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I n  t h e s e  a r t i c l e s ,  a  dev ice  f o r  s t o r i n g  h igh  r e s o l u t i o n ,  

15 h igh  c o n t r a s t ,  n o n - v o l a t i l e  images i s  d i s c l o s e d  u s i n g  a  rhombo- 

hedral -phase  PLZT ceramic  p l a t e .  The PLZT ceramic  p l a t e  under- 

goes a  p h o t o f e r r o e l e c t r i c  e f f e c t  (PFE). Images a r e  s t o r e d  by 

s imul t aneous ly  exposing t h e  image on a  s u r f a c e  o f  t h e  p l a t e  

u s i n g  nea r -W l i g h t  a t  o r  n e a r  t h e  band gap energy o f  t h e  PLZT 

20  m a t e r i a l  (about  3.35 eV o r  0.37 micrometers)  and swi t ch ing  t h e  

f e r r o e l e c t r i c  p o l a r i z a t i o n  through a  p o r t i o n  of  t h e  h y s t e r e s i s  

loop gene ra t ed  by an e l e c t r i c  f i e l d  g e n e r a t o r .  

More p a r t i c u l a r l y ,  t o  s t o r e  an  image u s i n g  t h e  PFE e f f e c t ,  

t h e  remanent p o l a r i z a t i o n  o f  t h e  ceramic  is  f i r s t  swi tched t o  a 

25  p o i n t  n e a r  s a t u r a t i o n  remanence. The UV image i s  t hen  exposed 

on one o f  t h e  s u r f a c e s  of  t h e  ceramic  and t h e  ceramic  p o l a r i z a -  

t i o n  i s  reve r sed  by r e v e r s i n g  t h e  p o l a r i t y  of  t h e  a p p l i e d  e l e c -  

t r i c  f i e l d .  The W i l l u m i n a t i o n  i s  removed, and t h e  image 



which was s t o r e d  may be  e x h i b i t e d  a s ' a  p o s i t i v e  image o r  a  

n e g a t i v e  image merely  by i n c r e a s i n g ,  d e c r e a s i n g ,  o r  r e v e r s i n g  

t h e  remanent p o l a r i z a t i o n .  The s t o r e d  image may subsequen t ly  

be swi tched from a  p o s i t i v e  t o  a  n e g a t i v e  wi thou t  f u r t h e r  

exposure  t o  UV l i g h t .  

Images a r e  s t o r e d  a s  s p a t i a l  d i s t r i b u t i o n s  o f  l i g h t  s c a t -  

t e r i n g  c e n t e r s  and a s  s p a t i a l  modula t ion o f  s u r f a c e  deforma- 

t i o n ,  r e l a t e d  t o  s p e c i f i c  domain o r i e n t a t i o n s  i n  t h e  PLZT. 

The PFE image s t o r a g e  mechanism i s  based on l o c a l i z e d  

10 domain s w i t c h i n g  which r e s u l t s  i n  a  s p a t i a l  d i s t r i b u t i o n  of  t h e  

l i g h t  s c a t t e r i n g  c e n t e r s  and t h e  s u r f a c e  deformat ion s t r a i n s  

c r e a t e d  d u r i n g  swi t ch ing .  The p h y s i c a l  p r o c e s s e s  l e a d i n g  t o  

l o c a l i z e d  domain swi t ch ing  invo lve  o p t i c a l  e x c i t a t i o n  of  ca r -  

r i e r s ,  t r a n s p o r t  of  t h e  c a r r i e r s  under t h e  i n f l u e n c e  of  an  

15 a p p l i e d  e l e c t r i c  f i e l d ,  and r e t r a p p i n g  o f  t h e  c a r r i e r s  a t  new 

s i t e s .  

To e r a s e  t h e  t o t a l  image o r  a  s e l e c t e d  p o r t i o n  t h e r e o f ,  

t h e  s u r f a c e  o f  t h e  p l a t e  t o  be e r a s e d  is  i l l u m i n a t e d  wi th  UV 

l i g h t  o f  uniform i n t e n s i t y ,  and t h e  p o l a r i z a t i o n  is  swi tched t o  

20 s a t u r a t i o n  remanence. 

The images may be  d i s p l a y e d  by p r o j e c t i o n  through a  

S c h l i e r e n  o p t i c a l  system. The image may a l s o  be d i s p l a y e d  upon 

conven t iona l  photographic  f i l m  a s  a  conven t iona l  photograph. 

The images can  a l s o  be  viewed o r  p r o j e c t e d  by l i g h t  

25 r e f l e c t e d  f r a n  t h e  s u r f a c e  exposed t o  t h e  UV s t o r a g e  l i g h t .  

A somewhat d i f f e r e n t  t ype  o f  image s t o r a g e  can be achieved 

i n  a  p e n f e r r o e l e c t r i c - p h a s e  PLZT p l a t e  by s imul t aneous ly  expos- 

i n g  t h e  image, u s i n g  near-UV l i g h t ,  and a p p l y i n g  a  t r a n s v e r s e  



e l e c t r i c  f i e l d .  I n t e r d i g i t a l  e lec t rodes  a r e  used t o  apply 

vol tage which produces t h e  t ransverse  e l e c t r i c  f i e l d .  By using 

i n t e r d i g i t a l  e l e c t r o d e s ,  the  vo l tage  required t o  ob ta in  ha l f -  

wave r e t a r d a t i o n  i n  the  ceramic p l a t e  depends only on the  

5  e lec t rode  spacing and t h e  quadra t ic  e lec t ro-op t ic  c o e f f i c i e n t  

of t h e  PLZT. I n  t h i s  case ,  images a r e  s to red  v i a  t h e  quadrat ic  

e lec t ro-op t ic  e f f e c t  a s  s p a t i a l  modulation of b i re f r ingence .  

The energy of the  l i g h t  used t o  form the  image i n  the  

c u r r e n t l y  a v a i l a b l e  PLZT devices i s  on the  order  of 85,000 

2  1 0  microjoules  per square cent imeter  (micro J/cm ). This  energy 

l e v e l  r e q u i r e s  l i g h t  sources higher  than l i g h t  energy normally 

a v a i l a b l e  i n  a  room l igh ted  e i t h e r  by s u n l i g h t ,  f luorescen t  

l i g h t ,  o r  incandescent l i g h t i n g .  

Another c u r r e n t l y  a v a i l a b l e  image s to rage  and d i sp lay  

1 5  device employs a  bismuth s i l i c a t e  m a t e r i a l ,  Bi 
12 Si020 

(BSO) used i n  PROM devices. Though somewhat more s e n s i t i v e  

than t h e  c u r r e n t l y  a v a i l a b l e  PLZT devices ,  t h e  BSO image i s  

v o l a t i l e ,  a  very undesirable  c h a r a c t e r i s t i c .  

The band gap energy of t h e  c u r r e n t  PLZT devices i s  i n  the  

20 near-W range. I n  o rder  t o  make g r e a t e r  use of ambient l i g h t ,  

i t  would be d e s i r a b l e  t o  s h i f t  t h e  p h o t o s e n s i t i v i t y  t&ard the  

v i s i b l e  region o f  the  s p e c t r m .  

It i s  an ob jec t  of t h e  invent ion ,  t h e r e f o r e ,  t o  provide a  

PLZT image s to rage  and d i sp lay  device having enhanced photo- 

25 s e n s i c i v i r y .  

Another ob jec t  of t h e  invent ion is t o  provide an image 

atorage and d i sp lay  device having non-volat i le  image s to rage ,  

and a l s o  being more e e n s i t i v e  than c u r r e n t l y  a v a i l a b l e  v o l a t i l e  

image s to rage  devices.  

0040X 



Another o b j e c t  o f  t h e  i n v e n t i o n  is  t o  p rov ide  a  PLZT image 

s t o r a g e  and d i s p l a y  dev ice  t h a t  is  e a s i l y  prepared and having 

t h e  p h o t o f e r r o e l e c t r i c  s e n s i t i v i t y  o f  t h e  PLZT m a t e r i a l  s h i f t e d  

toward t h e  v i s i b l e  spectrum. 

5 S t i l l  o t h e r  o b j e c t s ,  d e r i v e d  b e n e f i t s  and advantages  of 

t h e  p r e s e n t  i n v e n t i o n  w i l l  become r e a d i l y  appa ren t  t o  those  

s k i l l e d  i n  t h e  a r t  from t h e  fo l lowing  d e t a i l e d  d e s c r i p t i o n  

wherein  we have shown and d e s c r i b e d  on ly  t h e  p r e f e r r e d  embodi- 

ments of  t h e  i n v e n t i o n ,  s imply by way of  i l l u s t r a t i o n  of t h e  

1 0  b e s t  modes contemplated by us o f  c a r r y i n g  ou t  our  i n v e n t i o n .  

As w i l l  be  r e a l i z e d ,  t h e  i n v e n t i o n  i s  capab le  o f  o t h e r  and 

d i f f e r e n t  embodiments and i t s  s e v e r a l  d e t a i l s  a r e  capab le  of 

m o d i f i c a t i o n  i n  v a r i o u s ,  obvious  r e s p e c t s ,  wi thout  d e p a r t i n g  

from t h e  i n v e n t i o n .  Accordingly ,  t h e  drawings ,  Tab les  and 

1 5  d e s c r i p t i o n  a r e  t o  be r ega rded  a s  i l l u s t r a t i v e  i n  n a t u r e ,  end 

not  a s  r e s t r i c t i v e .  

Summary o f  t h e  Inven t ion  

More s p e c i f i c a l l y ,  i t  h a s  been d i scove red  t h a t  a  s i g n i f i -  

20  c a n t  i n c r e a s e  i n  t h e  p h o t o s e n s i t i v i t y  of a  PLZT m a t e r i a l  can be 

o b t a i n e d  i n  t h e  n e a r  u l t r a v i o l e t  and t h e  v i s i b l e  r ange ,  o r  

b o t h ,  by s u b j e c t i n g  rhombohedra1 phase  PLZT [7/65/35 ( 7  .atom 

X a ,  65:35 Zr :Ti  l ead  z i r cona te - l ead  t i t a n a t e ) ]  t o  p o s i t i v e  i o n  

i m p l a n t a t i o n  a t  i o n  d e n s i t i e s  o f  1 x 1012 t o  1 x 10  
17 

25 ions/cm2 a t  an  energy l e v e l  o f  100 t o  500 KeV. 

The i o n s  t h a t  may be  s u c c e s s f u l l y  implanted t o  ach ieve  

t h e s e  r e s u l t s  i n c l u d e  m a t e r i a l s  such a s  hydrogen i o n s  (H*) ,  

and i n e r t  gases  such a s  hel ium i o n s  (He*), argon i o n s  



( ~ r + ) ,  neon ions - ( ~ e + ) ,  as  well  a s  mixtures of these ions.  

+ + 
For example, mixtures of A r  , Ne , and ~ e +  ions 'have  been 

found most e f f e c t i v e  i n  enhancing i n t r i n s i c  p h o t o s e n s i t i v i t y ,  

i . e . ,  s e n s i t i v i t y  i n  the  near-UV band. 

Furthermore, increased p h o t o f e r r o e l e c t r i c  s e n s i t i v i t y  has 

a l s o  been extended from the  near-W t o  t h e  v i s i b l e  s p e c t r m  by 

implants of  chemically r e a c t i v e  ions', such as  aluminum i o n s ,  

chrmium ions ,  and combinations of such ions o r  i ron  ions with 

i n e r t  gas  ions .  

The ions a r e  implanted i n  the  PLZT m a t e r i a l  by means of an 

ion pro jec t ing  source.  

The g r a i n  s i z e  of the  PLZT mater ia l  may be i n  t h e  range 

from 1 t o  10 micrometers. The PLZT m a t e r i a l  may have a  lan- 

thanum content  ranging from 5 t o  10%; a  lead z i rcona te  content  

15 ranging from 62 t o  70 mole X ;  and a  lead t i t a n a t e  content  rang- 

i n g  f r a n  38 t o  30%. 

The pre fe r red  region of ion implantat ion i s  i n  a  range 

from 0.1 t o  2 microns below the  sur face  of the  PLZT p l a t e .  

20 B r i e t  u e s e t i p ~ i o n  of cl~t:  Dltikings 

The accompanying drawings, vhich a r e  incorporated i n  and 

form a  p a r t  of t h e  s p e c i f i c a t i o n ,  i l l u s t r a t e  embodiments of the  

p resen t  invent ion and, toge ther  with t h e  d e s c r i p t i o n ,  serve t o  

exp la in  t h e  p r i n c i p l e s  of t h e  invent ion.  I n  the  drawings: 

Figure 1 shows an idea l ized  c ross -sec t ion  of unimplanted 

PLZT m a t e r i a l  of  t h e  p r i o r  a r t ;  

F igure  2 shovs an idea l ized  cross-sect ion of a p o s i t i v e  

ion  implanted PLZT mater ia l  of  the invent ion;  and 



Figure 3 i s . a  graph dep ic t ing  the  h y s t e r e s i s  loop imposed 

by t h e  e l e c t r i c  f i e l d  generator  used i n  the  p repara t ion  of 

ceramic p l a t e s .  

Figure 4 shows t h e  v i s i b l e  response f o r  PLZT implanted 

5 with var ious  i n e r t  ions. Also shovn i s  the  near-UV response of 

unimplanted PLZT; t h e  v i s i b l e  response was not measurable. 

Figure 5 shows t h e  photoresponse from 365nm t o  about 6OOnm 

of PLZT implanted with chemically r e a c t i v e  ions Fe, Cr, and A l ,  

and A r ,  f o r  comparison. 

1 0  Figure 6 shows t h e  photoresponse from 365 t o  about 600nm 

of PLZT coimplanted with chemically r e a c t i v e  and chemically 

i n e r t  ions.  

Detai led Descript ion of the  Invent ion 

15 F i r s t ,  with re fe rence  t o  Figure 1 ,  a  more complete 

d e s c r i p t i o n  of the  image s to rage  and display device described 

i n  t h e  l i t e r a t u r e  re fe rences  mentioned above can be provided. 

The rhombohedral-phase PLZT ceramic p l a t e  1 i s  posi t ioned 

between two t ransparen t  i n d i m - t i n  oxide (ITO), low r e s i s t a n c e  

20 e l e c t r o d e s  2 of an e l e c t r i c  f i e l d  generator .  By s p u t t e r -  

depos i t ion ,  t h e  e l e c t r o d e s  a r e  a f f i x e d  t o  these  two major 

sur faces  of t h e  PLZT ceramic p la te .  

The o v e r a l l  th ickness  of t h e  PLZT ceramic p l a t e  is between 

200 and 300 microns. A vol tage  from a vo l tage  source 3 is  

25 applied through DPDT switch 4 across  t h e  PLZT ceramic p l a t e  by 

means of t h r  TTfl e lec t rodes .  Switch 4 provides reversa l  of 

p o l a r i t y  ac ross  IT0 e l e c t r o d e s  and thus provides f o r  reversa l  

of f e r r o e l e c t r i c  p o l a r i z a t i o n  of  t h e  PLZT ceramic. By simul- 

taneously exposing t h e  image on a  sur face  5 of  t h e  p l a t e ,  using 
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near-UV light, and switching the ferroelectric polarization 

through a portion of the hysteresis loop, the image is stored 

in the PLZT ceramic plate. 

In Figure 2 in accordance with the present invention, a 

5 positive ion implanted PLZT ceramic plate la is shown. In this 

figure, reference indicia for like elements are the same, but 

with a suffix "a" for additional identification. 

A positive ion implantation region 6 from a depth of 0.1 

to 2 microns from surface 5a is illustrated. The positive ion 

10 - implantation should be confined to this near surface region 6 

for greatest effectiveness. The light, as represented by ray 

7, penetrates into light absorption region 8 extending to a 

somewhat greater depth; i.e., a depth of approximately 10 

microns fran the surface 5a. The remainder of the PLZT ceramic 

15 material is unilluminated during the course of exposure to 

light. 

As mentioned previously, the ions are implanted into the 

PLZT material by means of a conventional ion implantation 

apparatus (not shovn). 

In developing the principles of the invention, a series of 

positive ion implanted PLZT materials was produced using a 

variety of ion materials, a range of ion energies, and a range 

of ion densities. Table I below presents a graphic view of the 

improved near-W photosensitivity results attained by particu- 

25 lar positive ions and combinations of ions implanted in PLZT 

cerlmrice. The image storage threshold value of an unimplanted 

ceramic is provided for comparison purposes. 

As can be seen from Table I, the unimplanted ceramic has 

an image storage threshold, for a one-second exposure, of 

0040X 



85,000 mic ro  ~ / c m ~  a t  t h e  nea r -W wavelength  of  365 nm. PLZT 

implanted ce ramics ,  on t h e  o t h e r  hand, shov image s t o r a g e  

t h r e s h o l d  s e n s i t i v i t i e s  r a n g i n g  from 10,000 t o  20 

mic ro  ~ / c m ~ ,  v i t h  most of  t h e  implanted i o n s  o r  combinat ions  

5  o f  i ons  i n c r e a s i n g  t h e  PLZT s e n s i t i v i t y  by a  f a c t o r  of  w i t h i n  

t h e  range o f  about 50 ( f o r  Cr i o n s )  t o  about 4,200 ( f o r  t h e  

Ar+Ne+He ion  combinat ion) .  

It can a l s o  be seen  f r m  t h e  r e s u l t s  i n  Table  I ,  t h a t  

c o i m p l a n t a t i o n  of  p o s i t i v e  i o n s  f u r t h e r  enhances  t h e  photo- 

1 0  s e n s i t i v i t y  of  t h e  PLZT p l a t e .  For  example,  t h e  p l a t e  

implanted v i t h  A r  i o n s  a lone  h a s  a  t h r e s h o l d  of  100 micro  

2  J/cm whi l e  t h a t  implanted w i t h  Ar and Ne i o n s  has  a  t h r e s -  

2  ho ld  of  50 mic ro  J/cm , a  two-fold i n c r e a s e  i n  s e n s i t i v i t y .  

S i m i l a r  o b s e r v a t i o n s  can be made from t h e  r e s u l t s  of  p l a t e s  

1 5  implanted wi th  Fe ,  A l ,  Cr ,  and o t h e r  Ar co implan ta t ions .  

Although, a s  just demonstra ted ,  i on  i m p l a n t a t i o n  produces 

d ramat i c  enhancements i n  p h o t o s e n s i t i v i t y  i n  t h e  near-UV reg ion  

o f  t h e  s p e c t r m ,  i t  h a s  been found t h a t  t h e  b e s t  enhancements 

i n  photoresponse  i n  t h e  v i s i b l e  spect rum have been achieved by 

20 i m p l a n t a t i o n  of  m e t a l l i c  chemica l ly  a c t i v e  i o n s  implanted a lone  

o r  coimplanted v i t h  n e u t r a l  i o n s  such a s  A r  and We. 

The r e s u l t s  o f  t h e s e  i m p l a n t a t i o n s  and c o i m p l a n t a t i o n s  a r e  

p resen ted  i n  Tab le  I1 and g r a p h i c a l l y  i l l u s t r a t e d  i n  F igures  4 ,  

5, and 6. These f i g u r e s  a l s o  c o n t a i n  t h e  near-W d a t a  of  Table  

25 I ,  f o r  comparison purposes .  



TABLE I 

Image S to rage  
Threshold  f o r  

I o n  Ion Implant Ion  1 Sec.Exposure 
Example Source . .Energy.  . . . . . , ( 3 6 5  n m ) . .  

5 (keV) 2 (Micro J/cm ) 

1 None - - 85,000 

2 H 200 1-4 x 1016 10,000 

For convenience i n  v i s u a l i t a t  i on ,  t h e  p h o t o s e n s i t i v i t i e s  

25 e h m  i n  Table  11 a r e  expreesed i n  micro  ~ / c r n ~  ( a s  i n  

Tab le  I ) ,  w h i l e  each co r re spond ing  v a l u e  p l o t t e d  i n  t h e  Fig-  

u r e s ,  namely S, is  t h e  r e c i p r o c a l  o f  t h e  co r re spond ing  t a b l e  



2 
v a l u e  i n  ergs /cm . It  should  be  noted a l s o  t h a t  t h e  implant  

e n e r g i e s  and t h e  i o n  d e n s i t i e s  f o r  t h e  PLZT's whose pho tosens i -  

t i v e  behav io r  is  shown i n  t h e  F i g u r e s ' a r e  those  p resen ted  i n  

T a b l e s  I and 11. L a s t l y ,  i t  should  be k e p t  i n  mind t h a t  wh i l e  

5 t h e  t h r e e  F i g u r e s  shown, a s  a  p o i n t  of  r e f e r e n c e ,  a  pho tosens i -  

t i v i t y  v a l u e  a t  Xa365 nm f o r  unimplanted PLZT m a t e r i a l ,  t h a t  

s t a r t i n g  m a t e r i a l  i s  i n s e n s i t i v e  t o  v i s i b l e  l i g h t .  I n  f a c t ,  no 

measurable  p h o t o s e n s i t i v i t y  could  be d e t e c t e d  f o r  A2404 mn. 

To r e c a p i t u l a t e ,  F i g u r e  4  i l l u s t r a t e s  t h e  d a t a  of  Tab les  I 

10 and I1 conce rn ing  t h e  p h o t o s e n s i t i v i t y  behav io r  o f  PLZT 

implanted wi th  i n e r t  i o n s  f o r  t h e  near-UV and v i s i b l e  l i g h t  

spectrum. F i g u r e  5  does  t h e  same f o r  chemica l ly  r e a c t i v e  ion 

implan t s  and Ar,  f o r  compar ison,  wh i l e  F i g u r e  6  d e a l s  w i th  

chemica l ly  r e a c t i v e  i o n s  coimplanted wi th  i n e r t  i ons .  

Some o f  t h e  a c t u a l  d a t a  gene ra t ed  i n  t h e s e  i m p l a n t a t i o n  

s t u d i e s  w i l l  now be  r e p o r t e d  i n  Tab le  11. The non-implanted 

and t h e  implanted PLZT samples a r e  t h e  same a s  those  shown i n  

Tab le  I, and t h u s  have t h e  same implant  e n e r g i e s  and ion con- 

c e n t r a t i o n s .  

20 As can be seen  from t h e  r e s u l t s  i n  Tab le  11, a s  w e l l  a s  

from t h e  F i g u r e s ,  a l l  p o s i t i v e  ion  implan t s ,  excep t  i r o n  

( ~ x a m ~ l e s  7 and 8, and F i g u r e  41,  impar t  u s e f u l  p h o t o s e n s i t i v -  

i t y  t o  PLZT ceramic  i n  t h e  v i s i b l e  l i g h t  range o f  t h e  epec- 

t rm. As t h e  d a t a  shows, t h e  b e s t  s i n g l e  chemica l ly  r e a c t i v e  

25 i o n  implant  is  provided by aluminum (Example 9 and F igure  5 ) .  

B e t t e r  y e t ,  i n  terms of g r e a t e s t  and most uniform e x t r i n s i c  



TABLE 11 

PHOTOSEhSITlVITY OF PLZT CERAMlC IMPLANTED WlIH 
CHEMlCALLY MACTIVE POSlTlVE lONS 

Example: 7 8 9 11 12 10 13 14 5 
Implants: (Fe) (Fe+ (Al) (Al+3/ (A14 3/ (Cr) (Cr+ (Ar, (Ar,4, 

Ne ) N e b  N e b  t te )  Cr, N e b  

1. Estimated value: 1,500,000 micro J/cm2. 
2. Eetioated value: 200,000 micro J/cm2. 
3. A1 ion density - Example 11: lov; Example 12: high. (See Table I ) .  
4. Best non-reactive ion preparation, for comparison. 



p h o t o s e n s i t i v i t y ,  the  co-implants of aluminum o r  chromium with 

i n e r t  gas ions a r e  most favored (Examples 12,  13,  and 14; 

Figure 6 ) .  

It can be concluded, t h e r e f o r e ,  t h a t  by us ing  t h e  concept 

5 of ion implantat ion d i sc losed  here ,  l i g h t  energy of f a i r l y  low 

leve l  can be success fu l ly  received and s to red  a s  an image with 

g r e a t l y  enhanced s e n s i t i v i t y  i n  both the  near-UV and the  v i s -  

i b l e  s p e c t r a  . 
Data developed i n  the  course of reducing the  present  con- 

10 cept  t o  p r a c t i c e  i n d i c a t e  t h a t  the  depth of implantat ion of the 

i o n i c  mate r ia l  i n  region 6 of Figure 2 i s  an inverse funct ion 

, of the  atomic mass of such mate r ia l .  Thus, the  l i g h t e s t  ion,  

+ '  
H , i s  implanted a t  a  depth of 1.2 microns, while a  heav ie r  

one such a s  ~ r + ,  reaches a  depth of only 0.25 microns. Other 

15 ions behave accordingly.  

The usefu l  range of  ion dens i ty  v a r i e s  f o r  each individual  

ion and i s  inf luenced t o  some ex ten t  by the  presence of 

co-implanted species .  Thus, f o r  example, argon ion d e n s i t i e s  

have ranged from 1x1014 t o  2 x 1 0 ~ ~  ~ r + / c m ~ ,  while neon 

20 
2 

ion donoities have rtm frnm 1 x 1 0 ~ ~  t o  1x10'' ~ e + / c m  . 
Implantat ions have been c a r r i e d  out a t  an energy l e v e l  of 100 

t o  500 keV. 

The new high i n t r i n s i c  s e n s i t i v i t i e s  achieved by coim- 

2 
p l a n t a t i o n s  of  A r  with Ne (24 micro J/cm 1, A r  with Ne and He 

2 2 25 (20 micro J/cm 1, and Pe with Ne (40 micro J/cm ) compare 

most favorably with t h e  BSO mater ia l  whose s e n s i t i v i t y  ranges 

2 
f r w  10 t o  30 micro J/cm . Curren t ly ,  BSO i s  t h e  most 

s e n s i t i v e  s o l i d - s t a t e ,  e r a s a b l e  s to rage  medium conmercially 



a v a i l a b l e .  However, the  image s to red  i n  BSO i s  v o l a t i l e ;  i n  

c o n t r a s t ,  t h a t  s to red  i n  PLZT i s  non-vola t i l e ,  yet  r e a d i l y  

e rasab le .  Non-volatile s to rage  and comparable p h o t o s e n s i t i v i t y  

o f fe red  by t h e  p o s i t i v e  ion  implanted PLZT of the  invent ion 

c o n s t i t u t e  c l e a r l y  recognizable advantages over BSO. 

In  add i t ion  t o  t h e  p re fe r red  p o s i t i v e  ions a l ready  men- 

t ioned ,  it is  a n t i c i p a t e d  and i n  accordance with t h e  broadest 

aspect  of t h e  p resen t  invent ion t h a t  a d d i t i o n a l  p o s i t i v e  ions 

may be employed i n  implantat ion of PLZT. 

The PLZT m a t e r i a l  used t o  produce the  ion implanted p l a t e s  

l a  l i s t e d  i n  t h e  examples, supra, i s  a  PLZT ( 7 1 6 5 1 3 5 )  ceramic, 

i .e . ,  a  ceramic having 7 atom percent  lanthanum, and a  z i r -  

conium t o  t i tanium r a t i o  of 65 t o  35 and wherein the  zirconium 

i s  i n  the  form of lead z i rcona te  and t h e  t i tanium i s  i n  the 

form of lead t i t a n a t e .  

Grain s i z e  may range from 1 t o  10 microns, with an approx- 

imate average of 5  microns. The PLZT mater ia l  may have con- 

t e n t s  v i t h i n  t h e  range from 5  t o  10 atom percent  f o r  lanthanum, 

62  t o  70 mole percent f o r  zirconium, and from 38 t o  30 percent  

70 f o r t i t a n i u m .  

Although t h e  PLZT p l a t e  l a  descr ibed thus f a r  has been of 

the  FE-phase PLZT ceramic, i . e . ,  f e r r o e l e c t r i c  phase PLZT mate- 

r i a l ,  s i m i l a r  r e s u l t s  may be obtained with PLZT m a t e r i a l  having 

i n  coexistence both a n t i f e r r o e l e c t r i c  phase (AFE) and ferro-  

25 e l e c t r i c  (FE) phase m a t e r i a l s .  The use of c o e x i s t i n g  AFE and 

Fe PLZT marer ia l  i ac reases  t h e  o v e r a l l  c o n t r a s t  of t h e  s to red  

image. 



To o b t a i n  t h e  d a t a  shown i n  Table  I ,  t h e  l i g h t  source  

employed was a  500W mercury vapor  lamp wi th  about  100 m i l l i -  

watts/crn2 i n t e n s i t y  wi th  a  700 angstrom band width  f i l t e r  

c e n t e r e d  a t  3650 angstroms. S i m i l a r  image s t o r a g e  has  been 

5 ob ta ined  wi th  a  l i g h t  source  of  about  1 5  m i l l i w a t t s / c m  
2 

i n t e n s i t y  w i t h  a  200 angstrom band width  f i l t e r  c e n t e r e d  a t  t h e  

3650 angstrom l i n e .  

With r e s p e c t  t o  t h e  graph i n  F igure  3 ,  a  more d e t a i l e d  

e x p l a n a t i o n  o f  t h e  p rocess  f o r  s t o r a g e  and e r a s u r e  o f  photo- 

1 0  f e r r o e l e c t r i c  images is  now p resen ted .  Rela ted p r i o r  a r t  d i s -  

c l o s u r e  i s  found i n  t h e  l i t e r a t u r e  r e f e r e n c e s  mentioned above 

i n  t h e  d i s c u s s i o n  of t h e  background of t h e  i n v e n t i o n .  P r e f e r -  

a b l y ,  v o l t a g e  source  3a ,  namely a  b a t t e r y ,  i s  connected through 

a  double p o l e ,  double throw (DPDT) swi t ch  4a t o  t h e  e l e c t r o d e s  

, 1 5  2a. T h i s  s imple  c i r c u i t  s e r v e s  a s  an  example of  one e l e c t r i c  

f i e l d  g e n e r a t o r  t h a t  may be used f o r  t h e  p rocess  of  s t o r i n g  

(and e r a s u r e )  of  t h e  image on p l a t e  l a .  

Thus,  i n  t h e  g raph ,  t h e  v e r t i c a l  a x i s  i n d i c a t e s  f e r r o -  

e l e c t r i c  p o l a r i z a t i o n  ( P I ,  and t h e  h o r i z o n t a l  a x i s  i n d i c a t e s  

20 a p p l i e d  e l e c t r i c  f i e l d  (E) induced by t h e  g e n e r a t o r .  To s tore  

an image u s i n g  t h e  PFE e f f e c t ,  t h e  remanent p o l a r i z a t i o n  of t h e  

ceramic  p l a t e  l a  i s  f i r s t  swi tched t o  a  p o i n t  n e a r  s a t u r a t i o n  

remanence, namely p o i n t  F  ( s e e  F igure  3 ) .  The image i s  t hen  

exposed on one o f  t h e  s u r f a c e s  of  t h e  ceramic  and t h e  ceramic  

25 p o l a r i z a t i o n  swi tched from F  t o  G. The UV i l l u m i n a t i o n  i s  

removed and t h e  p o l a r i z a t i o n  i s  swi tched t o  H t o  o b t a i n  a  posi -  

t i v e  image, o r  t o  J t o  o b t a i n  a  n e g a t i v e  image. The s t o r e d  



image may subsequen t ly  be swi tched from a  p o s i t i v e  t o  a  nega- 

t i v e  o r  v ice-versa  wi thou t  f u r t h e r  exposure  t o  UV l i g h t .  

To e r a s e  t h e  image, t h e  s u r f a c e  of t h e  p l a t e  i s  i l l u m i -  

nated w i t h  UV l i g h t  of  uniform i n t e n s i t y ,  and t h e  p o l a r i z a t i o n  

i s  swi tched t o  s a t u r a t i o n  remanence a t  B,  a s  shown by t h e  

dashed l i n e s  i n  F igure  3. 

It has  been d i scove red  t h a t  t h e  c r y s t a l  l a t t i c e  d i s o r d e r  

brought upon by t h e  ion  i m p l a n t a t i o n  i n  t h e  PLZT m a t e r i a l  tends  

t o  s h i f t  t h e  a b s o r p t i o n  of  t h e  ion  implanted PLZT m a t e r i a l  

t ova rd  t h e  v i s i b l e  spectrum. The s i g n i f i c a n c e  of  t h i s  absorp- 

t i o n  s h i f t  is  t h a t  t h e  PLZT m a t e r i a l  becomes s e n s i t i v e  t o  v i s -  

i b l e ,  namely b lue  l i g h t .  Images have been s t o r e d  i n  ~ r +  

implanted PLZT u s i n g  b l u e  l i g h t  w i t h  n e g l i g i b l e  UV component 

p r e s e n t .  The p h o t o s e n s i t i v i t y  t o  b l u e  l i g h t  i s  l e s s  than t h a t  

t o  near-UV, bu t  it i s  s i g n i f i c a n t  i n  t h a t  i t  demons t r a t e s  t h a t  

t h e  a b s o r p t i o n  may be t a i l o r e d  by ion  implan ta t ion .  A phenom- 

enon log ica l  model i n d i c a t e s ,  and a s  b e s t  unders tood a t  t h e  

p r e s e n t  t ime,  imp lan t ing  PLZT m a t e r i a l  w i th  p o s i t i v e  ions  

r e s u l t s  i n  a  d e c r e a s e  of  t h e  da rk  c o n d u c t i v i t y  of  t h e  implanted 

m a t e r i a l  and a  concomitant i n c r e a s e  i n  t h e  pho toconduc t iv i ty  of 

t h e  implanted m a t e r i a l .  The changes i n  c o n d u c t i v i t y  from t h e  

ion  i m p l a n t a t i o n  r e s u l t  from d i s t u r b a n c e s  and d i s o r d e r  c r e a t e d  

i n  t h e  c r y s t a l .  l a c t i c e  o f  t h e  PLZT m a t e r i a l  by t h e  implanted 

ions .  I o n  i m p l a n t a t i o n  depth  i s  i nc reased  by implan t ing  ions  

wi th  low mass o r  w i t h  h i g h  i m p l a n t a t i o n  e n e r g i e s .  The da rk  

c o n d u c t i v i t y  o f  t h e  implanted r eg ion  is reduced by maximizing 

i m p l a n t a t i o n  d i s o r d e r  w i t h  more mass ive  ions .  One means o f  

a c h i e v i n g  bo th  o f  t h e s e  d e s i r a b l e  r e s u l t s  i s  by co- implant ing 



p o s i t i v e  ions of  two d i f f e r e n t  masses, a s  t h e  examples have 

shown. These co-implanted PLZT p l a t e s  a r e  p a r t i c u l a r l y  appre- 

c i a t e d  when r e l a t i v e l y  low leve l  ambient l i g h t ,  such as  sun- 

l i g h t ,  o r  t y p i c a l  f luorescen t  o r  incandescent l i g h t  c o n s t i t u t e  

5 the only source of energy. 

A p a r t i c u l a r  a rea  of a p p l i c a t i o n  of the  p o s i t i v e  ion 

implanted PLZT p l a t e  l a  may be i n  a  system f o r  inspec t ion  of 

photographic nega t ives  on a  r o l l  of f i lm f o r  s e l e c t i o n  purposes 

before t h e  negat ives a r e  developed i n t o  p o s i t i v e  p r i n t s .  A 

10 nega t ive  image can be es tab l i shed  and s to red  a s  a  p o s i t i v e  

image with the  ion implanted PLZT p l a t e  l a  using a  r e l a t i v e l y  

low power l i g h t  source.  Af te r  viewing and/or s to rage ,  t h e  

image can be e rased ,  and a  new image can be viewed from a d i f -  

f e r e n t  negat ive.  Thus, the  process of e d i t i n g  a  wale r o l l  of 

15 f i lm i s  g r e a t l y  f a c i l i t a t e d  r e s u l t i n g  i n  a  savings of both time 

and m a t e r i a l s  t h a t  a r e  not consumed i n  developing p r i n t s  which 

may be discarded.  Such an a p p l i c a t i o n  would be e s p e c i a l l y  use- 

f u l  t o  a  newspaper o r  o t h e r  p e r i o d i c a l  publ isher .  

Another broad a r e a  of a p p l i c a t i o n  i s  i n  rece iv ing  images 

20 over telephone l i n e s .  Because of the  increased photosensi t iv-  

i t y  of t h e  ion implanted PLZT ceramic, a  scanning l a s e r  of 

r e l a t i v  l y  low energy and high modulation speed can be used t o  

scan an image onto t h e  ceramic p l a t e  l a .  The d i s p o s i t i o n  of 

t h e  image may be mede a  l i n e  a t  a time. Uodulation of t h e  

25 i n t e n s i t y  of  t h e  scanning l a s e r  t o  produce t h e  image from dig- 

i t a l  o r  analog s i g n a l s  s e n t  over t h e  telephone l i n e  i s  

an t ic ipa ted .  



I n  view o f  t h e  fo rego ing ,  i t  is  seen  t h a t  by ion  implanta-  

t i o n  of  PLZT ceramic  m a t e r i a l ,  i n c r e a s e d  p h o t o s e n s i t i v i t y  f o r  

h i g h  r e s o l u t i o n ,  h igh  c o n t r a s t ,  and n o n - v o l a t i l e  image s t o r a g e  

and d i s p l a y  may be ob ta ined .  The s i g n i f i c a n t  i n c r e a s e  i n  pho- 

5 t o s e n s i t i v i t y  r e s u l t s  i n  t h e  PLZT ceramic  p l a t e , , s u c h  a s  p l a t e  

l a ,  o f  t h e  i n v e n t i o n  be ing  t h e  most s e n s i t i v e  n o n - v o l a t i l e ,  

e r a s a b l e  image s t o r a g e  and d i s p l a y  m a t e r i a l  c u r r e n t l y  a v a i l a b l e .  

A number o f  p o s i t i v e  i o n s ,  i on  d e n s i t i e s ,  and i o n  implan- 

t a t i o n  e n e r g i e s  a r e  p o s s i b l e  f o r  a  r ange  of  PLZT m a t e r i a l s .  

10 The ion  implanted PLZT m a t e r i a l  has  i t s  a b s o r p t i o n  spect rum 

s h i f t e d  from t h e  near-UV toward t h e  v i s i b l e  b l u e  spectrum. 

The f o r e g o i n g  d e s c r i p t i o n  of  p r e f e r r e d  and non-preferred 

embodiments of t h e  i n v e n t i o n  has  been p resen ted  f o r  purposes  of  

i l l u s t r a t i o n  and d e s c r i p t i o n .  I t  is  no t  i n t ended  t o  b e  exhaus- 

15 t i v e  o r  t o  l i m i t  t h e  i n v e n t i o n  t o  t h e  p r e c i s e  form d i s c l o s e d ,  

and obv ious ly  many m o d i f i c a t i o n s  and v a r i a t i o n s  a r e  p o s s i b l e  i n  

l i g h t  o f  t h e  above t each ing .  For example,  o t h e r  p o s i t i v e  i o n s ,  

i n c l u d i n g  ions  no t  d i s c l o s e d  h e r e i n  may be  found capab le  of 

g i v i n g  comparable r e s u l t s .  The embodiments were chosen and 

20 d e s c r i b e d  i n  o r d e r  t o  b e s t  e x p l a i n  t h e  p r i n c i p l e s  of  t h e  inven- 

t i o n  and i t s  p r a c t i c a l  a p p l i c a t i o n ,  and t h e r e b y  e n a b l e  o t h e r s  

s k i l l e d  i n  t h e  a r t  t o  b e s t  u t i l i z e  t h e  i n v e n t i o n  i n  v a r i o u s  

embodiments and w i t h  v a r i o u s  m o d i f i c a t i o n s  a s  s u i t a b l e  f o r  t h e  

p a r t i c u l a r  u se  contemplated. It i s  i n t ended  t h a t  t h e  scope of  

25 t h e  i n v e n t i o n  be  de f ined  by t h e  c l a ims  appended h e r e t o .  



Abstract  

The p h o t o s e n s i t i v i t y  of lead lanthanum z i rcona te  t i t a n a t e  

(PLZT) ceramic mate r ia l  used i n  high r e s o l u t i o n ,  high c o n t r a s t ,  

and non-volat i le  p h o t o f e r r o e l e c t r i c  image s to rage  and d i sp lay  

devices i s  enhanced s i g n i f i c a n t l y  by p o s i t i v e  ion implantat ion 

+ 
of the  PLZT near i t s  surface.  Implanted ions include H , 

+ + +  
He , Ne , A r  , a s  well  a s  chemically r e a c t i v e  ions from 

Fe, C r ,  and A l .  The p o s i t i v e  ion implantat ion advantageously 

se rves  t o  s h i f t  t h e  absorpt ion c h a r a c t e r i s t i c s  of t h e  PLZT 

mater ia l  from near-UV l i g h t  t o  v i s i b l e  l i g h t .  As a  r e s u l t ,  

p h o t o s e n s i t i v i t y  enhancement i s  such t h a t  t h e  p o s i t i v e  ion 

implanted PLZT p l a t e  i s  s e n s i t i v e  even t o  sun l igh t  and 

sonventional  room l i g h t i n g ,  such a s  f luorescen t  and incandes-, 

cen t  l i g h t  sources. The method disclosed includes exposing the  

PLZT p l a t e  t o  t h e  p o s i t i v e  ions a t  s u f f i c i e n t  d e n s i t y ,  from 

1x1012 t o  1x10l7, and with s u f f i c i e n t  energy, from 100 t o  

500 keV, t o  provide p h o t o s e n s i t i v i t y  enhancement. The PLZT 

m a t e r i a l  may have a  lanthanum content  ranging from 5 t o  l o % ,  a  

lead z i rcona te  content  of 62 t o  70 mole X ,  and a  lead t i t a n a t e  

con ten t '  of 38 t o  30%. The ions a r e  implanted a t  a  depth of 0.1 

t o  2 microns below t h e  sur face  of the  PLZT p l a t e .  





PHOTORESPONSE OF PLZT CERAMIC 
IMPLANTED WITH POSITIVE INERT IONS. 



PHOTORESPONSE OF PLZT CERAMIC 
IMPLANTED WITH POSITIVE INERT AND 

CHEMICALLY REACTIVE IONS. 
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