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Abstract 

We have demonstrated that optical images can be stored in transparent 
lead-lanthanum-zirconate-titanate (PLZT) ceramics by exposure to near-uv 
light with photon energies greater than the band gap energy of 'L 3.35 eV. 
The image storage process relies on optically induced changes in the switch- 
ing properties of ferroelectric domains (photoferroelectric effect). Stored 
images are nonvolatile but can be erased by uniform W illumination and 
simultaneous application of an electric field. Although high quality images, 
with contrast variations of 2 lO0:l and spatial resolution of 'L 10 um, can 
be stored using the photoferroelectric effect, relatively high exposure 
energies (% 100 mJ/cm2) are required to store these images. This large ex- 
posure energy severely limits the range of possible applications of nonvola- 
tile image storage in PLZT ceramics. 

We have recently found from studies of H, He, and Ar implanted PLZT 
that the photosensitivity can be significantly increased by ion implantation 
into the surface to be exposed. For example, the photosensitivity after 
implantation with 5x1014 500 keV ~r/cm2 is increased by about three orders 
of magnitude over that of unimplanted PLZT. The image storage process and 
the effect of ion implantation is presented along with a phenomenological 
model which describes the enhancement in photosensitivity obtained by ion 
implantation. This model takes into account both light- and ion implanta- 
tion-induced changes in conductivity and gives quantitative agreement with 
the measured changes in the coercive voltage with light intensity for ion 
implanted PLZT. 
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I. INTRODUCTION 

Image s torage l  u s ing  t h e  i n t r i n s i c 2  photof e r r o e l e c t r i c  (PFE) e f f e c t  

i n  PLZT (lead-lanthanium-zirconate-titanate) ceramics w a s  f i r s t  r epo r t ed  

i n  1976. The PFE e f f e c t  i s  cha rac t e r i zed  by phntoinduced changes i n  the  

e f f e c t i v e  f e r r o e l e c t r i c  (FE) coe rc ive  f i e l d ,  and t h e s e  changes a r e  used 

t o  s t o r e  a n o n v o l a t i l e  space  charge f i e l d  E i n  FE phase PLZT by swi tch ing  
S C  

t h e  remanent p o l a r i z a t i o n  P wh i l e  s imultaneously exposing one s u r f a c e  of 

t h e  ceramic t o  nea r  W l i g h t  con ta in ing  band gap (3.35 eV) o r  higher-energy 

photons. The r educ t ion  i n  t h e  e l e c t r i c  f i e l d  r equ i r ed  t o  r e o r i e n t  t h e  FE 

domains i n  t h e  presence of UV e x c i t a t i o n  is  des igna ted  a s  pho toas s i s t ed  

domain swi tch ing  (PDS). 3 , 4  

Using PDS, images a r e  s t o r e d  i n  t h i n  p l a t e s  of FE phase PLZT which 

have t r a n s p a r e n t  e l e c t r o d e s  depos i ted  on t h e  two major s u r f a c e s .  Images 

are s t o r e d  by exposing one s u r f a c e  of t h e  sample wi th  t h e  d e s i r e d  image 

w i t h  near  W l i g h t  w h i l e  s imul taneous ly  swi tch ing  t h e  ceramic through a  

p o r t i o n  of t h e  FE h y s t e r e s i s  loop us ing  an e x t e r n a l l y  app l i ed  vo l t age .  The 

image formed by t h e  nea r  W l i g h t  produces a  s p a t i a l l y  modulated Esc which, 
/ 

under t h e  a c t i o n  ,of t h e  app l i ed  vo l t age ,  r e s u l t s  i n  s p a t i a l  modulation of 

t h e  FE domain o r i e n t a t i o n s .  The FE domains r e t a i n  t h e i r  o r i e n t a t i o n s  a f t e r  

t h e  l i g h t  and v o l t a g e  have been removed t o  produce a  n o n v o l a t i l e  image. 

Because l o c a l i z e d  v a r i a t i o n s  i n  FE domain o r i e n t a t i o n s  produce a s soc i a t ed  

va rka t jnns  in l i g h t  s c a t t e r i n g  and s u r f a c e  deformation  strain^,^ t h e  s to red  

images may b e  viewed e i t h e r  i n  t ransmiss ion  o r  r e f l e c t i o n  us ing  v i s i b l e  

l i g h t .  Although t h e  images are n o n v o l a t i l e  and can be r e t a i n e d  permanently 

in t h e  absence of an  app l i ed  v o l t a g e ,  they can be  e ra sed  by swi tch ing  t h e  



remanent p o l a r i z a t i o n  through t h e  FE h y s t e r e s i s  loop  whi le  s imultaneously 

exposing t h e  sample t o  s p a t i a l l y  uniform near-UV l i g h t .  

Another a t t r a c t i v e  f e a t u r e  of PLZT a s  an image s t o r a g e  medium i s  t h a t  

t h e  images can be switched from a p o s i t i v e  t o  a  nega t ive  o r  v i c e  v e r s a  b y  

swi t ch ing  t h e  p o l a r i z a t i o n  from one s a t u r a t i o n  remanence t o  t h e  o the r .  4 , 6  

P a r t i a l  swi tch ing  can be used t o  enhance c o n t r a s t  i n  r eg ions  of t h e  ceramic 

wi th  a  g iven  l e v e l  of exposure by t h e  technique of b a s e l i n e  s u b t r a c t i o n .  4,6 

The p o s s i b l e  a p p l i c a t i o n s  of PDS image s t o r a g e  i n  unmodified PLZT were 

s e v e r e l y  l i m i t e d  by t h e  r e l a t i v e l y  l a r g e  exposure energy d e n s i t y  requi red  

t o  s t o r e  h igh  q u a l i t y  images. The exposure energy W (product  of t h e  near- 
ex  

W l i g h t  i n t e n s i t y  I and t h e  exposure time t )  th reshold  f o r  unimplanted PLZ'I' 

2  i s  % 85 mJ/cm . We have r e c e n t l y  demonstrated t h a t  Wex can be markedly 

reduced by i o n  implanta t ion .7  The 85 ml/cm2 th re sho ld  energy f o r  unimplan- 

t e d  PLZT has  been reduced t o  % 10  pl /cmZ,by imp lan ta t ion  wi th  A r  + Ne. This  

paper  w i l l  summarize the  i o n  imp lan ta t ion  s t u d i e s  and p r e s e n t  a  phenomeno- 

9 
l o g i c a l  model developed t o  account f o r  t h e  i o n  implantat ion-induced photo- 

s e n s i t i v i t y  enhancement. 

11. EXYEKPMENT ARRANGEMENT 

The PFE image s t o r a g e  devices  a r e  extremely s imple and easy  t o  f a b r i -  

c a t e .  The device  c o n s i s t s  merely of  a  t h i n  p l a t e  of po l i shed  PLZT 7/65/35, 

which denotes  a s o l i d  s o l u t i o n  w i t h  t h e  composition Pb 
0. 93La0. 07 (ZrO. 65 

T i  0  w i t h  t r a n s p a r e n t  indium-tin oxide  (ITO) e l e c t r o d e s  s p u t t e r -  
0.35) 0.983 3 

depos i ted  on t h e  two major faces .  The IT0 e l e c t r o d e s  have a  t .hickness of 

% 0.12 pm and a  r e s i s t i v i t y  of 2, 10  W 0 .  

Ion  imp lan ta t ion  was performed us ing  a  300 keV Acce le ra to r s  Inc. p o s i t i v e  

i o n  a c c e l e r a t o r ,  and i o n  e n e r g i e s  g r e a t e r  t han  250 keV were achieved by 



imp lan ta t ion  of  doubly charged ions .  For most of t h e  d a t a  presented  i n  t h e  

p r e s e n t  paper  t h e  i o n s  were implanted be fo re  t h e  IT0 e l e c t r o d e s  were depos i ted ;  

however, we have r e c e n t l y  found t h a t  more uniform implants ,  and t h e r e f o r e  more 

uniform domain swi tch ing ,  can be  obta ined  i f  a  t h i n  (2, 100 A) IT0 l a y e r  is  , 

depos i ted  p r i o r  t o  imp lan ta t ion  t o  prevent  charge bui ldup .  I n  t h i s  l a t t e r  case ,  

a d d i t i o n a l  IT0 i s  depos i ted  a f t e r  imp lan ta t ion  t o  y i e l d  a t o t a l  e l e c t r o d e  thick-  

n e s s  of 0.12 pm. A schematic  i l l u s t r a t i o n  of t h e  ion-implanted device  i s  shown 

3 
i n  Fig. 1. Typ ica l  device  dimensions a r e  25 x 25 x 0.25 nun , a l though devices  

w i t h  much l a r g e r  a r e a s  can  be  r e a d i l y  f a b r i c a t e d .  Typica l  implant  and absorp- 

t i o n  depths  a r e  x < 1 pm and x2 ?. 1 0  pm, r e s p e c t i v e l y ,  and t h e  remaining thick-  3 - 
n e s s  y Q 240 pm i s  unef fec ted  by e i t h e r  t h e  imp lan ta t ion  o r  i l l umina t ion .  

1 

111. EXPERIMENTAL RESULTS 

Nonvola t i le  images w i t h  gray s c a l e  ranges extending from an o p t i c a l  d e n s i t y  

of 0.15 t o  > 2.0 and w i t h  r e s o l u t i o n  a s  h igh  a s  40 l i n e  p a i r s  pe r  mi l l ime te r  a r e  

r o u t i n e l y  s t o r e d  i n  PLZT us ing  t h e  i n t r i n s i c  PFE e f f e c t .  A photograph of  an 

image s t o r e d  i n  unimplanted PLZT i s  shown i n  Fig. 2. An example of t h e  resolu-  

t i o n  ach ievab le  i s  given by t h e  image of  a  r e s o l u t i o n  c h a r t  s t o r e d  i n  Fig.  3.  

The photographs i n  t h i s  f i g u r e  f u r t h e r  i l l u s t r a t e  t h e  c a p a b i l i t y  f o r  a l t e r i n g  

images i n  PLZT a f t e r  t hey  a r e  s t o r e d  by t h e  a p p l i c a t i o n  of an  e x t e r n a l  vo l t age .  

The photograph on t h e  l e f t  i s  t h e  image a s  s t o r e d  whereas t h e  photograph on t h e  

r i g h t  shows t h e  nega t ive  obta ined  by swi tch ing  t h e  remanent p o l a r i z a t i o n  a f t e r  

t h e  image was s to red .  Th i s  swi tch ing  is  accomplished by t h e  a p p l i c a t i o n  of an 

a p p r o p r i a t e  vo l t age  i n  t h e  absence of  W i l l umina t ion .  

With t h e  a p p r o p r i a t e  choice  of t h e  app l i ed  vo l t age ,  t h e  c o n t r a s t  i n  

r e g i o n s  of t h e  image exposed a t  any given l e v e l  can be  enhanced a s  i l l u s t r a t e d  



by t h e  photographs i n  F ig .  4. F igu re  4A i s  a  photograph of t h e  s t e p  d e n s i t y  

t r anspa rency  used t o  s t o r e  t h e  image of  Fig.  4B. The c a l i b r a t e d  d e n s i t y  

v a r i a t i o n  i s  0.5 o p t i c a l  d e n s i t y  p e r  s t ep .  The average  remanent p o l a r i z a t i o n  

P  .of t h e  ceramic of  Fig.  4B was a r b i t r a r i l y  set a t  z e ro  f o r  r e f e r e n c e  pur- r 
2  

poses .  When Pr was switched t o  -6.53 uC/cm , t h e  maximum d e n s i t y  s t e p  moved 

from p o s i t i o n  1 i n  Fig.  4B t o  p o s i t i o n  2 i n  Fig.  4C. A s  Pr was switched t o  

i n c r e a s i n g l y  n e g a t i v e  v a l u e s  a s  shown i n  Figs .  4D7 4E7 and 4F, t h e  maximum 

d e n s i t y  s t e p  moved from p o s i t i o n  2  t o  p o s i t i o n s  3 ,  4,  and 5, r e s p e c t i v e l y .  

Th i s  technique  of b a s e l i n e  s u b t r a c t i o n  i n  t h e  s t o r e d  image may be used t o  

modify and enhance t h e  c o n t r a s t  of  images s t o r e d  i n  a  PFE device.  

While t h e  use  of PLZT f o r  e i t h e r  temporary o r  long  term image s t o r a g e  

has  many a t t r a c t i v e  f e a t u r e s  i n c l u d i n g  manipula t ion  of t h e  s t o r e d  image f o r  

2 
c o n t r a s t  enhancement, t h e  r e l a t i v e l y  l a r g e  Wex of 100 t o  300 mJ/cm requ i r ed  

t o  s t o r e  h igh  q u a l i t y  images s e v e r e l y  l i m i t s  t h e  a p p l i c a t i o n s  of PLZT. We 

have found t h a t  Wex can be  reduced s i g n i f i c a n t l y  when t h e  e l e c t r i c a l  and 

d i e l e c t r i c  p r o p e r t i e s  of t h e  near -sur face  r eg ion  a r e  a l t e r e d  by i o n  implan- 

t a t i o n  a s  w i l l  be d i s cus sed  below. The atomic depth  d i s t r i b u t i o n  and t h e  

dep th  d i s t r i b u t i o n  of energy depos i t ed  i n t o  e l e c t r o n i c  and atomic p roces se s  

a r e  sllowl~ i n  Fig. 5 f o r  200 keV H implanted i n t o  PLZT. The cu rves  in '  Fig.  5 

were c a l c u l a t e d  u s ing  B r i c e f  s codes8 which y i e l d  a p r o j e c t e d  range of 1.03 

Um f o r  200 keV H and t h e  maximum i n  t h e  energy depos i t ed  i n t o  atomic p roces s  

occu r s  a t  0.9 pm. 

, The dramat ic  i n c r e a s e  i n  p h o t o s e n s i t i v i t y  a f fo rded  by i o n  imp lan t a t i on  

i s  i l l u s t r a t e d  by t h e  photograph shown i n  Fig.  6 .  The lower h a l f  of t h e  

ceramic, was implanted w i t h  2 x  1016 200 keV ~ / c m *  and t h e  upper h a l f  was no t  

implanted.  Both t h e  upper  unimplanted and lower implanted r e g i o n s  of t he  

2  
s u r f a c e  were exposed i d e n t i c a l l y  (20 mJ/cm ) dur ing  image s to rage .  A s  can 



be  seen  from t h e  photograph, a  h igh  q u a l i t y  image i s  s t o r e d  i n  t h e  implanted 

r eg ion  a t  exposure l e v e l s  i n s u f f i c i e n t  t o  s t o r e  a  d e t e c t a b l e  image i n  unim- 

p l an ted  PLZT. It should a l s o  be  noted t h a t  no degrada t ion  i n  t h e  image 

q u a l i t y  i s  observed i n  t h e  implanted m a t e r i a l ;  i n  f a c t ,  f o r  uniform implants ,  

t h e  image qua l i - ty  i s  g e n e r a l l y  h ighe r  than  t h a t  f o r  unimplanted PLZT. 

W e  have found t h a t  t h e  ion  implantation-induced p h o t o s e n s i t i v i t y  

enhancement r e s u l t s  from t h e  d i s o r d e r  produced by energy t h e  implanted ions  

depos i t  i n t o  atomic processes .  The primary e f f e c t  of t h e  d i s o r d e r  i s  t o  

decrease  t h e  da rk  conduc t iv i ty  of t h e  implanted r eg ion  r e l a t i v e  t o  t h e  unim- 

p l an ted  conduc t iv i ty  and t o  a l t e r  t h e  photoconduct ivi ty .  The 200 keV H i m -  

p l a n t s  d e p o s i t  _< 0.5% of  t h e  i o n  energy i n t o  atomic processes .  A much h ighe r  

f r a c t i o n  of t h e  ion  energy i s  depos i ted  i n t o  atomic p roces ses  w i t h  heavy ions  

than w i t h  H al though t h e  range of heavy i o n s  decreases  w i t h  i n c r e a s i n g  mass 

f o r  t h e  same energy. S ince  the  ion  implantation-produced enhancement a l s o  

depends on t h e  th i ckness  of t h e  implanted l a y e r ,  a s  w i l l  be  d iscussed  below, 

we have used co-implants of A r  and Ne t o  extend t h e  d isordered  r eg ion  t o  2, 0.5 

Ym. The e f f e c t  of t hese .Ar  + Ne co-implants a r e  i l l u s t r a t e d  by t h e  h y s t e r e s i s  

l oops  shown i n  Figs.  7  and 8. 

A h y s t e r e s i ~  loop f o r  an  ~ in imglanted ,  un i l luminated  PLZT sample 0.25 pm 

t h i c k  i s  shown i n  Fig. 7. For t h i s  t h i ckness ,  t he  threshold  f i e l d  f o r  domain 

5 swi tch ing ,  Eth  % 3.5 x 1 0  V/m occurs  a t  an app l i ed  th re sho ld  v o l t a g e  Vth of 

5  
% 100 V. The coe rc ive  f i e l d  Ec = 4.1 x 10  V/m,  where t h e  p o l a r i z a t i o n  i s  

% 
zero,  occurs  a t  a  coe rc ive  v o l t a g e  V = 120 V. For t h e  A r  + Ne co-implanted 

c ,u 

sample (Fig. 8) ,  t h e  dark  coe rc ive  vo l t age  (curve 0) has  been increased  ro 

'-b 
V (0)  = 275 V. A t  t h i s  app l i ed  vo l t age ,  t h e  e l e c t r i c  f i e l d  i n  t h e  under- c , i  

l y i n g  unimplanted reg ion  of t h e  sample i s  equal  t o  Ec of unimplanted PLZT, 

The curves  numbered 1 through 15  were taken wi th  i n c r e a s i n g  i n t e n s i t y  I of 



-7- 

near-W illumination ranging from 1 uk'/cm2 (curve 1) to 98 rnk'/cm2 (curve 15). 

The decrease in Vc with I is used for quantitative measurement of the photo- 

sensitivity as discussed below. 

To store an.image in the sample of Fig. 8, a switching voltage of, e.g., 

150 V would be applied to the ceramic without illumination. Since this vol- 

tage is less than the threshold voltage for domain switching, no FE domains 

would be reoriented. The image to be stored would then be exposed on the 

implanted surface using near-UV light. As can be seen from the data in Fig. 

8, the simultaneous application of UV light and the switching voltage will 

reorient domains under the exposed regions of the ceramic. Since the domain 

switching is proportional to I, an image which faithfully reproduces the 

gray scale will be stored in the ceramic plate. 

IV. MODEL CALCULATIONS 

In this section we present a simple phenomenological model9 to describe 

both the photoinduced reduction of Vc which governs the storage process and 

the ion-implantation enhancement of the photosensitivity. Since the photon 

energy is greater than the bandgap energy, the light will generate charge 

carriers and increase the conductivities in regions (2) and (3) of Fig. 1. 

To simplify the analysis, we first consider the case for unimplanted PLZT 

for which x = 0 and d = x + x2. At the instant the voltage V is applied 
3 1 

(t = O), the electric fields in regions (1) and (2) are governed by 

where D D are electric displacements and E~ are relative dielectric 1' 2 

permittivities. For t + a, the continuity equation rcduces to 



where j , j are current densities, and a a are conductivities. For the 
1 2  1' 2 

experiments under consideration we are interested in the long time (essentially 

dc) behavior governed by Eq. (2). 

To estimate the effect of illumination on the conductivity a we assume 
2 ' 

that the photoexcited carrier concentration is dominated by intrinsic photo- 

conductivity. Under this assumption the light-induced electron concentration 

N will obey 

2 
where a1 and bN govern carrier excitation and recombination, respectively. 

For constant I, dN/dt = 0, so that N, and the attendant changes. in a, are 

4 proportional to I . For intrinsic photoconductivity we thus write for region 
(2) 

If the conductivity is dominated by one type of carrier, A is given by 

A = (a/b) e-F.I where e and p are the electronic charge and carrier mobility, 

respectively, It should be noted that 02(I) is an exponentially decreasing 

function of depth x from the surface with a fall-off governed by the absorp- 

tion length dl of % 10 p111 lor A = 365 nm. 
9 

The applied voltage V is dropped across the sample according to 



which, under t h e  above assumptions, can be so lved  t o  y i e l d  E(x) throughout 

t h e  sample, a s  

when t h e  f i e l d  E is  taken t o  be cons t an t  throughout r eg ion  (1). W e  could 1 

have w r i t t e n  a  gene ra l  express ion  f o r  E(x) throughout depth d and so lved  Eq. 

(5) t o  y i e l d  an  equat ion  i d e n t i c a l  t o  Eq. (6) w i t h  x2 rep laced  by d. How- 

eve r ,  t h e  purpose of  d i v i d i n g  d i n t o  t h e  r eg ions  x and x2 was t o  permit  t h e  1 

s o l u t i o n  t o  be expanded f o r  small  x2,  where x2 i s  t h e  depth f o r  which U2 >> ul. 

Although t h i s  expansion r e q u i r e s  an a d d i t i o n a l  f i t t i n g  parameter ,  t h e  r e s u l t -  

i n g  equa t ions  a r e  va luab le  f o r  optimizj.ng t h e  device  performance. We thus  

expand Eq. (6 )  f o r  small  x t o  y i e l d  
2 

Ttco i n t e r e s t i n g  f e a t u r e s  a r e  ~ ; ~ i d e n t  f ron  E.;. i 7 j .  S i n c e  ! aecr - f s i? : ;  

r a p i d l y  wi th  x,  t h e  depth  x2 over  which t h e r e  i s  an apprec i ab le  change i n  

a changes wi th  I. Secondly, i n  t h e  above approximation, l igh t - induced  

changes i n  t he  conduc t iv i ty  i n  r eg ion  (2) have a  second-order e f f e c t  on 

the vo l t age  r equ i r ed  t o  a t t a i n  a  given f i e l d  i n  t h e  dark r eg iod  ( I ) ,  Phys i ca l ly  

t h i s  dependence r e f l e c t s  t h e  f a c t  t h a t  t h e  low-conductivity bu lk  r eg ion  governs 

t h e  c u r r e n t  through t h e  sample. Once t h e  c o n d u c t i v i t y  of  r eg ion  (2)  .appreciably 

exceeds t h a t  of r eg ion  ( I ) ,  f u r t h e r  i n c r e a s e s  i n  t h e  conduc t iv i ty  of reg ion  

(2 ) .have  only  a  smal l  e f f e c t  on t h e  t o t a l  c u r r e n t .  Assuming t h a t  Eq. (7) ho lds  

a t  t h e  coe rc ive  f i e l d  f o r  t h e  p re sen t  exper imenta l  cond i t i ons  and p o s t u l a t i n g  

t h a t  t h e  depth x i s  governed by Eq. ( 4 ) ,  w i t h i n  t h e  framework of t h e  above 
2 

approximations Eq. (7) becomes 



where t h e  approximate form of Eq. (8) d e r i v e s  from s e t t i n g  x2/(d-x2) = x2/d 

I B A i n  t h e  second-order term. The s u b s c r i p t  c  denotes  t h a t  Vu(I) i s  eva lua t ed  

a t  t h e  coe rc ive  f i e l d  E , and E (0) i s  taken t o  be  a  cons t an t  parameter of 
C , U  C , U  

t h e  m a t e r i a l ,  i . e . ,  we assume a c r i t i c a l  f i e l d  i s  r equ i r ed  t o  swi tch  t h e  uni l lumi-  

na t ed  ceramic. B i s  def ined  by B = l / d  t imes a  parameter analogous t o  A i n  Eq. 

( 4 ) .  The phys i ca l  s i g n i f i c a n c e  of B i s  t h a t  B& i s  t h e  va lue  of x2 f o r  which 

We next cons ider  t h ~  e f f e c t  of  ion i m p l a n t a ~ i o n .  2 .  :I i r i > l s ~ i ~ ~ < c i . . ! .  

changes 6 and o i n  a  wel i-defined near-surface (L 1 u m )  r eg ion  denoted a s  

(3)  i n  Fig. 1 and can have marked e f f e c t s  on V f o r  bo th  t h e  i l l umina ted  
C 

and t h e  uni l luminated  cond i t i ons ,  S t ra ight forward  s o l u t i o n  of equat ions  

analogous t o  Eqs. (2) and (5) f o r  I = 0 y i e l d s  

where t h e  s u b s c r i p t  i denotes  implanted PLZT and U3 i s  taken t o  be uniform 

over  t h e  depth x ~ r o i  Eq, (9) i t  i s  apparent  t h a t  t h e  i n c r e a s e  i n  t he  3 ' 

coe rc ive  v o l t a g e  V a t  I = 0 produced by ion  imp lan ta t ion  r e s u l t s  from a 
c , i  

1 

decrease  i n  t h e  da rk  conduc t iv i ty  a (0)  of reg ion  (3).  For example, f o r  3 

5 x 1 0 ~ ~  400 keV Ar/cm2, which has  x = 0.5 pm, we f ind  t h a t  o ' -  (0) Z 340;  
3  - 1," 3 

For I f 0, i f  we approximate t h e  sample by t h r e e  r e p i o n s :  ~ n l l n r n ! ! n  

co a two-regiul~ approximat ion f o r  unimplanted PLZT, Eqs, ( 3 . 1 ,  ( 4 ) .  and (5; 



can be  extended and so lved  t o  y i e l d  V (I) i n  terms of t h e  dark  coe rc ive  f i e l d  
c ,  i 

of r e g i o n  (11, E (0) .  Assuming t h a t  t h e  photoconduct iv i ty  i s  i n t r i n s i c  i n  
=,u 

t h e  implanted r e g i o n  a l s o ,  gne f i n d s  

where V (I) i s  given by Eq. (8) and.C i s  analogous t o  A i n  Eq. ( 4 )  but  
c ,u  

r e f e r s  t o  implanted ma te r i a l .  

V. DISCUSSION 

I f  t h e  microscopic parameters  such a s  a ,  b ,  p, e tc . ,  were known f o r  

PLZT, t h e  parameters  in t roduced  i n  Sec t ion  I V  could be eva lua t ed  t o  calcu-  

l a t e  V (I) from f i r s t  p r i n c i p l e s .  Unfor tuna te ly ,  t hese  parameters  a r e  not 
C 

known, s o  we t r e a t  t h e  parameters  A,  B and C i n  Eqs. 8 and 1 0  a s  a d j u s t a b l e  

parameters  t o  determine i f  t h e  i n t e n s i t y  dependence of Vc i s  adequate ly  

descr ibed  by the  model. Vc(0) i s  d i r e c t l y  measured a t  I = 0 and t h e  para- 

meters  A and B i n  Eq. (8) can be r e a d i l y  eva lua ted  from t h e  da ta .  The 

s o l i d  curve f o r  t h e  unimplanted sample i n  Fig.  9 was c a l c u l a t e d  f o r :  

2  -& 2 -% 
A / o ~ ( o )  = 2.0 (mW/cm ) and B = 0.022 (mW/cm ) . A s  can be  seen  f o r  Fig. 

9 ,  Eq. (8) gives  a good f i t  t o  t h e  measured V (TI f o r  unimplanted PLZT 
C , U  

2 
rhroughout t h e  i n t e n s i t y  reg ion  1 p ~ / c m  5 I - < 100 mI?/cm2 i n v e s t i g a t e d .  

Two v a r i a b l e s  of Eq. (10) which depend d i r e c t l y  on the  cond i t i ons  of 

ion  imp lan ta t ion  a r e  x and a To maximize p h o t o s e n s i t i v i t y ,  Eq. (10) i n d i c a t e s  
3 3 ' 

t h a t  t h e  i o n  damage depth x should be  increased  and t h a t  t h e  dark  conduc t iv i ty  
3 

a (0)  i n  t h e  imp lan ta t ion  reg ion  should be  minimized. The damage depth x3 i s  3 

inc reased  e i t h e r  by implant ing  i o n s  w i t h  lower mass o r  by imp lan ta t ion  a t  

h ighe r  ene rg i e s ;  a (0)  i s  reduced by maximizing implanta t ion  damage wi th  more 3 

massive ions .  Both of t h e s e  dependences have been v e r i f i e d  e x p e r i m e n t ~ l l g ,  



The photosensitivity increase obtained with 500 keV Ar compared to 400 keV Ar 

(Fig. 9) illustrates the x3 dependence. The lower photosensitivity £0:: 200 keV 

~e,' which has greater x3 than does 500 keV Ar, reflects the damage dependence. 

To describe the dependence of the coercive voltage on I for ion-implanted 

PLZT, we use the parameters obtained for unimplanted PLZT together with 

a x /a x evaluated from Eq. (9) at I = 0 and C of Eq. (10) evaluated at some 
1 3  3 1  

point on the V (I) curve, Calculated V (I) dependences for H, Ar, and Ar + 
c, i C 

Ne implants are compared with the measured dependences in Fig. 9. It is ap- 

parent from the curves in Fig. 9 for ion-implanted PLZT that Eq. (10) gives a 

reasonable description throughout the five decades in I which were measured. 

The curves for the Ar implants were calculated using the above parameters and 

C/03(0) = 0.80 (mL!/cm2)-'. Identical parameters were used for the 400 and 500 

keV Ar implants, with the exception of x which was adjusted to account for the 3 

differences in range. The fact that both curves give accurate fits to the data 

lends further support for this model. 

The ion-implantation induced enhancement in photosensitivity is 

summarized in Fig. 10 where the change in coercive voltage AVc is plotted as 

a function of I for different implanted ions. Empirically we find that the 

image storage threshold for a one second exposure occurs at AV % -25V, in- 
C 

dependent of the implanted species. The image storage threshold may thus 

be read directly from the curves in Fig. 10, and has been decreased from 

2 14 85 mJ/cm in unimplanted PLZT to 2. 45 11~lcm' for co-implants of 5 x 10 

500 keV Ar + 1.5 x 1015 400 keV Ne. Very recently, we have further reduced 10 

;he threshold energy to 2. 10 p.J/cm2 with co-implants of 500 keV Ne and 350 

keV Ar which yields a more uniform damage distribution than the co-implants 

reported in Fig. 10. We should also note that implantation with chemically 

active ions can be used to shift the absorption spectruc; so that v i s i b l c  



light can be used for image storage. For example, preliminary measurements 

demonstrate that light from an incandescent bulb can be used to store high- 

quality images in Al-implanted PLZT. 
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FIGURE CAPTIONS 

Fig. 1. Schematic illustration of a PLZT optical image storage device showing 

the implanted depth x3 and the illuminated depth x2. 

Fig. 2. Examples of photographs stored in unimplanted, 5 pm grain size PLZT 

7/65/35. (A) illustrates storage of an image with variable gray 

scale, and (B) is a resolution chart with approximately 50% modula- 

tion at 20 lines/m. 

Fig. 3. Illustration of the ability to electrically switch a stored image 

from a positive to a negative. The photograph on the left is the 

image as s red whereas the photograph on the right shows the nega- 

tive obtained by switching the remanent polarization to the opposite 

polarity. 

Fig. 4. Illustration of the contrast enhancement which results from partial 

switching of the remanent polarization. 

Fig. 5. Calculated energy (e~/i) deposition and hydrogen distribution for 

200 keV protons in PLZT 7/65/35. 

Fig. 6. Photographs of resolution charts stored in PLZT 7/65/35 plates. 

The lower half of plate (A) was implanted with 4 x 1016 200 keV 

2 
~ / c m  ; the lower half of (B) was implanted with 2 x 1016 200 keV 

2 
~ / c m  . The upper half of each plate was unimplanted. The images 

were exposed uniformly on both the upper and lower halves of each 

2 
plate at W 2/ 20 mJ/cm . 

ex 

Fig. 7. Hysteresis loop for unimplanted, unilluminated PLZT 7/65/35. 

F i g .  8. Hysteresis loops fox Ar + Ne co-implanted PLZT at various uniform 
light intensities ranging from 1 pwlcm2 (curve 1) to ?. 100 mW/crn 

2 

(curve 15). Curve 0 is for I = 0. 



Fig. 9. Comparison between the model calculations and measurements of V (I) 
C 

for unimplanted and H-, Ar-, and Ar + Ne co-implanted PLZT 7/65/35. 
Fig. 10. Plots of the light induced change in coercive voltage, AVc,  versus 

2 
light intensity for 1 p~/crn~ - < I - < 100 m~/cm . The image storage 

'L 
threshold occurs for V = -25V and the threshold exposure energies 

C 

for the different implants are noted on the graph. 
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