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A fyfQL)i2L FOR THE SPACE-NONUNIPORIkI ELECTRIC FIELD I N  
A NZhlATIC LIQUIU CRYSTAL OVER A dIELECTRIC dEFECT 

%.I. GRITSmKQ, S.I. KUCHEJSV, N.V. MOSHEL 
Shevchenko Pedagogica l  I n s t i t u t e  o f  Chernigov, U.S.S .R. 

A b s t r a c t .  An i n j e c t i o n  model f o r  t h e  space-nonuni- 
f o r m  e l e c t r i c  f i e l d  over t h e  d i e l e c t r i c  d e f e c t  i s  
d i s c u s s e d .  The model i s  based on t h e  i n v e s t i g a t i o n  
of  t h e  o r i e n t a t i o n a l  e l e c t r o o p t i c a l  e f f e c t  i n  t h e  ne- 
mat ic  liquid c r y s t a l  w i t h  p o s i t i v e  d i e l e c t r i c  a n i s a -  
t r o p y  a t  homeotropic  i n i t i a l  o r i e n t a t i o n  of t h e  d i -  
r e c t o r  r e l a t i v e  t o  t h e  s u b s t r a t e  i n  semiconductor- 
d i e l e c t r i c - n e m a t i c  l i q u i d  c rys t a l -me ta l  s t r u c t u r e .  

Q i e l e c t r i c  f i l m  d e f e c t  d e t e c t i o n  by nemat ic  l i q u i d  
c r y s t a l s  (NLC)  i s  based on v i s u a l i z a t i o n  of space-non- 
uni form e l e c t r i c  f i e l d s  i n  t h e  bulk o f  t h e  NLC over  
t h e  d i e l e c t r i c  d e f e c t .  I n  t h i s  ca se  e l e c t r o o p t i c a l  
r e sponse  o f  t h e  NLC i n  l a y e r e d  s t r u c t u r e  l i k e  semicon- 
ductor-dielectric-HLC-metal (S-D-NLC-N), which in- 
c ludes  t h e  f i l m  under s t u d y ,  i s  i n v e s t i g a t e d .  The in- 
t e r p r e t a t i o n  of t h e  r e s u l t s  of t h e  d i e l e c t r i c  f i l m  
n o n d e s t r u c t i v e  check depends on t h e  completeness  of 
t h e o r e t i c a l  models used as t h e  basis f o r  t h e  NLC de- 
f ec toscopy  method. The p h y s i c a l  ground o f  t h e  NLC de- 
f ec toscopy  method i s  NLC e l e c t r o o p t i c s  i n  t h e  space-  
nonuniform e l e c t r i c  f i e l d  [I], but  t h e  n a t u r e  of t h e  
nonuniform f i e l d  nearby  t h e  d e f e c t  i n  S-D-NLC-M s t r u c -  
t u r e  s t i l l  remains t o  be i n v e s t i g a t e d .  

[823]/43 
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In  t h i s  paper  i t  i s  sugges t ed  t h a t  t h e  d i e l e c t r i c  
d e f e c t  i s  only t h e  o r i g i n a l  cause  of t h e  space-nonuni- 
f o r m  e l e c t r i c  f i e l d  fo rma t ion  and t h e  f i e l d  i t s e l f  i s  
formed by l i q u i d  c r y s t a l  (LC) i o n  charges .  Fo r  t h e  in= 
v e s t i g a t i o n s  Si-Si02-NLC-Sn02 s t r u c t u r e  w i t h  t h e  de- 
f e c t s  i n  S i Q 2  l a y e r  was chosen. The space-nonuniform 
e l e c t r i c  f i e l d  c o n f i g u r a t i o n  and t h e  i n t e n s i t y  of t h e  
f i e l d  depend n o t  only on t h e  d e f e c t  p r o p e r t i e s ,  b u t  on 
t h e  NLC e l e c t r i c  conduct ion  121, d i e l e c t r i c  a n i s o t r o p y  
s i g n ,  power supply  mode and sample h i s t o r y  as w e l l .  
These r e s u l t s  cannot  be exp la ined  by t h e  e l e c t r o s t a t i c  
model  of t h e  f i e l d .  

To  o b t a i n  t h e  q u a l i t a t i v e  p a t t e r n  o f  nonuniform 
e l e c t r i c  f i e l d  d i s t r i b u t i o n  along t h e  t h i c k n e s s  of t h e  
N L C  l a y e r  over  t h e  d i e l e c t r i c  d e f e c t  t h e  o r i e n t a t i o n a l  
e l e c t r o o p t i c a l  e f f e c t  i n  t h e  NLC w i t h  p o s i t i v e  d i e l e c -  
t r i c  a n i s o t r o p y  (Ac>O) a t  homeotropic  i n i t i a l  or ien-  
t a t i on  of t h e  d i r e c t o r  (splay-bend-S-B e f f e c t )  was 
used.  Note,  t h a t  bend-ef fec t ,  t r a d i t i o n a l l y  used  i n  
t h e  NLC d e f e c t  d e t e c t i o n ,  showed t o  be u n s t a b l e  f o r  
expe r imen t s  on t h e  v i s u a l i z a t i o n  of nonuniform e l e c t r i c  
f i e l d  l oca l  r e g i o n s  near t h e  s u b s t r a t e  f o r  S-D-NLC-M 
system. S-B-effect ,  having  n o  analogs i n  uniform e l e c -  
t r i c  f i e l d  e l e c t r o o p t i c s  [ 3 ]  a l l o w s  f o r  a p p l y i n g  an 
a l t e r n a t i n g  v o l t a g e  t o  s t r u c t u r e s  l i k e  S-3-NLC-M. In 
t h e  c a s e  of nonuniform e l e c t r i c  f i e l d ,  NLC wi th  posi-  
t i v e  d i e l e c t r i c  a n i s o t r o p y  o f  dL>O responds  t o  t h e  
t a n g e n t i a l  component of t h e  f i e l d  only,  

l e c t r i c  f i e l d ,  r e s p o n s i b l e  f o r  t h e  NLC l a y e r  deforma- 
t ion  nearby  t h e  d e f e c t ,  t h e  f o l l o w i n g  exper iments  
have been conducted. In  t h e  l a y e r  w i t h  S-B-effect un- 
de r  t h e  constant v o l t a g e  same oxide  d e f e c t s  have been 

T o  c l a r i f y  t h e  n a t u r e  of t h e  space-nonuniform e- 
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A MODEL FOR THE SPACE-NONUNIFOHM i3LECTKIC FIELD [825I/4S 

v i s u a l i z e d .  I n  t h i s  ca se  t h e  s t r u c t u r e  f o r  some p e r i o d  
o f  time h a s  been k e p t  under t h e  c o n s t a n t  v o l t a g e  w i t h  
t h e  n e g a t i v e  e l e c t r o d e  on s i l i con .  Upon s e t t i n g  t h e  
s t a t i o n a r y  o p t i c a l  p a t t e r n ,  t h e  upper  e l e c t r o d e  (Sn02) 
was s h i f t e d  mechanica l ly .  I f  t h e  experiment  i s  repea-  
t e d  a t  d.c. e l e c t r i c  f i e l d ,  t h e s e  d e f e c t s  can be visu-  
a l i z e d  i n  t h e  same oxide l a y e r  r eg ions .  However, a t  
a l t e r n a t i n g  v o l t a g e  we can v i s u a l i z e  both t h e  r e a l  de- 
f e c t s  o f  t h e  S i 0 2  l a y e r  i n  t h e  same r e g i o n s  and Ilpseu- 
d o d e f e c t s t ' ,  s h i f t e d  along t h e  l a y e r  w i t h  t h e  upper e- 
l e c t r o d e .  l tPseudodefec ts l l  cor respond t o  t h e  nonuniform 
e l e c t r i c  f i e l d  r e g i o n s ,  formed i n  t h e  LC l a y e r  over 
t h e  d e f e c t  be fo re  t h e  upper e l e c t r o d e  w a s  s h i f t e d .  
Along w i t h  t h e  upper e l e c t r o d e  t h e  s h i f t  o f  t h e  nonu- 
n i f o r m  f i e l d  r e g i o n  occur s ,  which, e v i d e n t l y ,  i s  asso- 
c i a t e d  wi th  t h e  s h i f t  o f  t h e  space  charge r e g i o n .  T h i s  
i s  shown i n  F ig .  1;  on t h e  l e f t -hand  s i d e  t h e  r e a l  de- 
f e c t s  o f  oxide $i02 a r e  i l l u s t r a t e d  and t h e  r igh t -hand 
s i d e  shows t h e  space  charge r e g i o n s ,  formed by t h e  
l eakage  c u r r e n t  thrGugh t h e  d e f e c t .  It should  be noted, 
t h a t  a t  p o s i t i v e  e l e c t r o d e  on s i l i c o n  npseudodefec t s l l  
d o  not occur.  Apparent ly ,  i n  t h i s  c a s e  n e g a t i v e  charge  
c a r r i e r  i n j e c t i o n  from SiOz d e f e c t  r e g i o n  p l a y s  a p ro -  
minent r a l e .  

When v o l t a g e  i s  swi tched  o f f ,  l lpseudodefect l l  o p t i -  
c a l  t r a c e  r e l a x a t i o n  t i m e  i s  600-400 s, which coinci-  
d e s  wi th  Maxwell r e l a x a t i o n  time T= @klf'%/B, 
where E@pf i s  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  o f  t h e  LC, 
r e p r e s e n t i n g  abnormally large c a p a c i t y  of double  e l e c -  
t r i c  l a y e r s  (Ee f f  = 103-104) 141. Thus, double  e l e c t r i c  
l a y e r s  p lay  an impor t an t  r o l e  i n  nonun i fo rm e l e c t r i c  
f i e l d  fo rma t ion  nearby  t h e  d i e l e c t r i c  d e f e c t .  I n  t h i s  
c a s e  abnormally l a r g e  c a p a c i t y  o f  double  e l e c t r i c  
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46/[826] N 0 I0 GRITSBNKO 9 S 0 I v KUCHEJEV 9 N vV 0 MOSHEL 

FIGURE 1 V i s u a l i z a t i o n  o f  oxide d e f e c t s  ( l e f t -  
hand s i d e )  and o f  space  charge r e g i o n s  ( r igh t -hand 
s i d e }  by o r i e n t a t i o n  S-B-effect. 

M 

NLC 

D 
S 

FIGURE 2 A model f o r  t h e  space  non imi fo rm 
e l e c t r i c  f i e l d  over  t h e  d i e l e c t r i c  d e f e c t .  
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A MODEL FOR THE SPACE-NONUNIFORM ELBCTRIC FIELD [827]/47 

l a y e r  a l l o w s  f o r  keep ing  t h e  l o c a l  charge r e g i o n  near- 
by t h e  anode and t r a n s f e r i n g  i t  along w i t h  t h e  s h i f t  
o f  t h e  anode. 

be exp la ined  as fo l lows .  A nonuniform e l e c t r i c  f i e l d  
region i s  g e n e r a t e d  between t h e  n e g a t i v e  homocharge, 
formed nearby  t h e  p o i n t  cathode ( d e f e c t )  by t h e  in- 
j e c t e d  charge c a r r i e r s ,  and t h e  p lane  anode. The f i e l d  
nearby  t h e  d e f e c t  is sc reened  by t h e  homocharge, bu t  
i n  proximi ty  t o  t h e  anode, as s e e n  f r o m  t h e  e q u a t i o n  
of c u r r e n t  c o n t i n u i t y ,  t h e  e l e c t r i c  f i e l d  i n c r e a s e s .  
Thus, t h e r e  occur s  t h e  p o s s i b i l i t y  f o r  p o s i t i v e  i o n  
i n j e c t i o n  f r o m  t h e  anode r e g i o n  over t h e  d i e l e c t r i c  
d e f e c t .  The re fo re  i n  t h e  course  o f  t ime t h e  configu-  
r a t ion  o f  t h e  space-nonuniform e l e c t r i c  f i e l d  over 
t h e  d e f e c t  i s  t ransformed due t o  t h e  i n j e c t i o n  of po- 
s i t i v e  i o n s  from t h e  d i f f u s i o n  r e g i o n  of double  e l e c -  
t r i c  l a y e r ,  going in to  a NLC t o  a dep th  of Debye’s 
s h i e l d i n g  d i s t a n c e  5 = (&& D/E;)”’. Hete rocha rges ,  
g e n e r a t e d  a t  t h e  p o l a r i z a t i o n  o f  NLC by i t s  own car-  
r i e r s ,  which can be s e e n  a t  t h e  v i s u a l i z a t i o n  o f  d i -  
e l e c t r i c  d e f e c t s  i n  c o n s t a n t  e l e c t r i c  f i e l d s ,  a l s o  
p lay  a p a r t i c u l a r  r o l e  i n  t h e  fo rma t ion  o f  t h e  space  
nonuniform e l e c t r i c  f i e l d  c o n f i g u r a t i o n  i n  t h e  NLC 
over  t h e  d i e l e c t r i c  d e f e c t  151.  Consequent ly ,  i n  the  
e x t e r n a l  e l e c t r i c  f i e l d  i n  t h e  bulk o f  t h e  NLC over  
t h e  d i e l e c t r i c  d e f e c t  t h e  dynamic p rocess  o f  f o r m a t i o n  
o f  t h e  space  charge  r e g i o n  occurs  due too the  i n t e r d e -  
pendable homocharge and he te rocha rge  g e n e r a t i o n  proce- 
s s e s .  The re fo re  s p a c e  nonuniform e l e c t r i c  f i e l d  which 
can  be v i s u a l i z e d  by t h e  nemat ic ,  is gene ra t ed  between 
t h e  n e g a t i v e  homocharge nearby t h e  ca thode  and t h e  PO- 
s i t i v e  homocharge nearby  t h e  anode as an o p t i c a l  t r a c e  

The f o r m a t i o n  mechanism of t h i s  charge region can 
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48/[8281 N.1. GRITSENKO, So10 KUCHEJhT, N.Vo MOSHEL 

o f  t h e  d i e l e c t r i c  d e f e c t  (F ig .  2). The l a t t e r  d i f f u s e s  
t o  r e l a t i v e l y  l a r g e  areas as compared t o  i t s  own de- 
f e c t  s i z e .  For example, at  t h e  d e f e c t  s i z e  o f  t h e  or -  
d e r  O . f i ) m  and t h e  t h i c k n e s s  of t h e  NLC l a y e r  of  20rn, 
t h e  s i z e  o f  t h e  d i f f u s i o n  r e g i o n  o f  t h e  d e f e c t  o p t i c a l  
t r a c e  r e g i o n  amoun t s  t o  100 - 2001(m. Along w i t h  t h e  
anode s h i f t i n g  a l s o  t h e  p o s i t i v e  hornocharge i s  s h i f -  
t e d ,  which can be v i s u a l i z e d  i n  t h e  a l t e r n a t i n g  e l e c -  
t r i c  f i e l d  i n  t h e  form of t h e  o p t i c a l  t race,  shown i n  
t h e  r ight-hand s i d e  of F ig .  1. 

c r eased  ion c o n c e n t r a t i o n  nearby t h e  anode over  t h e  
d e f e c t .  In t h e s e  experiments  a s p l i t  i n  S i 0 2  l a y e r  
( l i nea r  cathode)  as t h e  s o u r c e  of i n j e c t e d  ions was 
chosen t o  i n c r e a s e  t h e  o p t i c a l  p a t t e r n  c o n t r a s t .  A s  
i n  the  above exper iments ,  t h e  s t r u c t u r e  was k e p t  un- 
de r  a d.c. v o l t a g e  f o r  some time w i t h  t h e  n e g a t i v e  e- 
l e c t r o d e  on s i l i con .  Upon s h i f t i n g  of t h e  upper e l e c -  
t r o d e  i n  a l t e r n a t i n g  e l e c t r i c  flez-d. ba th  t h e  s p l i t  
i t s e l f  and i t s  "imprint11 i n  t h e  form o f  t h e  d i f f u s i o n  
r e g i o n  can be v i s u a l i z e d  (F ig .  3,a). Then, t h e  condi- 
t i o n s  o f  the  exper iment  has  been modif ied:  instead o f  
a p p l y i n g  e x t e r n a l  a l t e r n a t i n g  v o l t a g e  t h e  s t r u c t u r e  
was g r a d u a l l y  hea ted .  In d i f f u s i o n  regions j u s t  be- 
f o r e  t h e  NLC-isotropic subs t ance  phase t rans i t ion ,  
which occurs a t  tempera ture  lower t h a n  t h a t  o f  t h e  
remain ing  area o f  t h e  sample,  homeotropy-planar tran- 
s i t i o n  t a k e s  p l ace  (F ig .  3 ,  b) .  S i m i l a r  exper iments  
are e a s i l y  d u p l i c a t e d  f o r  p o i n t  d e f e c t s .  In  t h e  nema- 
t i c  mesophase d i r e c t l y  preceding  NLC-isotropic sub- 
stance phase t r a n s i t i o n ,  i n t e r a c t i o n  between mesogenic 
molecules  i s  l o w e r  t h a n  t h a t  of t h e  molecules  w i t h  t h e  
s u b s t r a t e ,  i . e .  t h e r e  i s  some i n c r e a s e  o f  cohes ive  

The d i r e c t  experiment  r e s u l t s  have shown the  in- 
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energy  o f  t h e  NLC with t h e  s u b s t r a t e ,  which i s  the? cause 
o f  t he  homeotropy-planar transition. The i n v e s t i g a t i o n s  
shoiied t h a t  t h i s  e f f e c t  can be a p p l i e d  f o r  t h e  v i s u a l i -  
zation c f  i t x  charge accumula t ion  a r e a s  i n  t h e  NLC over  
i n t e g r a z e a  c i r c u i t s .  The above expe r imen ta l  r e s u l t s  in- 
d i c a t e  t he  i n c r e a s e d  c o n c e n t r a t i o n  o f  ions nearby  t h e  
anode over t h e  d e f e c t ,  which l i k e  any o t h e r  i m p u r i t i e s  
l o x e r  t h e  phase t r a n s i t i o n  tempera ture  . 

F I G U H E  3 V i s u a l i z a t i o n  o f  t h e  oxide S iO  s p l i t  
( t h e  uppe r  o p t i c  t r a c e )  and space  charge 3egion 
(double  l i n e )  by F r e d e r i k s ’  t rans i t ion  (a]; v i sua -  
l i z a t i o n  o f  apace charge  r e g i o n  by homeotsopy-pla- 
ria1 t r a m i t i o n  (b). 
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S i m i l a r  exper iments  ~ i t h  t h e  o b s e r v a t i o n  o f  t h e  pecu- 
liar o p t i c a l  h y s t e r e s i s ,  a s s o c i a t e d  w i t h  t h e  apace  
c h a r g e s  an3 clouble e l e c t r i c  layers zlso easily d u p l i -  
c a t c a  i n  t h e  c a s e  of more complex s t r u c t u r e s  such  8 s  

i n t e g r a t e d  c i r c u i t  components ancl a n o t h e r  t h i n  film 
d e v i c e s .  

Hence, t h e  bas i c  p h y s i c a l  p r i n c i p l e  o f  non-destruc-  
t i v e  check method, u s i n g  t h e  NLC, can  be f o r m u l a t e d  as 
f'ollo'uvs: l i q u i a  c r x s  t a l  ion c h a r g e s  g e n e r a t e  t h e  space- 
nonuniform e l e c t r i c  f i e l d  r e g i o r s  i n  t h e  b u l k  o f  a NLC 
over  t h e  t i e f e c t s  02 t h i n  f i l m  components and t h e  NLC 
p r o p o e r l y  visualizes t h e s e  f i e l d s  through i t s  e l e c t r o o p t i -  
c a l  r e s p o n s e .  
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