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PRINCIPLES AND APPLICATIONS OF AMORPHICITY, STRUCTURAL CHANGE, AND 
OPTICAL INFORMATION ENCODING 

S.R.  O v s h i n s k y  

Energy Conversion Devices, Inc., 1675 West Maple Road, Troy, Michigan 48084, 
U.S.A. 

Abstract.-  In fo rc la t ion  and energy are areas o f  g rea tes t  importance t o  our 
h i g h l y  technologica l  soc iety .  R e s t r i c t i o n s  o f  c r y s t a l 1  i n e  synimetry and 
dep le t ion  o f  n a t u r a l  mate r ia l  resources have made both these subjects mate- 
r i a l s  l imi ted.  Amorphous m a t e r i a l s  are the common media f o r  the expression 
o f  t h e  t ransformat ional  processes o f  energy and in format ion.  The a b i l i t y  t o  
synthesize m a t e r i a l s  i n  which many elements o f  the p e r i o d i c  t a b l e  are combined 
i n  ways p rev ious ly  forb idden t o  them by c r y s t a l l i n e  cons t ra in ts  opens up new 
f i e l d s  o f  i n v e n t i o n  and a p p l i c a t i o n  as w e l l  as the new area o f  science t h a t  
i s  r a p i d l y  growing. 

1PJTXODUCTION.- Mate r ia l s  have always been the  basis  f o r  new advances i n  c i v i l i z a -  
t i o n .  The use o f  m a t e r i a l s  such as stone, i ron ,  bronze, and the  t o o l s  made from 
them are the  r e s u l t  o f  the  inven t i ve  process, and have been used t o  d e f i n e  the 
ages o f  humanki nd. 

We a r e  now faced w i t h  momentous problems ster~iming from the d e p l e t a b i l i t y  o f  
our  na tu ra l  resources. The chal lenges can and w i l l  be rriet by the  inven t ion  o f  new 
syn the t i c  m a t e r i a l s  t h a t  can i n t e r f a c e  w i t h  nature and generate the energy so 
necessary f o r  f u t u r e  progress. The inven t ion  o f  these mater ia ls ,  which can con- 
v e r t  var ious forms o f  energy d i r e c t l y  i n t o  e l e c t r i c i t y ,  i s  a l ready tak ing  place. 

The key issues of our  present i n d u s t r i a l  soc ie ty  a re  energy and in fors la t ion.  
They are a c t u a l l y  opposi te  sides o f  the same coin. Our energy problems are, i n  
r e a l i t y ,  d i f f i c u l t i e s  i n v o l v i n g  the conversion o f  one form o f  energy ( l i g h t ,  
chemical, e tc . )  t o  another (mechanical, e l e c t r i c a l ,  e tc . ) .  Storage and processing 
of i n fo rmat ion  a lso  necessar i l y  i n v o l v e  energy conversion and d i s s i p a t i o n  (1,2). 
The t ransformat ions t h a t  take p lace i n  an amorphous s o l i d  have t o  do w i t h  both i t s  
in fo rmat iona l  and energy content. F igure 1 i l l u s t r a t e s  our  concept o f  energy 
conversion which we approach i n  two ways--one, as a process by which l i g h t ,  heat, 
o r  chemical energy can be transformed i n t o  e l e c t r i c a l  energy through a s u i t a b l e  
mate r ia l ;  the  other, where energy i s  used as a means o f  encoding and expressing 
in fo rmat ion  through the  t ransformat ion t h a t  takes p lace i n  mate r ia l s  so t h a t  an 
i n p u t  o f  one form o f  energy, such as l i g h t ,  e l e c t r i c i t y ,  o r  heat, can be recorded, 
stored, r e t r i e v e d ,  t ransmi t ted,  t h a t  i s ,  communicated o r  switched i n t o  another 
i n t e l l i g i b l e  form o f  in format ion,  such as computer memories, irriaging f i l m s ,  o r  
swi tch ing matr ices.  The common denominator i s  t h a t  the i n t e r a c t i o n s  and conversions 
take p lace i n  amorphous m a t e r i a l s  where the i n d i v i s i b i l i t y  o f  energy and in fo rmat ion  
i S uniquely  expressed. 

When I s t a r t e d  work i n  t h i s  area i n  the 1950gs, amorphous mate r ia l s  were n o t  
considered s c i e n t i f i c a l l y  understandable nor t o  have any p a r t i c u l a r  use. The 
selenium drum which gained p o p u l a r i t y  i n  the 1960's i n  xerography had evolved 
e m p i r i c a l l y  and i t s  a1;lorphici t y  was considered i n c i d e n t a l  (3 ) .  

We founded ECD i n  1960 t o  develop a broad and basic approach t o  amorphous 
r , ia ter ia ls  w i t h  a p p l i c a t i o n s  such as var ious types o f  swi tch ing and c o n t r o l  de- 
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v ices,  t ; la~~or ies,  i~naging f i lms, d i v e r s i f i e d  coat ings, and energy conversion de- 
v ices based upon p r i n c i p l e s  described herein: 

FRIiiC1PLES.- l. Amorphici ty i s  a  gener ic  term r e f e r r i n g  t o  l a c k  o f  X-ray 
d i f f r a c t i o n  evidence of long-range p e r i o d i c i t y  and i s  n o t  a  s u f f i c i e n t  d e s c r i p t i o n  
of a  m a t e r i a l .  To understand amorphous mate r ia l s ,  the re  a re  several impor tant  
fac to rs  t o  be considered: the type o f  chemical bonding, the number o f  bonds gene- 
ra ted  by the  l o c a l  order, t h a t  i s  i t s  coord inat ion,  and the in f luence  o f  the en- 
t i r e  l o c a l  environment, both chemical and geometr ical , upon the r e s u l t i n g  va r ied  
con f igu ra t ions .  h i o r p h i  c i  t y  i s  n o t  determined by randor11 packing o f  atoms viewed 
as hard spheres nor  i s  the  amorphous s o l i d  merely a host  w i t h  atoms imbedded a t  
random. Anorphous m a t e r i a l s  should be viewed as being composed o f  an i n t e r a c t i v e  
m a t r i x  whose e l e c t r o n i c  con f igu ra t ions  a re  generated by f r e e  energy fo rces  and can 
be s p e c i f i c a l l y  def ined by the  chemical nature and coord ina t ion  o f  the cons t i tuen t  
atoms. U t i l  i z i n g  mu1 t i o r b i  t a l  elements and var ious preparat ion techniques, one 
can o u t w i t  the  normal re laxa t ions  t h a t  r e f l e c t  e q u i l i b r i u m  cond i t i ons  and, due t o  
the  three-dimensional freedom o f  t h e  amorphous s ta te ,  make e n t i r e l y  new types o f  
amorphous m a t e r i a l  S--chemical l y  mod i f ied  m a t e r i a l s  (4-8). 

There a r e  a t  l e a s t  two systems operat ing i n  amorphous mate r ia l s :  the  normal 
s t r u c t u r a l  bonding which makes up the  g rea t  m a j o r i t y  o f  the bonding con f igu ra t ions  
o f  the  s o l i d  and c o n t r o l s  i t s  s t r u c t u r a l  i n t e g r i t y  and i t s  o p t i c a l  energy gap, and 
the  dev ian t  e l e c t r o n i c  con f igu ra t ions  (4,7) which are generated by the three- 
dimensional s p a t i a l  freedom o f  i n d i v i d u a l  atoms counter-balanced by the  chemical 
fo rces  surrounding them, t h e i r  environment (4,5,7, 9-15). 

The c r e a t i o n  of dev ian t  e l e c t r o n i c  con f igu ra t ions  can be understood s i n p l y  by 
viewing even an elemental amorphous mate r ia l  as having several d i f f e r e n t  bonding 
con f igu ra t ions  as a v a i l a b l e  energe t i c  opt ions. It i s  v i t a l  t o  understand t h a t  the  
same atoms can be found i n  the same mate r ia l  i n  d i f f e r e n t  conf igurat ions.  For 
example, elemental amorphous s i l i c o n ,  wh i le  normally te t rahedra l  l y  bonded, has 
some atoms i n  which the  coord ina t ion  i s  n o t  te t rahedra l .  The same i s  t r u e  o f  non- 
te t rahedra l  amorphous m a t e r i a l s  exempl i f ied by the  chalcogenides (14) where 
dev ia t ions  f rom pr imary d iva lency a r e  inexorably  present. Local order  i s  always 
s p e c i f i c  and coex is ts  i n  several con f igu ra t ions  i n  every amorphous semiconductor. 
S t e r i c  and isomer ic  considerat ions a r e  involved both w i t h  the f a c t o r s  which en- 
courage aniorphic i ty  and those t h a t  c rea te  defects  i n  the  mate r ia l s .  The cons t ra in ts  
i n  amorphous m a t e r i a l s  a r e  n o t  those o f  c r y s t a l l i n e  symmetry b u t  are invo lved  w i t h  
asymmetrical s p a t i a l  and energet ic  r e l a t i o n s h i p s  o f  atoms permi t ted by the  vary ing 
three-dimensional chenica l  and geometr ical p o s s i b i l i t i e s  a f fo rded  by the amorphous 
s o l i d .  I n  such a s o l i d ,  the  bonding opt ions a re  n o t  on ly  o f  the conven t iona l l y  
considered cova len t  type, bu t  i n v o l v e  coordinate, o r  d a t i v e  bonds w i t h  t h e i r  
charge- t ransfer  c h a r a c t e r i s t i c s  (4,9, 11-14). There i s  n o t  on ly  a spectrum of 
bonding which spans from m e t a l l i c  t o  i o n i c  i n  one and t h e  same s o l i d  (10) b u t  a  
spectrum o f  bonding strengths. A major f a c t o r  involved i n  the  spectrum o f  bond 
st rengths i n  amorphous m a t e r i a l s  i s  the  counteract ing o r  compet i t ive f o r c e  of the  
chemical environment which ac ts  t o  in f luence  and a l t e r  the bond energy. We there-  
f o r e  can have a g rea te r  number o f  weaker bonds i n  an amorphous semiconductor t i ian 
one would f i n d  i n  a c r y s t a l l i n e  s o l i d .  

P h y s i c i s t s  have taken f o r  granted t h a t  the re  i s  a  thermodynamic d r i v e  toward 
c r y s t a l l i n i t y .  We emphasize t h a t  the re  i s  an equa l l y  impor tant  energet ic  process 
t h a t  leads t o  amorphici ty,  t h a t  i s ,  the  p re fe r red  c l~emical  bonding o f  atoms and 
t h e  charge f i e l d  produced by nonbonding e lec t rons  can a l t e r  a  molecular s t r u c t u r e  
so t h a t  i t  has an a n t i c r y s t a l l i n e  s tate.  Crys ta ls  by d e f i n i t i o n  nave geometries 
t h a t  a l l o w  f o r  r e p e t i t i o n  o f  the  bas ic  c e l l  s t ruc tu re .  The shapes t h a t  I am 
discuss ing a r e  n o t  r i g i d  spher ica l  b a l l s  bu t  complex d i s t o r t e d  shapes formed by 
l o c a l i z e d  pressures, repuls ions,  and a t t r a c t i o n s  o f  surrounding forces, compressed 
here, elongated there, t w i s t e d  along another axis, the very a n t i t h e s i s  of a  c r y s t a l  
c e l l  model. These tangled networks a re  f u r t h e r  i n h i b i t e d  from c r y s t a l l i n i t y  by 
c r o s s l i n k s  and b r i d g i n g  atoms. They are const ra ined by v i r t u e  o f  the e l e c t r o n  
o r b i t a l  re la t ionsh ips ,  i n c l u d i n g  those o f  the  lone-pa i r  e lect rons,  the chenical 



inf luence,  the  mechanical presence, and the s p a t i a l  re la t ionsh ips  of t h e i r  nearest  
neighbors. Such complex three-dimensional forms favor  chain and r ing formation 
and a r e  chemically character ized by f l u c t u a t i o n s  of valency and coordination and 
can have varied charge condit ions.  The electron-electron and electron-phonon 
i n t e r a c t i o n s ,  there fore ,  cannot be character ized i n  a simple manner and the 
energe t ic  considerat ions required t o  complete coordination depend upon tne a b i l i t y  
t o  s p a t i a l l y  and energe t ica l ly  mate bonding pos i t ions  (11-14,16). Thi S becomes 
increasingly d i f f i c u l t  a s  one goes t o  t h e  t e t rahedra l  condition which i s  t h e  
reason why elemental aniorphous s i l i c o n  does not have completed s t r u c t u r e s  but has 
weakened bonds, dangling bonds, and voids. In such cases ,  o ther  elements with the  
proper s i z e  and charge a r e  necessary, such a s  f l u o r i n e  and hydrogen t o  nake up the 
s t r u c t u r a l  u n i t s  t h a t  complete i t s  bonding and provide s t a b i l i z i n g  forces .  blhile 
t h e  bonding i s  more complete in  mate r ia l s  made of s i l i c o n  and hydrogen than i n  
elemental s i l i c o n ,  t h e  addi t ion and s u b s t i t u t i o n  of f l u o r i n e  f o r  hydrogen i s  
necessary t o  have an amorphous s i l  icon-based a l l o y  of optimum s t a b i l i t y  ( 9 ,  17-19) 
However, once t h i s  i s  accomplished, one no longer has elemental amorphous s i l i c o n ,  
but an a l loy .  

2. Amorphous mate r ia l s  can be separated i n t o  two types:  un is tab le ,  i n  
which t h e  m a t z r i a l ' s  local  order does not a l t e r  within a given range of Lemp- 
e r a t u r e  o r  e x c i t a t i o n ,  and b i s tab le ,  i n  which s t r u c t u r a l  rearrangements ana re- 
l axa t ions  occur (10, 20) .  These can be of a revers ib le  nature and r e s u l t  i n  a 
spectrun of changes from subt le  neares t  neighbor changes t o  those where many bonds 
a r e  broken, r e s u l t i n g  i n  various new types of short-range, intermediate  and long- 
range order .  Exci tat ion causes conformational changes which r e s u l t  i n  s t r u c t u r a l  
changes so  important f o r  t h e  information s ide  of our work. Depending upon the  
design of t h e  mate r ia l s ,  the re  i s  again a range of these s t r u c t u r a l  changes t h a t  
can occur i n  amorphous mate r ia l s .  These can be detected chemically, f o r  example 
by etching,  e l e c t r o n i c a l l y  by changes of res i s tance ,  a s  well a s  o p t i c a l l y .  All 
these e f f e c t s  can be made revers ib le ,  espec ia l ly  i n  the nontetrahedral ly  bonded 
m a t e r i a l s  such a s  the  chalcogenides ( s e e  Figure 2) (21-24). 
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3 .  The s t r u c t u r a l  configurat ions in  both un is tab le  and b i s t a b l e  mate r ia l s  
play a  r o l e  i n  es tab l i sh ing  the physical ,  chemical, and e l e c t r i c a l  p roper t i es  of 
t h e  mater ials .  Crosslinks and bridging atoms a r e  not only s t r u c t u r a l  f a c t o r s  
s t a b i l i z i n g  amorphicity, but a l s o  con t r ibu te  t o  t h e  d i s t r i b u t i o n  of band 
s t a t e s  (16,25) .  The dens i ty  of s t a t e s  in  the  gap of an amorphous material con t ro l s  
i t s  t ranspor t  p roper t i es .  The nature and number of the s t a t e s  not only a f f e c t  the 
e l e c t r i c a l  conduct ivi ty  but a r e  a l s o  re la ted  t o  the  chemical r e a c t i v i t y  of the 
material (16,20) .  

4.  In amorphous s o l i d s ,  internal  topology can r e s u l t  in  another physical 
parameter, poros i ty ,  which r e s u l t s  from a l l  of the energet ic  and three-di~iensional  
s p a t i a l  f a c t o r s  discussed above, and which can be an inpor tan t  design f a c t o r  not 
found i n  c r y s t a l l i n e  mate r ia l s  ( 2 6 ) .  

5. Even elemental amorphous mate r ia l s  such a s  selenium, s i l i c o n ,  boron, 
e t c .  do not have uniform in te rna l  topology a s  do t h e i r  c r y s t a l l i n e  counterparts  
but have various s t r u c t u r a l  configurat ions such as  r ings,  chains,  voids, e t c .  I 
consider elemental mate r ia l s  t o  be in  a  sense s t r u c t u r a l  a1 loys.  Composi t iona l  
a l loys  have d i v e r s i t y  of s t r u c t u r e  based upon composition; elemental amorphous 
mate r ia l s  have d i v e r s i t y  of s t r u c t u r e  based upon posi t ional  and t rans la t iona l  
re la t ionsh ips  of s imi la r  atoms. The local  environment in  amorphous s i n g l e  e le -  
mental mate r ia l s  d i f f e r s  i n  important ways from t h a t  of t h e i r  c r y s t a l l i n e  counter- 
p a r t s ,  and even though both types of mate r ia l s  nay have common deviant bond 
s t r u c t u r e s ,  t h e  number and type of such defec t  s t a t e s  a r e  d i f f e r e n t  i n  amorphous 
mate r ia l s  than i n - t h e i r  c r y s t a l l i n e  counterparts .  The t o t a l  environment fiiust be 
taken i n t o  account i n  the  amorphous case i n  order  t o  properly define the  defec t  
s t a t e s  (9 ,12) .  

6. The major t h r u s t  of ECD's a c t i v i t i e s  i s  centered on our conviction t h a t  
amorphous mate r ia l s  a r e  most i n t e r e s t i n g  i n  t h e i r  non-elemental form such a s  
a l l o y s  o r  modified mate r ia l s .  The l a t t e r  r e f e r s  t o  niater ials  in  which the normal 
equi l ibr ium bonding i s  dis turbed by c rea t ing  new configurat ions through the 
i n s e r t i o n  of a  perturbing element o r  elements with multi-orbi t a l  p o s s i b i l i t i e s  ( 4 , 7 ) .  
For example, a l loying allows the op t ica l  band gap t o  be designed a t  wil l  and y e t  
chemical niodification o r  doping by a f fec t ing  gap s t a t e s  can independently a f f e c t  
and control the  e l e c t r i c a l  conduction process. Alloys or  modified mate r ia l s  can 
be made using many of t h e  elements i n  the  periodic  t a b l e  and t h e  p o s s i b i l i t i e s  can 
be expanded by introducing a s  modifiers mult i -orbi tal  elements such as  the  d-band 
elements. These "pin cushion" o r b i t a l s  (4 ,6)  i n t e r a c t  with the  matrix and eacn 
o ther  in ways t h a t  a r e  unique. They can e n t e r  t h e  bonding matrix but, most impor- 
t a n t l y ,  these mul t id i rec t iona l  o r b i t a l s  by t h e i r  i n t e r a c t i o n  can el iminate  o r  
c r e a t e  s t a t e s  in  the gap. When they generate s t a t e s ,  they can be of a  much l a r g e r  
number than i s  allowable by al loying o r  even doping. Gonding p o s s i b i l i t i e s  in  the  
auorphous s t a t e  include coordinate  bonds, three-center  bonds, and the  mul t i -o rb i ta l  
options of carbon ( 4 , 7 ) .  

7 .  The el iminat ion of the c r y s t a l l i n e  c o n s t r a i n t s  and the  consequent addi- 
t iona l  three-dimensional freedom afforded by the  amorphous s t a t e  per rn i~  the 
widest v a r i e t y  of bonding and antibonding o r b i t a l  re la t ionsh ips  t h a t  can Le found 
i n  a  so l id  and a r e  our key t o  the a b i l i t y  t o  synthesize new inorganic mate r ia l s  
not found i n  nature. 

8. The understanding of spin pair ing i s  involved with the  s t r u c t u r a l  
f l e x i b i l i t y  of t h e  amorphous mater ial  and the nature of the surrounding environ- 
ment. Electron-phonon in te rac t ions  i n  amorpnous mate r ia l s  can be varied by chang- 
ing e i t h e r  the  coniposition o r  the preparation condit ions.  Spin pair ing i s  not an 
inherent  f e a t u r e  of a1 l  amorphous mate r ia l s  a s  has been suggested by Anderson (27). 
As I previously pointed out (11,28) ,  i t  takes too much energy t o  pa i r  spins  in  
mate r ia l s  with a  r i g i d  matr ix,  f o r  example, there  i s  not enough bonding f l e x i b i l i t y  
i n  sput tered amorphous te t rahedra l  mate r ia l s  t o  overcome t h e  energy b a r r i e r  between 
differ 'ent configurat ions.  However, the  f l e x i b i l i t y  afforded by f o r  example p r i -  
marily d iva len t  chalcogenide ( lone p a i r )  mate r ia i s  encourages the  necessary 



electron-phonon in te rac t ions  t o  d r ive  the bonding deformation necessary t o  pa i r  
a l l  the  spins ( 9 , l l - 1 3 ) .  The energy b a r r i e r s  between such rearrangements a r e  
minimized by the  e f f e c t i v e  electron-phonon coupling permitted through the relaxa- 
t ion  modes ava i lab le  in  amorphous mate r ia l s  designed with a f l e x i b l e  matrix. This 
i s  analogous t o  the  competition between c r y s t a l - f i e l d  e f f e c t s  and magnetic i n t e r -  
ac t ions  in  t ransi t ion-metal  compounds, leading t o  a high-spin s t a t e  in  some mate- 
r i a l s  and a low-spin s t a t e  i n  o thers .  

In summary, t h e  t ranspor t  p roper t i es  of amorphous mate r ia l s  can be understood 
from t h e i r  deviant  bonding character  j u s t  a s  those of c r y s t a l l i n e  mate r ia l s  a r e  
understood and control led by t h e  deviat ions from long-range order .  In amorphous 
mate r ia l s ,  these  deviat ions a r e  d i r e c t l y  involved with f luc tua t ions  of coordina- 
t ion  and d i r e c t i o n a l i t y  of the  bonding and nonbonding o r b i t a l s .  The in te rsec t ion  
of these s p a t i a l l y  and energe t ica l ly  varied o r b i t a l s  in  three-dimensional space 
provides the  opportunity f o r  unusual e l e c t r o n i c  exc i ta t ion  and reco~ibinat ion 
mechanisms a s  well a s  the  p o s s i b i l i t y  f o r  s t r u c t u r a l  change i f  b i s t a b i l i t y  i s  
des i red .  In e i t h e r  case,  b i s t a b l e  o r  un is tab le ,  deviant  short-range order  viewed 
aga ins t  a background of t h e  more commonly occurring normal short-range order i s  
t h e  Rosetta Stone f o r  the understanding of e l e c t r o n i c  a c t i v i t y  in  amorphous 
mate r ia l s  (4,7,14). 

INFORMATION.- As we have indicated above, the  amount of s t i f f n e s s  i n  an aoorphous 
matrix i s  a designable parameter. The most f l e x i b l e  s t r u c t u r e s  a r e  the  revers ib le  
chalcogenide b i s t a b l e  mate r ia l s  which have an inherent  p l a s t i c i t y  in  which in for -  
mation can be encoded by v i r t u e  of a s t r u c t u r a l  change--from subt le  bonding changes 
i n  the  aniorphous phase t o  an amorphous-to-crystalline t r a n s i t i o n .  The a l t e r a t i o n  
i n  the  mater ial  r e f l e c t s  the  informational content  of the  energy p u t  i n  i n  e i t h e r  
d i g i t a l  o r  analog form, t h a t  i s ,  e i t h e r  in  s e r i e s  o r  in  p a r a l l e l ,  and can be 
detected and read i n  any number of ways ( see  Figure 2 ) .  As one adds s t ronger  
bonds and more c ross l inks  i n  building a more r i g i d  mate r ia l ,  r e v e r s i b i l i t y  of the  
anorphous t o  c r y s t a l l i n e  phase i s  diminished, f o r  example, i n  amorphous s i l i c o n -  
based mate r ia l s .  These nonreversible mate r ia l s  can have device usages as  well. 

1. Ovonic memory switches. The revers ib le  amorphous t o  c rys ta l  l i n e  t rans-  
formation h a s c n c r e a s i n g l y  important a s  microprocessors have gained u t i l  i  - 
zat ion i n  t h e  o f f i c e ,  fac tory ,  and business environment. There i s  a g r e a t  need 
f o r  a high-density, short-access-time, nonvolat i le  random access memory. The new 
improvements i n  the  Ovonic EEPROM technology a r e  most timely in  t h i s  context .  

The bas ic  Ovonic memory switch can be used in a memory matrix t o  achieve a 
f a s t ,  completely nonvolat i le  EEPROM ( e l e c t r i c a l l y  erasable  programmable read-only- 

Fig. 3: 1024 b i t  currentmode 
l ogic  Ovoni c EEPROM measur- 
ing 136 mil by 160mi l .  

1975 Now 
V~hreshold 2ZV 8V 
I ~ r i t e  150ma 5ma 
I ~ e a d  lma lma 
Write Time lOms lms  
Read Time 45ns 15ns 
Processing Temperature (Max) 80°C 200% 
Storage Temperature (Max) 80°C 175°C 
Operating Temperature (Max] 80°C 110°C 
Cell Size 4mi12 0.75mi12 

Fig. 4: Recent improvements in  operat i  
and manufacturing parameters of the  
Ovonic EEPROM device technoloay. 
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memory) device. In conjunction with Burroughs, and now with Sharp Corporation, a 
1024 b i t  BCML (Burroughs Current Mode Logic) Ovonic EEPROM has been produced with 
access t i n e s  of l e s s  than 15 nanoseconds (Figure 3 ) .  Further n a t e r i a l s  development 
has subsequently improved the basic  c e l l  c h a r a c t e r i s t i c s .  The perforslance improve- 
ments a r e  sunmarized i n  Figure 4. These performance advantages a r e  achieved by 
grading from tel lur ium-rich a l l o y s  on the top t o  a germanium-rich a l l o y  on the  
bottom (29-31). 

2. Optical memories. Since the  1960's (22-24, 32-38), E C 3  has pioneered in 
and developed various types of op t ica l  memories based upon the  pr inc ip les  of 
b i s t a b i l i t y .  Ovonic mate r ia l s  have c h a r a c t e r i s t i c s  which make them i d e a l l y  su i ted  
f o r  op t ica l  information s torage requir ing high-density recording and high s igna l -  
to-noise r a t i o s .  The mate r ia l s  u t i l i z e d  e x h i b i t  a b i s t a b i l i t y  in  which both t h e  
amorphous and c r y s t a l l i n e  s t a t e  can C O - e x i s t ' a t  ambient condit ions.  There a r e  
many proper t ies  which exhib i t  a dramatic d i f fe rence  between the  two s t a t e s .  For 
an op t ica l  memory the  c h a r a c t e r i s t i c s  t h a t  a r e  important a r e  the index of re f rac-  
t ion  and the  absorp t iv i ty .  The change i n  these two provides a f i lm t h a t  can be 
read i n  e i t h e r  t h e  r e f l e c t i v e  or  t ransmissive mode. The mate r ia l s  a r e  revers ib le  
(e rasab le )  and have superior  image qua l i ty .  

The change i n  s t a t e  of Ovonic mater ial  coated on an op t ica l  memory d i s c  can 
be accomplished by a var ie ty  of methods. For example, a l a s e r  beam focussed t o  a 
sub-micron spot  can be used t o  both c r y s t a l l i z e  and r e v i t r i f y  a s ing le  t rack  or  
portion thereof on a spinning d i sc .  A l a s e r  pulse t h a t  wil l  v i t r i f y  t h e  c r y s t a l -  
l i n e  port ion of t h e  material can be used t o  r e c r y s t a l l i z e  the  same mater ial  by 
simply lowering the  i n t e n s i t y  by two t h i r d s .  Therefore, depending upon the l a s e r  
i n t e n s i t y ,  t h e  same spot  can be repeatedly switched. Bulk erasure can a l s o  be 
accomplished by several means. 

The appl ica t ion  of l i g h t  i s  a l l  t h a t  i s  required t o  complete the change of 
s t a t e .  No f u r t h e r  processing i s  necessary. Lasers whose outputs range from the 
u l t r a v i o l e t  t o  the  in f ra red  can be used. The energy required t o  switch one 
square micron of mater ial  i s  between 0.1 and 0.2 nanojoules. On a d i s c  spinning 
a t  1800 rpm, t h i s  corresponds t o  l e s s  than 10 mi l l iwat t s  of l i g h t  a t  the  d i sc .  

The image q u a l i t y  i s  exc l l e n t .  Figure 5 shows the  a b i l i t y  t o  achieve a dot 
with an edge sharpness of 1008. The reso lu t ion  of the medium exceeds one thousand 
l i n e  p a i r s  per mil l imeter .  The spot  s i z e  i s  not d i f f r a c t i o n  l imited.  The th res -  
hold recording aspects  of the mater ial  can be used t o  record a smaller than d i f -  
f r a c t i o n  l imited spot by u t i l i z i n g  the  Gaussian d i s t r i b u t i o n  of the i n t e n s i t y .  
Applications include archival  and updatable computer s to rage ,  l a r g e  volume data  
s torage,  consumer and i n d u s t r i a l  video d i s c  and video d i s c  mastering. 

3. I n s t a n t  Dry Process Imaging Film. lie have developed a s i l v e r l e s s  dry 
process imaging f i lm based upon an organotellurium compound. This f i lm a l s o  
u t i l i z e s  an amor~hous t o  c r y s t a l l i n e  phase t r a n s i t i o n  and o f f e r s  continuous tone 
with except ional ly high reso lu t ion  and radiometric speed. 

The mechanism can be described a s  an i n i t i a l  event resu l t ing  in  the  e lec -  
t r o n i c  e x c i t a t i o n  of a photosensi t ive reac tan t  t o  a highly reac t ive  species  which 
then, through chemical ac t ion ,  i n i t i a t e s  a reducing s tep  forming a l a t e n t  image. 
Through e i t h e r  simultaneous o r  sequent ial  heat t reatment ,  the  organotellurium 
cofiipound undergoes a u t o c a t a l y t i c  decomposition t o  te l lur ium which in the  l a t t e r  
s tages  of thermal development generates  c r y s t a l l i t e s  i n  the  form of needles which 
c o n s t i t u t e  the  v i s i b l e  image (34,39) .  Figure 6 i s  the reproduction of such an 
image. 

4. Photostructural  Films (40) .  We ear ly  developed mater ia l s  which can be 
a f fec ted  by l i g h t  so a s  t o m a k e  them s e l e c t i v e l y  etched (10,33). One such f i lm i s  
i n  production in Europe by Agfa-Gevaert f o r  app l ica t ion  as  a graphic a r t s  f i lm.  
This nonsi lver  f i lm has very high cont ras t  coupled with high resolut ion.  I t  i s  a 



contact  speed f i lm,  ava i lab le  in  both reversal  and nonreversal forms. I t  can be 
used e i t h e r  f o r  photographic o r  mask-making purposes. 

Fig. 5: Transmission electron photograph of Fig. 6 :  Ovonic nonsi lver  photo- 
a sec t ion  of a c r y s t a l l i n e  dot on an amor- dupl icat ion f i lm.  
phous background. The f e a t u r e l e s s  area i s  
the amorphous region. 

The dot  edge sharpness (see Figure 7 )  i s  unexcelled. Dot edge sharpness 
r e f e r s  t o  the  l i n e a r  d i s tance  over which the f i lm i s  ab le  t o  go from i t s  lowest t o  
i t s  highest densi ty.  Since the  f i lm has only two ava i lab le  d e n s i t i e s ,  tile 
t r a n s i t i o n  d i s tance  becomes v i r t u a l l y  zero. The resolut ion of t h i s  f i lm exceeds 
600 l i n e  p a i r s  per mil l imeter .  

5. ~~IicrOvonic F i l e  System. (See Figure 8 ) .  The essence of t h i s  system i s  a 
low melting a l l o y  coated on polyester  t o  form a f i c h e  card which displays photo- 
s t r u c t u r a l  changes upon exposure t o  a given threshold level  from pulsed energy 
sources. Typically, xenon f l a s h  o r  l a s e r  sources a r e  used with pulse durat ions of 
1p - lms and energy values on the  order of 0.1 joule/cm% t o  1 joule/cm2. 

Fig. 7: 400x enlargement of half-tone Fig. 8: MicrOvonic F i le :  t h i s  system 
dots i l l u s t r a t i n g  ECD's graphic a r t s  permits not only t h e  recording of docu- 
f i l m ' s  a b i l i t y  t o  dot  e tch while ments on f i c h e  but a l s o  provides f o r  
holding a sharp border and maintain- de le t ion  and addi t ion of a l l  informa- 
ing dot hardness. t ion .  
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6. Unis tab le Mater ia ls . -  Artiorphous n a t e r i a l s  can be designed fror,i the  
chalcogenide t o  the te t rahedra l  type so as t o  be s t r u c t u r a l l y  s tab le  under the  
in f luence o f  e x c i t a t i o n  processes. The threshold type i s  exempl i f ied by the  
Ovonic threshold sw i tch  which I invented i n  1960 and which has been f u l l y  described 
elsewnere (21, 41-42). I t s  swi tch ing speed a t  room temperature i s  comparable t o  
t h a t  o f  Josephson diodes which r e q u i r e  cryogenic ter'iperatures. As d i g i t a l  appl ica-  
t i o n s  increase, i t  i s  a n t i c i p a t e d  t h a t  t h i s  swi tch w i l l  f i n d  increasing u t i l i t y .  
T rans is to r - t ype  ac t ion  i n  our Si:F:tl a l l o y  ind ica tes  t h a t  large-area t h i n - f i l m  
t r a n s i s t o r s  wi l 1  soon see app l i ca t ion .  

EFiERGY.- Amorphous m a t e r i a l s  f o r  energy usage a re  almost e n t i r e l y  o f  the  un i -  
s tab le  type. U h i l e  the re  are many uses o f  amorphous m a t e r i a l s  u t i l i z i n g  the  
p r i n c i p l e s  t h a t  we have out1 ined ranging from therr i loe lect r ic i  t y  and electrocher~i i  s- 
t r y  t o  superconduct ivi ty,  the  area o f  greatest  irinlediate i n t e r e s t  i s  photovol- 
t a i c ~ .  

l-le announced a s i  l icon-f luorine-hydrogen a1 l o y  and described i t s  mate r ia l  and 
pho tovo l ta i c  device p roper t ies  (17-19, 43-50). The e f f i c i e n c i e s  are very promising 
and lladan i s  r e p o r t i n g  on them a t  t h i s  meeting. F igure 9 shows a one square f o o t  
a r ray  developed by I z u  and h i s  group a t  ECD. This device represents a g r e a t  deal 
o f  a t t e n t i o n  t o  the product ion technology so necessary t o  u t i l i z e  the inherent  
value o f  a large-area f i l m .  For the f i r s t  time, a l t e r n a t i v e  energy has the  pos- 
s i b i l i t y  o f  being compet i t ive i n  cos t  t o  coal, gas, o i l ,  and uranium. Our t a r -  
geted e f f i c i e n c i e s  f o r  near-term product ion are 7-10% f o r  these one square f o o t  
c e l l s .  Ue w i l l  r e p o r t  on newer a l l o y s  and con f igu ra t ions  w i t h  even more opt imal 
c h a r a c t e r i s t i c s  i n  the near fu ture.  

Fig. 9: Ovonic photovol- 
t a i c  c e l l  1 ft. X 1 ft. 
cofiipared t o  t y p i c a l  
4 in .  diameter c r y s t a l -  
l i n e  c e l l .  

SUI1IIARY.- There i s  a chemical and s t r u c t u r a l  bas is  f o r  amorphous mate r ia l s  which 
has guided our  work from i t s  very beginning. I t  has al lowed us t o  a l e e r  band gaps 
a t  w i l l  through a l l o y i n g ,  understand and de f ine  de fec t  s ta tes  and s p i n  pa i r ing ,  
in t roduce doping i n  chalcogenides and m o d i f i c a t i o n  across the  p e r i o d i c  tab le.  It 
has permi t ted us t o  u t i l i z e  the super ha logen ic i t y  o f  f l u o r i n e  f o r  i t s  organiz ing 
( induc t i ve )  in f luence  t o  manipulate s i z e  and charge o f  var ious atoms, and t o  design 
atomic and molecular con f igu ra t ions  best s u i t a b l e  f o r  s p e c i f i c  tasks. The e lec-  
t r o n i c  e x c i t a t o r y  processes i n  these mate r ia l s  have unique a t t r i b u t e s  t h a t  a r e  
r e f l e c t e d  both i n  speed o f  swi tch ing and the  h i g h l y  conduct ive s t a t e  seen i n  
threshold switches. Ue have been able, through mod i f i ca t ion ,  t o  break the  lockstep 
which has connected the  o p t i c a l  band gap, e l e c t r i c a l  a c t i v a t i o n  energy and even the 
thermal c o n d u c t i v i t y  o f  r , iater ials.  By independently c o n t r o l l i n g  and manipulat ing 



these impor tant  parameters, new areas o f  app l i ca t ions  are poss ib le .  The a b i l i t y  t o  
s e l e c t i v e l y  r e t a i n  o r  a l t e r  s t ruc tu re ,  the l a t t e r  even i n  a r e v e r s i b l e  manner, has 
va luable device imp l i ca t ions  as we l l .  

We be l ieve  the  o l d  debate whether o r  n o t  one has t o  work w i t h  elemental 
amorphous semiconductors i n  order t o  understand the amorphous s t a t e  has been 
resolved. Our view i s  t h a t  a l l o y s  and modi f ied mate r ia l s  based upon s t r u c t u r a l  
and chemical considerat ions o u t l i n e d  here in are best su i ted  n o t  on ly  t o  c l a r i f y  
the  s c i e n t i f i c  understanding o f  amorphous m a t e r i a l s  bu t  as a veh ic le  f o r  new 
technology which w i l l  be b e n e f i c i a l  t o  soc iety .  
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