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SUMMARY 

Crea t ion  of an e l e c t r o n i c a l l y  con t ro l l ed  l i q u i d  c r y s t a l  l e n s  f o r  u se  as a focus- 
i ng  mechanism i n  a multi-element l e n s  system o r  as an adapt ive  o p t i c a l  element i s  
analyzed.  
of a s o l i d  r e f r a c t i n g  material .  Basic c h a r a c t e r i s t i c s  of l i q u i d  c r y s t a l s ,  e s s e n t i a l  
f o r  t h e  c r e a t i o n  of a l e n s ,  are reviewed. The requi red  v a r i a t i o n  of index of r e f r a c -  
t i o n  i s  provided by choosing appropr i a t e  e l e c t r o d e  vo l t ages .  The conf igura t ion  r e -  
qu i red  f o r  any incoming p o l a r i z a t i o n  i s  given and i t s  t h e o r e t i c a l  performance i n  
t e r m s  of modulation t r a n s f e r  func t ion  der ived .  

Varying t h e  index of r e f r a c t i o n  i s  shown t o  be equiva len t  t o  t h e  shaping 

INTRODUCTION 

Lenses p l ay  a c r i t i c a l  r o l e  i n  almost a l l  o p t i c a l  processing systems. From t h e  
c rude  and inexpensive p l a s t i c  l e n s  t o  t h e  d i f f r a c t i o n - l i m i t e d  l e n s ,  t h e i r  r o l e  i n  t h e  
o p t i c a l  world is  unique. The focusing of a l e n s  i s  always accomplished by mechanical 
motion of one po r t ion  of t h e  l e n s  re la t ive t o  the  des i r ed  f o c a l  p lane  o r  correspond- 
i n g l y  t o  o the r  elements of t h e  l e n s .  This  mechanical movement, t o  be  p r e c i s e ,  re- 
q u i r e s  s o p h i s t i c a t e d  and expensive mechanical hardware. 

This  paper addresses  t h e  e l e c t r o n i c a l l y  con t ro l l ed  c r e a t i o n  of a l e n s .  Since 
t h e  a c t u a l  focusing a c t i o n  i s  provided by e l e c t r o d e  vo l t ages ,  t h e  image formation can 
b e  con t ro l l ed .  Also, s i n c e  the  index of r e f r a c t i o n  is con t ro l l ed  point- to-point  on 
the l e n s ,  adap t ive  performance can be provided as w e l l .  

A Supported by t h e  U.S. Army Night Vision and Electro-Optics  Laboratory,  Fo r t  
Belvoi r ,  V i rg in i a ,  Contract  No. DAAK-70-80-C-0053. 
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f o c a l  l eng th  (meters) 

-1 wave number (meters ) 

diameter of l e n s  (meters) 

p o s i t i o n  v a r i a b l e  index of r e f r a c t i o n  

ex t r ao rd ina ry  index of r e f r a c t i o n  

ord inary  index of r e f r a c t i o n  

angle  v a r i a b l e  index of r e f r a c t i o n  

r a d i u s  of cu rva tu re  (meters) 

f i e l d  d i s t r i b u t i o n  

threshold  v o l t a g e  ( v o l t s )  

c e l l  t h i ckness  (meters) 

component of t h e  d i e l e c t r i c  tensor  perpendicular  t o  the  molecular  a x i s  

component of t he  d i e l e c t r i c  t enso r  p a r a l l e l  t o  t h e  molecular axis 

LENS CREATION BY INDEX OF REFRACTION VARIATION 

Lenses are c l a s s i c a l l y  c rea t ed  by varying t h e  o p t i c a l  pa th  l eng th  over  an aper- 
t u r e  by r a d i a l l y  shaping a r e f r a c t i v e  medium. 
obtained i f  t h e  material has  p a r a l l e l  f a c e s  bu t  a vary ing  index of r e f r a c t i o n .  

The s a m e  phase t ransformat ion  can be  

Consider t h e  geometry shown i n  f i g u r e  1, where a material of width A and v a r i -  
a b l e  index of r e f r a c t i o n  ( r e f .  1) 

r) 

2 2 2 r = x  + y  

is  cen te red  on the  z-axis and l i e s  i n  t h e  x-y plane.  Making t h e  same approximation 
as i n  a phase a n a l y s i s  of a t h i n  l e n s  ( r e f .  2 ) ,  namely, 

1)  Light  passing through t h e  device  s u f f e r s  only a phase t ransformat ion  

2) Light  r ays  are p a r a x i a l ,  t h a t  is ,  

J1 2 x 2  + y 

R1 
2 

2 x2 + y 

2R1 
2 
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r e s u l t s  i n  a t ransmiss ion  func t ion  

t ( x , y >  = exp (* 2f (x2 + Y2) 1 (3 )  

where 

- 1  A ne f =  
R1 

( 4 )  

L I Q U I D  CRYSTAL CHARACTERISTICS 

A l l  c r y s t a l s  under t h e  in f luence  of an e l e c t r i c  f i e l d  o r  appl ied  stress e x h i b i t  
b i r e f r i n g e n c e  ( r e f .  3 ) .  That i s ,  t h e  index of r e f r a c t i o n  can be va r i ed .  In  solids, 
however, t h i s  e f f e c t  is  s m a l l  s i n c e  only d i s t o r t i o n s  of the i n d i c a t r i x  are made. 
Liquid c r y s t a l s  are unique s ince  t h e  molecules r e o r i e n t  under the  in f luence  of an  
app l i ed  f i e l d ,  e i t h e r  e lec t r ic  o r  magnetic ( r e f .  4 ) .  I n  add i t ion ,  nematic l i q u i d  
c r y s t a l s  are u n i a x i a l  and t h e  o p t i c a l  a x i s  i s  co inc iden t  w i t h  the molecular a x i s .  
Thus, as t h e  molecules r e o r i e n t  i n  response t o  an  appl ied  f i e l d ,  t he  e n t i r e  ind ica-  
t r ix i s  r o t a t e d ,  making l a r g e  changes i n  t h e  index of r e f r a c t i o n .  

Liquid c r y s t a l s  can be d iv ided  i n t o  two groups. I f  t h e  d i e l e c t r i c  tensor  i s  
such t h a t  t he  component a long t h e  molecular a x i s  (E,,) is  g r e a t e r  than  t h e  component 
perpendicular  t o  t h e  axis ( E ~ ) ,  t h e  c r y s t a l  i s  s a i d  t o  b e  p o s i t i v e .  
tend t o  a l i g n  p a r a l l e l  t o  an  appl ied  f i e l d .  
c r y s t a l  i s  s a i d  t o  be  nega t ive .  I n  t h i s  case, t h e  molecules w i l l  a l i g n  perpendicu- 
l a r l y  t o  an  appl ied  f i e l d .  
c r y s t a l s .  The ex t r ao rd ina ry  index of r e f r a c t i o n ,  ne  (along t h e  o p t i c a l  axis which i s  
co inc iden t  w i th  t h e  molecular a x i s ) ,  i s  g r e a t e r  than  t h e  ord inary  index of r e f r a c -  
t i o n ,  no. 

These molecules 
I f  t h e  reverse i s   true,‘^^, < ‘ E ~ ,  the 

Both types  of l i q u i d  c r y s t a l s  are p o s i t i v e  u n i a x i a l  

F igure  2 i l l u s t r a t e s  t h e  changing of index of r e f r a c t i o n  wi th  o r i e n t a t i o n  of t h e  
l i q u i d  c r y s t a l  molecules.  I n  t h i s  example, a l i q u i d  c r y s t a l  i s  shown a t  t h e  top  of 
the f i g u r e  i n  t h e  homogeneous state.  Correspondingly,  t h e  i n d i c a t r i x  i s  a l igned  s o  
that  a wave po la r i zed  i n  t h e  x-d i rec t ion  is  inf luenced  by an index of r e f r a c t i o n  ne. 
A t  t h e  bottom of t h e  f i g u r e ,  t h e  o r i e n t a t i o n  has  been a l t e r e d  t o  t h e  homeotropic 
s ta te ,  i n  which case the  same po la r i zed  l i g h t  encounters  an index of r e f r a c t i o n  no. 
A t  an in t e rmed ia t e  p o i n t ,  t h e  index of r e f r a c t i o n  is  dependent on 8, t h e  d i r e c t i o n  of 
the nematic d i r e c t o r ,  

2 

2 
cos  e - -  - -  1 

n 2 
ne e 

and is  given by ( r e f .  1) 

s i n L @  +- 
n 2 

0 

(5) 

Two important  p o i n t s  should be noted. F i r s t ,  on ly  t h e  l i g h t  po lar ized  i n  t h e  x- 
d i r e c t i o n  w a s  inf luenced by a changing index of r e f r a c t i o n .  Light  po lar ized  i n  t h e  
y -d i r ec t ion  su f fe red  a cons t an t  phase delay.  Because independent of t he  molecular  
o r i e n t a t i o n  i n  t h e  x-z plane,  i t  w a s  inf luenced by a cons t an t  index of r e f r a c t i o n ,  
no. The second important po in t  is  t h a t  t h e  l i q u i d  c r y s t a l  molecules do no t  a l i g n  
uniformly ac ross  a ce l l .  A s  t h e  vo l t age  i s  increased  above threshold  ( r e f .  5 ) ,  t h e  
molecules near  t h e  cen te r  react t o  t h e  f i e l d  f i r s t .  A t  s a t u r a t i o n ,  a l l  of t h e  mole- 
c u l e s  have responded except  t hose  t i e d  by boundary cond i t ions  a t  t h e  c e l l  w a l l .  
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Figure  3 i l l u s t r a t e s  t he  index of r e f r a c t i o n  v a r i a t i o n  wi th  v o l t a g e  i n  one par- 
t i c u l a r  material .  

L I Q U I D  CRYSTAL LENS 

Figure  4 shows a s i n g l e  s t a g e  of a l i q u i d  c r y s t a l  l e n s .  With vo l t ages  appropri-  
a t e l y  se t  on the  e l e c t r o d e  a r r a y ,  l i g h t  po la r i zed  i n  t h e  x -d i r ec t ion  would be  given 
t h e  c o r r e c t  phase t ransformat ion .  The y-polar ized component would s u f f e r  a cons tan t  
phase delay.  To o b t a i n  t o t a l  p o l a r i z a t i o n  c a p a b i l i t y ,  t h e r e  must be a second s t a g e  
wi th  the  nematic d i r e c t o r  having a p r e f e r e n t i a l  t u r n  i n  t h e  y-d i rec t ion .  This  s t a g e  
would vary  t h e  index of r e f r a c t i o n  f o r  t h e  y-component and g ive  a cons tan t  phase de- 
l a y  t o  the  component po la r i zed  i n  t h e  x-d i rec t ion .  

It has  been assumed t o  t h i s  p o i n t  t h a t  e l e c t r o d e s  could be configured t o  g ive  
t h e  requi red  r a d i a l  v a r i a t i o n  i n  index of r e f r a c t i o n .  Since t h e  v o l t a g e  v a r i a t i o n  
des i r ed  i s  r a d i a l ,  i t  would appear t h a t  r a d i a l l y  symmetric e l e c t r o d e s  would be i d e a l .  
However, r a d i a l l y  symmetric e l e c t r o d e s  r e q u i r e  d i f f i c u l t  mask f a b r i c a t i o n  and connec- 
t i o n s  made t o  them c r e a t e  obscura t ions .  Row and column addressable ,  r ec t angu la r  g r i d  
e l e c t r o d e s  l i k e  those  used i n  commercially a v a i l a b l e  l i q u i d  c r y s t a l  d i s p l a y s  could be 
considered.  I n  t h i s  case ,  address ing  i n d i v i d u a l  e l e c t r o d e s  is  easy and mask fabr ica-  
t i o n  i s  a simple process ,  bu t  t h e  device  inhe ren t ly  does n o t  match t h e  symmetry of a 
l ens .  Thus, t h e  s t r u c t u r e  would cause abe r ra t ions .  

A s i m p l e  s t r u c t u r e  can be implemented by us ing  c rossed  l inear  a r r a y s  i n  tandem. 
Consider a square a p e r t u r e  of width L centered  a t  t h e  o r i g i n .  
of t h e  a p e r t u r e  be given by 

L e t  t h e  t ransmiss ion  

X t ( x , y )  = r e c t  (c) r e c t  (f] exp ( j k A n ( x ) )  

where 

k = wave number 

A = th ickness  of t h e  material 

and 
2 

2Af 
X n(x)  = ne - - - - index of r e f r a c t i o n  

J u s t  p a s t  t h e  a p e r t u r e ,  i f  i t  i s  i l lumina ted  by a uni t -ampli tude,  normally i n c i d e n t  
p lane  wave, t h e  f i e l d  d i s t r i b u t i o n  U '  i s  

2 

L 2Af U'(x,y) = r e c t  (f) r e c t  (") exp ( jkA(ne - L, ) 

Ignoring t h e  cons tan t  phase t e r m ,  

2 
~ ' ( x , y >  = rect  (z)  r e c t  ("1 exp L L 

(7) 
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Now cons ider  p lac ing  another  t ransmiss ion  f a c t o r  d i r e c t l y  i n  f r o n t  of t he  a p e r t u r e  
wi th  

2 
Y n(y)  = ne - - 2Af (9)  

then 

1 X jk(x' + yL) U '  = r e c t  ( z )  rect  (x) exp ( - 2f 

t h e  i d e a l  form of a l e n s  i s  obta ined  wi th  l i n e a r  e l e c t r o d e s .  By cascading two 
s t a g e s  n o t  only i s  t h e  mask f a b r i c a t i o n  process  s i m p l i f i e d ,  t h e  r equ i r ed  symmetry i s  
a l s o  maintained.  

F igure  5 shows a s i n g l e  s t a g e  c r o s s  s e c t i o n  and a r e p r e s e n t a t i v e  e l e c t r o d e  
s t r u c t u r e .  Note t h a t  t h e  ground e l e c t r o d e  is  uniform. Al so ,  t h e  v a r i a t i o n  i n  v o l t -  
age p r o f i l e  can be used t o  gene ra t e  e i t h e r  a change i n  index of r e f r a c t i o n  f o r  x o r  
y po la r i zed  l i g h t .  I f  t h e  p r e f e r e n t i a l  d i r e c t i o n  of t h e  l i q u i d  c r y s t a l  d i r e c t o r  i s  
i n  t h e  x -d i r ec t ion ,  only t h e  component of t h e  l i g h t  po la r i zed  i n  t h a t  d i r e c t i o n  w i l l  
be  a f f e c t e d  by a varying index of r e f r a c t i o n .  

To o b t a i n  a complete l e n s ,  fou r  s t a g e s  are requi red .  "Complete" means t h a t  any 
incoming p o l a r i z a t i o n  is  given t h e  appropr i a t e  phase t ransform of a t h i n  l e n s .  Fig- 
u r e  6 i l lustrates the  func t ions  of t h e  four  s t ages .  The f i r s t  s t a g e  g ives  t h e  ap- 
p r o p r i a t e  v a r i a t i o n  i n  index of r e f r a c t i o n  i n  the  x -d i r ec t ion  f o r  l i g h t  po la r i zed  i n  
t h e  x-d i rec t ion .  S imi l a r ly ,  t h e  second s t a g e  varies t h e  index of r e f r a c t i o n  i n  t h e  
y -d i r ec t ion  bu t  s t i l l  only f o r  l i g h t  po lar ized  i n  t h e  x-d i rec t ion .  Thus, i f  a l e n s  
w a s  t o  be  c rea t ed  f o r  x-polar ized l i g h t  only,  t he  f i r s t  two stages would be s u f f i -  
c i e n t .  The l a s t  two s t a g e s  r e p e a t  t h e  process  f o r  t h e  component po la r i zed  i n  t h e  
y -d i r ec t ion .  Figure 7 shows t h e  c r o s s  s e c t i o n  of t h e  four -s tage  l i q u i d  c r y s t a l  
l e n s .  

OPTICAL PERFORMANCE ANALYSIS 

Due t o  t h e  e l ec t rode  s t r u c t u r e  used t o  create t h e  index of r e f r a c t i o n  v a r i a t i o n  
i n  t h e  l i q u i d  c r y s t a l ,  a d i f f r a c t i o n - l i m i t e d  l e n s  w i l l  no t  be formed. The wavefront 
l eav ing  the  l e n s  w i l l  have phase d i s t o r t i o n s  caused by the  approximation of a 
smoothly varying index of r e f r a c t i o n  by a sampled func t ion .  Thus, t h e  l i q u i d  crys- 
t a l  l e n s  w i l l  i nhe ren t ly  have a b e r r a t i o n s .  However, t h e  smaller t h e  e l ec t rodes  and 
t h e  spacing between them, t h e  b e t t e r  t h e  index of r e f r a c t i o n  is matched t o  a smooth 
curve  and t h e r e f o r e  t h e  more n e a r l y  t h e  l e n s  approaches t h e  d i f f r a c t i o n  l i m i t .  Fig- 
u r e s  8 and 9 show t h e  p red ic t ed  MTF f o r  a 2-cm wide l e n s  wi th  a 10-meter f o c a l  
l e n g t h  cons t ruc ted  wi th  501 and 101 e l ec t rodes .  Spaces between e l e c t r o d e s  are 
assumed t o  be t h e  same s i z e  as t h e  e l ec t rodes .  Thus, f a b r i c a t i o n  of t he  501 elec- 
t r o d e  (20-micron width) i s  e a s i l y  achievable  wi th  today ' s  microe lec t ronics  capa- 
b i l i t y .  
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CONCLUSION 

An electronically controlled liquid crystal lens will provide direct control on 
focusing and point-to-point control on index of refraction for potential adaptive 
optical techniques. The lens has all the favorable characteristics of liquid crys- 
tal displays, such as operation at low voltages and low power dissipation. 
microprocessor control, it could adapt in real time and be electronically calibrated. 
Using current microelectronic technology, near diffraction-limited performance is 
predicted. 

With 
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Figure 1.- Basic configuration (a) and geometry of variation ( b ) .  
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Figure 2.- Liquid crystal orientation for variation of the index of 
refraction. 
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Figure 3.- Index of refraction versus cell voltage using MBBA. 
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Figure 4. -  Cross section of liquid crystal lens. 
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F i g u r e  5.- S i n g l e  s t a g e  of  l i q u i d  c r y s t a l  l e n s .  
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F i g u r e  6.- Funct ions  of t h e  f o u r  s t a g e s  i n  a l i q u i d  c r y s t a l  l e n s .  

337 



@ GLASS 

@ INSULATION FILM 

NT ELECTRODES 

F i g u r e  7.- Four-s tage l i q u i d  c r y s t a l  lens.  
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F i g u r e  8.- Modulat ion t r a n s f e r  f u n c t i o n  of l i q u i d  c r y s t a l  l e n s .  X=5.0 urn. 
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