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DEGENERATE FOUR-WAVE M I X I N G  I N  SEMICONDUCTORS AND FERROELECTRICS 

M.B. Klein, R.K. Ja in  and G.C. Valley 

Hughes Research Laborator ies ,  3011 MaZibu Canyon Road, MaZibu, CA 90265, 
U.S.A. 

Resume - Les semiconducteurs e t  l e s  f e r r o 6 l e c t r i q u e s  sont  des cand idats  promet- 
t e u r s  pour des a p p l i c a t i o n s  va r iees  du melange de qua t re  ondes deg6nerees. Dans 
ce propos, nous a l l o n s  passer en revue l e s  mecanismes non l i n e a i r e s  dans chaque 
ma te r iau  e t  comparer l e s  performances de chaque t y p e  pour l e s  a p p l i c a t i o n s  au 
m@lange de qua t re  ondes degenerees. 

Abs t rac t  - Semi conductors and f e r r o e l  e c t r i c s  a r e  promi s i n g  cand idate  m a t e r i a l s  
f o r  a  v a r i e t y  o f  a p p l i c a t i o n s  o f  degenerate four-wave mix ing.  I n  t h i s  t a l k ,  
we w i l l  r ev iew  non l i nea r  mechanisms i n  each m a t e r i a l  and compare the  
performance o f  both  types o f  m a t e r i a l s  f o r  degenerate four-wave m ix ing  
a p p l i c a t i o n s .  

I .  INTRODUCTION 

I n  r e c e n t  years ,  t h e  techn ique o f  degenerate four-wave m ix ing  (DFWM) has been used 
i n  a  v a r i e t y  o f  a p p l i c a t i o n s ,  i n c l u d i n g  phase con jugat ion,  a b e r r a t i o n  c o r r e c t i o n ,  
image processing, s p e c t r a l  f i l t e r i n g ,  phase con jugate  resonators ,  e t c .  Two c lasses 
o f  n o n l i n e a r  m a t e r i a l s  which show g rea t  promise f o r  DFiJM a p p l i c a t i o n s  a re  
semiconductors and f e r r o e l e c t r i c s .  I n  semiconductors, l a r g e  n o n l i n e a r i t i e s  can be 
ob ta ined  v i a  a  v a r i e t y  o f  o p t i c a l  t r a n s i t i o n s ,  most n o t a b l y  t h e  i n te rband  e x c i t a t i o n  
o f  a  f r e e  c a r r i e r  plasma. The assoc ia ted  response t imes a re  r e l a t i v e l y  f a s t  
(1 0 - ~ - 1  o - ~ s ~ c ) ,  and a re  determined by t h e  b u i  1  dup and decay o f  c a r r i e r  popu la t ions.  
I n  t h e  case o f  f e r r o e l e c t r i c s ,  t h e  space charge e l e c t r i c  f i e l d s  generated by c a r r i e r  
generat ion,  m i g r a t i o n  and subsequent t rapp ing ,  combined w i t h  l a r g e  values o f  
e l e c t r o - o p t i c  c o e f f i c i e n t s  l e a d  t o  l a r g e  n o n l i n e a r i t i e s  v i a  t h e  p h o t o r e f r a c t i v e  
e f f e c t .  The response t ime  f o r  t h i s  e  f e c t  i s  dependent upon the  i n c i d e n t  i n t e n s i t y ,  
w i t  rnea u r e d  va lues rang ing  f rom 10-k10-8sec f o r  pu lsed l a s e r  e x c i t a t i o n  t o  9- -7  10- 10 sec f o r  C!I e x c i t a t i o n .  I n  t h i s  paper, we w i l l  b r i e f l y  rev iew some o f  t h e  
p r i n c i p a l  n o n l i n e a r  mechanisms i n  bo th  semiconductors and f e r r o e l e c t r i c s ,  p resen t  
DFLJPI r e s u l t s  f o r  t y p i c a l  ma te r i a l s ,  and compare t h e  performance o f  bo th  types o f  
m a t e r i a l s  f o r  DFLJH a p p l i c a t i o n s .  

The p r i n c i p a l  c o n f i g u r a t i o n  o f  i n t e r e s t  i s  t he  backward DRJM c o n f i g u r a t i o n ,  i n  
which t h r e e  waves a t  f requency w a re  i n c i d e n t  on t h e  n o n l i n e a r  medium. Two of  
t h e  waves a r e  s t r o n g  counterpropag t i n g  pumps t r a v e l l i n g  i n  t h e  fo rward  and backward 
d i r e c t i o n s  w i t h  a  p l i t u d e s  $ and Eb, r e s p e c t i v e l y .  The t h i r d  i n p u t  wave i s  a  weak 
probe (ampl i tude Tp) which makes a  smal l  ang le  B w i t h  respec t  t o  t h e  pump wav 
Phase matching then r e q u i r e s  t h a t  t h e  phase con jugate  s i g n a l  wave (ampl i tude f i)  be 
r a d i a t e d  i n  a  d i r e c t i o n  backward t o  t h e  probe wave. The n o n l i n e a r  o r  DF!IF1 
r e f l e c t i v i t y  i s  de f i ned  as 

For t h e  backward DFWM c o n f i g u r a t i o n  t h e r e  a r e  t y p i c a l l y  two separate  g r a t i n g  
c o n t r i b u t i o n s  t o  t h e  r e f l e c t i v i t y  R, as shown i n  F igu re  1. I n  many cases one 
g r a t i n g  term i s  dominant ove r  t h e  o the r ,  b u t  t h i s  must be v e r i f i e d  f o r  each 
experiment.  For example, i n  semiconductors i n  which t h e  n o n l i n e a r i t y  i s  due t o  t h e  
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o p t i c a l  generat ion of free c a r r i e r s ,  the  c o n t r i b u t i o n  from the  small pe r iod  g r a t i n g  
i s  usua l l y  n e g l i g i b l e ,  due t o  washout by d i f f u s i o n .  By contrast ,  the  d i f f u s i o n  
c o n t r i b u t i o n  t o  the  photoref ract ive n o n l i n e a r i t y  i n  f e r r o e l e c t r i c s  favors the small 
pe r iod  g ra t ing .  The s p a t i a l  
frequency response o f  semi - 
conductors and f e r r o e l e c t r i c s  
w i l l  be compared i n  more d e t a i l  
i n  Sect ion I V .  Eb LARGE PERIOD GRATING 

F i n a l l y ,  we note t h a t  i n  semi- 
conductors the re  are o ther  
c o n t r i b u t i o n s  t o  t h e  nonl inear  E c 

p o l a r i z a t i o n  beside the two 
g ra t ings  discussed above. The 
added terms a re  general l y  smal l e r  
and inc lude con t r ibu t ions  from 
two-photon (and h igher  order)  
absorpt ion and s e l f  d i f f r a c t i o n ,  E WALL PERIOD GRATING 
and do n o t  necessar i ly  requ i re  t h e  
establ ishment o f  a  s p a t i a l  g ra t ing .  E~ 
For a more d e t a i l e d  review o f  
mechanisms and mate r ia l s  f o r  DFW:1 
i n  semiconductors, see Reference 
D l .  

Figure 1: Grat ing con t r ibu t ions  t o  t h e  
11. DFWM IN SEMICONDUCTORS nonl inear  r e f l e c t i v i t y .  The l a r g e  per iod  

g ra t 'ng  i s  created by t h e  in te r fe rence  o f  Sf 
Semiconductors are unique i n  t h a t  and ip, and i s  read ou t  by tb. The small 
they possess an unusual ly l a r g e  per 'od  gra i n g  i s  created by t h e  'n ter ference 
v a r i e t y  o f  nonl inear  o p t i c a l  o f  $b and Ep, and i s  read ou t  be :f. 
mechanisms t h a t  can be used f o r  
DFWM. This abundance o f  nonl inear  mechanisms i s  l a r g e l y  due t o  the presence o f  f r e e  
c a r r i e r  s ta tes  ( i n  a d d i t i o n  t o  the  bound e lec t ron  s ta tes  t h a t  a r e  present i n  a l l  
o p t i c a l  mater ia ls) ,  and t o  t h e  ease w i t h  which f r e e  c a r r i e r s  can be o p t i c a l l y  
generated. Other d i s c r e t e  s ta tes  due t o  i m p u r i t i e s  and exc i tons can a l s o  c o n t r i b u t e  
t o  t h e  nonl inear  behavior. I n  our  d iscuss ion o f  DF!iM i n  semiconductors, we f i r s t  
present some general observat ions on the  nonl inear  p o l a r i z a t i o n  densi ty  i n  these 
mater ia ls ,  and then describe s p e c i f i c  mechanisms and experiments. 

I n  a medium w i t h  a l o c a l  response such as a semiconductor, the non l inear  
p o l a r i z a t i o n  dens i t y  loading t o  t h e  DFWM s igna l  can be w r i t t e n  as a sum o f  3rd and 
h igher  odd order  nonl inear  terms i n  t h e  app l ied  e l e c t r i c  f i e l d s .  The order o f  the  
s u s c e p t i b i l i t i e s  and t h e  s p e c i f i c  terms which c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  DFWM 
s igna l  depend on the  s p e c i f i c s  o f  the nonl inear  i n t e r a c t i o n .  For instance, i n  t h e  
case where t h e  nonl inear  mechanism i s  due t o  two-photon t r a n s i t i o n s  from t h e  valence 
band t o  t h e  conduct ion band, terms i n v o l v i n g  both t h i r d  order  and f i f t h  order  
non l inear  s u s c e p t i b i l i t i e s  w i l l  genera l l y  be s i g n i f i c a n t ,  and the  dominance o f  one 
over  t h e  o ther  w i l l  depend on t h e  s p e c i f i c  experimental condi t ions.  By the same 
token, &I higher  order  terms become important when s i g n i f i c a n t  populat ion changes 
a r e  caused by t h e  rad ia t ion ,  such as near the  sa tu ra t ion  ; in tens i ty  o f  a  resonant 
t r a n s i t i o n .  We note however, t h a t  the t h i r d  order  terms a r e  dominant f o r  the  most 
impor tant  n o n l i n e a r i t i e s  a t  low i n t e n s i t i e s .  

The var ious e l e c t r o n i c  n o n l i n e a r i t i e s  i n  semiconductors can be d iv ided  i n t o  non- 
resonant and resonant categories. The f i r s t  two n o n l i n e a r i t i e s  described below -- 
namely, anharmonic motion o f  bound e lect rons and nonl inear  motion o f  f r e e  
ca r r ie rs - -a re  by and la rge  nonresonant, and are genera l l y  character ized by very f a s t  
speeds, b u t  r e l a t i v e l y  small non l inear  s u s c e p t i b i l i t i e s .  Most o f  t h e  remaining 
nonl i n e a r i t i e s  described a re  resonant, i .e., i nvo lve  r e d i s t r i b u t i o n  o f  populat ions, 
and a r e  consequently 1  imi  t e d  by speeds corresponding t o  energy bu i  1  dup and r e l a x a t i o n  
times. Nevertheless, a  major a t y ~ n t a g e  o f  the resonant n o n l i n e a r i t i e s  t h e  l a r g e  

f 
i r enhancements i n  t h e  values o f  x t h a t  may b possible, e.g. f rom -10- esu f o r  

the  bound e l e c t r o n  n o n l i n e a r i t y  i n  Ge t o  -10- esu f o r  in terband t r a n s i t i o n s  i n  
InSb and IigCdTe. 



One of the f i r s t  e l e c t r o n i c  n o n l i n e a r i t i e s  s tud ied i n  semiconductors [2], and t h e  
one most commonly used i n  e a r l y  (nondegenerate) four-wave mix ing experiments i s  due 
t o  t h e  anharmonic motion o f  bound e lect rons f a r  f rom t h e i r  resonant frequencies. 
This n o n l i n e a r i t y  i s  present i n  a l l  c r y s t a l l i n e  so l ids ,  and i s  the  dominant 
n o n l i n e a r i t y  i n  i n t r i n s i c  semiconductors a t  frequencies we l l  below the bandgap. 
Furthermore, t h i s  n o n l i n e a r i t y  was the  f i r s t  one f o r  which experimental r e s u l t s  on 
DFWM and phase conjugationl jn a semiconductor were repor ted [3]. Using a th i rd -o rder  
s u s c e p t i b i l i t y  o f  -2 .5~10-  esu i n  Ge a t  10.6 urn, r e f l e c t i o n  r e t u r n s  o f  -2% were 
repor ted  a t  pump i n t e n s i t i e s  o f  -40 M W / C ~ ~ .  

I n  d ed emiconductors w i t h  moderately l a r g e  f r e e  c a r r i e r  concentrat ions 8g 5 (210 /cm ), s i g n i f i c a n t  n o n l i n e a r i t i e s  may be present due t o  the  non l inear  motion 
and energy r e l a x a t i o n  o f  f r e e  c a r r i e r s  i n  response t o  the  d r i v i n g  o p t i c a l  f i e l d s  
[4,5]. Such nonl i n e a r i t i e s  can be p a r t i c u l a r l y  l a r g e  i n  narrow gap semiconductors 
(such as InSb, InAs and HgCdTe), because o f  the  l a r g e  nonparabol ic i  t y  o f  the  
conduct ion bands. Ear l y  s tud ies o f  t h i s  n o n l i n e a r i t y  161 used four-wave mix ing  w i t h  
nondegenerate frequencies. Recently Yuen and Wol f f  [5] have c l a r i f i e d  the important 
r o l e  o f  c a r r i e r  energy r e l a x a t i o n  w i t h  experiments on nondegenerate four-wave 
mixing, and have demonstrated a s i g n i f i c a n t  enhancement i n  t h e  non l inear  
s u s c e p t i b i l i t y  as the degenerate frequency case i s  approached. The Yuen and Wol f f  
model f o r  these f r e e  c a r r i e r  n o n l ' n e a r i t i e s  leads t o  an est imated s u s c e p t i b i l i t y  f o r  
DFWM i n  InSb ( a t  10.6 o f  -10-' esu. Nevertheless, no four-wave mix ing  
experiments w i t h  degenerate frequencies have been repor ted i n  which the non l inear  
behaviour i s  unambiguously a t t r i b u t e d  t o  the nonl inear  motion o f  f r e e  c a r r i e r s .  

Several e f fec ts  associated w i t h  t r a n s i t i o n s  i n  semiconductors can lead  t o  l a r g e  
n o n l i n e a r i t i e s  f o r  DFWM. These inc lude f r e e  c a r r i e r  plasma generat ion v i a  
valence-to-conduction band t r a n s i t i o n s ,  sa tu ra t ion  o f  in terband absorpt ion, and 
s a t u r a t i o n  o f  exc i ton  absorpt ion. The l a r g e s t  n o n l i n e a r i t i e s  have been obta ined v i a  
o p t i c a l l y  induced f r e e  c a r r i e r  generation. These n o n l i n e a r i t i e s  were f i r s t  s tud ied 
by Woerdman 171 i n  1971, and more recen t l y  by Jain, e t .  a1. 18-111. 

The nonl inear  p o l a r i z a t i o n  dens i t y  f o r  the  backward DFWM con f igu ra t ion  can then be 
w r i t t e n  as 

The s u s c e p t i b i l i t y  X 1 3 )  corresponds t o  t h e  g r a t i n g  term (see Figure 1 )  obtained from 
the in ter ference o f  ?.ge probe wave w i t h  pump beam i ( w i t h  i = f o r  b). Since t h e  

ma n o n l i n e a r i t y  i s  s t rong ly  a f f e c t e d  by c a r r i e r  d i f f u s i o n ,  the  s u s c e p t i b i l i t i e s  
a re  expected t o  be func t ions  o f  the  g r a t i n g  spacing A, and thus s t rong  funct ions 

angle 0 between the  forward and probe waves (espec ia l l y  near 0=0). 

I n  t h e i r  analysis, J a i n  and K l e i n  181 der ived expressions f o r  X(3) i n  two l i m i t s ,  
depending on the  r e l a t i v e  values o f  the  pulse l e n g t h  TL and the  e f f e c t i v e  c a r r i e r  
de lay t ime r given by 

where TR i s  the  recombination t ime and T D  i s  the ambipolar d i f f u s i o n a l  delay t ime 
g iven by 

where Da i s  the  ambipolar d i f f u s i o n  c o e f f i c i e n t .  

For long pulses o r  cw operat ion ( T ~  > T )  t h e  nonl inear  s u s c e p t i b i l i t y  i s  g iven by 
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where n i s  the  quantum e f f i c i e n c y  f o r  generat ion o f  an e lect ron-hole c a r r i e r  p a i r ,  
a i s  t h e  absorpt ion c o e f f i c i e n t  f o r  c a r r i e r  p a i r  generation, m*h i s  the  reduced 
o p t i c a l  mass o f  the e lect ron-hole pa i r ,  and wg i s  the photon fFequency corresponding 
t o  t h e  d i r e c t  band edge. For s h o r t  pulses (.rL < T) t h e  non l inear  s u s c e p t i b i l i t y  i s  
g iven by 

2 
qa nce T 

x (3 )  = - L wg2 (6) 
16. mch Tiu3 [U;-U' ] 

The term i n  brackets i n  Eqs 5) and (6) i s  due t o  in terband t r a n s i t i o n s  .and leads 
t o  a l a r g e  enhancement i n  x t 3 j  near the d i r e c t  band edge. 

3The w- 
3 f a c t o r  i n  these 

expressions suggests t h a t  p a r t i c u l a r l y  l a r g e  values o f  X( can be obtained a t  l ong  
wavelengths. F i n a l l y ,  the occurrence o f  T i n  Eq. (5) i s  a  d i r e c t  consequence o f  the  
l i m i t e d  speed o f  t h e  plasma n o n l i n e a r i t y ,  which i s  dependent on both the  recombination 
and d i f f u s i o n  times o f  the c a r r i e r s .  

I n  the  experiments o f  Ja in  and K l e i n  [8,9] the peak power r e f l e c t i v i t y  i n  S i  a t  
1.06 pm was measured using a Nd:YAG l a s e r  w i t h  a 15 ns pulse width; t y p i c a l  
experimental dataare p l o t t e d  i n  Figure 2. For low pump i n t e n s i t i e s  the r e f l e c t i v i t y  
va r ied  q u a d r a t i c a l l y  w i t h  the  pump i n t e n s i t y ,  as expected f o r  h i r d  order  
i n t e r a c t i o n .  From such data, an experimental s u s c e p t i b i l  . T3r = l . i x l ~ - ~  esu was 
obtained. This compares we l l  w i t h  the ca lcu la ted  value xlSr 5 8 x 1 0 - ~  esu f o r  the 
l a r g e  per iod g ra t ing .  The ca lcu la ted  c o n t r i b u t i o n  from the  smal l -per iod g r a t i n g  i s  
smal ler  by a f a c t o r  o f  - lo4. For a given pump i n t e n s i t y ,  the  l a r g e s t  s ignal  was 
observed f o r  a  1.0 mm sample thickness, which i s  consis tent  w i t h  op imum i n t e r a c t i o n  t o f  the  counterpropagating pump beams i n  our  samples w i t h  a = 10 cm- . At  h igh  pump 
i n t e n s i t i e s ,  t h e  s igna ls  begin t o  saturate, due t o  f r e e  c a r r i e r  a  sorpt ion.  Note the 9 l a r g e  r e f l e c t i o n  r e t u r n  (180%) f o r  the 0.5 nun sample a t  -10 MW/cm . 
I n  a given semiconductor, the  o p t i c a l  frequencies f o r  which the plasma n o n l i n e a r i t y  
i s  opt imized are l i m i t e d  t o  a small range near the bandgap. At lower  frequencies, 
l i t t l e  c a r r i e r  generat ion occurs, and a t  h igher  frequencies the sample absorpt ion i s  
too  la rge .  For DFWM app l i ca t ions  r e q u i r i n g  use o f  a  given l a s e r  wavelengths, i t  i s  
very use fu l  t o  s e l e c t  a  semiconductor w i t h  a bandgap "tuned" t o  resonance w i t h  the  
l a s e r  frequency. One means f o r  achiev ing t h i s  i s  t o  use te rnary  a l l o y s  w i t h  va r iab le  
composition. One convenient mixed semiconductor system t h a t  spans a broad range i n  
t h e  v i s i b l e  spect ra l  reg ion i s  t h e  CdSxSel-, system. This  compound may be doped i n  
an amorphous glass matr ix ,  and samples o f  such mater ia l  can be obta ined convenient ly  
and inexpensively i n  t h e  form o f  shar t  c u t - o f f  c o l o r  g l a s s o f i l t e  s. Each CdSxSel-,- ?i doped glass contains i s o l a t e d  microcrysta l  s  ( t y p i c a l l y  100A-1000 i n  s i ze )  o f  f i xed  
composit ion x  suspended i n  a glass mat r i x .  The i n d i v i d u a l  m ic roc rys ta ls  are of 
un i form composition throughout the sample and o r ien ted  randomly. The bulk  mater ia l  
i s  thus i s o t r o p i c  and insu la t ing .  

DFWM due t o  plasma generat ion i n  t h e  CdSxSel-x glasses has been s tud ied  by L i n d  and 
Ja in  [12], us ing a v a r i e t y  o f  pulsed (515 ns) l a s e r  sources w ' t h  wavelengths i n  the 
range 0.532 - 0.694 pm. S u s c e p t i b i l i t i e  o f  the order o f  10" esu and r e f l e c t i v i t i e s  3 o f  up t o  10% ( a t  pump powers o f  -1 MW/cm ) were measured. 

One i n t e r e s t i n g  consequence o f  the  microscopic s t r u c t u r e  o f  the  CdSxSel- -doped 
glasses i s  t h a t  the DFWM s igna l  due t o  the  smal l -per iod g r a t i n g  was f o u n i  t o  be 
comparable t o  the  s ignal  due t o  the  large-per iod g ra t ing .  This i s  due too the  fac t  
t h a t  the,semiconductor c r y s t a l  1  i tes  are genera l ly  much smal l e r  (100a-1000~) than even 
the 1030A per iod  o f  t h e  smal l -per iod grat ing.  Thus, u n l i k e  the s i t u a t i o n  i n  bu lk  
semiconductors, the  f r e e  c a r r i e r  plasma i s  e f f e c t i v e l y  conf ined t o  these i s o l a t e d  
pockets, and plasma d i f f u s i o n  does n o t  reduce the  d i f f r a c t i o n  e f f i c i e n c y  o f  the  



smal l -per iod g ra t ing .  To our knowledge, t h i s  i s  the  on ly  " d i f f u s i o n - f r e e "  DFLIM o r  
t r a n s i e n t  g r a t i n g  experiment reported. 

The longest  wavelengths a t  which DFWM experiments have been performed are the 
10 um C02 l a s e r  wavelengths. A p a r t i c u l a r l y  usefu l  nonl inear  mate r ia l  f o r  t h i s  
spec t ra l  reg ion i s  the a l l o y  Hgl-,CdXTe, whose bandgap can be tuned throughout the 
range o f  C02 l a s e r  l i n e s  by adjustment o f  the  composition. The usefulness o f  the  
plasma n o n l i n e a r i t y  i n  HgCdTe f o r  DFWM a t  long  wavelengths was f i r s t  p red ic ted  by 
J a i n  and K l e i n  [8], and DFWM measurements on room temperature samples w i t h  pulsed 
C02 l a s e r  r a d i a t i o n  were c a r r i e d  ou t  by J a i n  and Steel [ l o ] .  Using 180 ns pulses 
from a C02 TEA l a s e r  and gn x=0.2 n-type sample (Tug = 0.16 eV), a t h i r d - o r d e r  
s u s c e p t i b i l i t y  o f  5 .4~10-  esu was measured, and good agreement was obtained w i t h  
the value ca lcu la ted  using the  plasma model. 

One important conclusion made by Ja in  and Steel [ l o ]  was t h a t  the s i z e  of the 
n o n l i n e a r i t y  i n  the  room temperature HgCdTe samples was l i m i t e d  by the  shor t  c a r r i e r  
recombination t ime (due t o  Auger recombination) and the  mismatch between the  photon 
energy and t h e  bandgap. The p red ic ted  t h a t  w i t h  the  use o f  lower temperatures, and 
samples w i t h  an appropr ia te match o f  the  low temperat r e  bandgap t o  the l a s e r  photon 
energy, t h i r d  order  s u s c e p t i b i l i t i e s  greater  than lo-' esu would be poss ib le .  I n  
subsequent work [Ill, such l a r g e  s u s c e p t i b i l i t i e s  were i n  f a c t  demonstrated, 
cons is ten t  w i t h  t h e  above p red ic t ions .  Using an unfocused 1 W cw C02 (P(20) 
t r a n s i t i o n  a t  10.6 urn) and an x=0.22 n-type sample, a s t rong increase i n  the  DFWM 
s igna l  was observed as the  sample temperature was lowered, w i t h  a maximum s igna l  
observed f o r  T s - 1 4 5 ° C .  The reduct ion i n  the DFWM signal  f o r  lower temperatures i s  
due t o  the r a p i d  increase i n  the absorpt ion c o e f f i c i e n t  r e s u l t i n g  from the enhanced 
bandgap resonance. At  the optimum temperature a r e f l e c t i v i t y  o f  -2.2% was observed 
a t  a mean pump i n t e n s i t y  o f  n l y  10 ~ / c m 2  (see Figure 3 imply ing a t h i r d  o rder  B s u s c e p t i b i l i t y  o f  over 5x10- esu. S i m i l a r  values o f  x i 3 )  have a137 ben observed i n  
HgCdTe by Khan e t .  a l .  [13]. Note t h a t  the repor ted values o f  x are l a r g e r  than 
those measured by M i l l e r ,  e t .  a l .  1141 i n  a comparable DFWM experiment i n  InSb a t  
5.3 um. 
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Figure 2: Peak power r e f l e c t i v i t y  vs. Figure 3: DFWM r e f l e c t i v i t y  vs pump 
pump i n t e n s i t y  f o r  DFWM i n  s i l i c o n  a t  i n t e n s i t y  f o r  Hgo 7 Cd 22Te a t  
1.06 um. Results f o r  th ree  values o f  10.6 l-lm, w i t h  T ~ - f 4 5 ' 6 .  
sample thickness are shown. 
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I n  summary, semiconductors a r e  promising mate r ia l s  f o r  DFbIM over a  range o f  
wavelengths extending from the v i s i b l e  t o  t h e  middle IR. The n o n l i n e a r i t y  due t o  
in terband plasma generat ion i s  p a r t i c u l a r l y  large, e s p e c i a l l y  a t  l ong  wavelengths. 
One c o n s t r a i n t  imposed by such a  n o n l i n e a r i t y  i s  t h a t  the l a s e r  photon energy must be 
i n  near resonance w i t h  the bandgap o f  the  mate r ia l  o f  i n t e r e s t .  Mixed-composition 
semiconductors w i t h  tunable bandgap energies a i d  s i g n i f i c a n t l y  i n  e s t a b l i s h i n g  such 
an energy coincidence. F ina l l y ,  the dependence o f  the  plasma n o n l i n e a r i t y  on t h e  
bu i ldup  and decay o f  f r e e  c a r r i e r s  in f luences bo th  the speed and the  s p a t i a l  
frequency response o f  the n o n l i n e a r i t y .  This w i l l  be discussed l a t e r  i n  r e l a t i o n  t o  
t h e  analogous c h a r a c t e r i s t i c s  f o r  f e r r o e l e c t r i c s .  

111. GRATING FORMATION AND DFWM I N  FERROELECTRICS 

Some o f  the  most a t t r a c t i v e  mate r ia l s  f o r  p r a c t i c a l  app l i ca t ions  o f  DFWM v i a  the  
pho to re f rac t i ve  e f f e c t  a r e  f e r r o e l e c t r i c  mate r ia l s  such as LiNb03, BaTiO , SEN and 
KNb03, and nonpolar e l e c t r o - o p t i c  mate r ia l s  such as BSO and BGO. ~ e r r o e ? e c t r i c  
mate r ia l s  are p a r t i c u l a r l y  promising because t h e i r  l a r g e  e l e c t r o - o p t i c  c o e f f i c i e n t s  
l e a d  t o  la rge  g r a t i n g  e f f i c i e n c i e s  and DFWM r e f l e c t i v i t i e s ,  i n  s p i t e  o f  t h e i r  
re1 a t i  ve ly  slow speeds. For example, DFWM r e f 1  e c t i  v i  ti es exceeding 2000% have been 
repor ted i n  BaTiO3 1151 us ing a  cw l a s e r  a t  a  power l e v e l  o f  -5  mG1. This l a r g e  
r e f l e c t i v i t y  was obtained o r i e n t i n g  the  c r y s t a l  t o  e x p l o i t  t h e  l a r g e  e l e c t r o - o p t i c  
c o e f f i c i e n t  1-42 = 8 1 0 ~ 1 0 ' ~ ~ m l Y .  One impor tant  c h a r a c t e r i s t i c  o f  g r a t i n g  format ion 
i n  pho to re f rac t i ve  mate r ia l s  i s  t h a t  f o r  c e r t a i n  experimental cond i t i ons  the 
r e f r a c t i v e  index g r a t i n g  may be s h i f t e d  i n  space r e l a t i v e  t o  the i n t e n s i t y  g r a t i n g  
formed by the i n t e r f e r i n g  l i g h t  beams. Th is  s h i f t e d  grat ing,  which i s  near l y  unique 
t o  pho to re f rac t i ve  mate r ia l s  ( i n  t h e  steady s ta te ) ,  a l lows the cons t ruc t ion  o f  novel 
devices such as image a m p l i f i e r s  [16] and phase conjugate resonators [15,17,27]. 

Two separate models f o r  c a l c u l a t i n g  the  g r a t i n g  space charge f i e l d s  and response t imes 
have been formulated: the hopping model [18] assumes t h a t  c a r r i e r  t ranspor t  occurs 
v i a  hopping from a  f i l l e d  donor s i t e  t o  a  neighboring empty t rap .  This model was 
o r i g i n a l l y  developed t o  describe e l e c t r i c a l  conduction i n  semi- insulat ing m t e r i a l s  
and amorphous semiconductors. The band t r a n s p o r t  model (developed most completely 
by Kukhtarev and co-workers [19,20]) assumes t h a t  e lec t rons  ( o r  ho les)  are e x c i t e d  
from f i l l e d  donor ( o r  acceptor) s i t e s  t o  the  conduction ( o r  valence) band, where 
they migrate t o  dark regions i n  t h e  c r y s t a l  by d r i f t ,  d i f f u s i o n  o r  t h e  bu lk  
pho tovo l ta i c  e f f e c t  before recombining i n t o  an empty t rap .  The band t ranspor t  model 
has been developed t o  a  greater  degree and i s  i n  wider  use i n  the  l i t e r a t u r e ;  however, 
both models invoke the  physical separat ion o f  charge, and are thus nonlocal i n  nature. 
As a  r e s u l t ,  the  nonl inear  behavior o f  pho to re f rac t i ve  mate r ia l s  cannot be 
character ized by a  nonl inear  po la r i za t ion ,  o r  by conventional non l inear  
s u s c e p t i b i l i t i e s .  

I n  o rder  t o  analyze DFWM proper t ies  o f  f e r r o e l e c t r i c s ,  we f i r s t  r e q u i r e  expressions 
f o r  t h e  ampli tude and s p a t i a l  phase o f  the  space charge e l e c t r i c  f i e l d .  The requ i red  
expressions have been der ived (us ing thb  band t ranspor t  model) f o r  s p e c i f i c  l i m i t i n g  
cases. One case o f  relevance f o r  many experiments i s  m<<l, where m  i s  the f r a c t i o n a l  
modulation o f  t h e  i n p u t  i r rad iance .  For t h i s  case [19,20] t h e  s o l u t i o n  f o r  the  steady 
s t a t e  space charge f i e l d  ampli tude i s  

where 

Eo = Appl ied d r i f t  f i e l d  (normal t o  g r a t i n g  planes), 

kT 
ED = e k  ( d i f f u s i o n  f i e l d ) ,  

9  
and 4aeNA 

E = -  
q  ~ k  

( l i m i t i n g  space charge f i e l d ) .  
9  



I n  the above expressions, k i s  the Boltzman constant, k i s  the g r a t i n g  wave number, 
g~ i s  the  dens i t y  o f  empty t raps,  and E i s  the  d i e l e c t r g c  constant.  The f i e l d  Eq i s  
t h a t  which r e s u l t s  from t h e  separat ion o f  a l l  ava i lab le  charges by one g r a t i n g  
period. The s p a t i a l  phase IJJ o f  Esc ( r e l a t i v e  t o  the i r rad iance)  i s  given by 

I n  general, E <<E so t h a t  w i t h  no app l ied  d r i f t  f i e l d  E - m ED, and $ = ' . This 
i s  the d i f fusyon  P im i t ,  f o r  which a c h a r a c t e r i s t i c  spa t i% phase s h i f t  betwzen the 
i r rad iance  and the space charge f i e l d  i s  bserv As t h e  app l ied  d r i f t  f i e l d  i s  
increased from zero, we have Esc= m (E>+ED2)7f2, and the  s p a t i a l  phase i s  

in termediate between 0 and . F ina l l y ,  f o r  l a rge  values o f  d r i f t  f i e l d  (E >E ), 
0  q 

the  space charge f i e l d  saturates a t  E S c w m  Eq, and the phase s h i f t  IJJ i s  one again 
T/2. 

Note t h a t  f o r  small values o f  the  d r i f t  f i e l d  (Eo<Eq), the space charge f i e l d  i s  
independent o f  a l l  mate r ia l  parameters. I n  t h i s  case the  induced r e f r a c t i v e  index 
v a r i a t i o n  i s  determined e n t i r e l y  by the  re levan t  e l e c t r o - o p t i c  c o e f f i c i e n t .  Thus f o r  
l a r g e  values o f  index modulation, mate r ia l s  w i t h  l a r g e  values o f  e l e c t r o - o p t i c  
c o e f f i c i e n t  are des i rab le.  However, mate r ia l s  i n  t h i s  category (e-g.  BaTiOg, SBN) 
tend t o  be slow. S p e c i f i c a l l y ,  the  band t ranspor t  so lu t ions  f o r  small modulation 
f r a c t i o n  give the w r i t e  o r  erase t ime [20] as 

where 7di i s  t h e  d i e l e c t r i c  r e l a x a t i o n  time, 

where u i s  t h e  conduc t i v i t y ,  n  i s  the f r e e  c a r r i e r  density,  and i s  the  m o b i l i t y .  
I f  the  c o n d u c t i v i t y  i s  dominated by t h e  c o n t r i b u t i o n  from photocarr iers ,  then a 
simple r a t e  equation so lu t ion  gives 

where s  i s  the  pho to ion iza t ion  cross sect ion, yR i s  the recombination r a t e  
c o e f f i c i e n t ,  N D - N ~  i s  the densi ty  of f i l l e d  traps, NA (as defined e a r l i e r )  i s  the  
dens i t y  o f  empty traps, and I. i s  the  average i r rad iance .  By combining Eqs. (10) 
and ( T I ) ,  we ob ta in  

where the reduc t ion  r a t i o  R i s  def ined as 

The q u a n t i t y  i n  parentheses i n  Eq. (12) can be considered as a mate r ia l  f i g u r e  o f  
mer i t ,  having u n i t s  o f  energy/uni t  area. Once a mate r ia l  i s  chosen, on ly  l i m i t e d  
experimental con t ro l  over t h i s  q u a n t i t y  i s  poss ib le .  However, the  q u a n t i t y  R can be 
var ied  over many orders o f  magnitude by reduct ion o r  ox ida t ion  o f  a  given sample. 
It i s  c l e a r  from Eq. (12) t h a t  increasing R through chemical reduct ion can 



C2-156 JOURNAL DE PHYSIQUE 

s i g n i f i c a n t l y  reduce ~ d i .  Values o f  R as h igh  as 10 are no t  hard t o  a  hieve i n  many 

r 5 cases, and i n  some mate i a l s  (e.g. BSO) values o f  R  on the order  o f  10 are t y p i c a l  
[21]. Note a lso  the  I- dependence i n  Eq. (12), i n d i c a t i n g  the d i r e c t  r e l a t i o n  
between speed and i rra8iance. 

I n  our  review o f  g r a t i n g  formation i n  pho to re f rac t i ve  mater ia ls ,  i t  was assumed t h a t  
t h e  i n c i d e n t  f i e l d s  i n  each o l u  e  elem n t  are known. I n  an ac tua l  DFWM experiment, 
on ly  t h e  i n p u t  f i e l d s  (e.g. ff, fb and f ) are known. The complete g r a t i n g  s o l u t i o n  
requ i res  the s u b s t i t u t i o n  o f  the re f rac tyve  index change (as a  func t ion  o f  the  l o c a l  
f i e l d s )  i n t o  the wave equations which describe the  propagation through the mate r ia l .  
This r e s u l t s  i n  f o u r  coupled wave equations, compared w i t h  two f o r  the  s impler  case 
o f  two-wave mixing. I n  these equations, t h e  c o n t r i b u t i o n  from both the smal l -per iod 
and large-per iod g ra t ings  must be considered, as we1 1  as s e l f  i n t e r a c t i o n  e f f e c t s .  
Several approaches t o  the s o l u t i o n  o f  the coupled wave equations have been presented 
[22-241, and i n  c e r t a i n  cases, b i s t a b i l  i t y  and hys te res is  have been p red ic ted  1251. 

I V .  COMPARISONS BETWEEN SEMICONDUCTORS AND FERROELECTRICS 

The nonl inear  mechanisms i n  semiconductors a re  q u i t e  d i f f e r e n t  from the  photo- 
r e f r a c t i v e  non l inear i t y ,  l ead ing  t o  many d i f fe rences  i n  behavior between the  two 
mate r ia l s  f o r  DFWM app l i ca t ions .  Two spec i f i c  comparisons are discussed below; 
t o  make our  discussion more spec i f i c ,  we w i l l  assume t h a t  the dominant semiconductor 
n o n l i n e a r i t y  i s  t h a t  due t o  in terband plasma generation. 

A. RESPONSE TIME 

I n  semiconductors the  response t ime i s  determined by recombination and d i f f u s i o n  
(see Eq. 2). For example, i n  the  experiments o f  J a i n  and K l e i n  181 i n  s i l i c o n  
( r R  -10- sec) the decay times o f  both g ra t ings  were dominated by d i f f u s i o n ,  and 
were ca lcu la ted  t o  be -rfp = 61 nsec and ~ b ~  = 0.4 psec. Since the  nonl inear  
s u s c e p t i b i l i t y  f o r  each g r a t i n g  i s  propor t ional  t o  the g r a t i n g  decay time, the  
r e l a t i v e l y  f a s t  decay times i n  s i l i c o n  are accompanied by reduced s u s c e p t i b i l i t i e s  
compared w i t h  those which could be obtained w i t h  longer pulses and l a r g e r  g r a t i n g  
spacings. 

The response t ime i n  f e r r o e l e c t r i c  mate r ia l s  f o r  cw experiments can be approximated 
i n  many cases by the  d i e l e c t r i c  r e l a x a t i o n  t ime (Eqs. 12 and 14) 1201. As mentioned 
e a r l i e r ,  f a s t e r  response times can be obtained by reducing the sample and by 
inc reas ing  the  i r rad iance .  

B. SPATIAL FREQUENCY DEPENDENCE 

The s p a t i a l  frequency dependence o f  t h e  nonl inear  s u s c e p t i b i l i t y  i n  semiconductors 
i s  very d i f f e r e n t  from t h a t  o f  the  g r a t i n g  e f f i c i e n c y  i n  pho to re f rac t i ve  mater ia ls ,  
due t o  the  d i f f e r i n g  e f f e c t s  o f  d i f f u s i o n  i n  both mater ia ls ,  and the in f luence  o f  an 
app l ied  d r i f t  f i e l d  i n  pho to re f rac t i ve  mate r ia l s .  I n  semiconductors, d i f f u s i o n  
reduces the g r a t i n g  response a t  h igh  s p a t i a l  frequencies, as may be seen by combining 
Eqs. 2-5: 

where A  i s  a  constant.  Eq (14) i s  p l o t t e d  i n  Figure 4  f o r  s i l '  n  a t  1.06 pm 
(Da = 15 cm2/sec, rR = lo- '  sec). Note the r a p i d  decrease i n  x l 5 7 f o r  s p a t i a l  
frequencies on the order  o f  4  cycles/mrn (250 g r a t i n g  per iod) .  I n  the  pulsed 
experiment f Jain and K l e i n  [8] the l a r g e r  g r a t i n g  per iod  was 60 pm, leading t o  a  
value o f  ~73Yapprox. 10 times lower than optimum. 

I n  pho to re f rac t i ve  mate r ia l s  the g r a t i n g  e f f i c i e n c y  i s  given by 

2  n - (An) - E~~~ ( n r < l )  . 
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Figure 4: Variation of x(~) with gra t ing  period 
and s p a t i a l  frequency f o r  Si a t  1.06 um. 

By combining with Eq. ( 7 )  and t h e  def in i t ions  f o r  E and E the  s p a t i a l  frequency 
dependence can be determined. Results obtained by Ruignara'[26] f o r  BSO a r e  
p lo t ted  i n  Figure 5. For Eo=O,  d i f fus ion  favors small g ra t ing  periods, unt i l  t h e  
l i m i t  ED=Eq  i s  reached. The appl icat ion of a d r i f t  f i e l d  can compensate f o r  t h e  
s p a t i a l  frequency imposed by d i f fus ion ,  leading t o  a f l a t  response when E = 2 KVIcm. 
In t h i s  case t h e  l imi t ing  s p a t i a l  frequency ( for  which r o l l o f f  in  q becomes 
s i g n i f i c a n t )  i s  nearly 3 orders  of  magnitude l a r g e r  than the  analogous value i n  
s i l i c o n .  

GRATING PERIOD A, g m  SPATIAL FREQUENCY CYCLESImm 

Figure 5: Variation of grat ing e f f ic iency  with 
g ra t ing  period and s p a t i a l  frequency f o r  BSO 
( a f t e r  Reference [26]). 

V .  CONCLUSIONS 

Semiconductors and f e r r o e l e c t r i c s  both have la rge  n o n l i n e a r i t i e s  f o r  DFWM 
appl ica t ions .  However, t h e  d i f f e r e n t  o r i g i n  o f  the  nonlinear e f f e c t s  leads t o  many 
d i f f e r e n t  p roper t i es .  For example, t h e  plasma nonlineari ty  in  semiconductors i s  
except ional ly l a rge  i n  the  in f ra red  (using small bandgap materi a1 s ) ,  while 
photorefract ive mater ials  a r e  most s e n s i t i v e  i n  the  v i s i b l e ,  and have l i t t l e  o r  no 
response i n  the  in f ra red .  A t  t h e i r  preferred wavelengths, both mater ials  can be 
used t o  generate l a rge  DFWM returns with cw l a s e r s .  The nonlocal nature of  the  
photorefract i  ve nonl ineari ty  leads t o  several unique c h a r a c t e r i s t i c s  such a s  
s p a t i a l l y  s h i f t e d  r e f r a c t i v e  index gra t ings ,  slower speeds f o r  cw experiments, and 
long 1 ifetimes f o r  holographic s torage.  In many DFIIM appl ica t ions ,  l a rge  values of 
nonlinear r e f l e c t i v i t y  a r e  required a t  low cw power leve l s .  Photorefract ive 
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mater ia l s  w i t h  l a r g e  e l e c t r o - o p t i c  c o e f f i c i e n t s  (such as BaTi03 and SEN) appear 
promis ing f o r  these app l i ca t ions .  E x i s t i n g  samples o f  these mate r ia l s  are r e l a t i v e l y  
slow, b u t  i t  i s  hoped t h a t  improved mate r ia l s  processing can increase speed w h i l e  
mainta in ing e f f i c i e n c y .  
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