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I. INTRODUCTION 

Thermal s i l i c o n  dioxide has been one of t he  most important i n su la to r  fo r  
t he  present  microelectronic  technology. Not only is i t  an almost per fec t  
i n su la to r ,  i ts  i n t e r f a c e  with s i l i c o n  is  very c lose  t o  idea l ,  g iving the 
lowest dens i ty  of e l e c t r i c a l l y  accive i n t e r f a c e  t raps .  Active t r a n s i s t o r s  can 
only be fabr ica ted  successfu l ly  because of the  low dens i ty  of e l e c t r o n i c  
t raps .  Furthermore, the low dens i ty  of i n t e r f a c e  t r aps  a l s o  provides an i d e a l  
passivat ion for the  s i l i c o n  surface e l e c t r i c a l l y .  

S i l icon  dioxide,  however, is not  perfect .  The oxide network is ac tua l ly  a 
very porous network, allowing the d i f fus ion  of gaseous species  through i t ,  
espec ia l ly  a t  e levated temperatures. This can change the  electrical  and thus 
the  pass iva t icn  proper t ies  of the oxide. Also, the  oxide network can be very 
e a s i l y  damaged by energt A c  p a r t i c l e s  and high energy rad ia t ion .  This damage 
gives  rise t o  an increased dens i ty  of e l e c t r o n i c  states, both i n  the bulk of 
the  oxide and a t  the  s i l i con-s i l icon  dioxide in te r face .  The sum of the  above 
e f f e c t s  is a long term degradation of t he  oxide and i t s  in t e r f ace  with 
s i l i c o n ,  e spec ia l ly  i n  the space environment. 

Besides the  above f ac to r s ,  there  is a t h i r d  f ac to r  t h a t  provides the 
dr iv ing  force i n  the  search f o r  a b e t t e r  i n su la to r :  the  defec t  dens i ty  of 
a i l i c o n  dioxide increases  with decreasing oxide thicknesses.  With the sca l ing  
of device dimensions i n  the  quest  fo r  the  highest  packing dens i ty  i n  
in tegra ted  c i x u i t s ,  the  v e r t i c a l  dimensions a r e  a l s o  scaled.  It is expected 
t h a t  lOnm oxides w i l l  be used extensively i n  half  micron devices by the  end of 
t h i s  decade. The y i e ld  and r e l i a b i l i t y  of the  present oxide s y s t e m  may not  be 
ab le  t o  s a t i s f y  the requirement. 

It was under these condi t ions t h a t  I t o  e t  a 1  set out  t o  develop a b e t t e r  
insu la tor  f o r  s i l i con .  They f i r s t  reported the  d i r e c t  n i t r i d a t i o n  process t o  
form a thermal n i t r i d e  (1). However, ouch processes requi re  very high 
teu.peratures and long process times. The n i t r i d e s  formed were only of l imited 
thicknesses (up t o  5nm) and r i c h  i n  oxygen (1,2). The f i lms  obtained are 
believed t o  be bas i ca l ly  oxyni t r ide layers .  Next, they reported on the  
n i t r i d a t i o n  of s i l i c o n  dioxide,  which is the subjec t  of t h i s  paper ( 3 , 4 ) .  

11. NITRIDATION OF SILICON DIOXIDE 

Experiments on the n i t r i d a t i o n  of s i l i c o n  dioxide has been reported many 
times i n  the l i t e r a t u r e  ( 5 ) .  I t o  e t  a1 f i r s t  reported the thermal n i t r i d a t i o n  
of s i l i  :on dioxide ?n ammonia (3). They reported tha t  n i t r i d a t i o n  retarded the 
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destructive breakdown of silicon dioxide films (4). They explained the effect 
by the fact that the current through the oxide was much more uniform. They had 
also reported in detail the MOS characteristics of silicon dioxide nitrided 
under different conditions (6). Since then, it has been reported that nitrided 
oxide was effective in reducing the diffusion of boron through the dielectric, 
compared to the case of pure oxide (7). Terry et a1 reported on the radiation 
effects in nitrided oxide (8). They observed that there was very Lrtle 
generation of interface traps after radiation damage. 

There have also been many papers published on the material charac- 
terization of the nitrided oxide (5). The common observation was that after 
nitridation, the dielectric was a very effective barrier to the diffusion of 
oxygen and water: it demonstrated very high oxidation resistance. This is 
consistent with the observation that it is an effective boron diffusion 
barrier. Auger experiments showed that there was a build up of nitrogen close 
to the silicon-silicon dioxide interface, resulting in a layer that was 
difficult to etch chemically and was probably the major barrier layer (9). 
Recently, more detail XPS (X-ray Photoelectron Spectroscopy) experiments 
showed that the nitrogen layer was located at a small distance (2.5nm) away 
from the interface (10). In general, the results were not completely 
consistent, which was probably due to the fact the process control was very 
difficult. Trace amount of oxygen or other impurities can change the reaction 
kinetics. The process history of the film may also affect the material 
characteristics. 

In the present paper, an attempt will be made t o  relate the electrical 
properties of the film to the process history. A model is proposed to explain 
some of the observed results. It will be shown that with our present knowledge 
of the dielectric, it shows a lot of promise for its use in surface 
passivation, both for its resistance to impurity diffusion and for its 
resistance to radiation damage effects. 

III. ELECTRON TRAPPING 

Electron trapping can be used as a sensitive probe to the impuritier and 
defects in silicon dioxide or related insulators and their interfaces with 
silicon. Generally, electron traps can be divided into two categories: 
intrinsic traps and high field generated traps (11). Intrinsic traps are traps 
that are present in the oxide after processing, either as impurities such as 
arsenic (12) or water related centers (13), or due to high energy processing 
such as plasma etching (14). The plasma or other high energy radiation give 
rise t o  hole trapping close :o the interface and neutral electron traps in the 
bulk of the oxide. The electron traps can be filled by low field electron 
trapping experiments, most conveniently the injection of electrons by RF 
avalanche processes in silicon (13). Each kind of electron traps have their 
characteristic capture cross secticn which can act as a signature to their 
origin (11). The trapping process also follows classical trapping kinetics: 
the traps are fflled over time, and the flatband voltage shift due to electron 
trapping will saturate. 
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When an oxide is subjected t high current and high electric field under 
the Fowler Nordheim tunneling condition, additional electron traps are 
actually generated by the process (15). In this case, the flatband voltage 
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does not s a t u r a t e  but w i l l  continu t o  increase with increas in  e l ec t ron  
f luence,  u n t i l  f i n a l  breakdown due t o  the  bui ld  up of a very high i n t e r n a l  
electric f i e l d  due t o  the high dens i ty  of trapped e l ec t ron  (16). The high 
f i e l d  t r a p  generation process is very similar t o  rad ia t ion  damage. They both 
give rise t o  pos i t i ve  charge e t  the  i n t e r f a c e  and the  i n t e r f a c e  t r aps  i n  both 
cases show a Charac te r i s t ic  peak above midgap c lose  t o  the conduction band 
(17). An increase i n  e l ec t ron  traps is observed i n  the  bulk of the  oxide, 
similar t o  the  generat ion of neu t r a l  t r a p s  (11). 

The change i n  the dens i ty  of low f i e l d  e l ec t ron  t r aps  a f t e r  the 
n i t r i d a t i o n  process was s tudied (18). In  the  experiment, oxide3 were annealed 
in ammonia a t  d i f f e r e n t  temperatures f o r  d i f f e r e n t  times, w i t '  the  r e s u l t s  fo r  
oue temperature shown i n  Figure 1. It can be seen a f t e r  the n i t r i d a t i o n  
process,  there  was a large increase i n  e l ec t ron  trapping a t  low e l ec t ron  
fluence.  When the trapping curves were analyzed, i t  w a s  concluded t h a t  the 
i n c  ase i n  rrzpping was due t o  an e l ec t ron  t r a p  with capture  c ross  sec t ion  of 

cm2. Ni t r ida t ion  a t  higher temperatures and longer times gave the  same 
e l ec t ron  t r a p  with the same capture c ross  sect ion.  However, the  sa tu ra t ion  
dens i ty  was s l i g h t l y  d i f f e r e n t ,  with s l i g h t  increases  f o r  higher temperatures 
and l m g e r  times. This e l ec t ron  t r a p  has been iden t i f i ed  as due t o  OH centers  
i n  the  oxide. This was confirmed when i t  Mas shown t h a t  from inf ra red  
absorption spectroscopy, an increase i n  dens i ty  of OE bonds similar i n  dens i ty  
t o  the e l ec t ron  t r aps  was observed. I t  was postulated t h a t  i n  the  n i t r i d a t i o n  
reac t ion ,  oxygen might be released from the oxide and reacted with the 
hydrogen i t i  ammonia t o  give rise t o  the  OH bonds. 

The t rapping process under high electric f i e l d  f o r  Fowler Nordheim 
tunneling i n  thfn  d i e l e c t r i c  was then studied. The experiment involved the 
passing of co .> tan t  current  through t h e  d i e l e c t r i c .  Any e l ec t ron  trapping 
would increase the  voltage required for  the same currerrt. Thus, the  change i n  
gate voltage is a measure of e l ec t ron  trapping. The t rapping curve f o r  the 
oxide i n  Figure 2 is c h a r a c t e r i s t i c  of high f ie l .3  t rapping process: there  was 
an I n i t i a l  decrease i n  ga te  vol tage due t o  the generation of holes ,  which 
ac tua l ly  enhanced the in j ec t ion  of e lec t ron .  After  about ten seconds, the 
curve changed i n  d i r ec t ion  and there  was a continuous increase i n  voltage 
s h i f t  due t o  the  generation of add i t iona l  e l ec t ron  t raps .  This i s  t o  be 
contrasted with the  classical p i c tu re  where the  curve would s a t u r a t e  when a l l  
t he  t r aps  are f i l l e d .  For the n i t r ided  oxide (NO), there  was l i t t l e  o r  no hole 
t rapping and the increase i n  e l ec t ron  t rapping was f a s t e r  compared t o  an 
oxide. The d i e l e c t r i c  ac tua l ly  broke down i n  a sho r t  t i m e  because of the  high 
i n t e r n a l  f i e l d .  The t h i r d  sample ca l led  ON0 (oxidized n i t r ided  oxide) showed 
l i t t l e  hole trap;>ing as wel l  as l i t t l e  e l ec t ron  trapping. Electrically,  t h i s  
seems t o  be the most s t a b l e  d i e l e c t r i c  f o r  the three studied. The lack  of 
e l ec t ron  t rapping i n  O N 0  was confirmed w h y  i t  was shown t h a t  there  was no 
w ndow c los ing  a f t e r  extended cycles  i n  E PROMS (19). Other experiments i n  
E PROM had shown tha t  there  was hardly any hole  trapping f o r  ONO. 1 
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The proper t ies  of t he  d i e l e c t r i c s  were s tudied fu r the r  by subjec t ing  the 
eamples t o  high temperature anneal i n  an i n e r t  atmosphere (Nitrogen). The 
r e s u l t s  were shown i n  Figure 3. For the  oxide, t'ie t rapping process was 
increased s l i g h t l y ,  but with the same c h a r a c t e r i s t i c  features .  The most 
dramatic change was observed i n  the n i t r ided  oxide (NO). The dens i ty  of 
e l ec t ron  traps was reduced t o  very low l e v e l s ,  similar t o  ON0 before anneal. 
For ONO, there  was a c t u a l l y  a s l i g h t  increase i n  trapping. 
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The above r e s u l t s  is f o r  a given n i t r i d a t i o n  condi t ion.  When t h e  
n i t r i d a t i o n  time is reduced by h a l f ,  d i f f e r e n t  r e s u l t s  were obtained. For NO, 
the i n i t i a l  e l e c t r o n  t r a p p i n g  was reduced. On t h e  o t h e r  hand, a f t e r  t h e  high 
temperature anneal ,  t h e  e l e c t r o n  t r a p p i n g  was only p a r t i a l l y  reduced. The 
r e s u l t s  seemed t o  i n d i c a t e  t h a t  t h e  d i e l e c t r i c  is a mix between oxide and 
n i t r i d e d  oxide. It is very important t o  r e a l i z e  t h a t  d i f f e r e n t  process  
cond i t ions  a f f e c t  t h e  t r app ing  p i o p e r t i e s  s i g n i f i c a n t l y .  The degree of 
n i t r i d a t i o n  i n i t i a l l y  and t h e  pos t  n i t r i d a t i o n  thermal c y c l e  both char.& '. t h e  
d i e l e c t r i c  c h a r a c t e r i s t i c .  Furthermore, t h e  n i t r i d a t i o n  cond i t ions  used i n  t h e  
p re sen t  experiments are t y p i c a l l y  much more g e n t l e  compared to  those r epor t ed  
i n  l i t e r a t u r e  because t h e  f i l m s  were intended t o  be used i n  state of  t h e  art 
VLSI processes.  D i f f e r e n t  r e s u l t s  may be obtained f o r  those h e a v i l y  n i t r i d e d  
f i lms.  

To understand t h e  experiments b e t t e r ,  q u a s i - s t a t i c  capac i t ance  curves 
(QCV) were obtained f o r  t he  samples be fo re  and a f t e r  d i f f e r e n t  amount of 
e l e c t r o n  fluence.  Any i n t e r f a c e  L - q ~  gene ra t ion  w i l l  g ive  d i s t o r t i o n  in t h e  
QCV curves while  bulk t r app ing  w i l l  g1.e h o r i z o n t a l  s h i f t  i n  t h e  cuxves. The 
i n t e r f a c e  t r a p  gene ra t ion  p rocess  was very similar t o  t h e  bulk e l e c t r o n  
t r app ing  process. The r e s u l c s  are shown i n  Figure 4. For an oxide,  a f t e ;  t h e  
high e l e c t r o n  f luence ,  t h e r e  was i n c r e a s i n g  d i s t o r t i o n  i n  t h e  QCV curve. There 
w a s  a l s o  a c h a r a c t e r i s t i c  s t r u c t u r e  i n  t h e  curve which was due t o  an i n t e r f a c e  
t r a p  peak. Similar  peaks were observed i n  oxides  damaged by r a d i a t i o n .  This 
s t r o n g l y  l i n k s  t h e  p re sen t  high f i e l d  damage p rocess  t o  t h e  r a d i a t i o n  damage 
process.  For t he  unannealed NO, l i t t l e  o r  no d i s t o r t i o n  i n  t h e  QCV curve was 
observed. In s t ead ,  an almost paral le l  s h i f t  i n  t h e  curve was observed. It can 
then be concluded t h a t  t h e r e  wab no gene ra t ion  of i n t e r f a c e  t raps ,  and t h e r e  
was high d e n s i t y  of e l e c t r o n  t r a p s  i n  the  bulk of t h e  d i e l e c t r f c .  F i n a l l y ,  f o r  
ON0 and a l s o  annealed2N0, t h e r e  was l i t t l e  of no change i n  t h e  CV curves a f t e r  
up t o  two coulombs/cm . 
IV. MODEL 

The above r e s u l t s  can be explained by a very s imple model. For an oxide,  
t h e  e l e c t r o n  t r app ing  w a s  due t o  high f i e l d  generated t r a p s .  For t h e  n i t r i d e d  
oxide wi th  no anneal ,  t h e r e  was more e l e c t r o n  t r app ing  which can be explained 
by t h e  i n c r e a s e  i n  OH c e n t e r s  shown i n  F i g u r e  1. The only q u e s t i o n  is: what 
happened i n  t h e  case of ONO? The effect can be explained by assuming t h a t  
a f t e r  n i t r i d a t i o n ,  t h e  d e n s i t y  of high f i e l d  generated t r a p s  were reduced t o  
very low *evels.  This  is supported by t h e  r e s u l t s  of t h e  QCV experiment: t h e r e  
was no gene ra t ion  of i n t e r f a c e  t r a p s ,  which are r e l a t e d  t o  high f i e l d  
generated t r a p s  i n  t h e  bulk of t h e  oxide.  Then, f o r  ONO, t h e  extra anneal  
reduces t h e  d e n s i t y  of OH t o  very low l e v e l s .  Thlu r educ t ion  a f t e r  anneal  has  
been r epor t ed  before  (20). With no OH s i t e s  and no high f i e l d  generated t r a p s ,  
t h e r e  is very l i t t l e  e l e c t r o n  t rapping.  Oxygen i s  no t  r equ i r ed  t o  reduce t h e  
d e n s i t y  of  e l e c t r o n  t r a p s .  When t h e  n i t r i d e d  oxide was annealed i n  n i t r o g e n ,  
t h e  lowest d e n s i t y  cf  e l e c t r o n  t r a p s  were obtained. 

For a pure oxide,  t h e  high temperature anneal  a c t u a l l y  has  an oppos i t e  
e f f e c t  on t rap generat ion.  Such an anneal  has  been shown t o  i n c r e a s e  p o s i t i v e  
charge t r app ing  and i n t e r f a c e  t r ap  gene ra t ion  a f t e r  r a d i a t i o n  damage (21) .  In 
Figure 3, t h e  high f i e l d  t r a p  gene ra t ion  i n  oxide was increased a f t e r  t h e  high 
temperature anneal.  For ONO, t h e  o x i d a t i o n  could have increased t h e  oxide 

i 

Y 

I ;' 
4 

212 



R . . . .. .. 

t 

! 

p r o p e r t i e s  such t h a t  af ter  e.nnea1, t h e  rate of e l e c t r o n  t rapping  was a l s o  
increased. 

The B a m e  model can be used t o  expla in  t h e  observa t ion  a t  the  
s i l i c o n - d i e l e c t r i c  i n t e r f a c e .  The n i t r i d a t i o n  process  changes the  i n t e r f a c e  
such t h a t  i t  is no longer s u s c e p t i b l e  t o  high fie1.d damage. Recently,  t h e  
d e t a i l  of t h e  i n t e r f a c e  damage process  a t  t h e  i n t e r f a c e  was s tudied  (22) .  It 
was shown t h a t  the c h a r a c t e r i s t i c  i n t e r f a c e  peak was n o t  generated when holes  
were f i r s t  trapped a t  t h e  i n t e r f a c e .  Only when an  e l e c t r o n  was captured by t h e  
hole  t h a t  t h e  i n t e r f a c e  t r a p  peak was observed. A model based on s t r a i n e d  
bonds a t  the  i n t e r f a c e  was used s a t i s f a c t o r i l y  t c  e x p l a i n  t h e  observat ion.  It 
was a l s o  proposed t h a t  t h e  model can be used t o  e x p l a i n  r a d i a t i o n  damage and 
n e u t r a l  t r a p  genera t ion  i n  t h e  bulk of t h e  oxide. From t h e  present  
experimental  r e s u l t s ,  t h e  high fictld t r a p  genera t ion  process  can a l s o  be 
explained by t h e  s a a e  model. I n  t h e  s imples t  term, t h e  damage process  under 
high electric f i e l d  and high energy r a d i a t i o n  have similar o r i g i n .  

The present  r e s u l t s  thus  show t h a t  n i t r i d a t i o n  modifies the oxide network 
i n  a major way. It can be pos tu la ted  t h a t  t h e  n i t rogen  may go in and replace 
".e s t r a i n e d  bonds s e l e c t i v e l y ,  forming a s i l i c o n - n i t r o g e n  s t r u c t u r e  which may 
be much more s t a b l e .  Possibly,  t h e  bonds are no longer "s t ra ined" and when 
h o l e s  a r e  captured a t  t h e  sites, t h e  bonds do not  go through a r e l a x a t i o n  
process.  On capture  of e l e c t r o n s ,  t h e  bond? w i l l  r e t u r n  t o  t h e i r  o r i g i n a l  
state and no permanent damage s t a t e s  are generated. 

For samples which were not  n i t r i d e d  f o r  as long a time, t h e r e  w i i l  be a 
lower d e n s i t y  of OH traps. Also, t h e  reduct ion of s t r a i n e d  bonds by 
n i t r i d a t i o n  w i l l  a l s o  be l imited.  After  t h e  OH sites are reduced by an anneal  
process ,  t h e  remaining s t r a i n e d  bonds can give r ise  t o  s i g n i f i c a n t  e l ec tLm 
t rapping  under high f i e l d  condi t ions.  

The reduct ion  of OH bonds through anneal is b a s i c a l l y  a d i f f u s i o n  
process. The th ickness  of oxlde and t h e  annealed temperature thus p l a y  a very 
important p a r t  i n  determining t h e  f i n a l  d e n s i t y  of OH sites i n  t h e  d i e l e c t r i c .  
The above experiments were c a r r i e d  out $n oxides i n  t h e  lOnm range because the  
dielectric was intended t o  be t s e d  i n  E PROMS. I n  t h i s  th ickness  range, i t  was 
shown above t h a t  i t  is p o s s i b l e  t o  reduce t h e  OH sites t o  very low l e v e l s .  
However, i t  is a l s o  important t o  remember t h a t  after t h e  n i t r i d a t i o n  process ,  
the  d i e l e c t r i c  is a very e f f e c t i v e  d i f f u s i o n  b a r r i e r .  It would not  be 
s u r p r i s i n g  t h a t  f o r  t h i c k e r  n i t r i d e d  oxide,  i t  would be much more d i f f i c u l t  t o  
reduce t h e  OH s i teu ,  g iv ing  r ise t o  a high d e n s i t y  of bulk e l e c t r o n  t r a p s .  
This may expla in  some of t h e  inconsis tency t h a t  may have been observed. 

V. DISCUSSION 

There are two p r o p e r t i e s  of t h e  n i t r i d e d  oxide discussed above t h a t  make 
i t  promising as a new dielectr ic  f o r  sur face  pass iva t ion .  F i r s t l y ,  t h e  
d i e l e c t r i c  is a very good d i f f u s i o n  b a r r i e r .  It g ives  the  s u r f a c e  much b e t t e r  
p r o t e c t i o n  t o  the  p o s s i b i l i t y  of degradat ion from impurity elements. Secondly, 
from the  r e s u l t s  presented above, i t  appears t h a t  t h e  d i e l e c t r i c  is a l s o  very 
s t a b l e  e l e c t r i c a l l y .  S p e c i f i c a l l y ,  t h e  s i l i c o n - d i e l e c t r i c  i n t e r f a c e  may not  be 
degraded i n  a r a d i a t i o n  environment. The use of t h e  d i e l e c t r i c  thus  provides 
p o t e n t i a l l y  a very s t a b l e  pass iva t ion  f o r  s i l i c o n .  
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The presen t  work has  been only l i m i t e d  i n  scope, even though i t  shed a 
lo t  of l i g h t  on t h e  electrical  p r o p e r t i e s  as r e l a t e d  t o  the  chemistry of t h e  
system. No at tempt  had been made t o  s tudy  t h e  d . t s i l  of a l l  t h e  p rocess  
cond i t ions  and c o r r e l a t e  t o  r a d i a t i o n  darnage experiments. It is important t o  
s tudy the  whole system i n  a comprehensive and d e t a i l  manner i n  order  t o  
r e a l i z e  t h e  f u l l  p o t e n t i a l  of t h e  system. 

VI. ACKNOWLEDGEMENT 

The work r epor t ed  i n  t h i s  paper  was s t a r t e d  while  t h e  au tho r  was wi th  IBM 
Thomas J. Watson Research Center and continued when he j o i n e d  I n t e l  
Corporation. 9e would l i k e  t o  thank t h e  many people a t  both p l aces  who have 
con t r ibu ted  t o  t h e  work and t h a t  t he  nam:s are too  many t o  be l i s t e d  hare.  

V I I .  REFERENCES 

(1) T. I t o ,  S. H i j i y a ,  T. Nozaki, H. Arakawa, M. Shinoda and Y. Fukukawa, J. 

(2) S.P. Murarka, C.C. Chang and A.C. Adams, J. Electrochem. SOC., 126, 

(3) T. I t o ,  T. Nozaki and H. Ishikawa, J. Electrochem. SOC., 127, 2053-2057, 

(4) T. I;o, H. Arakawa, T. Nozaki and H. Ishikawa, J. Electrochem. SOC., 127, 

(5 )  For a gene ra l  review: l.A. N;metz and R.E. Tressler, SolLi S t a t e  Ted:., 

( 6 )  T. I t o ,  T. Nakamura and H. Ishikawa, J. Electrochem. SOC., 129, 184-188, 

(7) S.S. Wong, C.G. Sodini ,  T.W. Ekstedt., H.R. Grinolds ,  K.H. Jackson and 

(8) F.L. Terry,  Jr., R.J.  Aucoin, M.L. Naiman and S.D. Sen tu r l a ,  IEEE Elect. 

(9) F.H.P.M. Habraken, A.E.T. Kuiper, Y. Tamminga and J.B.  Theeten, J. Appl. 

(10) R.P. Vasquez, M.H. Hecht, F.J. Grunthaner and M.L. Naiman, Appl. Phys. 

(11) D.J. DiMaria, The Physics of Si0 and I t s  I n t e r f a c e ,  Proceedings of the 

(12) R.F. 3eKeersmaecker and D.J .  DiMaria, J. Appl. Phys., 51, 1085-'101, 

(13) D.R. Young, 3.A. I r e n e ,  D.J .  DiMaria, R.F. Dekeersti,ecker and H.Z. 

(14) L.M. Ephrath and D.J.  DiMaria, So l id  S t a t e  Tech., 2 4 ( 4 ) ,  182-1E9; (1981). 
(15) C. Jenq, T. Rananath, C. Huang, S. Jones and T. Chang IEDM Tech. Dig?st ,  

(16) E. Harari, -1. Appl. Phys., 49, 2478-2484, (1978). 
(l?) T.P. Ma, G. Scoggan and R. Leone, Appl. Phys. Lett., 27, 61-63, (1975). 
(:8) S.K. Lai,  D.W. Dong and A. H o r t s t e i n ,  J. Electrochem. SOC., 129, 

(19) L.S. Jenq, T.L. Chiu, B. Josh1 and J. Hu, IEDM Tech. Digest, T.EIM82, 

(20) S.K. L a i ,  D.R. Young, J .A.  Calise and F.J. F e i g l ,  J. Appl. Phys., 52, 

Electrochem. SOC., 125. 448-452, (1958). 

996-1003, (1979). 

(1980). 

2248-2251, (1980). 

26(2), 79-85 and 26(9 ) ,  209-216, (1983). 

( 1982). 

S.H. Kwan, J. Electrochem. SOC., 130, 1139-1143, (1983). 

Dev. L e t t . .  EDL-4, 191-193, (1983). 

Phys., 53, 6996-7002, (1982). 

Lett., 44, 969-971, (1984). 

I n t e r n a t i o n a l  Topical  Conference, Pergamon P r e s s ,  N.Y., 160-178, (1978). 

(1980). 

Massoud, J. Appl. Phys., 50, 6366-6372, (1979). 

2 

-1, 388-391, (1981). 

2042-2044, (1982). 

811-812, (1982). 

5691-5695, (1981). 

I 

214 



(21)  2.Y. EerKisse and G.F. Derhnwick, IEEE Trans. on Nucl. Sc i . ,  19s-23, 

(22) S.K. Lal, J .  Appl. Phvs., 54, 2S40-2546, ( i983) .  
1534-i53F, (1976). 

I 1 I I 1 1 1 2  d 
0 2 X l O "  4 x 1 0 "  6 ~ 1 0 ' ~  8 ~ 1 0 ' ~  lxlO'a 

INJECTED CHARGE (crno2) 

Figure 1 :  Flatband voltage s h i f t  as a function of injected elecrrons for a 
51nm oxide with and without the ammonia anneal. The large increase I n i t i a l l y  
for the anneEl# s9mple was due t o  a n.ew electron trap with capture cross 
section of 10 Icm 
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Figure 2: The change- la voltages across oxide, NU and ON0 capacitors under 
constant current a8 a function o f  Log time. This Is a measure of electron 
Lrapping which results In the shifts of IV curves under Fowler Nordhelm 
Inject ion. 
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Figure 3: l'he changes in volteges across oxide, NO and ON0 capacitors under 
constant current as a function of Log time. The samples were annealsd for 2 
hours at  1075OC i n  nitrogen. 
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Figure 4: Quasi-static capacitance curves for an oxide, NO and ONO. The family 
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dielectrlcs under constant current. The stress was approximately 0.5 2 coulorsbs/cm per step. 
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RORAT'61: I can 988 that nitrided oxides are very 6ood for VLSI, but froa the 
point of your solar cellr, they m y  not work because most of the nitrided 
oxides have been fabricated at terperatures of around ~ ~ o P c  to 
12oooc. 

L4I: -11, I can tell you that for our purposes, for our work, we look at 
nitration conditions, which is consistent with VLSI processine. 
dltioas that I hare shown you, up until now, in detail, there is no in- 
consistency at a11 with VLSI processing. 

The con- 

EWATGI: That is what I am trying to point out, it is very good for -1 be- 
caose it takes care of radiation problems. 

LAI: By VISI, I mean that we are going away €ram high-temperature processes 
altwether. I doe't see the nitration condition we have used is much 
lishter, compared with ererythiw that is reported in the literature. 

WIIIIVGI: I hawe rode 80.18 nitrated oxide for passivating solar cells. 

SO I 6rew 100 II oxide nitrided i n  arsonia at 

Our 
solar-cell junctions have to be very thin, also, 80 I stayed at tempera- 
tures around 850%. 
850, and there was no real difference in the passivating properties of 
the oxide I had and the a€trided oxide. Then I went to a thermal nitride 
without any oxide, trying to make aa r 1 S  contact. and that was even worse. 
So it looks like if you ate going to use this nitrided approach yocl have 
to figure oat a way of doing it at low teaperatures. because  yo:^ !m't 
see all these beneficial effects. 

W: Well, I suess the iaportant thing is, what properties you laok at for 
passivation. 
here. nave yoo looked at interface properties, CV curves, at bonded or 
iapurity difQusion, those kinds of conditions? 

I will have to calibrate it to the point of data I havo 

ROHATCI: I think interface properties is the key here, because that is what 
determines the surface recombination velocity, and like you said, unlers 
yoo do the nitridation at temperatures 900 or above, you don't see all 
the good effects that have been reported in literature. 

LAI: That is uhat I said earlier, though. I don't think my experience has 
been that it does not really improve the surface. But all I have stated 
here is more for loas-term reliability, and it is a much more stable 
system, which I think is a very importact thing, at least for our process. 

GRWTHAHBR: I think tho dielectric material that you are looking at with the 
nitrided oxide shws a lot of really exciting possibilities, particularly 

one piace of information that you may or may not be aware of that has 
cop8 out of the Bewlett-Packard studies, which I think may have some 
severe Impact on tbe solar cell situation here. That is, the experiments 
looking at the lattice imaging of the silicon surface, camparin6 thin 
Si02 f i l m  with these nitrided oxides. 

I in term of generation mechanisms of more excited btates. But there is 
i 
1 

The interesting thing about 
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those results is that the surface of the silicon itself at the very abrupt 
determination, the last three or four atomic layers of the silicon, has 
significantly relaxed. 
tion, as you can see fram the lattice-imaging 181 micrographs, and I 
think there are some very serious implications for some of these reconk 
bination losses and so on in that. 
to be but I think -- 

There is much less strain at that surface situa- 

I don't know what they Orill turn out 

LAI: Yell, is that good or bad, though? 

GRUWTHIIloBB: That's right. I don't know which way it is going to go, but there 
clearly is a difference, and I think the first difference that has really 
been seen is in these dielectric fig- that have been groom. 
of other approaches have been taken, but always very similar reconstruc- 
tion strains, and so on, on the surface of the silicon. 
nitrided oxide are they seeing an actual relaxation of the top surface 
there for such sharp and coherent planes. 

h variety 

Yet only in this 

-0: In those annealing experiments -- this is just a takeoff on his question 
-- what happens when you use, say, an inert gas like argon at the same 
temperature instead of nitrogen? Have you had any results on that? 

L A X :  Wo. I have not done the experiment. 
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