it has an a f f i n i t y  for sodium. The sodium ions  move through t h e  

s i l i c o n  oxide causing a space charge which changes t h e  e l e c t r i c a l  char- 

a c t e r i s t i c s  of  t h e  metal-oxide-semiconductor (MOS) device% t h u s  causing 

t h e  devices  t o  f a i l .  Only e l abora t e  techniques can prevent  contami- 

na t ion  of t h e  oxide with sodium. The p o s s i b l e  advantages of  s i l i c o n  

n i t r i d e  for device s t a b i l i t y  encourages i n d u s t r i a l  i n t e r e s t  i n  t h e  

m a t e r i a l .  

Vapor p l a t i n g  t h e  n i t r i d e  permits  i t s  use on a l a r g e  v a r i e t y  

1 



of s u b s t r a t e s .  

ment i n  t h e  s u b s t r a t e  for film growth. 

gall ium-arsenide has r e c e n t l y  been announced. 33 

a r e  uniform, wi th  fewer p inholes  than  s i l i c o n  d ioxide  sugges ts  i t s  

use i n  t h i n  f i l m  t unne l ing  devices .  

c l a s s  of devices employing tunne l ing  from a meta l  through an i n s u l a t o r  

i n t o  another i n s u l a t o r .  To d a t e ,  no commercial devices  us ing  t h i s  tech-  

nique are a v a i l a b l e ,  mainly because of t h e  t echno log ica l  problems in -  

volved i n  obtaining f i lms  of  t h e  r equ i r ed  th i ckness  ( <  100 A )  wi th  

e x i s t i n g  i n s u l a t o r s .  These d e s i r a b l e  p r o p e r t i e s  suggested a d e t a i l e d  

s tudy  of s i l i c o n  n i t r i d e  t o  ob ta in  bas i c  information about t h e  m a t e r i a l  

i t s e l f .  

The depos i ted  material does not  r e q u i r e  a s p e c i f i c  e l e -  

I ts  s u c c e s s f u l  a p p l i c a t i o n  t o  

The f a c t  t h a t  t h e  f i lms  

MeadG1 descr ibed  i n  1962 a new 

0 

A )  Other Work on S i l i c o n  N i t r i d e  F i l m s :  

The f i r s t  publ ished success fu l  p repa ra t ion  and depos i t i on  

74 of  t h i n  films of s i l i c o n  n i t r i d e  i s  t h e  work of S t e r l i n g  and Swann 

i n  1965. Tombs77 e t . a l .  followed wi th  a l e t t e r  i n  t h e  Proceedings of  

t h e  IEEE r epor t ing  t h e  use of s i l i c o n  n i t r i d e  i n  p l ace  of s i l i c o n  oxide 

as t h e  d i f f u s i o n  mask, t h e  p a s s i v a t i n g  l a y e r ,  and t h e  g a t e  i n s u l a t o r  

i n  p l ana r  s i l i c o n  insu la ted-ga te  f i e l d  e f f e c t  t r a n s i s t o r s .  They r e p o r t  

improvements i n  t h e  device s t a b i l i t y ,  t h e  d i e l e c t r i c  s t r e n g t h  of t h e  g a t e ,  

and t h e  con t ro l  of t h e  s u r f a c e  s t a t e  d e n s i t i e s .  Hu5l and followed 

Tombs, e t . a l .  i n  J u l y  of 1966. I n  October of  1966, t h e  Electrochemical  

Soc ie ty  sponsored a symposium of s i l i c o n  n i t r i d e  a t  which almost every 

device  manufacturer w a s  represented .  References (1) - (18) g ive  t h e  

t o p i c s  discussed a t  t h a t  meeting. I n  gene ra l  t h e  work t o  d a t e  i s  very  

q u a l i t a t i v e  and l i t t l e  q u a n t i t a t i v e  information e x i s t s .  The only in -  

formation on t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  m a t e r i a l  i n  t h e  l i t e r a t u r e  
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are the works of Hu5" 52. 

electrical properties scheduled for publication . This work both 

There are at least two papers on the 
3GX 

supports and complements their conclusions. 

B) Significance of This Work: 

The major result of this work is a knowledge of the conduction 

behavior of silicon nitride films on silicon and quartz substrates 

with different contacts. Measurements on substrates of these materials 

with film thicknesses ranging from < 80 A to 2500 A established the ma- 
0 0 

jor current injection mechanism as thermal emission from the bulk of 

the film. We find two different thermal emission mechanisms. The so- 

called Poole-Frenkel emission mechanism is characteristic of the material. 

It is identified with a barrier height of approximately 1.5 eV and a 
8 distribution of traps such that a carrier density of from l o 6  to 10 

carriers/cm3 exists in the conduction band at zero field. 

type of emission arises from non-stoichiometric conditions of some of 

the films and this mechanism exhibits transient effects in about one- 

fourth the devices. It differs from the Poole-Frenkel emission in 

that the current readings are less stable, the resistivity is lower 

The other 

at a given field, and the slope of the Schottky plots (In1 vs. V 1/2) 

are approximately 1/2 those of the Poole-Frenkel type. 

for this mechanism vary from 0.85 eV to 1.05 eV below the conduction 

band compared to 1 . 5  eV for the Poole-Frenkel emission. 

Trap levels 

0 

At film thicknesses less than 200 A the current appears 

essentially ohmic on 

silicon substrates. 

the quartz substrates but remains non-ohmic on the 

This is the f i r s t  known work on silicon nitride below 

* G. Brown, private communication 
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0 

300 A. 

nesses  of  50 A. 

Pinhole-free f i lms  form with a r e a s  g r e a t e r  t han  2 .0  mm2 at t h i c k -  
0 

The theory  review p r e s e n t s  a more complete d e s c r i p t i o n  of t h e  

Poole-Frenkel theory  than  e x i s t s  i n  t h e  l i t e r a t u r e .  This  involves  w r i t -  

i n g  down the  equat ions  f o r  thermal  c a r r i e r  concen t r a t ions  i n  an i n s u l a -  

t o r  and t h e  e f f e c t  o f  t h e  a p p l i e d  f i e l d  on t h e  b a r r i e r  h e i g h t ,  cons ider -  

i n g  t h a t  a coulomb a t t r a c t i o n  e x i s t s  between t h e  emi t t ed  c a r r i e r  and 

i t s  ionized  s t a t e .  A d e s c r i p t i o n  of an i d e a l  i n s u l a t o r  i nc ludes  t h e  

presence o f t r a p s  and how they  a f f e c t  t h e  b a r r i e r  a t  t h e  m e t a l - i n s u l a t o r  

i n t e r f a c e  and determine whether t h e  c u r r e n t  i n j e c t i o n  i s  e l e c t r o d e  or 

bu lk  con t ro l l ed .  Thermal b a r r i e r  h e i g h t s  and approximate t r a p  d e n s i t i e s  

r e s u l t  from d a t a  a n a l y s i s .  No d i f f e r e n c e  i n  t h e  c u r r e n t  c h a r a c t e r i s t i c  

appears  i n  t h e  th i ckness  range from - 50 A t o  2300 A. The n i t r i d e  
0 0 

suppor t s  a s t eady  c u r r e n t  of t h e  o rde r  of 1 microamp be fo re  breakdown. 

The breakdown s t r e n g t h  of  t h e  n i t r i d e  approaehes t h e  t h e o r e t i c a l  l i m i t  

o f  10  V/cm at  t h i c k n e s s  over  200 A a t  room tempera ture  but  decreases  
0 7 

0 

t o  about 5 x l o 6  V/cm below 200 A .  

of t h e  n i t r i d e  i s  about ohm-cm at  low f i e l d s  but  decreases  t o  

about lo1' ohm-cm be fo re  breakdown 

The room tempera ture  r e s i s t i v i t y  

6 )  Exper imen ta l  Techniques -----__ 
The l i t t l e  m a t e r i a l  i n  any t h i n  f i l m  s t r u c t u r e  makes t h e  s tudy  

of  phys i ca l  p r o p e r t i e s  d i f f i c u l t .  Thin f i l m  i n s u l a t o r s  a r e  u s u a l l y  

amorphous making it very d i f f i c u l t  t o  o b t a i n  informat ion  about t h e i r  

composition and s t r u c t u r e .  S ince  t h i n  f i l m s  have been of  such g r e a t  

i n t e r e s t  only i n  t h e  last  decade,  techniques  f o r  t h e i r  s tudy  r e q u i r e  

f u r t h e r  development a long wi th  t h e  t h e o r y  of t h e  t h i n  film state.  Since 

t h e  m a t e r i a l  ho lds  such i n t e r e s t  for eng inee r s ,  an engineer ing  s tudy  
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seemed a worthwhile endeavor. 

The main experimental  technique app l i cab le  t o  t h i n  f i l m  d i -  

e l e c t r i c s  i s  a s tudy  of  t h e i r  e l e c t r i c a l  p r o p e r t i e s .  The information 

obta ined  a p p l i e s  d i r e c t l y  t o  devices by i n t e r p r e t i n g  it through physi-  

c a l  models. 

Two b a s i c  techniques apply t o  t h e  s tudy  of  t h e  e l e c t r i c a l  

p r o p e r t i e s :  capac i tance  versus  frequency and temperature  and dc cur- 

r e n t  t r a n s p o r t .  Capacitance da ta  g ive  information about t h e  i n t e r f a c e  

states and i o n i c  conduct iv i ty  i n  t h e  m a t e r i a l .  The dc c u r r e n t  t r a n s -  

p o r t  d a t a  g ive  information about t h e  i n t e r f a c e  b a r r i e r s  , t r a p  l e v e l s  , 

and d e n s i t i e s ,  and t h e  band s t r u c t u r e  of t h e  device .  

The d i f f e r e n t i a l  capaci tance versus  bias vo l t age  technique 

h e l p s  s tudy  t h e  i n t e r f a c e  between a semiconductor and an i n s u l a t o r .  Since 

s i l i c o n  n i t r i d e  will p r i m a r i l y  be used on semiconductors,  a s i g n i f i -  

c a n t  f r a c t i o n  of t h e  specimens measured should have a semiconductor sub- 

s t r a t e .  The dc cu r ren t  t r anspor t  method o f f e r s  less chance of commercial 

a p p l i c a t i o n  so  l e s s  i n d u s t r i a l  work w i l l  pursue t h i s  technique .  

This  i n v e s t i g a t i o n  emphasized t h e  dc c u r r e n t  t r a n s p o r t  pro- 

p e r t i e s  t o  ob ta in  information about ( a )  t h e  breakdown s t r e n g t h  of t h e  

m a t e r i a l ,  

t h e  films, ( d )  t h e  cu r ren t  mechanisms p resen t  i n  t h e  films, and ( e )  t h e  

e f f e c t  of s t r e s s  from d i f f e r e n t  s u b s t r a t e s  on t h e  e l e c t r i c a l  p r o p e r t i e s .  

( b )  t h e  uniformity of t h e  f i l m s ,  ( c )  t h e  r e p r o d u c i b i l i t y  of 

A knowledge of  t h e  current-vol tage c h a r a c t e r i s t i c s  i s  of 

p r a c t i c a l  importance t o  engineers .  A s  w e l l  as supplying b a s i c  i n f o r -  

mation about t h e  m a t e r i a l ,  t h e  cur ren t -vol tage  c h a r a c t e r i s t i c s  a r e  use- 

f u l  i n  design of f i e l d  e f f e c t  t r a n s i s t o r s .  The leakage c u r r e n t  of  t h e  

d i e l e c t r i c  a f f e c t s  t h e  c h a r a c t e r i s t i c s  and must be considered i n  design.  



The leakage current also provides warning that the dielectric 

approaches breakdown. 

reliability. 

tunnel emission mechanism has been known and H a r t ~ i g ~ ~  recently described 

the operat,ion of a new tunneling digital transducer. 

gained from a study of the current-voltage behavior has practical as 

well as theoretical importance. 

This type of information pertains to device 

Since 1960, a whole new class of devices employing the 

The information 

D) Transport Mechanisms in Thin Insulating Films: 

The possibility of current flow in insulators has been recog- 

Rose 69’ 27 developed nized f o r  many year; (see e . g ,  Mott and Gurney24). 

the theoyy zf space charge limited flow, 

work on current transport in thin films of insulating materials in which 

Mead61 conducted the first 

he described a new ciass of electronic devices employing the mechanism 

of tunnel emission, The work by Mead created a lot of interest in these 

new devices and h i s  work on Ta 0 49,53 and A1203 preceded work on Si0 
2 3  

48927366, so6’, polymerized silicon’ o i l  42y78’38 (PSO) and Si02 54 A1203  

others, 

In general, the current densities required fcr space-charge- 

limited conditions do not occur. The mechanism by which the carriers 

appear in %he ccnductlon band of the insulator limits the current. 

Mechanism models proposed for the injection of carriers into the con- 

duction band rely on the energy band representation of the metal-in- 

sillator-metal structure as in fig. 1 The mechanisms consist of two 

general classes, thermionic emission and tunnel emission and subdivide 

into bulk- and electrode-controlled phenomena. 

Thermionic emission occurs when the carrier receives enough 



EF r7---- 
/ 

Metal L 
/ 
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Fig. 1 Current Mechanisms in Thin Film Insulators 

(1) Schottky Emission 
(2) Fowler-Nordheim Tunneling 
( 3 )  Poole-Frenkel Emission 
(4) Field Ionization 
(5) Metal-Metal Tunneling 
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thermal  energy from t h e  l a t t i c e  t o  surmount t h e  r e s t r a i n i n g  p o t e n t i a l  

b a r r i e r  and t h e  lowest  a v a i l a b l e  s ta te  i n  t h e  conduct ion band o f  t h e  

i n s u l a t o r .  Tunneling occurs  when t h e  b a r r i e r  t h i c k n e s s  i s  t h i n  enough 

t o  a l low a f i n i t e  p r o b a b i l i t y  f o r  t h e  e l e c t r o n  t o  p e n e t r a t e  t h e  b a r r i e r  

and emerge t o  t h e  o t h e r  s i d e .  

Experimental ly ,  a g r e a t  d e a l  o f  s i m i l a r i t y  e x i s t s  between t h e  

observed cu r ren t  c h a r a c t e r i s t i c s  f o r  t h e  materials mentioned above. 

I n  gene ra l ,  t h e  c u r r e n t  i s  p ropor t iona l  t o  exp ( C  V ’’*) where C i s  a 

cons tan t  and V i s  t h e  app l i ed  v o l t a g e .  

100 A ,  t h e  c u r r e n t  u s u a l l y  depends s t r o n g l y  on tempera ture  a t  room 

For t h i c k n e s s e s  greater t h a n  
0 

temperature .  Current depends l i t t l e  on tempera ture  a t  low tempera tures .  

!Chat t h e  t h e o r e t i c a l  p i c t u r e  i s  not  c l e a r  i s  evidenced by t h e  p re sen t  

number of d ivergent  papers  i n  t h e  l i t e r a tu re  on t h e  s u b j e c t  which i n d i -  

c a t e s  t h e  u n s a t i s f a c t o r y  t h e o r e t i c a l  p i c t u r e .  Two r e c e n t  papers  exa- 

44 
mine t h e  e f f e c t s  of  t r a p s  on Schot tky emission and t h e  e f f e c t s  of 

electron-phonon i n t e r a c t i o n  on tunne l ing  . 39 



CFLWTER I1 

Current Mechanisms i n  I n s u l a t o r s  

E l e c t r o n i c a l l y  s o l i d  s t a t e  m a t e r i a l s  group as conductors ,  

semiconductors,  and i n s u l a t o r s .  The conduc t iv i ty  range of s o l i d  ma- 

t e r i a l s  v a r i e s  over mhos/meter. Fused q u a r t z ,  a good i n s u l a t o r ,  

has a conduc t iv i ty  of 2 x mhos/meter, and s i l v e r ,  a good con- 

duc tor  has  a conduc t iv i ty  of  6 x 10  7 mhos/meter. They i l l u s t r a t e  

extremes of one of t h e  most v a r i a b l e  q u a n t i t i e s  found i n  na tu re .  

The i r  energy band s t r u c t u r e ,  shown i n  f i g .  2 ,  b e s t  exp la ins  t h e  d i s -  

t i n g u i s h i n g  f e a t u r e s  of  conductors,  i n s u l a t o r s ,  and semiconductors.  

The conduction p rope r t i e s  of t h e  t h r e e  c l a s s e s  of m a t e r i a l s  

a r i s e  from t h e  s i z e  of t h e  energy gap sepa ra t ing  t h e  valence band and 

t h e  conduction band. The gaps i n  allowed energy a r e  t h e  r e s u l t  of 

degeneracy condi t ions  i n  t h e  ma te r i a l .  The e l e c t r o n s  obey t h e  P a u l i  

exc lus ion  p r i n c i p l e  and when a l a rge  number of atoms wi th  i d e n t i c a l  

e l e c t r o n i c  s t r u c t u r e  a r e  brought toge ther ,  t h e  allowed s t a t e s  s e p a r a t e  

i n t o  c l o s e l y  spaced l e v e l s  ca l l ed  bands.  No conduction occurs  i n  a 

full band, only i n  p a r t i a l l y  f i l l e d  bands. A t  normal tempera tures ,  some 

e l e c t r o n s  i n  narrow gap ma te r i a l s  possess  enough thermal  energy t o  ex- 

c i t e  them over t h e  energy b a r r i e r  between t h e  valence band and t h e  con- 

duc t ion  band r e s u l t i n g  i n  p a r t i a l l y  f i l l e d  bands t h u s  pe rmi t t i ng  con- 

duc t ion ,  This  c l a s s  of  ma te r i a l s  a r e  semiconductors.  I n  meta ls  t h e  

bottom of t h e  conduction band i s  a c t u a l l y  lower i n  energy than  t h e  t o p  
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temperatures .  I n  i n s u l a t o r s ,  however, t h e  amount o f  c a r r i e r s  i n  t h e  

conduction band due t o  thermal  e x c i t a t i o n  from t h e  va lence  band i s  

n e g l i g i b l e  even t o  tempera tures  approaching t h e  me l t ing  tempera ture  

of t h e  ma te r i a l .  

Any real material con ta ins  imperfec t ions  which a l low states 

t o  e x i s t  wi th in  t h e  forbidden band. These s ta tes  l o c a l i z e  around 

t h e  impuri ty  o r  de fec t  and d i f f e r  from t h e  Bloch states found every- 

where i n  the  material. These l o c a l i z e d  states ( t r a p s )  a f f e c t  t h e  con- 

duc t ion  process  by cap tu r ing  and e m i t t i n g  c a r r i e r s  t o  t h e  conduction 

and valence bands.  

I n s u l a t o r s  are materials wi th  r e l a t i v e l y  l a r g e  bandgaps 

(5-12 eV) and i n  which any t r a p s  c o n t r i b u t i n g  free c a r r i e r s  t o  t h e  

conduct ion process  are compensated by t r a p s  c o l l e c t i n g  c a r r i e r s ,  I . e .  

donor t r a p s  compensated by accep to r  t r a p s .  

m a t e r i a l s ,  t h e  concen t r a t ion  of t r a p s  may be as low as l0l2 

however, i n  amorphous o r  p o l y c r y s t a l l i n e  materials t h e  number o f  t r a p s  

i n c r e a s e s  t o  magnitudes comparable t o  t h e  atomic d e n s i t y  of  t h e  ma- 

t e r ia l .  That t h e  material remains i n s u l a t i n g  wi th  such high t r a p  con- 

c e n t r a t i o n s  i s  t h e  r e s u l t  of ( a )  a h igh  degree of compensation o r  

( b )  t h a t  t he  energy d i f f e r e n c e  between t r a p s  and t h e  nea re r  band i s  

l a r g e  compared t o  t h e  thermal  energy. 

I n  h igh  p u r i t y  c r y s t a l l i n e  

A t  h igh  tempera tures  and h igh  e l e c t r i c  f i e l d s ,  t h e  q u a n t i t y  

o f  f r e e  carriers becomes such t h a t  s i g n i f i c a n t  amounts of  c u r r e n t  may 

flow i n  t h e  i n s u l a t o r .  The a c t u a l  c a r r i e r  i n j e c t i o n  mechanism de te r -  

mines t o  a l a r g e  e x t e n t  t h e  e l e c t r i c  p r o p e r t i e s  of t h e  material and 

i s  t h e r e f o r e  o f  g r e a t  importance t o  device  des igne r s .  Thermal e m i s -  

s i o n  occurs  when t h e  c a r r i e r  r ece ives  enough energy from t h e  l a t t i c e  

t o  overcome t h e  p o t e n t i a l  b a r r i e r  s e p a r a t i n g  i t s  energy s t a t e  from 
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overlapping 
bands 

/\X XK1(K f i l l e d  
bands 

( a )  Metal ( b  ) I n s u l a t o r  

3 

empty band 

wide gap 

f i l l e d  bands 

p a r t i a l l y  
f i l l e d  

I narrow gap narrow gap 

f i l l e d  

1 
p a r t i a l l y  empty m 

A f i l l e d  k w  f i l l e d  

( c )  Semiconductor: T = 0 ( d )  Semiconductor: T > 0 

Fig .  2 Band P i c t u r e s  of  t h e  t h r e e  e l e c t r i c a l  types  of  s o l i d  m a t e r i a l s  
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t h e  lowest a v a i l a b l e  s ta te  i n  t h e  band. Tunneling occurs  when t h e  

b a r r i e r  becomes t h i n  enough f o r  apprec i ab le  q u a n t i t i e s  of e l e c t r o n s  

t o  p e n e t r a t e  i t  whi le  conserving both energy and momentum. 

anisms, such as pho toexc i t a t ion ,  may i n j e c t  c a r r i e r s  i n t o  t h e  bands,  

b u t  t hey  a r e  not important t o  t h i s  work. 

Other mech- 

A s tudy  of charge t r a n s p o r t  through an i n s u l a t o r  r e q u i r e s  

an  e l e c t r i c a l  contac t  t o  t h e  material. The con tac t  a f f e c t s  t h e  material 

behavior ,  t he  experimental  r e s u l t s  and hence, t h e  a n a l y s i s .  Device 

des ign  a l s o  r e q u i r e s  knowledge o f  t h e  con tac t  behavior .  

This s e c t i o n  p r e s e n t s  t h e  model of  an i n s u l a t o r  used t o  eval- 

u a t e  i t s  e l e c t r i c a l  p r o p e r t i e s ,  t h e  manner i n  which t h e  c o n t a c t s  a f f e c t  

t h e  p r o p e r t i e s ,  and how information about t h e  material r e s u l t s  from 

an experimental  s tudy  of t h e  cu r ren t  mechanisms p r e s e n t .  

A )  The I d e a l  I n s u l a t o r :  

The number of free e l e c t r o n s  i n  t h e  conduction band of  a 

l a r g e  bandgap i n s u l a t o r  i n  thermal  equi l ibr ium i s  n e g l i g i b l e  i n  most 

p r a c t i c a l  cases = Conduction t.akes p l a c e  only a f te r  t.he i n t r o d u c t i o n  

of c a r r i e r s  i n t o  t h e  conduction (or valence band)  by some mechanism. 

Once i n  t h e  conduction band, t h e  c a r r i e r s  move i n  t h e  convent iona l  

manner , descr ibable  by a mob i l i t y  parameter 

Figure 3 ( a )  g ives  t h e  s imples t  e a s e  f o r  t h e  energy band 

s t r u c t u r e  of an i n s u l a t o r  con ta in ing  no t r a p s  and shows t h e  two most 

common types of c o n t a c t s ,  metals and semiconductors.  While t h e  band 

p i c t u r e  i s  w e l l  e s t a b l i s h e d  only  for c r y s t a l l i n e  materials wi th  p e r i o d i c  

p o t e n t i a l s ,  good evidence i n d i c a t e s  t h a t  some c l o s e  o rde r  e x i s t s  i n  

a l l  m a t e r i a l s  and i n  f a c t  t h a t  t h e  band p i c t u r e  may ho ld  f o r  completely 

random mate r i a l s55 .  Note t h a t  a f i e l d  e x i s t s  i n  t h e  i n s u l a t o r ,  even 
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with no applied voltage, due to the difference in the surface work 

functions. Application of an external bias results in a total field 

E = Eex + Eint (1) 

where 

v E = ?  ex ( 3 )  

In the ideal insulator, Schottky emission and tunneling are 

the mechanisms by which carrier injection into the conduction band 

occurs. 

30 1) Injection over a Barrier (Schottky mission) 

Consider the metal-insulator interface of fig. 3. For small 

4 ' s  or very high temperatures some electrons possess sufficient energy 

to pass over the barrier. In equilibrium, an equal number flows in 

the opposite direction. By applying a small field, the contribution 

of one group diminishes. Integrating over a l l  electrons in the metal 

with sufficient energy in the z direction to overcome the barrier 

gives the current density (J ) .  This resembles closely the case of 

thermionic emission into a vacuum and follows the Richardson-Dushman 

equation 

Z 

28 

The mass of the electron which enters the equation is the 

effective mass "m*" which may differ considerably from the free elec- 

tron mass rrm'ro In a parabolic band, the effective mass is a single, 
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s u l a t o r  and t h e  metal, t h e  Richardson-Dushman equat ion needs only  modi- 

f i c a t i o n  by r ep lac ing  "m" by %*". If t h e  e f f e c t i v e  masses d i f f e r ,  

t h e  c o r r e c t  mass i s  t h e  one i n  t h e  material i n t o  which t h e  c a r r i e r s  

are i n j e c t e d ,  i . e .  t h e  i n s u l a t o r .  

The thermionic  c u r r e n t  i s  n e g l i g i b l e  at normal temperatures .  

However, high f i e l d s  lower t h e  b a r r i e r  he ight  and inc rease  t h e  c u r r e n t  

t o  apprec i ab le  va lues  i n  a manner analogous t o  t h e  Schot tky e f f e c t  i n  

thermionic  emission from metals i n t o  a vacuum. Considerat ion o f  t h e  

image f o r c e  on t h e  i n j e c t e d  c a r r i e r  g ives  t h e  amount of  barr ier  lower- 

i n g  A $ .  An emi t ted  e l e c t r o n  sees  an equal  and oppos i te  charge i n  t h e  

metal which t ends  t o  r e t u r n  it t o  t h e  metal by coulomb a t t r a c t i o n .  

For emission i n t o  a vacuum t h e  force  of  a t t r a c t i o n  i s  

F =  + ~ e  4.rrcO (22  ( 5 )  

s i o n  S u r f a c e  

F ig .  4 Force on Electron Emitted From Metal Sur face .  
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Ions i n  t h e  i n s u l a t o r  p a r t i a l l y  s h i e l d  t h e  f i e l d  and reduce 

t h e  fo rce  of a t t r a c t i o n  i n  t h e  case  of  emission i n t o  a d i e l e c t r i c .  

The re la t ive  d i e l e c t r i c  cons tan t  "K" c o r r e c t s  f o r  t h e  s h i e l d i n g  e f f e c t s .  

F ig .  5 Reduction of t h e  Surface Barrier a t  a Meta l - Insu la tor  I n t e r f a c e  
Due t o  t h e  Appl ica t ion  of an Externa l  F i e l d .  

Equation 6 then  g ives  t h e  c o r r e c t  b a r r i e r  lowering 

r e s u l t i n g  in  an e f f e c t i v e  b a r r i e r  

= $ -  A $  ( 7 )  'eff 

S u b s t i t u t i n g  t h e  express ion  f o r  t h e  e f f e c t i v e  b a r r i e r  i n t o  t h e  equat ion  

f o r  thermionic  emission g i v e s  t h e  Schot tky equat ion  

q6 - q(qE/4'rf~E,) 112 
kT 

J = 120- m* T e -q$'kT e x ~ [  + O .  44E1/2/ccT] m 

f o r  $ i n  e l ec t ron  v o l t s ;  E i n  vo l t s /me te r .  



17 

2 )  Tunneling or F i e l d  Ehiss ion:  

From above, when t h e  energy of  t h e  e l e c t r o n  exceeds t h e  b a r r i e r  

he igh t  $, t h e  e l e c t r o n  may t r a v e l  r e l a t i v e l y  f r e e l y  over  t h e  b a r r i e r .  

However f o r E  <$  t h e r e  i s  s t i l l  a f i n i t e  p r o b a b i l i t y  t h a t  t h e  e l e c t r o n  

w i l l  escape t h e  meta l  due t o  quantum-mechanical t unne l ing .  F igure  6 

shows t h e  one-dimensional case .  

Z 1 =1 z1 

Fig .  6 Tunneling Through a P o t e n t i a l  Barrier,  @ ' ( z >  i s  t h e  Smoothed 

Out B a r r i e r  due t o  Image Force.  

Z1 and Z2 r ep resen t  t h e  c l a s s i c a l  t u r n i n g  p o i n t s .  So lu t ion  

of one-dimens i o n a l  Schrodinger equat ion 

f o r  t h e  square p o t e n t i a l  @ ( z )  r e s u l t s  i n  an exponen t i a l ly  decaying 

wave func t ion  i n  t h e  forbidden reg ion .  We d e f i n e  P ( f ) ,  t h e  proba- 

b i l i t y  of an e l e c t r o n  tunne l ing th rough  t h e  b a r r i e r , a s  



S t r a t t ~ n ~ ~  uses  an expansion which a p p l i e s  r i g o r o u s l y  a t  l o w  vo l t ages  

provid ing  t h e  image f o r c e  can be taken  i n t o  account e x a c t l y .  Simmons 71,72 

makes approximations which a l low s o l u t i o n  of  t h e  equat ion  over  t h e  

e n t i r e  range but  r e s u l t  i n  e r r o r s  as much as a f a c t o r  o f  10 f o r  materials 

wi th  s m a l l  d i e l e c t r i c  c o n s t a n t s .  

t unne l ing  p r o b a b i l i t y  numerical ly  wi th  an accuracy of  2 25%. 

4 

Meyerhofer and O c d 3  c a l c u l a t e  t h e  

Fig.  7 Various Ways Tunneling Can Occur. 

F igure  7 shows t h r e e  ways tunne l ing  occurs :  

( a )  d i r e c t  t unne l ing  from t h e  conduction band of one metal 

i n t o  t h e  conduction band of  t h e  o t h e r .  

( b )  t u n n e l i n g  from t h e  conduction band of  t h e  m e t a l  i n t o  

t h e  conduction band of t h e  i n s u l a t o r .  

( c )  t unne l ing  from t h e  valence band of t h e  i n s u l a t o r  d i r e c t l y  

i n t o  t h e  conduction band of t h e  i n s u l a t o r .  

l $ ( z ) l  ' i s  t h e  expected va lue  of f ind ing  an  e l e c t r o n  a t  z .  Real bar-  

riers are never i n f i n i t e l y  sharp  and r e q u i r e  approximations '  f o r  s o l u t i o n s  



o f  t h e  t ransmiss ion  c o e f f i c i e n t  P( E ) .  The COFmcn apprcach uses  t h e  

T n P T I  . L ? .  -23  
WILD a P ~ L U A I I 1 l U  LI I U I I  . 

The result  i s  

where @‘ ( z )  i s  t h e  shape of  t h e  r e a l  b a r r i e r  and 6 i s  t h e  energy o f  t h e  

e l e c t r o n  measured from t h e  bottom of  t h e  conduction band of t h e  metal .  

I n t e g r a t i n g  over a l l  e l e c t r o n s  then g ives  t h e  t u n n e l  cu r ren t  

Jz = qN(E)f(E)P(E2)vZdkz (13) 

where N ( E )  i s  t h e  d e n s i t y  of  s t a t e s  func t ion  

f ( E )  i s  t h e  Fermi func t ion  

vz i s  t h e  z component of v e l o c i t y  

k, i s  t h e  wave number o f t h e  e l e c t r o n  and i s  expressed i n  terms 

o f  energy. 

O f  t h e  many a t tempts  t o  eva lua te  J,, most au tho r s  c a l c u l a t e  

approximate forms of  t h e  i n t e g r a l s  which apply only  w i t h i n  c e r t a i n  l i m i t s .  

Two of t h e  most r ecen t  and complete c a l c u l a t i o n s  are by S t r a t t ~ n ~ ~  and 

72 Simmons . 
Because of  t h e  l a r g e  bandgaps i n  i n s u l a t o r s ,  mechanism ( c )  

i s  very  u n l i k e l y .  For very  t h i n  f i l m s ,  ( a )  dominates a t  low v o l t a g e s .  

However f o r  films > 50 A ,  t h e  t ransmiss ion  c o e f f i c i e n t  f o r  ( a )  i s  neg- 
0 

l i g i b l e  bu t  ( b )  occurs  f o r  any th ickness  due t o  narrowing of  t h e  b a r r i e r  

by t h e  e l e c t r i c  f i e l d .  

i n a t e s .  

For films o f  t h i s  s tudy ,  mechanism ( b )  predom- 

Simmons7’ g ives  t h e  expression f o r  (5) as 
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This  expression has t h e  same form as h igh  f i e l d  emission from a m e t a l  

i n t o  a vacuum first  considered by Fowler and Nordheim . 43 

2 -B/E J = A E e  

O t h e ~ s ~ ~  o b t a i n  t h e  form of  t h i s  equat ion  al though t h e  con- 

s t a n t s  vary wi th  t h e  approximations.  

B )  Space-Charge-Limited Curren t :  

Carriers i n j e c t e d  i n t o  t h e  conduct ion band of  t h e  i n s u l a t o r  

cont inue  t o  flow toward t h e  anode due t o  t h e  a p p l i e d  f i e l d .  For no 

compensating charge p r e s e n t ,  t h e  presence of  t h e  c a r r i e r s  c o n s t i t u t e s  

a space charge.  The space charge i n  t u r n  changes t h e  f i e l d  d i s t r i b u -  

t i o n  i n  t h e  i n s u l a t o r .  For an unl imi ted  r e s e r v i o r  of c a r r i e r s ,  t h e  

express ion  f o r  o n e - c a r r i e r ,  t r a p - f r e e ,  space-charge-limited c u r r e n t  i s  

where 1-1 i s  mob i l i t y .  

This express ion  shows t h a t  l a r g e  c u r r e n t s  i n  i n s u l a t o r s  occur  

68 i f  t h e  c a r r i e r s  are a v a i l a b l e .  Smith and Rose measured c u r r e n t s  

up t o  20 anps/cm2 through i n s u l a t i n g  CdS c r y s t a l s  and demonstrated 

t h a t  t h e y  obey eq. 16. 

In g e n e r a l ,  t h e  assumption of an unl imi ted  supply o f  c a r r i e r s  

does no t  hold and t r a p s  cause important  e f f e c t s  on t h e  c u r r e n t .  Space- 

charge l i m i t e d  c u r r e n t s  a f f e c t  t h e  f i e l d  d i s t r i b u t i o n  which i n  t u r n  

a f f e c t s  t h e  i n j e c t i o n  process .  The f i e l d  a t  t h e  cathode diecreases 

compared t o  t h e  uniform f i e l d .  G e ~ p e r t ~ ~  and O'Dwyer cons ider  t h e  

e f f e c t s  of space charge on Fowler-Nordheim i n j e c t i o n  and r e c e n t l y  

Frank and Simmons cons idered  t h e  e f f e c t s  of  space charge on Schot tky 

64 

44 
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emission. 

C )  The I n s u l a t o r  wi th  Traps 

Figure 8 shows t h e  band p- -+- -  LLbure of an i n s u l a t o r  o r  semieon- 

duc tor  with t r a p s .  

t i v i t y  of semiconductors,  a model s u i t a b l e  f o r  expla in ing  t h e  conduc- 

t i v i t y  of i n s u l a t o r s  wi th  t r a p s  r e s u l t s .  

o f  t h e  metal con tac t s  on t h e  shape of t h e  i n s u l a t o r  b a r r i e r  and shows 

how t h i s  e f f e c t  in f luences  t h e  ana lys i s  of  t h e  experimental  d a t a .  

Neglect ing t h i s  e f f e c t  sometimes r e s u l t s  i n  false conclusions about t h e  

me ta l - in su la to r  b a r r i e r  he igh t .  The model a l s o  cons iders  s u r f a c e  s t a t e s  

and shows how, i f  they  a r e  p re sen t ,  t h e  e f f e c t  o f  t h e  metal  may be 

completely masked. 

t h e  model below inc ludes  t h e  e f f e c t  of both t h e  meta l  con tac t  and 

s u r f a c e  s t a t e s  i n  a t h i n  f i lm i n s u l a t o r  wi th  t r a p s  and i s  t h e  f i r s t  

By extending t h e  model used t o  expla in  t h e  conduc- 

The model inc ludes  t h e  e f f e c t  

Mott and Gurney24 g ive  t h e  b a s i c  model; however, 

t i m e  t h a t  t h e  complete model appears i n  p r i n t .  

h h , 

4 4 
@ @ 4 &2 4 

E C  

EF 

€v 

@ ionized donor s t a t e  

@ ionized acceptor  s t a t e  

@ f r ee  e l e c t r o n  

Fig.  8 Band P i c t u r e  for a n  n-type I n s u l a t o r  o r  Semiconductor 
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1. Effec t  of t h e  Metal Contact on t h e  P o t e n t i a l  B a r r i e r  

Figures 9 - 11 show t h e  e f f e c t  o f  t h e  metal con tac t  on t h e  

shape o f  t h e  p o t e n t i a l  b a r r i e r  at t h e  me ta l - in su la to r  i n t e r f a c e .  

cond i t ion  r equ i r e s  t h e  presence  of t r a p s ,  which e x i s t  i n  any real 

material. Before c o n t a c t ,  t h e  Fermi l e v e l s  i n  t h e  i n s u l a t o r  and i n  t h e  

metal may d i f f e r  cons iderably ;  however, af ter  c o n t a c t  t h e  levels must 

be equal  f o r  elements i n  thermodynamic equ i l ib r ium.  

an i n s u l a t o r  whose work func t ion  i s  less  t h a n  t h a t  of t h e  metal, e l ec -  

t r o n s  flow from donor impur i ty  l e v e l s  i n  t h e  i n s u l a t o r  i n t o  t h e  metal 

b r ing ing  t h e  Fermi l e v e l s  i n t o  coincidence.  (Surface  s ta te  e f f e c t s  

are considered below).  The p o s i t i v e l y  ion ized  impur i ty  l e v e l s  form 

an e l e c t r i c a l  double l a y e r  by a t t r a c t i n g  e l e c t r o n s  i n  t h e  m e t a l  toward 

t h e  i n t e r f a c e .  Po i s son ' s  equat ion  relates t h e  space charge d e n s i t y  

t o  t h e  p o t e n t i a l  at any p o i n t .  

This 

For t h e  case  of  

Assuming a uniform concen t r a t ion  o f  i on ized  donor levels p e r  u n i t  volume, 

t h e  s o l u t i o n  f o r  Po i s son ' s  equat ion  i s  

p = e N  (18) 

The th i ckness  "d" of t h e  d i p o l e  l a y e r  f o r  a p o t e n t i a l  drop of  $o i s  

where $o i s  t h e  d i f f e r e n c e  i n  t h e  Fermi l e v e l s  be fo re  c o n t a c t .  

N = 

This  d i s t ance  compares t o  t h e  t o t a l  t h i ckness  of  t h e  i n s u l a t o r  i n  some 

devices  and must t h e n  be  cons idered .  

Taking 
0 

Cm-3, K = 5 .5 ,  $o = 0.5 v o l t  g ives  a t h i c k n e s s  "d" of  2 16  A 
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7 rEv 
( a )  before  con tac t  ( b )  a hd t r cc 

F ig .  9 Band-p ic tu re  f o r  meta l - insu la tor  con tac t  b a r r i e r  when t h e  work 
func t ion  of  t h e  i n s u l a t o r  ($1) i s  less  than  t h e  work func t ion  of  
t h e  metal ( ' J m ) .  ( X  i s  t h e  e l e c t r o n  a f f i n i t y  of  t h e  i n s u l a t o r  and 
90, i s  t h e  d i f f e r e n c e  i n  t h e  work func t ions  be fo re  contact . )  

( a )  be fo re  con tac t  ( b )  af ter  con tac t  

F ig .  1 0  Band p i c t u r e  f o r  meta l - insu la tor  con tac t  b a r r i e r  when t h e  work 
func t ion  o f  t h e  i n s u l a t o r  i s  g r e a t e r  t han  t h e  work func t ion  of  
t h e  metal. 

F ig .  ll Band p i c t u r e  f o r  metal- insulator-metal  s t r u c t u r e  w i t h  
94ml > 901 > 90x2 
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For an i n s u l a t o r  work func t ion  g r e a t e r  t han  t h a t  of t h e  me ta l ,  

e l e c t r o n s  flow from t h e  metal  i n t o  acceptor  s t a t e s  or i on ized  donor 

s t a t e s  i n  t h e  i n s u l a t o r  t o  b r i n g  t h e  Fermi l e v e l s  i n t o  coincidence.  

This  charge motion e s t a b l i s h e s  a space charge l a y e r  ac ross  t h e  metal-  

i n s u l a t o r  i n t e r f a c e .  

A r e c t i f y i n g  junc t ion  r e s u l t s  when t h e  m e t a l ' s  work func t ion  

exceeds t h a t  of t h e  i n s u l a t o r .  For t h e  i n s u l a t o r ' s  work func t ion  being 

l a r g e r ,  t he  m e t a l l i c  con tac t  i s  ohmic. F igure  1 2  shows t h e  band s t r u c t u r e  

f o r  one ohmic and one r e c t i f y i n g  c o n t a c t .  This  s t ruct ;ure  he lps  i l l u s t r a t e  

t h e  poss ib l e  e f f e c t s  of t h e  con tac t s  on t h e  c u r r e n t  mechanisms. Con- 

s i d e r  f i r s t  t h e  case  when t h e  r e c t i f y i n g  con tac t  i s  r eve r se  b i a s e d ,  and 

only thermal emission occurs  ( tunne l ing  w i l l  be considered s e p a r a t e l y ) .  

Figure 1 2  gives  t h e  b a r r i e r  p i c t u r e  under t h e s e  cond i t ions .  

F ig .  1 2  Band P i c t u r e  f o r  M-I-M S t r u c t u r e  wi th  Rect i fy ing  Junc t ion  
Reverse Biased. (metal 1 b iased  n e g a t i v e ) .  
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i s  t h e  b a r r i e r  t h a t  an  e l e c t r o n  sees  when l eav ing  meta l  'rnl 

number 1 and e n t e r i n g  t h e  i n s u l a t o r .  From f i g .  9 

I$T i s  t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  Fermi level  o f  t h e  i n s u l a t o r  

and t h e  bottom o f  t h e  conduction band, and from f i g .  11 i s  

For t h i s  s i t u a t i o n  $T < $ml and t h e  emission i s  from t h e  t r a p s  a t  t h e  

Fermi l e v e l  i n  t h e  i n s u l a t o r .  T h i s  i s  t h e  so-cal led Poole-Frenkel 

emission.  

45 

Consider next  t h e  case  o f  forward-biased ohmic c o n t a c t .  I n  

t h i s  s i t u a t i o n ,  space charge may l i m i t  c u r r e n t  f low f o r  a s m a l l  r eg ion  

44 of app l i ed  b i a s  . A t  zero b i a s  t h e  maximum b a r r i e r  i s  q$ as i n  m l  ' 
f i g .  11; however, when a b i a s  g r e a t e r  t han  t h e  d i f f e r e n c e  i n  work func- 

t i o n s  between metal 1 and t h e  i n s u l a t o r  

mum b a r r i e r  becomes q i a x  as i n  f i g .  13. 

maximum b a r r i e r  r a p i d l y  u n t i l  t he  space 

- Q,) i s  a p p l i e d ,  t h e  maxi- ( Qm1 

Increased  bias reduces t h e  

charge i n  t h e  i n s u l a t o r  i s  e l i -  

minated as shown by f i g .  1 4 .  

t h a t  o f  f i g .  14 ( a )  or ( b )  i s  t h e  cond i t ion  for space charge l i m i t e d  flow 

because t h e  r e s e r v i o r  o f  t h e  e l e c t r o n s  i n  t h e  conduction band a t  t h e  metal- 

i n s u l a t o r  i n t e r f a c e  i s  l a r g e r  than needed f o r  t h e  app l i ed  f i e l d .  Fu r the r  

i n c r e a s e  i n  b i a s  r educes  t h e  barrier t o  q$ and t h e  c u r r e n t  i s  then  

l i m i t e d  by emission of e l e c t r o n s  i n t o  t h e  conduction band. The cond i t ion  

The s i t u a t i o n  when t h e  m a x i m u m  b a r r i e r  i s  

ml 
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f o r  space charge l i m i t e d  c u r r e n t  i s  then  

For $m2 over a f e w  kT t h i s  e f f e c t  i s  s m a l l  because t h e  f l u x  of e l e c t r o n s  

which have ene rg ie s  g r e a t e r  than  

e f f e c t  occurs i n  some i n s u l a t o r s .  

&2 i s  very small; however, t h i s  

Fig.  1 3  Conditions of Space-Charge-Limited Current from Ohmic Contact 

I s h 2  I 

Fig .  1 4  Effect  of i nc reas ing  t h e  b i a s  on t h e  b a r r i e r  he igh t  and t h e  
p o s i t i o n  of t h e  barrier maximum. ( a )  no bias, ( b )  s m a l l  b i a s ,  
and ( c )  l a r g e  bias. 
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I n  summary, t h e  following mechanisms e x i s t  f o r  t h e  M I M  

dev ice  descr ibed  above. For t h e  case  of  nega t ive  b i a s  on t h e  metal a t  

t h e  r e c t i f y i n g  j m c t i o n  t h e  b a r r i e r  a t  t h e  i n t e r f a c e  i s  l a r g e r  t han  t h e  

b a r r i e r  from t h e  Fermi level  i n  t h e  bulk of t h e  i n s u l a t o r  t o  t h e  bottom 

o f  t h e  conduction band, and any thermal  emission p resen t  i s  of t h e  Poole- 

Frenkel  t ype .  

space  charge l i m i t e d  flow may occur f o r  a s m a l l  bias range ,  bu t  a t  

h ighe r  vo l t ages  t h e  c u r r e n t  is l i m i t e d  t o  Schot tky emission from t h e  metal 

i n t o  t h e  i n s u l a t o r .  

When t h e  metal at t h e  ohmic i n t e r f a c e  i s  b i a sed  nega t ive ,  

2.  E f f e c t  of Sur face  S t a t e s :  

With no s u r f a c e  states p resen t  and a uniform d e n s i t y  of  t r a p s  

throughout  t h e  i n s u l a t o r ,  t h e  bands are f l a t  up t o  t h e  s u r f a c e  as i n  

f i g .  15. Making con tac t  t o  t h e  metal bends t h e  bands according t o  t h e  

d i scuss ion  on pages 22-27. However, s u r f a c e  s t a t e s  may bend t h e  

bands p r i o r  t o  con tac t  w i th  t h e  metal as i n  f i g .  16 .  

o f  a l a r g e  d e n s i t y  o f  s ta tes  a t  i n  t h e  forb idden  band of  t h e  in su la -  

t o r  e f f e c t i v e l y  p ins  t h e  Fermi l e v e l  at t h i s  energy. Making con tac t  

t o  t h e  metal b r ings  t h e  Fermi l e v e l s  of t h e  metals i n t o  co inc idence .  

F igure  17b shows t h e  r e s u l t i n g  band p i c t u r e .  If t h i s  s i t u a t i o n  ho lds ,  

l i t t l e  r e l a t i o n  exis ts  between t h e  barrier he igh t  and t h e  d i f f e r e n c e  

i n  work func t ions  of  t h e  metal and d i e l e c t r i c .  The d e n s i t y  and loca -  

t i o n  of s u r f a c e  states i n  t h e  forbidden band then  c o n t r o l s  t h e  b a r r i e r .  

The presence  

S 

W i l m ~ e n ~ ~  and Esaki and have r e c e n t l y  noted t h e  

e f f e c t s  of su r f ace  states i n  tunnel ing  from a metal i n t o  an  i n s u l a t o r .  

Surface states a l s o  p l a y  a l a r g e  r o l e  i n  determining t h e  c h a r a c t e r i s t i c s  

of MIS f i e l d  e f f e c t  t r a n s i s t o r s  and t h e i r  e f f e c t  on t h e  capac i t ance  vs .  
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77 Vacuum 

Fig. 15 Metal-Insulator  Before Contact (no s u r f a c e  states) 

Fig. 16 Metal-Insulator  wi th  Surface  S t a t e s  Band P i c t u r e  Before Contact 

Fig. 17a Metal I n s u l a t o r  af ter  Fig. 17b Meta l - Insu la tor  Contact 
Contact (no  s u r f a c e  wi th  Surface  S t a t e s  
s t a t e s ) .  
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vo l t age  c h a r a c t e r i s t i c s  i s  wel l  known. 

The most complete information on su r face  states i s  f'or t h e  

s i l i c o n - s i l i c o n  oxide i n t e r f a c e .  The presence of su r face  s t a t e s  i n  

metal-Si0 - s i l i c o n  s t r u c t u r e s  r e s u l t s  i n  a f ixed  charge a t  t h e  i n t e r -  

f a c e  which t r a n s l a t e s  t h e  capaci tance-vol tage curve along t h e  vol tage  

a x i s  as i n  f i g .  18. 

2 

Fig.  18 Ef fec t  of Surface S ta t e s  on Capacitance-Voltage Curve of  MOS 

S t r u c t u r e  ( a )  Theore t ica l  Curve, ( b )  Experimental  Curve 

The d e n s i t y  pe r  u n i t  area of  t h e  s u r f a c e  s t a t e  charge i s  desig-  

85 nated  as Qss ,  and i t s  c h a r a c t e r i s t i c s  have been s t u d i e d  ex tens ive ly  

and it has t h e  fol lowing p r o p e r t i e s :  

1)' It i s  f i x e d :  it does not charge o r  d ischarge  wi th  a wide v a r i a t i o n  

of  bending of t h e  s i l i c o n  energy bands. 

2 )  It i s  unchanged under condi t ions  t h a t  would l e a d  t o  t h e  motion of  

sodium ions  i n  t h e  oxide,  or t o  t h e  annea l ing  of radiat ion-induced 

space charges.  
0 

3 )  It r e s i d e s  wi th in  200 A of  t he  oxide-s i l icon  i n t e r f a c e .  
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I 2 cons t an t  of 6.0 and an area of  one cm . 
t h e  Fermi levels i n  coincidence i s  

The charge t r a n s f e r r e d  t o  b r i n g  

Q = CV (25 )  

where C i s  t h e  capac i tance  of  t h e  s t r u c t u r e  

4 )  Its  dens i ty  Qss remains unchanged by t h e  oxide t h i c k n e s s ,  or by t h e  

t y p e  or concen t r a t ion  of  i m p u r i t i e s  i n  t h e  s i l i c o n .  

5 )  Qss depends s t r o n g l y  on t h e  ox ida t ion  and annea l ing  cond i t ions  

and t h e  o r i e n t a t i o n  of  t h e  s i l i c o n  c r y s t a l .  

In  t h e  case  of  t h e  s i l i c o n - s i l i c o n  oxide  system, it appears  

t h a t  t h e  surface-state charge arises from excess  i o n i c  s i l i c o n  p r e s e n t  

i n  t h e  oxide during ox ida t ion  wa i t ing  t o  r e a c t  w i t h  t h e  ox id iz ing  

spec ie s  t h a t  has d i f f u s e d  a c r o s s  t h e  oxide dur ing  t h e  ox ida t ion  process .  

86 Chr i s t i an  and Taylor i n v e s t i g a t e d  a similar charge i n  A l -  

A 1  0 - A 1  s t r u c t u r e s  and determined t h a t  d i f f u s i o n  of  aluminum ions  

i n t o  t h e  d i e l e c t r i c  causes  a space-charge. They f i n d  t h e  d e n s i t y  t h e  

o rde r  o f  

2 3  

cm2, and t h e  average th i ckness  of  t h e  space charge about 

one l a t t i c e  cons t an t .  

A s  an example of  how t h e  presence o f  s u r f a c e  charge dominates 

t h e  b a r r i e r  h e i g h t ,  cons ider  a metal- insulator-metal  s t r u c t u r e  wi th  

no t r a p s  i n  t h e  i n s u l a t o r  and a d i f f e r e n c e  o f  1 e V  i n  work func t ions  

between the  metals. L e t  t h e  i n s u l a t o r  t h i ckness  be 100 A and t h e  

s u r f a c e  s t a t e  charge d e n s i t y  be  1013cm-3. 

0 

Assume a r e l a t i v e  d i e l e c t r i c  

and V i s  t h e  d i f f e r e n c e  i n  work func t ions  of t h e  metals (1 v o l t s ) .  

The charge t r a n s f e r r e d  i s  

(27 )  1 2  n = 3.32 x 1 0  c a r r i e r s  
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which i s  only one t h i r d  of t h e  sur face  s t a t e  charge even i n  t h i s  very  

t h i n  device .  

The above d i scuss ion  leads  t o  t h e  conclus ion  t h a t  t h e  b a r r i e r  

h e i g h t  need not  be simply r e l a t e d  t o  t h e  d i f f e r e n c e  i n  work func t ions  

o f  t h e  va r ious  materials i n  t h e  s t r u c t u r e  i f  t h e  c u r r e n t  i n j e c t i o n  mech- 

anism i s  e l e c t r o d e  c o n t r o l l e d .  Fu r the r ,  i f  a l a r g e  d e n s i t y  of  s u r f a c e  

charge e x i s t s  at each i n t e r f a c e ,  t h e  b a r r i e r s  may e s s e n t i a l l y  mask t h e  

e l e c t r o d e  e f f e c t s  e n t i r e l y .  

3. Poole-Frenkel Emission 

Equation 28 i s  t h e  expression f o r  t h e  conduc t iv i ty  of a material, 

U = nqp ohm-cm 

where u i s  t h e  conduc t iv i ty  

n i s  t h e  concen t r a t ion  o f  f r e e  c a r r i e r s  

p i s  t h e  mob i l i t y  of t h e  c a r r i e r s  

q i s  t h e  charge on t h e  c a r r i e r s .  

The concen t r a t ion  of  f r e e  c a r r i e r s  i s  due t o  t h e  thermal  energy of  t h e  

material. A t  h igh f i e l d s ,  lowering of t h e  b a r r i e r  d r a s t i c a l l y  inc reases  

t h e  Concentrat ion.  The c a r r i e r s  are ,  i n  g e n e r a l ,  both ho le s  and e lec-  

t r o n s  b u t ,  f o r  s i m p l i c i t y ,  we consider  on ly  t h e  c a s e  f o r  e l e c t r o n s .  

The concen t r a t ion  o f  f r e e  e l ec t rons  i s  of t h e  form 24 

(29 )  
-3 n = n exp[-q$/kT] cm 

0 

where no involves  t h e  d e n s i t y  of states i n  t h e  conduct ion band and t h e  

concen t r a t ion  of t r a p s .  The p o t e n t i a l  d i f f e r e n c e ,  $, e x i s t s  between t h e  

t r a p  l e v e l  and t h e  lowest  s t a t e  i n  t h e  conduction band. The cont r ibu-  

t i o n  t o  t h e  t o t a l  concent ra t ion  o f  c a r r i e r s  from t r a p s  of  a s i n g l e  
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l e v e l 4 v o l t s  below t h e  conduction band i s  n .  The t o t a l  concen t r a t ion  i s  

where n o ( @ )  inc ludes  t h e  d e n s i t y  o f  t r a p s  a t  each l e v e l  i n  t h e  forbidden 

band. 

a = 2  

i f  t h e r e  are only  donor t r a p s  and 

a = l  

i f  acceptor  t r a p s  compensate t h e  donor t r a p s .  

Figure 19 shows an i n s u l a t o r  wi th  an app l i ed  f i e l d  a c r o s s  it. 

The s o l i d  l i n e s  r ep resen t  t h e  b a r r i e r  t h a t  t h e  e l e c t r o n  sees wi th  no 

app l i ed  f i e l d  and t h e  dashed l i n e s  t h e  b a r r i e r  i n  t h e  presence  o f  t h e  

f i e l d .  

t he rma l ly  an e l e c t r o n  i n t o  t h e  conduction band by A +  . 
The app l i ed  f i e l d  lowers t h e  p o t e n t i a l  r equ i r ed  t o  e x c i t e  

Frenke145 ca l -  

c u l a t e s  t h e  lowering as 

v o l t s  (33 )  

where E i s  t h e  app l i ed  f i e l d  and K i s  t h e  d i e l e c t r i c  c o n s t a n t .  The 

proper  d i e l e c t r i c  cons tan t  i s  t h e  e l e c t r o n i c  component on ly  ( square  

o f  t h e  index of r e f r a c t i o n )  s i n c e  t h e  e l e c t r o n  i s  immediately c o l l e c t e d  

by t h e  f i e l d  and does not  p o l a r i z e  t h e  ions  i n  t h e  v i c i n i t y .  Note t h a t  

tw ice  t h e  moun t  of lowering,  A @ ,  of Schot tky emission occurs  because 

t h e  p o s i t i v e  charge i s  r i g i d  and does not  move as i n  t h e  c a s e  o f  t h e  

image p o t e n t i a l  (See f i g s .  21-24). 
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Fig .  19 Lowering of  t h e  p o t e n t i a l  barr ier  around a t r a p  s i t e  i n  t h e  

i n s u l a t o r  by a n  app l i ed  f i e l d .  

The concen t r a t ion  o f  c a r r i e r s  due t o  thermal  e x c i t a t i o n  from 

t r a p s  i s  now 

' @v 
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the conductivity is 

where 

the current is 

u = nue 

J = UE 

(37)  

(38) 

2 = uoEe (q/ak?3[ qE/71KE0 amps/cm. (41) 

Equation 38 is the Poole-Frenkel equation. It resembles 

the expression for Schottky emission from a metal surface. 

equation expresses variation of current with field while the Poole- 

Frenkel expresses variation of conductivity with field; however, at the 

fields involved in experimental work, the variation of J is almost 

identical with the variation of u. 

The Schottky 

4) Field Emission 

Figure 20 shows the various types of tunneling possible in 

thin film MIM devices with traps. 

some are much more likely than others. 

Although all mechanisms are possible, 

For thicknesses over 100 A, 
0 
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d i r e c t  t unne l ing  between metals i s  very  u n l i k e l y .  This  i s  a l s o  t r u e  

i f  t h e  app l i ed  vo l t age  i s  more than a few v o l t s  because t h e  bottom of 

t h e  i n s u l a t o r  conduction band i s  lower t h a n  t h e  Fermi level  i n  metal 1 

and t h e  s h o r t e s t  b a r r i e r  th ickness  i s  from t h e  meta l  t o  t h e  conduction 

band of t h e  i n s u l a t o r .  Tunneling depends exponent ia l ly  on t h e  th i ckness  

o f  t h e  b a r r i e r ,  i . e .  t h e  t ransmiss ion  c o e f f i c i e n t  drops o f f  exponen- 

i a l l y  as the  b a r r i e r  t h i ckness  inc reases ;  t h e r e f o r e ,  t h i s  t ype  of  t unne l ing  

dominates a t  app l i ed  vo l t ages  of over  a f e w  v o l t s .  The vol tage  at which 

t h e  Fowler-Nordheim mechanism dominates i s  approximately 1 / 2  of  t h e  band- 

gap ( =  3-6 v o l t s  f o r  t h e  s f l i c o n  n i t r i d e ) .  

a t  t h e  i n t e r f a c e  of  metal 1 and t h e  i n s u l a t o r  causes  a l a r g e r  b a r r i e r  

t h i c k n e s s  a t  t h e  i n t e r f a c e  f o r  tunnel ing  from t h e  Fermi l e v e l  of  t h e  

i n s u l a t o r  i n t o  t h e  conduction band o f  t h e  i n s u l a t o r .  Fowler-Nordheim 

emission cons iders  e l e c t r o n s  tunnel ing  from t h e  metal 's Fermi level  i n t o  

t h e  i n s u l a t o r ' s  conduction band, The image f o r c e  inc reases  t h e  small 

t h i c k n e s s  d i f f e r e n c e  f u r t h e r  as t h e  lowering o f  t h e  b a r r i e r  i s  tw ice  

as much f o r  f i e l d  i o n i z a t i o n  as f o r  t h e  Fowler-Nordheim emission.  The 

f a c t o r  of two arises because t h e  image charge f o r  f i e l d  i o n i z a t i o n  re- 

mains s t a t i o n a r y  while  t h e  image charge f o r  Fowler-Nordheim moves away 

from t h e  e l e c t r o n .  

Note t h a t  t h e  d i p o l e  l a y e r  

F igures  2 1  through 24 show t h i s  schemat ica l ly .  
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Fig .  20 Diagram i l l u s t r a t i n g  t h e  va r ious  tunne l ing  mechanisms p o s s i b l e  
i n  t h e  M I M  s t r u c t u r e  of  f i g .  3. 

1. Tunneling from t h e  e l e c t r o d e  i n t o  t h e  conduct ion band o f  t h e  insu-  

2. Tunneling from t h e  metal e l e c t r o d e  i n t o  empty t r a p  states followed 

3 .  Tunneling from f i l l e d  t r a p s  a t  t h e  Fermi l e v e l  i n t o  e i t h e r  t h e  

l a t o r  (Fowler-Nordheim t u n n e l i n g ) .  

by thermal  emission from t h e  t r a p .  

conduction band of  t h e  i n s u l a t o r  or i n t o  t h e  m e t a l  ( f i e l d  i o n i -  
z a t i o n ) .  
Tunneling from one m e t a l  d i r e c t l y  i n t o  t h e  conduct ion band of  t h e  
o t h e r  metal .  

(Fowler-Nordheim emission f o r  h o l e s )  2 and 3 have s i m i l a r  mecha- 
nisms f o r  ho les .  
( n o t  p i c t u r e d )  Tunneling from t h e  va lence  band o f  t h e  i n s u l a t o r  
i n t o  the  conduction band of t h e  i n s u l a t o r  (Zener E f f e c t ) .  

4. 

5 .  Tunneling from t h e  valence band of t h e  i n s u l a t o r  i .n to  t h e  m e t a l .  

6 .  
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Actual  Barrier 

L I T o r m a l  Barrier 

Barrier due t o  
Image P o t e n t i a l  

- 

\ 

\ \ 
- - -  

/""'rmai Barrier 

B a r r i e r  due t o  
Coulomb P o t e n t i a l  6 

<- .- fi- - A '  B '  

F ig .  2 1  Barrier f o r  Fowler-Nordheim Fig .  22 B a r r i e r  f o r  F i e l d  
Tunneling I o n i z a t i o n  

F ig .  23 Image Force on Electron 
Leaving Metal Surface 

F ig .  24 Coulomb Force on 
E lec t ron  Leaving 
F i e l d  Trap 

The f o r c e  seen by t h e  e l e c t r o n  l eav ing  t h e  metal s u r f a c e  i s  

whi le  t h e  force  seen by t h e  e l e c t r o n  l eav ing  t h e  ion ized  t r a p  i s  

The f o r c e  seen by t h e  e l e c t r o n  leaving  t h e  ion ized  t r a p  i s  4 times as 

l i r g e  as t h e  image f o r c e  seen by t h e  e l e c t r o n  l eav ing  t h e  m e t a l .  

t h e  amount o f  b a r r i e r  lowering depends on t h e  magnitude of t h e  image 

f o r c e ,  t h e  b a r r i e r  decreases  more i n  t h e  case  of  t h e  ion ized  t r a p  

S ince  
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and t h e  tunnel ing  d i s t a n c e  A ' B '  i s  less  than  t h e  d i s t a n c e  AB for Fowler- 

Nordheim. 

D) Summary: 

The fol lowing conclusions r e s u l t  from t h e  above d i scuss ion  

of t h e  t h i n  f i lm  c u r r e n t  mechanisms involv ing  t h e  e f f e c t s  of  c o n t a c t s ,  

t r a p s ,  and su r face  states. 

(1) The c a r r i e r  i n j e c t i o n  may be from e i t h e r  t h e  e l e c t r o d e  

or t h e  bulk depending on whether t h e  me ta l - in su la to r  i n t e r f a c e  i s  

"ohmic" or " r e c t i f y i n g " .  

f o r  ohmic con tac t s  s i n c e  t h e  b a r r i e r  i s  lowered by t h e  band bending 

while  t h e  bulk e f f e c t s  t e n d  t o  dominate f o r  r e c t i f y i n g  c o n t a c t s  s i n c e  

t h e  b a r r i e r  i s  r a i s e d  by band bending. 

Bniss ion tends  t o  occur  from t h e  e l e c t r o d e  

( 2 )  The r e l a t i v e  va lues  of t h e  material work func t ions  and 

t h e  l o c a t i o n  and t y p e  of  su r face  s ta tes  determine whether t h e  c o n t a c t s  

are ohmic o r  r e c t i f y i n g .  With no s u r f a c e  s t a t e s  t h e  con tac t  appears  

ohmic i f  t he  work func t ion  of t h e  metal i s  less  than  t h e  work func t ion  

of t h e  i n s u l a t o r .  A r e c t i f y i n g  con tac t  r e s u l t s  i f  t h e  work func t ion  o f  

t h e  metal i s  g r e a t e r  t han  t h a t  of  t h e  i n s u l a t o r .  Sur face  states bend 

t h e  bands of t h e  i n s u l a t o r  up or down depending on whether t hey  are 

accep to r  or donor states.  The d e n s i t y  o f  t h e  s u r f a c e  states and t h e i r  

l o c a t i o n  i n  t h e  forb idden  band c o n t r o l  t h e  a c t u a l  barrier o f  t h e  metal- 

i n s u l a t o r  i n t e r f a c e .  The b a r r i e r  may bea r  l i t t l e  r e l a t i o n  t o  t h e  d i f -  

fe rence  i n  work func t ion  of t h e  metal and t h e  e l e c t r o n  a f f i n i t y  of  t h e  

i n s u l a t o r  f o r  l a r g e  s u r f a c e  s ta te  d e n s i t i e s .  

( 3 )  Thermal emission and tunne l ing  both occur .  The dominant 

mechanism depends on t h e  t r a p  d e n s i t i e s  and app l i ed  f i e l d .  The con tac t  

aga in  determines whether t h e  mechanism i s  bulk or e l e c t r o d e  c o n t r o l l e d .  
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If the conditions are for bulk emission, both thermal emission and tun- 

neling occur from the bulk. The conditions never favor bulk emission 

for one mechanism and electrode emission for the other. 

(4) Before any conclusions, the mechanisms must be identi- 

fied as (a) bulk or electrode controlled, and (b) thermal emission or 

tunneling. The following discussion summarizes the method used to 

distinguish them. 

1) Thermal Emission or Tunneling: 

A large dependence of current on temperature is the major 

identifying characteristic of thermal emission. Temperature influences 

field emission relatively little because the tunneling current depends 

mainly on the barrier thickness as opposed to a dependence in barrier 

height for thermal emission. Figures 25 - 27 show this schematically. 

I 

Fig. 25 Variation 
of Barrier Height 
With Temperature 

Fig. 26 Variation of Fig. 27 Variation 
State Occupacity with 
Temper at ur e 

of Tunneling Dis- 
tance with Tempera- 
ture 
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Simon's'' and st rat ton'^^^ equations predict a T2 variation of tun- 
48 neling current with temperature. Hartman and Chivian confirm this 

and report that the tunneling current drops 30 to 50 percent of its 

room temperature value at liquid nitrogen temperatures. 

tic equation for thermal emission shows that the thermal components of 

current are exponentially dependent on temperature. 

The characteris- 

I aexp (B/T) (44) 

Observing the current variation with temperature then determines whether 

the injection is thermal o r  field. 

variation of current with temperature. 

Figures 28 and 29 show the expected 

- -  
1 
T 
- 

Fig. 28 Expected Current 
Variation with Temperature 
for Thermal Emission 

t 

Fig. 29 Expected Current 
Variation with Temperature 
for Tunneling 

The slope of the In1 vs 1/T curve is the activation energy 

and is proportional to the barrier height. At high fields, both ther- 

m a l  and tunneling components may be present in the observed current. 

In this situation the current is first strongly temperature dependent 

and then becomes essentially temperature independent as the thermal 

component decays as shown in fig. 30. 
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Fig .  30 Current Var i a t ion  wi th  Temperature wi th  Both Tunneling and 
Thermal Rnission Present  

P 

2 )  Bulk o r  Elec t rode  Cont ro l led :  

The magnitude of  t h e  cu r ren t ,  whether thermal  emission or 

t u n n e l i n g ,  depends on t h e  b a r r i e r  he igh t .  If t h e  c u r r e n t  i s  bulk con- 

t r o l l e d ,  t h e  b a r r i e r  i s  t h e  same r e g a r d l e s s  o f  t h e  p o l a r i t y  o f  t h e  ap- 

p l i e d  p o t e n t i a l .  The cu r ren t  c h a r a c t e r i s t i c s  are then  expected t o  be 

t h e  same f o r  t h e  same f i e l d s  and independent of p o l a r i t y .  

However, t h e  b a r r i e r s  a t  t h e  two i n t e r f a c e s  d i f f e r  consider-  

a b l y  due t o  d i f f e rences  i n  t h e  metal  work func t ions  and i n  t h e  s u r f a c e  

states,  and when t h e  c u r r e n t  i s  e l ec t rode  c o n t r o l l e d ,  t h e  c u r r e n t  char- 

a c t e r i s t i c s  are very  s e n s i t i v e  t o  p o l a r i t y .  The expected v a r i a t i o n s  

f o r  thermal  and tunne l ing  mechanism are shown below. Note t h a t  bo th  
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t h e  s lope  and magnitude vary  f o r  t u n n e l  emission while  on ly  t h e  magni- 

t ude  varies wi th  thermal  emission.  Thermal emission depends sens i -  

t i v e l y  on b a r r i e r  v a r i a t i o n s ,  however. 

b a r r i e r  he ight  r e s u l t s  i n  a decade d i f f e r e n c e  i n  c u r r e n t  a t  t h e  same 

f i e l d  a t  room tempera tures .  

A d i f f e r e n c e  of  0.06 e V  i n  

If Schot tky emission ( e l e c t r o d e  c o n t r o l l e d  thermal  emiss ion)  

dominates,  t h e  fol lowing experimental  f a c t s  appear .  F i r s t ,  t h e  c u r r e n t  

v a r i e s  exponent ia l ly  wi th  ( l / T ) .  Second, a l a r g e  d i f f e r e n c e  i n  c u r r e n t  

magnitude a t  equal  b u t  oppos i t e  f i e l d s  r e s u l t s  when metals wi th  d i f -  

f e r e n t  work func t ions  form t h e  e l e c t r o d e s .  Thi rd ,  t h e  s lope  of  t h e  

Schot tky p l o t s  (In I vs  E ’/*) agrees  wi th  t h e  t h e o r e t i c a l  va lue  (q( q/4XKE )ll2/k~) 

and f i n a l l y  t h e  same value  of b a r r i e r  he ight  ( $ )  r e s u l t s  whether d e t e r -  

mined by the  zero  i n t e r c e p t  of t h e  Schot tky p l o t  or by t h e  s lope  of  t h e  

I n  I vs. 1 f T  curve.  Reca l l  t h a t  f o r  Schot tky emission:  

0 

J = AT2e-q’/kT exp[ -q( qE/4n~~,)’”/kT] ( 4 5 )  

l/2 Since A and T a r e  known, I$ can be determined by t h e  I n  I vs. E 

i n t e r c e p t .  Var i a t ions  i n  A are common, bu t  a f a c t o r  of  1 0  v a r i a t i o n  

i n  A r e s u l t s  i n  only  0.06 e V  e r r o r  i n  

mining i s  t o  b i a s  t h e  M I M  device  so  t h a t  a s u i t a b l e  c u r r e n t  f lows 

and t h e n  observe t h e  change of c u r r e n t  w i th  tempera ture .  The s lope  of  

$. The second method of  de t e r -  

I n  I v s .  1/T i s  p ropor t iona l  t o  t h e  e f f e c t i v e  b a r r i e r  h e i g h t .  By 

sub t r ac t ing  t h e  b a r r i e r  lowering due t o  t h e  image f o r c e  [ q ( q E / 4 m ~ o ) ’ / ~ / k T ]  

one ob ta ins  t h e  t r u e  b a r r i e r .  

two methods should ag ree  i f  Schot tky emission predominates.  

The b a r r i e r  h e i g h t s  ob ta ined  by t h e s e  

If Poole-Frenkel emission dominates,  t h e  c u r r e n t  c h a r a c t e r i s -  

t i c s  are i n s e n s i t i v e  t o  changes i n  p o l a r i t y  and t h e  t y p e  of  metal used 
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measure of cro which is a function of the trap density. 

height of the traps results from the In I vs. 1 / T  variation. These 

quantities determine the principal electrical characteristics in such 

a case. 

The barrier 

If tunneling predominates, the current variation with voltage 

and temperature yields information about the effective mass of the elec- 

tron in the insulator conduction band as well as barrier heights. The 

slope of the In I vs 1 / E  plots for forward and reverse bias gives the 

barrier at each interface. 



CHAPTER I11 

Conduction Properties of Silicon Nitride 

The following experiments established the current mechanisms 

present in silicon nitride and to some extent the range of variation 

of the I-V characteristics. 

A) Current-Voltage Characteristics: 

Figure 33 shows the typical behavior of the current with bias. 

The data follow a straight line for several decades of In I plotted 

against V1/2, the so-called Schottky plot. From eq. 8, the straight 

line behavior is characteristic of Schottky emission; however, at the 

fields present a straight line also results for a plot of the logai-ithim 

of conductivity against V1’2 because the exponent dominates the expres- 

sion in the equations for Schottky and Poole-Frenkel emission. 

J = Jo exp[blV 1/21 

1/21 J = AV exp [b2V 

(45) 

Using different metals as the electrodes in MIM devices sep- 

arates Schottky emission from Poole-Frenkel emission. If Schottky emis- 

sion dominates, a difference of only 0.06 eV in the barrier heights at 

the two metal-insulator interfaces results in a decade of current dif- 

ference at equal and opposite fields. 

for A1-N-Mo and InGa-N-Mo devices. 

trodes yield similar results. The following table gives the work functions 

Figures 35 and 36 show the results 

Devices with gold and silicon elec- 

44 
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1 f 9  
Fig. 33 Ln I vs. V"' for Metal-Silicon Nitride-Metal Device 
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Fig. 34 Conductivity vs. V1/2 for the Metal-Silicon Nitride-Metal 
Device of fig. 33 
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Fig.  36 Current Characteristics of Mo-Nitride-InGa Device 
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for the metals used. 

TABLE I 

Mo 

A1 

In 

Ga 

Au 

Work Functions of Metal Contacts 

thermionic work function photoelectric work function 
4.20 eV 4.34 eV 

------- 4.08 eV 

4.25 eV 4.82 eV 

The fact that the conductivity varies as exp(bV 1'2) and that 

the electrodes have no effect on the current is good evidence that the 

dominant mechanism is bulk controlled thermal emission. 

B )  Current Variation With Temperature : 

The fact that the current varies as exp(bV l") is, however, 

not conclusive evidence that thermal emission is the mechanism present. 
64 O'Dwyer finds that, due to a large space-charge effect, the current 

varies as exp (constant v 1'2) quite accurately over several decades of 

current when the mechanism is Fowler-Nordheim tunneling from the metal 

electrode. Geppart also finds that the presence of space charge af- 

fects the I-V characteristics considerably. Hartman4' et .al. believe 

that the model of O'Dwyer applies to conduction through SiO. Identi- 

46 

fication of the current as thermal emission, therefore requires both 

bias and temperature behavior. Thermal emission models predict an ex- 

poaential dependence on temperature while Stratton's model predicts a 

T dependence for tunneling as in eq. 47. 2 
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Field 0.7 X V/cm 
2 3 0 0  k 
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Fig. 37 Current Variation with Temperature for Device of fig. 35 
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Fig.  38 Current Variation with Temperature for High Resistivity 
Device 
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Fig.  39 Current Variation with Temperature f o r  High Resistivity 
Device Showing Two Activation Energies 
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2 48 The T 

Wilmsen7’, Fi tzgibbons and Meyerhofer and Ochs . 
dependence of  t unne l ing  has been v e r i f i e d  by Hartman and Chivian 

42 6 3  

Figure  37 shows t h e  cu r ren t  v a r i a t i o n  wi th  temperature  f o r  

t h e  sample of f i g .  35. For t h i s  sample t h e  c u r r e n t  v a r i e s  as exp ( cons t an t /T )  

as expected f o r  thermal  emission. This  device  exh ib i t ed  r e l a t i v e l y  low 

r e s i s t i v i t y  which i s  an ind ica t ion  of a low barrier he igh t .  The f i e l d  

i n  t h e  i n s u l a t o r  w a s  0.87 x 10 

devices  r e q u i r e  f i e l d s  as h igh  as 2 - 6 x 10  

magnitude. Figure 38 g ives  t y p i c a l  temperature  c h a r a c t e r i s t i c s  f o r  t h e s e  

h igh  r e s i s t i v i t y  devices .  While t h e  c u r r e n t  dev ia t e s  from a s t r a i g h t  

l i n e ,  it s t i l l  depends s t r o n g l y  on temperature .  The curve of  f i g .  38 

s e p a r a t e s  i n t o  p a r t s ,  as i n  f i g .  40, 

6 V/cm dur ing  t h e  temperature  t e s t .  Other 

6 V/cm f o r  c u r r e n t s  of similar 

I- 

s 
r 

Fig .  40 Separa t ion  of cu r ren t  v s .  1 / T  curve i n t o  two p a r t s .  

which i n d i c a t e s  two d i f f e r e n t  barriers p resen t  i n  t h e  n i t r i d e  f i l m .  

A t  h igh  temperatures  t h e  i n j e c t i o n  i s  from t h e  b a r r i e r  corresponding t o  

( a )  and a t  low temperatures  t h e  i n j e c t i o n  i s  over t h e  barrier correspon- 

ding t o  p a r t  (b) of t h e  curve.  Figure 39 shows t h e  c u r r e n t  vs  1 / T  v a r i -  

a t i o n  f o r  a device  i n  which t h e  break i s  very  sharp .  With t h i s  curve 

it i s  p o s s i b l e  t o  o b t a i n  accu ra t e  a c t i v a t i o n  ene rg ie s  due t o  t h e  w e l l  
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defined break. The slope of the steep portion of the curve of fig. 38 

asymptotically approach the slopes of this figure. 

From fig. 39, the total current consists of 

J = J  + J 2  T 1  

where 

-cl/kT J1 = Ale 

-E2/kT J2 = A2e 

(49) 

and El and €2 are the activation energies of the two slopes. 

3 10 /T 

At 

4.52  ( T ' 222'K) J is equal to J2. 
1 

J1 = J2 (51) 

The constants A and A are functions of the trap densities and the ratio 

A /A gives an indication of the relative densities of the trap sites, 

1 2 

1 2  

Substituting in = Oc72 and = 0.11 as determined from 

the slopes of fig. 39 and T = 222'K results in a ratio 

Assuming that J is Poole-Frenkel emission the following 1 

express ion holds 

1/21 J = OoE exp[-q$/akT]exp[ (q/kT)(qE/aTKEo) ( 5 5 )  

where OL = 1 as determined by the slope of the Schottky plot. 
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o r  

u0 = A1 = nee, (57)  

when p is mobility, 

n the carrier concentration in the conduction band. 

For the case ofa= 1 and only one donor trap level and one acceptor 

trap31 level 

n =  Nr,(Nn - NA) exp [-cl/kT] , (58)  
2NA 

where N is the concentration of donor traps D 

A N is the concentration of acceptor traps 

N is the effective density of states in the conduction band 
C 

21~mkT 312 = ( T I  . 
-8 6 

At T = 222'K, J1 = 0.65 x 10  amps/cm2 at a field of 5.6 x 10  v/cm. 

(59) - 4 k T  = nepe -El/kT o = J 1 =  E Ale 

Substituting in these values gives 

(60) -1 nep = 23.2 ( Q  - cm) . 

0 At T = 222 K and assuming m is the rest mass of an electron 

Y (61) 18 - 3 Nc -= 8,3 x 10 cm 

which gives the product 



 or the q.58 to apply 

O < N ~ , - N A  ' 2  

NA 

which implies 

p 35 cm/sec/volt/cm. 

Sze77 observes similar behavior in films of silicon nitride 

deposited from the SiClh-NH3 reaction. 

consists of 3 components. 

He proposes that the current 

(65) 3 J + J 2 + J  1 

where J 1 Ot E exp[-q($1-(qE/+~~o)1/2)/kT] (66) 

2 
J2 OC E exp ( - E ~ / E )  (67) 

J is the component from Poole-Frenkel emission, J2 is the 1 

component due to field emission from traps and J 

results from carriers thermally hopping from one localized site to 

another. 

is a component which 3 

Sze's current vs. 1/T curves show three parts as shown below. 

- --_____.._- - -- 
1/T 

Fig. 42 Current vs. 1/T variation for silicon nitride deposited from 
the Sic1 NH reaction ( f r o m  Szej. 4- 3 



He concludes that part (c) arises from the field ionization of the traps. 

These specimens show no flat portion corresponding to (c); however, the 

magnitude of this portion depends strongly on the field at which the 

temperature data is taken. 

the tunneling component. 

however. 

characteristic equation for field ionization. 

Perhaps a low bias field precluded observing 

Figure 41 indicates tunneling in the films, 
6 At very high fields (. 8 x 10 V/cm) the current follows the 

Sze finds that the barrier height from part (a) is 1.3 t 0.2 eV 

and that the activation energy from part (b) is typically 0.10 eV. 

values from fig. 39 are 1.5 eV and 0.11 eV. These results show good 

correlation between the films deposited from SiC14 and those deposited 

from SiH4. 

The 

C )  Current Variation with Thickness 

Figure 46 and 47 give the I-V characteristics for a series 
0 0 

of devices ranging from less than 80 A to 1600 A. 

1100 A filmmarked A is from a device with a quartz substrate. All 

other curves are from films on silicon substrates. This illustrates 

the reproducibility of the current characteristics from device to device 

and the fact that the electrodes and substrates have little effect on 

the current. Electrode materials for this family of curves include 

Al, Au, Si, InGa, and Mo. 

The curve for the 
0 

For the very thin films, the substrate evidently affects the 

current characteristics. 

metal device with a thickness less than 100 A using nickel strips as the 

Several attempts to produce metal-nitride- 
0 

base electrode resulted in devices with essentially ohmic current char- 

acteristics. 8 10 - 10 The resistivity of the devices ranged from 10 

ohm-cm with steady and definite capacitance readings corresponding to 
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7 Nickel 

Aluminum 

I Y 

0 

Fig. 43 Configuration used to study films < 150 A 

0 0 

thicknesses from 49 A to 115 A. Figure48 gives the I-V characteristic 

of one of the Ni-nitride-A1 devices. Note that at the high bias, just 

before breakdown the current becomes non-ohmic. With silicon substrates 

the devices exhibited similar characteristics as with thicker films as 

shown in fig. 46. The temperature variation for device (b) is very sim- 

ilar to the device of fig. 38. The difference thickness makes in cur- 

rent characteristics arises either from the substrate or from the nickel 

electrode. Figure 44 shows a microphotograph of one of the Ni-nitride- 

A1 devices. Note that near the edge of the metal strip the film is cracked, 

due to the mismatch in thermal coefficient of expansion. Such cracks 

do not appear for thicker films on molybdenum as shown by fig. 46. 

The ohmdc characteristics probably arise from the cracking. The crack- 

ing indicates that the films differ from those on silicon substrates 

and prevents direct comparison. 

These experiments indicate that the nitride forms uniform, 
0 

pinhole free films less than 100 A thick. The consecutive construction 

of these devices with no failures indicates the uniformity of the films 

at these thicknesses. The area of the top electrode was about 2.0 mm . 2 
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Fig. 411 Al-Nitride-Ni Device showing Cracking at Edges of 
Nickel (x50 magnification) 

/- Cracking 

Fig. ! ' 5  Al-Nitride-Ni Device with Oblique Lighting 
(same device as fig. 44)  
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At these thicknesses, the surface condition of the substrate is of ex- 

treme importance, We find that if no surface irregularities appear 

under a xl5 microscope, the devices exhibit "good" electrical properties. 

To our knowledge, this is the first successful attempt to grow silicon 

nitride films less than 100 A thick. The results have significance in 
0 

immediate device applications. 

Figure 50 presents the voltage required to produce lo-' amperes 

62 through the films of fig. 46 and other devices. According to Mead 

the linearity of such a plot indicates that the observed currents are 

not space-charge-limited due to traps27. The space-charge limited cur- 

rent for a quasi-continuum of trapping states between the Fermi level 

and the conduction band follows the equation 

(69) )TC /T L- ( 2Tc /T+l) ( Tc /T+l) 
I = Ncep(EeKTcA 

where L is the film thickness 

V is the applied voltage 

which is non-linear in terms of the film thickness. 

this electrode behavior in vitreous selenuim. Further, any model in 

which the electrodes cause the rate limiting elements in the transport 

process predicts a deviation from linearity due to low mobility. Mead 

concludes that the linearity of such a plot implies that the bulk of 

the material limits the current and not the potential barriers at the 

electrodes. This interpretation agrees with the model of chapter 2 

for the case of the rectifying contact. Figure 50 shows considerable 

scatter in the data but gone which relates to the metal or the substrate 

No deviation from linearity appears. The scatter rather indicates the 

L a n y ~ n ~ ~  observes 
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volts 
0 

Fig .  46 Current  V a r i a t i o n  vs. Thickness: 1600 A - 140 A 
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Fig. 47 Current Var ia t ion  vs. Thickness: 140 A - 60 A 
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Fig. 48 I - V  Characteristics for Al-Nitride-Ni Device with 60 A 

Film Showing Ohmic Behavior 



I 0- 

lo-€ 

- 
IO 

-I 0 
I O  

-I 
I O  

3 4 5 6 7 0 9 

65 

Fig .  49 Ln I V s .  f o r  Devices with Various Metal Elec t rodes  
arid F i lm Thickness 
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v a r i a t i o n  i n  r e s i s t i v i t y  of  t h e  d i f f e r e n t  dev ices ,  which i n  t u r n  depends 

on t h e  t r a p  d e n s i t i e s .  

Figure 49 presen t s  curves  of  I n  I v s .  f o r  f i l m s  of var-  

i ous  th icknesses  and aga in  i n d i c a t e s  t h a t  t h e  f i e l d  c o n t r o l s  t h e  c u r r e n t ,  

independent of t h i ckness  and i n t e r f a c e  b a r r i e r  h e i g h t .  

The only i n d i c a t i o n  of  t h e  e l e c t r o d e s  i n  any of  t h e  devices  

i s  of t h e  form of f i g .  51 f o r  an  A1-N-Si device .  The S i  i s  0 . 1  ohm-cm, 

p-type. The symmetry of  t h e  curves and t h e  p o l a r i t y  suggest  t h a t  po lar -  

i t y  dependence i s  due t o  a p e n e t r a t i o n  of  t h e  f i e l d  i n t o  t h e  bulk of  t h e  

semiconductor r a t h e r  t han  v a r i a t i o n s  i n  t h e  b a r r i e r  he igh t s .  

D) Slope of Schot tky P l o t s  V s .  Thickness:  

From t h e  Pcole-Frenkel model t h e  s lopes  of t h e  conduct iv i ty  

vs .  v ~ / ~  p l o t s  are 

Frenkelli5 po in t s  out t h a t  t h e  c o r r e c t  va lue  of K i s  t h e  electronj ic  com- 

ponent of t he  d i e l e c t r i c  cons tan t  ( square  of t h e  index of r e f r a c t i o n  = 4) 

because t h e  f i e l d  c o l l e c t s  t h e  e l e c t r o n  be fo re  it pGlar izes  t h e  i o n s .  

This  i s  sub jec t  t o  experimental  t e s t  because d and K are q u a n t i t i e s  which 

can be measured independent ly .  

Figure 52 i s  a p l o t  of  t h e  s lopes  of t h e  va r ious  devices  

ve r sus  t h e i r  t h i ckness .  The s o l i d  l i n e s  r ep resen t  t h e  l i m i t i n g  va lues  

for Poole-Frenkel emission.  The lower l i n e  a l s o  corresponds t o  t h e  

s lope  expected f o r  Schot tky emission. Any p o i n t s  l y i n g  on o r  between 

t h e  two l i n e s  a r e  c o n s i s t e n t  wi th  t h e  model. The p o i n t s  f a l l  i n t o  two 

gene ra l  gI"oups, one group which f i t s  t h e  lower va lue  of  s lope  and one 
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t h e  upper va lue .  

The devices  which show t h e  low values of  s lope  a l s o  show low r e s i s t i -  

v i t i e s ,  while  t h e  devices  with higher  s lopes  show very  l a r g e  r e s i s -  

t i v i t i e s .  The high r e s i s t i v i t y  devices e x h i b i t  tunnel ing  c h a r a c t e r i s -  

t i c s  a t  t h e  l a r g e s t  f i e l d s .  A component of cu r ren t  due t o  tunnel ing  

e v i d e n t l y  causes  t h e  s lopes  t o  l i e  above t h e  l i n e .  

observe s lopes  which l i e  between t h e  two s o l i d  l i n e s .  

The devices  i n  each group a i s o  compare i n  o t h e r  ways. 

77 Hu52 and Sze 

112 The f a c t  t h a t  t h e  s lopes of  t h e  l o g  o f  conduc t iv i ty  v s .  V 

curves agree  wi th  t h e  measured d i e l e c t r i c  cons tan t  i s  very important .  

O'Dwyer f i n d s  t h a t  a l a r g e  space charge e f f e c t  can cause t h e  c u r r e n t  

t o  be a s t r a i g h t  l i n e  on a Schottky p l o t  over s e v e r a l  decades even when 

t h e  cu r ren t  i n j e c t i o n  i s  by tunnel ing  from t h e  metal i n t o  t h e  conduction 

band o f  t h e  i n s u l a t o r .  

ob ta ins  are assumed t o  be  Schottky emission and t h e  d i e l e c t r i c  cons tan t  

c a l c u l a t e d  from t h e  s l o p e s ,  one obta ins  a va lue  approximately an o rde r  

of  magnitude g r e a t e r  t han  t h e  a c t u a l  va lue .  

64 

However, if t h e  p l o t s  of  I n  I v s .  V1'* t h a t  O'Dwyer 

I n  gene ra l  t h e  devices  which e x h i b i t  t h e  h igher  r e s i s t i v i t i e s  

and h igher  s lopes  are more s t a b l e  and reach t h e i r  equi l ibr ium va lues  

quicker  t han  do t h e  lower r e s i s t i v i t y  devices .  

-11 v i c e s  are unsteady below c u r r e n t s  of 5 x 1 0  amperes and become s teady  

as t h e  c u r r e n t  i nc reases .  Sze observes an ohmic component a t  t h e s e  

low c u r r e n t s  which he a t t r i b u t e s  t o  thermal  hopping of c a r r i e r s  between 

l o c a l i z e d  levels.  Although OUT readings a r e  uns t ab le  i n  t h i s  r eg ion ,  

we observe no ohmic component. The t i m e  r equ i r ed  t o  reach  equ i l ib r ium 

a t  t h e  low c u r r e n t s  i s  q u i t e  long (1-10 min.)  similar t o  e f f e c t s  repor-  

t e d  i n  SiO. 

The readings  on a l l  de- 

The c u r r e n t s  below amperes are s t a b l e  and r ep roduc ib le ,  
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and they  reach t h e i r  equi l ibr ium va lue  quick ly .  These c h a r a c t e r i s t i c s  

l e a d  t o  t h e  conclusion t h a t  two mechanisms occur  i n  t h e s e  dev ices .  

The mechanism at t h e  lower f i e l d s  might be thermal  hopping; however, 

t h e  i n s t a b i l i t y  of  t h e  r e s u l t s ,  t h e  h y s t e r e s i s  e f f e c t s  involved ,  and t h e  

r a t h e r  l i m i t e d  range i n  which t h i s  occurs  prevent  a d e f i n i t e  conclus ion ,  

Note t h a t  t hese  e f f e c t s  do not  occur on a l l  devices  (see f i g .  5 2 ) .  

E )  Fur ther  Evidence f o r  Bulk Limited Mechanism: 

The d i f f e r e n t i a l  capac i tance  vs. b i a s  technique  used exten- 

s i v e l y  t o  s tudy t h e  i n t e r f a c e  s ta tes  i n  Metal-Insulator-Semiconductor 

s t r u c t u r e s  sweeps t h e  Fermi l e v e l  through t h e  forbidden band by,bend- 

ing  t h e  bands at t h e  i n t e r f a c e  as shown i n  f i g .  54. 

bending o f  t h e  bands i n  t h e  i n s u l a t o r  i s  u s u a l l y  neglec ted ;  however, 

bending occurs j u s t  as i n  t h e  semiconductor. To i n v e s t i g a t e  t h e  pos- 

s i b i l i t y  t h a t  t h e  b a r r i e r s  at t h e  i n t e r f a c e s  a r e  somehow i d e n t i c a l  f o r  

a l l  t h e  e l ec t rodes  used, t h u s  masking t h e  dominance of e l e c t r o d e  e m i s -  

s i o n ,  t h e  capaci tance vs. vo l t age  c h a r a c t e r i s t i c s  were measured along 

wi th  t h e  I - V  c h a r a c t e r i s t i c s .  A r e l a t i o n  between t h e  vo l t ages  a t  which 

t h e  Fermi l e v e l  sweeps through t h e  forbidden band and t h e  vo l t ages  which 

produce c u r r e n t s  i n  t h e  i n s u l a t o r  might i n d i c a t e  e l e c t r o d e  p a r t i c i p a -  

t i o n  i n  cu r ren t  i n j e c t i o n .  

For s i m p l i c i t y ,  t h e  

Figures  5 5  and 56 g ive  t h e  r e s u l t s  of  t h i s  t e s t .  No c o r r e l a -  

t i o n  e x i s t s  between t h e  sweeping of  t h e  Fermi leve l  through t h e  forb id-  

den band and t h e  c u r r e n t  i n j e c t i o n  i n  t h e  device .  The c u r r e n t  i n j e c t i o n  

occurs  jus t  before  breakdown whi le  t h e  vo l t age  r equ i r ed  t o  sweep t h e  

Fermi level  through t h e  band gap depends on t h e  s u r f a c e  states p resen t  

and i s  very  s e n s i t i v e  t o  s u r f a c e  p repa ra t ion  and c leaning .  This  evi- 

dence f u r t h e r  i n d i c a t e s  t h a t  t h e  cu r ren t  i n j e c t i o n  i s  from t h e  bulk  
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r a t h e r  than  t h e  e l e c t r o d e s .  

F)  Comparison wi th  Other Workers: 

The only informat ion  i n  p r i n t  on t h e  e l e c t r i c a l  p r o p e r t i e s  

of s i l i c o n  n i t r i d e  films i s  by Hu 51y52 e t . a l .  They r e p o r t  t h a t  t h e  

c u r r e n t  mechanism i s  Poole-Frenkel emission.  The s l o p e  of  t h e  Schot tky 

p l o t  corresprmds t o  a r e l a t i v e  d i e l e c t r i c  cons t an t  of  7.6 compared t o  

t h e  o p t i c a l  d i e l e c t r i c  cons tan t  of  4 .0 .  The corresponding t r a p  leve l  

w a s  1 . 0  5 0.05 eV from t h e  temperature  dependence. 

w a s  ohm-cm at  a f i e l d  of  10  v/cm. The f i lms  were depos i ted  by 

The r e s i s t i v i t y  

6 

RF r e a c t i v e  s p u t t e r i n g .  

In an a r t i c l e  soon t o  be publ i shed ,  Sze77 measures t h e  c u r r e n t  

vo l t age  c h a r a c t e r i s t i c s  of Au-Si N -Mo and Au-Si N 

wi th  f i l m  th icknesses  ranging from 300 A t o  3000 A. H i s  films were de- 

S i  s t r u c t u r e s  3 4- 
0 0 

3 4  

p o s i t e d  by t h e  r e a c t i o n  of SiClq with  NH 

temperature  and e l e c t r i c  f i e l d ,  t h e  cu r ren t  t r a n s p o r t  depends very  lit- 

He f i n d s  t h a t  a t  a given 3' 

t l e  on t h e  s u b s t r a t e  material, t h e  f i l m  t h i c k n e s s ,  o r  t h e  p o l a r i t y  o f  

t h e  e l ec t rodes .  He proposes t h a t  t h e  c u r r e n t  i s  bulk  c o n t r o l l e d  and 

i s  t h e  sum of t h r e e  c o n t r i b u t i o n s .  A t  h igh  f i e l d s  and high tempera tures  

t h e  cu r ren t  i s  dominated by t h e  Poole-Frenkel mechanism wi th  a b a r r i e r  

he igh t  of  1 .3  k 0 .2  e V .  

o f  5 .5  f o r  t h e  dynamic d i e l e c t r i c  cons t an t .  A t  high f i e l d s  and l o w  

The s lopes  of t h e  Schot tky p l o t s  g ive  a va lue  

temperatures  t h e  dominant mechanism i s  f i e l d  i o n i z a t i o n  of t rapped  

e l e c t r o n s  i n t o  t h e  conduction band of t h e  d i e l e c t r i c .  A t  low f i e l d s  

and moderate tempera tures ,  t h e  dominant mechanism i s  thermal  hopping 

o f  e x c i t e d  e l e c t r o n s  between i s o l a t e d  states y i e l d i n g  an ohmic contac t  

and a thermal a c t i v a t i o n  energy of = 0.1 e V .  

Sze f i n d s  t h a t  a t  low temperatures  t h e  maximum d i e l e c t r i c  
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strength approaches lo7 V/cm and at high temperature where Poole- 

Frenkel emission dominates the current conduction, the maximum strength 

2 decreases as ($1 - CT) 
C is a function of the thermal conductivity of the films. 

where $1 is the barrier height of the traps and 

82 Brown reported similar characteristics on films deposited 

by the SiHb-NH reaction. 3 
These results resemble those of the above workers in that 

we find the dominant mechanisms are bulk limited. In particular our 

results compare with those of Sze in that we observe both the Poole- 

Frenkel thermal emission and the Fowler-Nordheim field emission. The 

resistivity of Sze's structures are somewhat lower than the skructures 

in which we observe tunneling. 

plots being somewhat higher due to a larger contribution from tunneling. 

These data differ from Sze's in failing to show an ohmic characteris- 

tic at the lowest currents. The behavior of the current in this region 

is unsteady and subject to considerable hysteresis. The mechanism 

may indeed be thermal hopping, but our devices show In I as linear 

with V1l2 for as much as four decades. 

ferent mechanisms act over this region similar to the effects observed 

by Ha~-tman~~ et .al. on SiO. 

This results in the slope of our Schottky 

These devices show two dif- 

G )  Band Model for Silicon Nitride: 

Based on these results, two groups of behavior exist for 

silicon nitride. One behavior is characterized by very high resisti- 

vities, steeper slopes of the Schottky plots, and larger activation 

energies. The other group exhibits lower resistivities, lower actlva- 

tion energies, and lower slopes on the Schottky plots. The lower re- 

sistivity behavior seems to be more prevalent on thicker devices and 



on quartz substrates. 

long time constants. 

those expected for Schottky emission from the electrode. 

of the high resistivity devices lie near those expected for Poole- 

Frenkel emission with no compensation. Based on these considerations, 

the following model appears to apply for silicon nitride. 

These devices also show transient effects and 

The slope of the Schottky plots are very near 

The slopes 

The current is composed of 3 components. 

3 J T = J  1 + J 2 + J  (71) 

( 7 2 )  

2 -b/E J3 = BE e (74) 

J is a thermal emission component where the emission oc- 1 

curs from small islands of silicon within the silicon nitride. These 

islands of silicon are the result of non-stoichometric conditions in 

the film. 

J2 is the Poole-Frenkel component of thermal emission. It 

is a basic property of the nitride material. 

J is the field emission component of current. It dominates 

The field emission 
3 

the behavior at very high fields ( >  7 x lo6 V/’cm). 

is from the same sites as the Poole-Frenkel emission. 

From these conclusions we can draw a band picture for silicon 

nitride. At approximately 1.5 electron volts below the conduction band 
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t h e r e  i s  a t r a p  level  cor respmding  t o  t h e  i n t r i n s i c  p r o p e r t i e s  of 

F ig .  57 Band P ic tu re  f o r  S i l i c o n  N i t r i d e  

t h e  s i l i c o n  n i t r i d e .  A t  a level  varying from 0.85 t o  1 .05  e V  i n  t h e  

devices  t e s t e d  a series of  t r a p  levels arise from small i s l a n d s  of 

s i l i c o n  embedded i n  t h e  s i l i c o n  n i t r i d e .  The d e n s i t y  of t h e s e  t r a p s  

depends on t h e  composition of t h e  r e a c t i o n  gases  and probably on t h e  

temperature  dur ing  t h e  f i l m  depos i t ion .  If t h e  d e n s i t y  of t h e s e  t r a p s  

i s  s m a l l ,  t h e i r  presence does not a f f e c t  t h e  I - V  c h a r a c t e r i s t i c s .  They 

dominate t h e  cu r ren t  c h a r a c t e r i s t i c s  i f  t h e i r  d e n s i t y  i s  l a r g e  due t o  

t h e  smaller b a r r i e r  t han  t h a t  o f t h e  i n t r i n s i c  s i l i c o n  n i t r i d e .  

J ~ h a n s e n ~ ~  has  proposed t h i s  model o f  i n t e r n a l  Schot tky emis- 

s i o n  t o  exp la in  t h e  observed cu r ren t  c h a r a c t e r i s t i c s  of  Si0 . A s t r u c -  

t u r a l  model of SiO, proposed by Brady and supported by x-ray d i f f r a c -  

X 

88 

t i o n  experiments,  assumes t h a t  s i l i c o n  monoxide i s  a s to i ch iomet r i c  

mixture  of  S i 0  and S i .  Johansen proposes t h a t  S i 0  i s  a non-stochio- 2 X 

me t r i c  mixture  of  t h e  same two components. S i m i l a r l y ,  t h e s e  films 

of  s i l i c o n  n i t r i d e  behave l i k e  mixtures o f  S i  N and S i .  S i  N i s  t h e  

formula o f  bu lk  s i l i c o n  n i t r i d e  and i s  a c r y s t a l l i n e  s t r u c t u r e .  

3 4  3 4  



80 

H) I n t r i n s i c  Conduct ivi ty:  

From chapter  two, t h e  expression f o r  Poole-Frenkel emission 

is 

where 

depends on t h e  amount of compensation of  donor t r a p s  wi th  acceptor  

t r a p s .  For t h e  devices  with very high r e s i s t i v i t i e s ,  from f i g .  50 

t h e  f i e l d  necessary t o  produce a cu r ren t  d e n s i t y  of amps/cm 

i s  7 .5  x 1 0  V/cm. S u b s t i t u t i n g  t h i s  va lue  i n  t h e  Poole-Frenkel equa- 

t i o n  above g ives  t h e  zero f i e l d  conduct iv i ty  

2 

6 

as 

1 t h e  constant  A 

= 6.7 x (Q -cm) -1 

I )  I n t r i n s i c  Carrier Concentrat ion:  

The c a r r i e r  concent ra t ion ,  n ,  r e l a t e s  t o  conduc t iv i ty  by 

a = nqu = A1 ( 8 0 )  

where q i s  t h e  charge on t h e  c a r r i e r  

IJ i s  t h e  c a r r i e r  mob i l i t y .  

From Mott and Gurney, t h e  mobi l i ty  of a f r e e  e l e c t r o n  o r  hole  i n  

i n s u l a t o r s  l i e s  between 1 and 100 cm /sec / per  volt/cm. 

concent ra t ion  at room temperature  and zero b i a s  i s  then  

The c a r r i e r  

(81) +6 +8 6.25 x 10.. < n < 6.25 < 10- 
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J) E f f e c t i v e  Mass: 

Assuming t h a t  t h e  f i e l d  i o n i z a t i o n  OCCUTS from t h e  same s i t e s  

as t h e  Poole-Frenkel Ehissio:: p e m l t s  c a l c u l a t i e n  ~f an approximate 

va lue  of t h e  e f f e c t i v e  m a s s  i n  the  conduction band. g ives  

t h e  cu r ren t  express ion  f o r  tunnel ing  from impur i ty  l e v e l s  i n  t h e  for- 

bidden reg ion  t o  t h e  conduction band as 

6 Chynowetd 

where C i s  a cons tan t  

The s lope  of  Fowler-Nordheim p l o t s  ( I n  J vs. 1 / E )  are then  a measure 

1 

o f  t h e  b a r r i e r  he igh t  and e f f e c t i v e  mass. S u b s t i t u t i n g  va lues  i n  eq.  82 

g i v e s  

10 m* 1/2 
mG 

1.25 x 10  (-) V / m  

f o r  t h e  s lopes  of t h e s e  p l o t s ,  where w e  have used 

where $T i s  1 . 5  v o l t s .  

9 The s lope  of f i g .  4 1  i s  g x  10 V/mgiving a r e l a t i v e  mass of 

t h e  c a r r i e r  i n  t h e  conduction band of 

Other devices  g ive  values  ranging from 0.29 t o  0.80 b u t  0.40 i s  t y -  

p i c a l .  
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K) Generation S t a t i s t i c s  : 

Thorough c h a r a c t e r i z a t i o n  r e q u i r e s  determining t h e  approxi- 

mate d e n s i t i e s  of t r a p s  necessary t o  support  t h e  s teady  s t a t e  Poole- 

Frenkel  cu r ren t .  

l y s i s ;  however, an approximate s o l u t i o n  appears  from t h e  assumptions 

t h a t  (1) one c a r r i e r  type dominates, and ( 2 )  t h e  genera t ion  and recom- 

b ina t ion  can be descr ibed by an e f f e c t i v e  dens i ty  of t r a p s  I$ v o l t s  

below t h e  conduction band. The second assumption i s  p l a u s i b l e  i f  w e  

imagine a l a rge  d e n s i t y  of t r a p s  throughout t h e  e n t i r e  forbidden band 

i n  which case t r a p s  above t h e  Fermi l e v e l  a few kT a r e  e s s e n t i a l l y  

empty and t r a p s  below t h e  Fermi l e v e l  a few kT have l i t t l e  chance of 

emission because of t h e  g r e a t e r  b a r r i e r  h e i g h t .  Bniss ion i s  then  es- 

s e n t i a l l y  from t r a p s  a t  t h e  Fermi l e v e l .  This  i s  t h e  same problem of  

generation-recombination through a s i n g l e  l e v e l  acceptor  ( o r  donor) 

t r a p  which permits  a similar a n a l y s i s .  The b a r r i e r  he ight  i n  t h i s  ca se  

i s  t h e  energy d i f f e rence  between t h e  Fermi l e v e l  and t h e  bo t tox  of 

t h e  conduction band, however t h e  i n s u l a t o r  conta ins  a l a r g e  d e n s i t y  of 

t r a p s  a t  some p o s i t i o n  i n  t h e  forbidden band o the r  t han  a t  t h e  Fermi 

l e v e l ,  t h e  b a r r i e r  he ight  cannot be i d e n t i f i e d  as t h e  p o s i t i o n  of t h e  

Fermi l e v e l  bu t  i s  t h e  energy d i f f e r e n c e  between t h e  t r a p  l e v e l  and t h e  

bottom o f  the  conduction band. 

The exac t  problem i s  t o o  complicated f o r  simple ana- 

The average t ime requi red  f o r  thermal  emission from a t r a p  I$ 

v o l t s  below t h e  conduction band23 i s  

seconds 1 
vta n ‘I= 

n 
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where vt i s  t h e  e f f e c t i v e  ve loc i ty  of t h e  e l e c t r o n  i n  t h e  conduction 

band 

an i s  t h e  cap tu re  c ros s  sec t ion  o f  t h e  t r a p  

n i s  t h e  d e n s i t y  o f  c a r r i e r s  i n  t h e  conduction band which would 

be obta ined  i f  t h e  Fermi l e v e l  were a t  t h e  t r a p  l e v e l .  

The c o r r e c t  c a r r i e r  d e n s i t y  is 

i s  t h e  e f f e c t i v e  d e n s i t y  o f  s t a t e s  i n  t h e  conduction band. 

The Poole-Frenkel equat ion  g ives  t h e  e f f e c t i v e  b a r r i e r  he ight  

Typica l  va lues  of  t h e  parameters might be 

7 vt = 10 cm/sec. 

1 2  n = 10  ($eff = 0 . 5 ~ )  

r e s u l t i n g  i n  a mean t i m e  f o r  emission of 

Measured c u r r e n t  d e n s i t i e s  of  lo-' amps/cm2 are obta ined  f o r  

t h e  barrier he ight  used i n  t h e  above c a l c u l a t i o n  which corresponds 

t o  a c a r r i e r  d e n s i t y  of  
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which implies a trap density of 

-3 cm e 
10 16 < NT< 1O2l ( 9 5 )  

These Seem like reasonable quantities in view of the disordered nature 

of the material. 



CHAPTER I V  

Experimental  Technique and Technolorn 

Since S t e r l i n g  and S ~ a n n ~ ~ ,  s i l i c o n  n i t r i d e  has been formed 

The RF s p u t t e r -  by both  RF s p u t t e r i n g  and chemical vapor depos i t ion .  

i n g  involves  bombarding a cathode o f  bu lk  s i l i c o n  n i t r i d e  wi th  ions  i n  

a reduced p res su re .  The advantages of  t h i s  method inc lude  t h e  f a c t  

t h a t  t h e  s u b s t r a t e  temperature can be l o w  compared t o  t h e  s u b s t r a t e  

temperature  involved i n  t h e  chemical vapor depos i t i on  technique .  This  

a l lows  t h e  f i lms  t o  be depos i ted  on s u b s t r a t e s  which would m e l t  a t  t h e  

tempera tures  r equ i r ed  for  chemical vapor depos i t i on  ( e  .g.  Al) . 
advantage of  t h e  low s u b s t r a t e  temperature i s  t h a t  t h e  d i f f e r e n c e  i n  

c o e f f i c i e n t  of expansion i s  less important because t h e  expansion i s  

much less than  f o r  chemical vapor depos i t i on .  

o f  t h e R F  s p u t t e r i n g  technique i s  t h a t  t h e  concen t r a t ion  of  t h e  two 

c o n s t i t u t e n t s  

f i l m s  i s  less  c o n t r o l l a b l e .  The concent ra t ion  by vapor p l a t i n g  can 

be somewhat c o n t r o l l e d  by conducting t h e  r e a c t i o n  i n  an atmosphere wi th  

a p a r t i a l  p re s su re  o f  n i t rogen  and vary ing  t h e  p re s su re  of  t h e  n i t rogen .  

Another 

The major disadvantage 

cannot be v a r i e d  with ease and t h e  s to ich iometry  of t h e  

A )  Chemical Vapor Deposi t ion:  

Chemical vapor depos i t ion  produced t h e  f i lms  of  t h i s  work. 

This process  involves  thermal  decomposition of  s u i t a b l e  gases  i n t o  t h e i r  

e lementa l  components of  s i l i c o n  and n i t rogen .  The components t hen  

react t o  form a more stable compound than  t h e  o r i g i n a l .  S u i t a b l e  gases  

85 



86 
are SiH and Sic1 for silicon and NH for the nitrogen. Silane (SiH4) 

decomposes readily at temperatures above 600 C while the silicon tetra- 

chloride (Sic1 ) requires temperatures of 1000 C or better. The lower 

temperatures are desirable in work involving semiconductor devices 

because the higher temperatures affect the pn junction location and 

doping in the semiconductor substrates. The disadvantage of silane 

is that it explodes spontaneously with air and requires care to in- 

sure that the flow system contains no leaks. The reactions occur 

according to the equations 

4 11 3 
0 

0 

4 

Si N + H2 ( 9 6 )  3 4  SiH + NH + energy -+ 4 3 

The stoichiometry of the films varies with the mixture of the gases. 

This work utilized the silane-ammonia reaction with hydrogen 

as a carrier. This process has the advantage that most silane which 

decomposes before reaching the substrate recombines with the hydrogen 

thus limiting the reaction to the immediate vicinity of the heated sub- 

strate. 

--- B) Deposition System2 

Wherever possible, the materials used in the deposition system 

are quartz, stainless steel, and teflon*. These materials minimize 

contamination to the system and help obtain reproducible results. Tub- 

ing and valves are stainless steel, the mixing chamber and reaction 

chamber are quartz, fittings, for glass to metal seals, are teflon. 

* Trademark, E . I .  Dupont, Co. 
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Figure 58 shows a diagram of t h e  system, which resembles systems used 

f o r  semiconductor ep i t axy .  The n i t rogen  and hydrogen gases  are of 

commercial q u a l i t y .  The hydrogen flows through two deoxo p u r i f i e r s  

which remove t r a c e s  of  oxygen. Mixing t h e  hydrogen and n i t rogen  i n  

a r a t i o  of 9 p a r t s  n i t rogen  t o  1 p a r t  hydrogen produces t h e  forming 

gas which f lu shes  t h e  system. The Matheson Company s u p p l i e s  t h e  s i l a n e  

and ammonia. The s i l a n e  i s  semiconductor grade wi th  a maximum boron 

conten t  of 1 part  p e r  b i l l i o n  wi th  a r e s i s t i v i t y  of  50 ohm-cm p-type 

after depos i t ion  as s i l i c o n .  The ammonia i s  99.99% pure .  

From t h e  c y l i n d e r s ,  t h e  gases  flow t o  t h e i r  r e s p e c t i v e  regu- 

l a t o r s .  The p res su re  used i n  a l l  work i s  1 0  p s i .  Flushing t h e  s i l a n e  

l i n e  immediately a f te r  t h e  r e g u l a t o r  reduces t h e  danger of explos ion .  

From t h e  r egu la to r s  t h e  gases  flow t o  a ser ies  of meter ing va lves  which 

r e g u l a t e  the  flow during t h e  f i l m  depos i t i on .  Whitey micrometer con- 

t r o l  va lves ,  s e r i e s  #22 ,  c o n t r o l  t h e  small f l owra te s  of  ammonia and 

s i l a n e .  Next t h e  gases  pass  through t h e i r  r e s p e c t i v e  flow meters and 

i n t o  t h e  mixing chamber a t  almost atmospheric p re s su re  and room tem- 

p e r a t u r e .  From t h e  mixing chamber t h e  gases  flow i n t o  t h e  r e a c t i o n  

chamber where a heated g r a p h i t e  s u b s t r a t e  ho lder  decomposes t h e  s i l a n e .  

The r eac t ion  and film depos i t i on  occur  a t  t h e  heated po r t ions  o f  t h e  

chamber. Af te r  t h e  r e a c t i o n ,  burning and vent ing  v i a  a hood i n s u r e  

s a f e t y .  

A chromel-alumel thermocouple, as i n d i c a t e d  i n  f i g .  59, 

determines t h e  temperature  of t h e  s u b s t r a t e  dur ing  depos i t i on .  The 

thermocouple touching t h e  s u b s t r a t e  s p o i l s  a s m a l l  area of t h e  f i lm .  

The small a reas  used f o r  devices  avoid t h e  a f f e c t e d  a r e a .  

Figure 59 shows d e t a i l s  of t h e  v e r t i c a l  f low r e a c t i o n  chamber. 



Steel 

Kovar 

Sfain/e 
Sfee/ 

f f  

Fig. 59 Reaction Chamber 
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The major problem encountered wi th  t h e  r e a c t i o n  chamber i s  g e t t i n g  t h e  

e l e c t r o d e s  through t h e  chamber w a l l .  A glass- to-metal  seal  us ing  Kovar 

metal he l i a rced  t o  a stainless s t ee l  f l ange  so lves  t h e  problem. A 

neoprene O-ring arrangement a l lows t h e  removal o f  t h e  s u b s t r a t e  ho lder  

and e l ec t rodes  from t h e  r e a c t i o n  chamber f o r  c l ean ing  and f o r  pos i t i on -  

i n g  o f  s u b s t r a t e s .  

Ac cu r ren t  hea t s  t h e  g r a p h i t e  ho lder  which tends  t o  vapor ize  

when heated and r e q u i r e s  coa t ing .  A coa t  of s i l i c o n  n i t r i d e  works 

w e l l  t o  prevent vapor i za t ion .  S t a i n l e s s  s teel  e l e c t r o d e s  conduct t h e  

c u r r e n t  i n  t h e  r e a c t i o n  chamber. A t e f l o n  bushing arrangement ( s e e  

f i g .  59)  br ings  t h e  e l ec t rodes  through t h e  chamber w a l l .  The power 

supply t o  the s u b s t r a t e  c o n s i s t s  of a 0-220 v o l t  (0-10 amp) v a r i a b l e  

t ransformer t o  c o n t r o l  t h e  power input  and a 1OO:l c u r r e n t  t r a n s f o r -  

m e r  t o  provide cu r ren t  ga in  f o r  t h e  low r e s i s t a n c e  c i r c u i t .  Normal 

h igh  temperature ope ra t ion  uses  6 v o l t s  input  t o  produce 70 amps 

i n  t h e  hea t ing  element.  

C) F i l m  Deposition: ----- 

The f i l m  depos i t i on  fol lows a symmetrical  cyc le .  F i r s t ,  

system f lush ing  with forming gas removes oxygen and o t h e r  gases  which 

form s t a b l e  compounds wi th  t h e  r e a c t a n t  gases .  Af t e r  f l u s h i n g ,  hydro- 

gen purges t h e  system, provid ing  an atmosphere f o r  t h e  r e a c t i o n ,  and 

a c t i n g  as a c a r r i e r  f o r  t h e  s i l a n e  and ammonia. Power t o  t h e  s u b s t r a t e  

h e a t e r  during t h e  H purge h e a t s  t h e  s u b s t r a t e  t o  t h e  d e s i r e d  tempera- 

t u r e  and allows equi l ibr ium before  i n t r o d u c t i o n  of  t h e  r e a c t a n t  gases .  

During t h e  s u b s t r a t e  hea t ing ,  t h e  c o l o r  of t h e  burn o f f  flame changes 

2 

from a l i g h t  b lue  t o  a b r i g h t  yellow. 

gases  and organic materials escaping from t h e  s u b s t r a t e  and hea ted  

This  probably i n d i c a t e s  t rapped  



p o r t i o n s  of t h e  chamber. The r e t u r n  t o  a l i g h t  blue flame h d i c a t e s  

t h a t  t h e  system has c ieansed  i t s e i f  and sigriais esial i is iueri i  ul̂  CULL- 

d i t i o n s  f o r  in t roducing  t h e  s i l a n e  and ammonia. 

In t roducing  t h e  ammonia and s i l a n e  i n  predetermined q u a n t i t i e s  

and r a t i o s  starts t h e  r e a c t i o n  and film depos i t i on ,  which cont inues 

t o  t h e  desired th i ckness .  Observing t h e  c o l o r  of t h e  i n t e r f e r e n c e  

f r i n g e s  g ives  t h e  f i lm th i ckness  dur ing  depos i t ion .  The r e a c t a n t  

gases  are now shu t  of f  bu t  t h e  hydrogen remains.  Keeping t h e  s u b s t r a t e  

a t  t h e  depos i t i on  temperatures  fo r  two or t h r e e  minutes i n s u r e s  r e a c t i o n  

stoppage be fo re  cool ing  begins .  This  pause a l s o  provides  a s h o r t  anneal  

pe r iod  f o r  t h e  f i lm.  

After t h e  annea l  per iod ,  t h e  power t o  t h e  s u b s t r a t e  h e a t e r  

The i s  reduced i n  s t e p s  of  1 / 3  over a pe r iod  o f  from 10-15 minutes.  

s u b s t r a t e  drops t o  a temperature  below 100°C befo re  f i n a l  f l u sh ing  

begins .  Table I1 shows a t y p i c a l  f i lm depos i t i on  cyc le  wi th  approxi- 

mate t i m e s  and flow rates f o r  t h e  var ious  po r t ions  of  t h e  cyc le .  

TABLE I1 

Flow Rates and T i m e s  f o r  Deposi t ion 

System Flush 

H Purge and S u b s t r a t e  Heating 

Film Deposi t ion 

H Purge and Cool Down 

System Flush 

2 

2 

3 - 5 min 

7 -12 min 

7 -20 min 

15-20 mfn 

3 - 5 min 

3 

3 

3 

3 

3 

10,000 cm /min 

2,000 cm /min 

2,200 cm /min 

2,000 cm /min 

10,000 cm /min 
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D )  Deposit ion Behavior C h a r a c t e r i s t i c s :  

The th i ckness  of t h e  depos i ted  film inc reases  l i n e a r l y  wi th  

t i m e  as shown i n  f i g .  60. Assuming a cons tan t  index of r e f r a c t i o n  and 

observing t h e  co lor  of  t h e  i n t e r f e r e n c e  f r i n g e s  g ive  t h e  t h i c k n e s s .  

This  method i s  b a s i c a l l y  inaccura t e  but  t a k i n g  numerous p o i n t s  e l i m i -  

n a t e s  random e r r o r  and allcws de termina t ion  of  t h e  depos i t i on  ra te .  

The depos i t ion  r a t e  i s  cons tan t  s i n c e  t h e  f i l m  i s  depos i ted  from a 

chemical r e a c t i o n  and not d i f f u s i o n  l i m i t e d  i n  t h e  s o l i d ,  as i s  t h e  case  

o f  thermally grown oxides .  No observable  d i f f e r e n c e s  occur i n  t h e  

depos i t i on  of t h e  f i l m  on s u b s t r a t e s  of n i c k e l ,  molybdenum, molydenum 

coated  qua r t z ,  plat inum coated q u a r t z ,  and s i l i c o n .  

Figure 61 g ives  t h e  growth ra te  as a func t ion  of  s i l a n e  t o  

ammonia r a t i o .  The s lopes  of curves  g ive  d a t a  p o i n t s  s imilar  t o  

1 f i g .  60 which e x h i b i t s  two d i s t i n c t  reg ions  of t h e  curve.  Bean e t . a l .  

observes  a similar behavior  f o r  films depos i ted  from t h e  SiH4-NH -H 
3 2  

r e a c t i o n .  They c o r r e l a t e  t h e  break t o  a change i n  t h e  s to ich iometry  

of  t h e  film. The break i n  t h e  curve of f i g .  61 occurs  a t  a r a t i o  of  

ammonia t o  s i l a n e  of 7 : l  compared t o  a r a t i o  of 5:1 observed by Bean. 

S i l i con- r i ch  f i l m s  r e s u l t  at lower concen t r a t ions .  The f a c t  t h a t  t h e  

index of  r e f r a c t i o n  inc reases  from t h e  va lue  of 2 . 0  f o r  s i l i c o n  n i t r i d e  

t o  a va lue  approaching t h e  bulk  va lue  of s i l i c o n  ( 4 , 0 2 )  suppor ts  t h i s  

deduct ion .  

The change i n  s to ich iometry  a l s o  a f f e c t s  t h e  e l e c t r i c a l  

properties' ' .  

g r e a t e r  than 7 : l  t o  i n s u r e  s to ich iometry ;  however, it would be i n t e r e s t -  

i n g  t o  observe t h e  cu r ren t  v a r i a t i o n  wi th  s i l a n e  and ammonia concen t r a t ions .  

A l l  work r epor t ed  he re  uses  ammonia t o  s i l a n e  r a t i o n s  
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Fig. 60 Film Thickness vs. Deposition Time 
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E )  S u b s t r a t e s  : 
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and plat inum f i lms  on qua r t z  p l a t e s  and m e t a l l u r g i c a l l y  po l i shed  n i c k e l  

and molybdenum wafers ,  and pol i shed  s i l i c o n  wafers .  The qua r t z  p l a t e s  

are 1" x 1" x 1/16" i n  s i z e .  A Varian Assoc ia tes  e-gun evaporates  t h e  

molybdenum a t  a p res su re  of less than  t o r r  i n  a chemical ly  pumped 

system. Using an appara tus  descr ibed by C h r i s t i a n  , twelve p l a t e s  

are coated i n  a s i n g l e  pump down and s t o r e d  i n  dry  a i r  u n t i l  used. 

81 

To reduce aglomerat ion of t h e  metal a t  t h e  high depos i t i on  

tempera tures ,  t h e  s u b s t r a t e s  must be  c lean  and f r e e  of  organic  f i l m s .  

A mixture  of  potassium dichromate and s u l f u r i c  a c i d  works t o  remove 

t h e  o rgan ic s .  

no beading. 

The cleaned quar tz  p l a t e s  s u s t a i n  a film of  water wi th  

Nickel and plat inum evaporate  from a tungs ten  f i lament  a t  

a p r e s s u r e  of  t o r r  i n  a d i f f u s i o n  pumped system. Wire, t i g h t l y  

wound onto t h e  f i l amen t ,  s e rves  f o r  t h e  evaporat ion material. Severa l  

a t t empt s  t o  use  gold as t h e  base metal on t h e  qua r t z  f a i l e d  due t o  aglo- 

merat ion of" t h e  gold at t h e  temperatures  involved i n  t h e  depos i t i on  

cyc le .  I n  gene ra l ,  t h i n  metal films t end  t o  aglomerate a t  temperatures  

cons iderably  below t h e i r  mel t ing  tempera tures ,  and metals wi th  mel t ing  

p o i n t s  i n  t h e  range of 1200°C or above are b e s t .  

Sawing s l i c e s  of  molybdenum and n i c k e l  0.050" t h i c k  from a 

rod  of t h e  material, encasing t h e  s l i c e  i n  r e s i n ,  and p o l i s h i n g  wi th  

s t anda rd  m e t a l l u r g i c a l  techniques prepare  wafers of t h e s e  materials. 

The f i n a l  p o l i s h  i s  wi th  0 . 5 ~  alumina. A mi r ro r  f i n i s h  r e s u l t s  on t h e  

metals; however, s c ra t ches  are usua l ly  p re sen t  and t h e  s u r f a c e  i s  o f  

poorer  q u a l i t y  than  su r faces  o f  po l i shed  s i l i c o n .  The s i l i c o n  wafers 
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are mechanically po l i shed  and chemical ly  e tched  t o  a m i r r o r  f i n i s h  

l eav ing  no s c r a t c h e s  v i s i b l e  t o  t h e  naked eye.  

Ul t rasonic  a g i t a t i o n  and vapor degreasing c l eans  t h e  m e t a l  

wafers and metal-coated qua r t z  p l a t e s .  A s h o r t  e t c h  i n  hydro f luo r i c  

a c i d  removes oxides  from t h e  s i l i c o n .  A f u r t h e r  c l ean ing  occurs  i n  

t h e  depos i t i on  chamber as descr ibed  i n  t h e  s e c t i o n  on f i l m  depos i t i on .  

The var ious  s u b s t r a t e s  d i f f e r  widely i n  t h e i r  thermal  coef-  

f i c i e n t  of expansion,  e . g .  

0 S i l i c o n  4 .2  x pe r  C 

Mo 1 yb de num -6 11 4.9 x 10 

10.12 x lo-6 
11 

Nickel 

Quartz 0.256 x 10- 6 t i  

Subs t r a t e s  of molybdenum, s i l i c o n ,  and qua r t z  a r e  s a t i s f a c -  

t o r y ,  and t h e  n i t r i d e  f i lms  appear t h e  same under a x30 microscope f o r  

t h e s e  m a t e r i a l s .  However, t h e  n i c k e l - n i t r i d e  mismatch causes  t h e  n i t r i d e  

f i lms  t o  crack when t h e  s u b s t r a t e  i s  ccoled a f t e r  f i lm  depos i t i on .  This  

c racking  i s  not  always P m e d i a t e .  Some f i l m s  r e t a i n  t h e i r  uniform 

appearance up t o  3 or 4 hours a f t e r  depos i t i on .  

observing t h e  bowing of t h i n  s i l i c o n  wafers, conclude t h a t  t h e  c o e f f i -  

c i e n t  o f  expansion of t h e  n i t r i d e  f i l m s  exceeds t h a t  of t h e  s i l i c o n  

but  reasonably c l o s e  t o  i t ,  According t o  P e r r i  and Riseman , " m i s -  

matches of a f a c t o r  of 2 can be t o l e r a t e d  i f  t h e  g l a s s  f i l m  i s  t h i n ,  

about 1 . 5  microns o r  less, and t h e  g l a s s  i s  i n  t ens ion .  Greater m i s -  

matches can be t o l e r a t e d  if t h e  g l a s s  c o e f f i c i e n t  i s  lower than  t h e  

s i l i c o n  p lac ing  t h e  g l a s s  i n  compression." 

Bean' e t , a l .  , by 

a3 

F a i l u r e  of  t h e  molybdenum t o  adhere t o  t h e  qua r t z  p l a t e s  some- 

t i m e s  causes buckl ing during per iods  of h igh  temperature  f o r  f i l m  depos i t i on .  
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Fig. 62 Mixing Chamber f o r  the 
Deposition Gases 

Fig .  63 Substrate Holder 
with Base Plate to 
Deposition Chamber 

? i  :I. 614 Capacitance Measurement Arrangement 
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Fig. 65 Reaction Chamber 

Fig.  66 Gas Flow Apparatus 



F 1 Film Appearafice and StlriJctiire : 

The depos i ted  I i h s  appear smovth h i t h  no apparent s t r u c t u r e  

under o p t i c a l  mfcrcscopes wi th  up to xl000 magnif ,cat ion,  Cracks some- 

t i m e s  appear i n  films with very high growth r a t e > .  X- ray  d i f f r a c t i o n  

measurements made on t h e  meta l  and n i t r i d e  films e x h i b i t  no d i f f r a c t i o n  

l i n e s .  To check t h e  p o r s ~ b i l i t y  that t h e  fllms were t o o  t h i n  f o r  t h e  

x-ray d i f f r ac tomete r ,  measurements were made on a f i l m  of aglonierated 

molybdenum. The aglomerated mclybdenum exh ib i t ed  t h e  c h a r a c t e r i s t i c  

l i n e s  and i n d i c a t e d  t h a t  t h e  fibs were indeed t h i c k  enough f o r  t h e  

d i f f r a c t o m e t e r .  This a l s o  ind ica t e s  t h a t  t h e  smooth f i lms  of molybdenum 

are amorphous. The th i cknesses  used i n  t h e  x-ray experiments were 

approximately 1 micron. 

G )  Thickness Measurements : 

The d i f f i c u l t y  of  e tching t h e  n i t r i d e  e l imina ted  mul t ip l e  

beam in t e r f e romet ry  I c r  th ickness  measurements Ins t ead  t h e  method 

o f  e l l i p somet ry  which i s  ncn-destruct ive and capable  o t  extremely 

h igh  accuracy w a s  used. Thls involved becGm,ng acquainted with t h e  

techniques  of e l l i p somet ry ,  c a l i b r a t i n g  t h e  Gaertner e l l i p somete r  , 

and modifing a computer program b j  McCra.-k n to run on t h e  C m t r o l  

Data 6020 computer at The University- of Texas. 

g i v e s  t a b l e s  of readings  f o r  The ei l ipso- . le ter  i n  terms of' assumed t h i c k -  

ness  and index of' r e f r a c t i o n  GI t h e  f i l m  P l o t t i n g  t h e  readings  as 

84 

The eomputer program 

families of curves  wi th  index of l e f r a c t i o n  and th i ckness  as parameters  

a l lows quick conversion o i  e l l ipscmeter  readings  t o  r i l m  parameters .  

The metal-coated substrates g ive  readings  reproducib le  t o  20.2 

degree on t h e  e l l i p somete r  s ca l e s  H.-wever, due t o  th i ckness  v a r i a t i o n s  

t h e  r,ityiGe film. en a t i 2 b g t y a + _ e ,  O E l y  ZP:O fi-egrees reprodi j .cfbi l f ty  

99 , 

I 
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+ c  r e s u l t e d  fo r  t h e  films. This  corresponds roughly t o  - 50 A i n  th i ck -  

ness.  Bet te r  accuracy r e s u l t e d  from t h e  e l l i p somete r  f o r  polymer 

films under 100 A.  The th i ckness  measurements from t h e  e l l i p somete r  

and from capaci tance measurements agreed wi th in  f 10 A f o r  t h e  polymer. 

0 

0 

The e l l i p somete r  r e q u i r e s  a knowledge oi t h e  s u b s t r a t e  ma- 

t e r i a l .  Since s e v e r a l  d i f f e r e n t  substrates  were used i n  t h e  s tudy of 

+ t h e  n i t r i d e  and accu rac i e s  o? m l y  - 50 A obta ined  from t h e  e l l i p s o -  

meter ,  most t h i ckness  measurements were made by observing t h e  c o l o r  

of  t h e  i n t e r f e r e n c e  f r i n g e  and rcmparing t h e  color with a s tandard  

by means of a color vs  th i ckness  cha r t . .  

Comparing t h e  ca lo r  of t h e  i n t e r f e r e n c e  f r i n g e s  t o  a c o l o r  

c h a r t  g ives  th i cknesses  wi th in  5 LOG A .  This accuracy i s  adequate 

on t h e  t h i c k e r  f i lms  hswever t h e  e r r o r  i s  cons iderable  on f i lms  below 

1000 A. For t h e  t h i n n e r  f i l m s ,  t h e  capac i tance  measurement g ives  
0 

t h e  th ickness  i n  terms c f  t h e  p a r a l l e i  p l a t e  c a p a c i t c r  formilla. The 

d i e l e c t r  f c const  a n t  i s  d i scus  c ed eisewhere 

H) E l e c t r i c a l  Measurements: 

Evaporation of t h e  metal f o r  t h e  base e l e c t r u d e  fcllowed by 

depos i t i on  o f  t h e  n i t r i d e  f i l m  and then  evapora t icn  of t h e  t o p  e l ec -  

t r o d e  through metal masks C m s t r u c t s  t h e  M I M  devices .  This procedure 

r e s u l t s  i n  a device wi th  t h e  geometry g iven  i n  f i g .  67. 

t h e  t o p  e l ec t rode  v a r i e s  from 0 , 3  t o  2,O cm2 depending on t h e  mask 

used. Scratching through t h e  n i t r i d e  riim provides  a method of  making 

The area of  

con tac t  t o  t h e  base e l e c t r o d e  

An indium-gallium pasts smeared onto  t h e  sc ra t ched  area as- 

s u r e s  t h e  pressure  con tac t  by wet t ing  both s u r f a c e s .  

s h o r t  c i r c u i t  r e s i s t a n c e  t o  record such con tac t  a s su res  t h e  ohmic 

Gbserving t h e  
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n a t u r e  of t h e  con tac t s .  

t o  the  con tac t  w i r e  and c a r e s u l l y  lowering onto  t h e  t o p  e l e c t r o d e  

completes t h e  connect ions t o  t h e  device.  

ment schemat ica l ly .  

Attaching a s m a l l  bail on t h e  In-Ga paste 

Figure  68 shows t h i s  arrange-  

0 0 0 0  

Metal 

N t t r  i de  

Met a1 
Quar tz  

J % o o o o G o ~ /  

Fig.  67 Geometry of M I M  Devices 

I1 /-' In-Ga P a s t e  

N i t r ide  rode  

Base E lec t rode  
Quar t  z 

Fig .  68 Method of Making Contacts  t o  t h e  MTM Devices 
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A s p e c i a l  sample ho lde r ,  shown i n  f i g u r e s  70  and 71, t h a t  

completely enc loses  t h e  devices  in su res  t h a t  changes i n  t h e  surrounding 

electromagnet ic  f i e l d  do not  d i s t u r b  t h e  r ead ings .  The a d j u s t a b l e  

p re s su re  con tac t s  can be p laced  on any spot  on t h e  sample. 

i s  a schematic of t h e  e l e c t r i c a l  c i r c u i t  used t o  t a k e  t h e  readings .  

F igure  69 

Kei thley 610~ 
Electrometer  

Bias 

Fig .  69 E l e c t r i c a l  Measurement C i r c u i t  

A Kei th ley  610 B e lec t rometer  or Hewlett-Packard 425 A 

micromicro- ammeter neasures  t h e  c u r r e n t ,  and a Hewlett-Packard 4131: 

dc vol tmeter  measures t h e  vo l t age .  

Severa l  methods of t a k i n g  t h e  readings  g ive  t h e  same r e s u l t s .  

The quickes t  way t o  t a k e  t h e  readings  i s  t o  apply t h e  maximum vo l t age  

t o  be used i n  t h e  t e s t ,  ( f i e l d  of 8-9 x lo6 v / @ m ) ,  a l low t h e  reading  

t o  s tab i l ize ,  and then  remove t h e  bias and t a k e  t h e  d a t a  p o i n t  by p o i n t .  

When t h e  b i a s  i s  f irst  a p p l i e d ,  t h e  cu r ren t  decreases  slowly u n t i l  an 

equi l ibr ium va lue  i s  leached. This  u sua l ly  r e q u i r e s  3-5 minutes .  

After s t a b i l i z a t i o n  t h e  readings  can proceed from t h e  lowest  va lue  

r eadab le  on t h e  c u r r e n t  meter.  The b i a s  is t hen  re - increased  and t h e  

d a t a  p o i n t s  ob ta ined .  The cu r ren t  s e t t l e s  t o  i t s  equi l ibr ium va lue  i n  



P i p .  70 Sample Holder Insf f ie  '$?et .I Cover w i t h  Rackplate  Removed 

Fig.  71 Sample Test J i g  Showing Sample i n  P lace  
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a f e w  seconds. For readings  taken  a t  t h e  first bias a p p l i c a t i o n ,  a con- 

s i d e r a b l y  longer t i m e  i s  r equ i r ed  a t  each d a t a  p o i n t  be fo re  s t a b i l i z a t i o n .  

-11 A t  c u r r e n t  readings  below 10 amperes, t h e  cons iderable  

f l u c t u a t i o n s  i n  t h e  c u r r e n t  observed become s t a b l e  as t h e  bias i s  

-11 increased .  Readings below 10  amperes e x h i b i t  cons iderable  hys te re-  

s is  and a r e  d i f f i c u l t  t o  reproduce;  however, readings  above t h i s  va lue  

a r e  immediately reproducib le  wi th in  t h e  accuracy of  t h e  b i a s  s e t t i n g .  

The lower readings seem t o  be  p a r t i c u l a r l y  a f f e c t e d  when t h e  p o l a r i t y  

i s  reversed.  

I )  D i e l e c t r i c  Constant : 

The p a r a l l e l  p l a t e  capac i tance  formula expresses  t h e  r e l a t i v e  

d i e l e c t r i c  cons tan t  i n  a manner which i s  convenient f o r  experimental  

use.  This formula i s  

C = KEOA/d 

where K i s  t h e  re la t ive  d i e l e c t r i c  cons tan t  

E~ is t h e  p e r m i t t i v i t y  of free space 

C i s  t h e  capac i tance  

d is  t h e  th i ckness  o f  t h e  f i lms .  

Measuring t h e  dimensions o f  t h e  t o p  e l e c t r o d e  us ing  a microscope wi th  

a c a l i b r a t e d  eyepiece determines t h e  area. A General Radio 1 6 2 0 ~  

capac i tance  b r i d g e ,  capable  of s i x  f i g u r e  accuracy from 20 Hz t o  100,000 H z ,  

measures the  capac i tance  and d i s s i p a t i o n  f a c t o r  of  t h e  device.  The index 

of  r e f r a c t i o n  of s i l i c o n  n i t r i d e  f i lms  i s  2 .0  wi th  t h e  composition 

used i n  t h i s  study’’*. Using t h i s  va lue  f o r  t h e  index of  r e f r a c t i o n ,  

t h e  c o l o r  of t h e  i n t e r f e r e n c e  f r i n g e s  g ives  t h e  th i ckness  of t h e  f i l m  

t o  an accuracy of approximately 2 100 A. 

i n g s ,  wi th  th i cknesses  ranging from 500 A t o  1500 A ,  averages out  t h e  

0 
A ser ies  of  Capacitance read- 

0 0 



e r r o r  fron t h e  approximate th ickness  determinat ion.  P l o t t i n g  C/E,A versus  

i i a  y i e l d s  a siraigiii i i i ie wiiose siope i s  iiie reiaiive d i e i e c i r i c  cons t an t .  

F igure  72 i s  t h e  r e s u l t  o f  such measurements. The s lope  o r  r e l a t i v e  

d i e l e c t r i c  cons tan t  i s  5 . 5 .  One o the r  p o i n t  i s  known on t h e  curve ,  

namely C/E,A = 0 and l / d  = 0. 

fit of t h e  data i s  a s t r a i g h t  l i n e  wi th  a s l o p e  of  6 .2 ;  however, t h i s  

l i n e  does not  go through t h e  o r i g i n .  The va lue  of 5 . 5  i s  somewhat low 

f o r  t h e  d i e l e c t r i c  cons tan t  of  s i l i c o n  n i t r i d e .  A va lue  o f  6.2 seems 

t o  be t h e  most common; however, v a r i a t i o n s  from 5.4 t o  9 .2  occur .  

d i e l e c t r i c  cons tan t  i s  a func t ion  of  t h e  r e l a t i v e  amount of  s i l i c o n  

p r e s e n t  i n  t h e  f i l m .  With extremely s i l i c o n - r i c h  f i l m s  t h e  va lue  ap- 

proaches t h a t  o f  pure s i l i c o n  (11.8). 

low i n  s i l i c o n  conten t  which probably expla ins  t h e  low va lue  of t h e  

d i e l e c t r i c  cons t an t ;  however, another  p o s s i b i l i t y  i s  t h a t  a s i g n i f i c a n t  

amount of  oxygen impur i ty  i s  present  which t ends  t o  lower t h e  d i e l e c -  

t r i c  cons t an t f i t he  va lue  of s i l i c o n  d ioxide  (4 .8) .  

This po in t  i s  r e l e v a n t  because t h e  b e s t  

The 

The f i lms  used i n  t h i s  s tudy  are 

to 

J )  Capacitance Measurements: 

A t  zero b i a s ,  t h e  metal-ni t r ide-metal  capac i to r s  are s t a b l e  t o  

as much as f i v e  s i g n i f i c a n t  f i gu res  a t  f requencies  from 100 t o  100,000 Hz. 

With an app l i ed  f i e l d  of approximately 2 x 10 V/cm ac ross  t h e  device 

t h e  balance drops t o  four  s i g n i f i c a n t  f i g u r e s .  One some dev ices ,  we 

observe a very l o w  capac i tance  reading compared t o  t h e  va lue  expected 

f o r  t h e  th i ckness  of t h e  f i l m  as a r e s u l t  of  t h e  ind ium-gal l ium p a s t e  

not  we t t ing  t h e  top  e l ec t rode  metal. Reproducible capac i tance  readings  

6 

r e s u l t  on ly  when t h e  indium-gallium p a s t e  w e t s  t h e  metal c o n t a c t .  

On t h e  metal-nitride-semiconductor c a p a c i t o r s  t h e r e  was some 

frequency dependence a t  zero b i a s .  Since t h e  semiconductors were P-tYPe 
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Fig. 72 Capacitance vs. Reciprocal Film Thickness 



and t h e r e  i s  no frequency dependence i n  t h e  M I M  dev ices ,  we concluded 

t h a t  t h e  su r face  of t h e  semiconductor w a s  i nve r t ed  and t h a t  t h e  obser- 

ved frequency dependence w a s  due t o  t h e  response of t h e  su r face  states. 



CHAPTER V 

Resul t s ,  Conclusions and Suggest ions f o r  Future  Work 

Results of t h i s  work inc lude  t h e  des ign  and cons t ruc t ion  of 

a system f o r  t h e  depos i t i on  o f  s i l i c o n  n i t r i d e  from t h e  r e a c t i o n  of 

s i l a n e  and ammonia and ob ta in ing  p r o p e r t i e s  of  t h e  n i t r i d e  f i l m s  such 

as growth rate, appearance,  s t r u c t u r e ,  d i e l e c t r i c  c o n s t a n t ,  and cur-  

r e n t  behavior.  The experiments i n d i c a t e  t h e  p o t e n t i a l  range of  t h e  

n i t r i d e  p r o p e r t i e s  and t h e  v e r s a t i l i t y  of  chemical vapor depos i t i on  

f o r  forming f i l m s .  A review of  t h e  t r a n s p o r t  mechanisms of t h i n  f i l m  

i n s u l a t o r s  shows c l e a r l y  how t o  analyze t h e  I - V  d a t a  i n  l i g h t  o f  pre- 

s e n t  t h e o r i e s  and knowledge. 

7 The breakdown s t r e n g t h  of t h e  f i l m s  i s  approximately 1 x 10  

V/cm. which i s  b e t t e r  t han  thermal ly  grown s i l i c o n  d ioxide  by approxi- 

mately a f a c t o r  o f  two. The n i t r i d e  f i lms  a r e  uniform and p inhole  

f ree  i n  regard t o  t h e i r  e l e c t r i c a l  c h a r a c t e r i s t i c s  down t o  50 A which 
0 

sugges ts  the  use of s i l i c o n  n i t r i d e  i n  t h i n  f i l m  t unne l ing  dev ices .  

Indeed t h e  n i t r i d e  seems w e l l  s u i t e d  f o r  several devices  and adapts  

e a s i l y  t o  manufacturing processes  i n  use .  

A t  h igh  f i e l d s ,  bu t  before  breakdown, a measurable cu r ren t  

f lows i n  the  n i t r i d e .  A s tudy of  t h e  behavior  of t h i s  c u r r e n t  as a 

func t ion  of f i e l d ,  t empera ture ,  c o n t a c t s ,  t h fckness ,  and s u b s t r a t e s  

l e a d s  t o  the  fol lowing conclus ions :  (1) For f i e l d s  up t o  8 x lo6 V/cm 

t h e  c u r r e n t  varies as exp (cV 1/2) . I n  gene ra l  two d i f f e r e n t  behaviors  

108 



appear:  a )  a s t eady ,  reproduci-ale z z r e n t  wi th  EO hp te re s i s  e f f e c t s  

u s u a i i y  aominates a t  c u r r e n t  d e n s i t i e s  above io ampsjcm , and b j  a 

c u r r e n t  which e x h i b i t s  s l o w  t r a n s i e n t  e f f e c t s  and which r e q u i r e s  a 

much wider vo l t age  v a r i a t i o n  t o  produce t h e  same cur ren t  v a r i a t i o n .  

-9 2 

Figures  33 and 35 i l l u s t r a t e  t h e  two types  of behavior .  Figure 53 

shows t h e  cu r ren t  v a r i a t i o n  i n  d i f f e r e n t  devices .  On a f e w  devices  

a d e f i n i t e  change i n  cu r ren t  behavior appears  as t h e  b i a s  i nc reases  

( n o t e  t h e  1250 A and 1600 A curves on f i g .  4 6 ) ;  
0 0 

Because of t h e  d i f -  

f e r e n t  behavior dur ing  t h e  measurements and t h e  l a r g e  d i f f e r e n c e  i n  

t h e  s lopes  of  t h e  Schot tky p l o t s  ( f i g .  52) two d i f f e r e n t  mechanisms 

seem assured .  

( 2 )  P r o p e r t i e s  of  t h e  bulk con t ro l  t h e  c u r r e n t .  No observable  d i f -  

f e r ences  occur  with s u b s t r a t e s  of qua r t z  or s i l i c o n  and con tac t s  of  

molybdenum, aluminum, go ld ,  indium-gallium, or s i l i c o n .  The outs tand-  

i n g  f a c t  he re  i s  t h e  l a c k  of con t ro l  of  t h e  e l e c t r o d e s .  On devices  wi th  

f i l m  t h i cknesses  of  l e s s  than  80 A and 0 .1  n-cm p-type s i l i c o n  sub- 
0 

strates no d i f f e rences  appear t o  r e l a t e  t o  t h e  differe 'nce i n  bar r ie r '  

h e i g h t s .  A t  some t h i c k n e s s ,  theory  p r e d i c t s  e l e c t r o d e  c o n t r o l  due t o  

d i r e c t  metal-metal tunnel ing;  however, t h e r e  i s  a no t i ceab le  l a c k  of  

e l e c t r o d e  e f f e c t  even a t  t h e s e  very t h i n  films. It should be noted 

t h a t  our work a t  t h e s e  very t h i n  f i l m s  is  q u a l i t a t i v e  a t  b e s t  and should 

not  be regarded as d e f i n i t i v e .  We were mainly i n t e r e s t e d  i n  determin- 

i n g  how t h e  n i t r i d e  behaved a t  these  t h i c k n e s s e s ,  and v a r i a t i o n s  i n  

t h e  s u r f a c e  roughness probably determines t h e  d e t a i l e d  c h a r a c t e r i s -  

t i c s .  However, w e  have e s t ab l i shed  t h a t  t h e  n i t r i d e  i s  continuous 

below 80 A and t h a t  t h e  c u r r e n t  behavior  i s  similar t o  t h a t  seen f o r  
0 

t h i c k e r  f i l m s  f o r  s i l i c o n  s u b s t r a t e s .  For quar t z  s u b s t r a t e s  wi th  
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n i c k e l  s t r i p s  for base e l e c t r o d e s  t h e  c u r r e n t  appears  ohmic below 

200 A .  Several  devices  on each of  f ive samples e x h i b i t e d  t h i s  behavior .  
0 

The samples were manufactured consecut ive ly  wi th  s t a b l e  c a p a c i t i v e  

readings  which i n d i c a t e d  th i cknesses  ranging from 49 A t o  approximately 
0 

0 
140 A. The r e s i s t i v i t y  ranged from lo8 t o  lo1' $2-cm i n  t h e s e  samples,  

Cracking of t h e  n i t r i d e  due t o  t h e  thermal  mismatch between t h e  n i t r i d e  

and q u a r t z  or between t h e  n i t r i d e  and n i c k e l  probably causes  t h i s  

behavior .  A x30 microscope shows t h i s  c racking  c l e a r l y .  

( 3 )  F i e l d  i o n i z a t i o n  occurs  i n  t h e  very h igh  r e s i s t i v i t y  devices  a t  

f i e l d s  above a 7 - 8 x 1 0  V/cm. Assuming t h a t  t h e  b a r r i e r  i s  t h e  6 

same as t h a t  for 

t h e  e l e c t r o n  mass i n  t h e  conduction band. 

Poole-Frenkel g ives  a t y p i c a l  va lue  of  0 .4  mo for 

(4) The cu r ren t  depends s t rong ly  on temperature .  The usua l  v a r i a t i o n  

i s  1 t o  2 decades between room temperature  and l i q u i d  n i t rogen  t e m -  

p e r a t u r e s .  On t h e  low r e s i s t i v i t y  devices  t h e  c u r r e n t  i s  c l e a r l y  

exponent ia l  over two decades of  c u r r e n t ;  however, on t h e  high resis- 

t i v i t y  devices  t h e  c u r r e n t  s tar ts  out  s t r o n g l y  temperature  dependent 

and becomes less  so .  The I n  I v s .  1/T curves sepa ra t e  i n t o  two l i n e a r  

p a r t s .  Par t  ( a )  corresponds t o  a b a r r i e r  he ight  of 1 . 5  e V  and p a r t  

( b )  t o  a b a r r i e r  he igh t  which v a r i e s  from 0.85 t o  1 .05  eV on t h e  

devices  t e s t e d .  We a s s o c i a t e  t h e  1 . 5  e V  b a r r i e r  wi th  t h e  high r e s i s -  

t i v i t y  devices  and t h e  lower b a r r i e r  wi th  t h e  low r e s i s t i v i t y  devices .  

The i n v e s t i g a t i o n  uncovered s e v e r a l  i n t e r e s t i n g  phenomena 

not  d i r e c t l y  r e l a t e d  t o  t h e  magor problem but  which probably warrant  

f u r t h e r  s tudy.  

(1) The na tu re  and cause of t h e  ohmic behavior  on t h e  qua r t z  
0 

f o r  films below 200 A should be examined. The e l l i p somete r  and e l e c t r o n  
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microscope measure d i s t ances  comparable t o  t h e  diameter of atoms and 

would be h e l p f u l  i n  t h i s  s tudy .  

( 2 )  The cu r ren t  c h a r a c t e r i s t i c s  as a func t ion  of depos i t ion  

temperature  and gas composition were not obtained.  

would determine over what range t h e  conduct iv i ty  of  t h e  n i t r i d e  can 

be va r i ed  and perhaps expla in  the  v a r i a t i o n  i n  conduct iv i ty  seen from 

device  t o  device.  

This t ype  of s tudy 

0 

( 3 )  A more complete study of f i lms  below 100 A would de te r -  

mine a t  what t h i ckness  tunnel ing  dominates and enable comparison of 

t h e  n i t r i d e  p r o p e r t i e s  t o  those  of o the r  d i e l e c t r i c s  which have been 

s tud ied  ex tens ive ly  i n  t h i s  range. 

( 4 )  A s tudy  of t h e  d e t a i l s  of t h e  f i e l d  pene t r a t ion  i n t o  t h e  

semiconductor i n  MIS devices  should y i e l d  information about su r face  

s t a t e  p a r t i c i p a t i o n  i n  t h e  conduction mechanisms. 

s u r f a c e  s t a t e  e f f e c t s  i n  MIS tunnel ing  devices with polymer f i lm  in-  

s u l a t o r s ,  However , more information about t h e  f i e l d  pene t ra t ion ,  as 

func t ions  of s u b s t r a t e  r e s i s t i v i t y ,  su r f ace  s t a t e  dens i ty  , f i l m  th i ck -  

n e s s ,  e t c . ,  i s  needed f o r  a complete understanding of t h i s  e f f e c t .  

Wilmsenr19 observes 

( 5 )  On t h e  very t h i n  f i lms t h e  capaci tance of t h e  M I M  

devices  i s  i n  t h e  f a rad  range. These are l a r g e  va lues  cam- 

pared t o  values  commercially a v a i l a b l e  i n  microe lec t ronic  devices .  

A s tudy  of t h e s e  capac i to r s  with temperature  and frequency would eval-  

u a t e  t h e i r  p r a c t i c a l  l i m i t s .  

( 6 )  Di f fus ion  of s u b s t r a t e  ions  i n t o  t h e  d i e l e c t r i c  has 

been suggested as t h e  source of t h e  su r face  s t a t e  charge.  Deposit ion 

of t h e  n i t r i d e  on a v a r i e t y  of  semiconductor s u b s t r a t e s ,  measuring t h e  

s h o r t  c i r c u i t  cu r ren t  and C-V c h a r a c t e r i s t i c s  shouid y i e l d  information 
86 
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on t h i s  suppos i t ion .  The s h o r t  c i r c u i t  c u r r e n t  determines if d i f f u s i o n  

i s  p resen t  and t h e  magnitude of  t h e  charge.  

magnitude of t h e  s u r f a c e  charge.  A comparison of  t h e s e  two va lues  on 

d i f f e r e n t  semiconductors might g ive  new informat ion  as t o  t h e  o r i g i n  

of s u r f a c e  charge.  This  s tudy  would a l s o  y i e l d  informat ion  on i o n i c  

d i f f u s i o n  and conduct ion,  

The C-V curve g ives  t h e  

( 7 )  The s u r f a c e  p r o p e r t i e s  probably c o n t r o l  t h e  e l e c t r i c  

c h a r a c t e r i s t i c s  a t  t h e  very t h i n  films. A s tudy  of t h e  s u r f a c e  topology 

us ing  t h e  e l l ipsometer  and e l e c t r o n  microscope would determine i f  a 

c o r r e l a t i o n  e x i s t s .  
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