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PHOTOACOUSTICS, 

NEW METHODS TO STUDY OPTICAL PROPERTIES OF DISLOCATIONS ? 

F. Auzel 

CNET, 196, rue de Paris, 92220 Bagneux, France 

Resume - Les principes des methodes d i t e s  photoacoustiques son t  brievement 
e t  l e s  t r o i s  approches experimentales pr incipales  sont  d e c r i t e s  : 

l a  c e l l u l e  c lose  e t  l e  microphone ; l e  transducteur pi6zoelectr ique en c e l l u -  
l e  ouverte ; l a  detect ion par e f f e t  mirage de la  def lec t ion  photothermique. 

Ces methodes e t a n t  sens ib les  aux t r a n s i t i o n s  non-radiatives sont  complemen- 
t a i r e s  de l a  photoluminescence. L'avantage pr incipal  de l a  photoacoustique 
par rapport  i l ' absorp t ion  c lass ique  e s t  une s e n s i b i l i t e  importante due i une 
detect ion s u r  "fond noir"  t o u t  comme en photoluminescence. Par exemple des 

-6 -1 
valeurs  d'absorbance de 10 cm ont  pu P t r e  obtenues pour des t r a n s i t i o n s  
purement non rad ia t ives .  

En plus de l a  spectroscopie,  l e s  methodes photoacoustiques permettent 
aussi  l a  topographie avec des p o s s i b i l i t 6 s  d 'analyse en profondeur. 

Bien que l ' a p p l i c a t i o n  de c e s  methodes aux proprietes  opt iques des dis loca-  
t ions  s o i t  encore dans l 'enfance,  l e s  quelques premiers r e s u l t a t s  prometteurs 
de la  l i t t 6 r a t u r e  se ron t  present&. 

Abstract - The pr inc ip les  of the  so-called photoacoustic methods a r e  b r i e f l y  
described and the th ree  main types of experimental approaches a r e  reviewed : 
microphone and closed c e l l  ; piezoe lec t r ic  transducer and open c e l l  ; mirage 
e f f e c t  detect ion of  photothermal def lec t ion .  

Such methods being s e n s i t i v e  t o  non-radiative t r a n s i t i o n s  a r e  complement- 
a ry  t o  photoluminescence. The main advantage of  photoacoustics over regula; 
absorption i s  a good s e n s i t i v i t y  due t o  de tec t ion  over a "black background 
j u s t  a s  in  photoluminescence exc i ta t ion .  For instance,  absorbance values a s  

small a s  10-~cm-' have been detected for  non-radiative cen te rs .  
Besides spectroscopy, photoacoustic methods can a l s o  be used f o r  

topography with depth prof i l ing  c a p a b i l i t i e s .  
Though the  app l ica t ions  of  these methods t o  opt ical  p roper t i es  of 

d i s loca t ions  i s  s t i l l  i n  i t s  enfancy, the f i r s t  few promizing r e s u l t s  i n  
the 1 i t e r a t u r e  shal l  be reviewed. 

I .  INTRODUCTION - 

New i n t e r e s t  has been i n  recen t  time devoted to op t ica l  p roper t i es  of  d i s loca t ions  i n  
semiconductors and more p a r t i c u l a r l y  i n  111-V compounds (11 [2] (3) . This i s  because 
of  t h e i r  believed detrimental inf luence on 1 i g h t  emitting device performances. HOW- 
ever there i s  s t i l l  a l ack  of understanding about the  important uestion of the non- 
rad ia t ive  and rad ia t ive  t r a n s i t i o n s  induced by d i s loca t ions  [I] 721 . 
As a complement t o  the "c lass ica l  I' methods of photo-(cathodo)l uninescence and opt ical  
absorpt ion,  we propose here t o  apply photoacoustic methods t o  the study of opt ical  
propert ies  of d i s loca t ion .  Ue review why these new methods could be use t o  investigate 
the deep e l e c t r o n i c  l e v e l s  i n  the band gap which may a c t  a s  non-radiative 
recombination cen te rs .  

Pr inciples  involved i n  photoacoustic methods a r e  e s s e n t i a l l y  based upon the  detect ion 
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o f  non r a d i a t i v e  t r a n s i t i o n s  by mean o f  t h e i r  thermal e f f e c t s .  As summarized on F ig .1  
o p t i c a l  p roper t ies  o f  d i s loca t ions  are c l a s s i c a l  y  detected through a  photon o r  
e l e c t r o n  e x c i t a t i o n  by e i t h e r  luminescence o r  absorpt ion.  I n  photoacousti c  methods, 
e i t h e r  the thermal waves o r  the r e s u l t i n g  e l a s t i c  waves a r e  detected. 

F ig.  1 

I n  the fo l lowing,  we s h a l l  review b r i e f l y  the three more usual photoacoust ic methods 
where are respec t i ve ly  detecte6:e last ic  waves by microphone o r  p iezo-detect ion and 
thermal waves by thermal d e f l e c t i o n  (mirage e ' f fect )  . 

11. VARIOUS DETECTION TECHNICS 

11.1 Closed-cell-ani-mfr~~eho_n_e 

thermal elastic 

waves waves 

pulsed photons - 
or 

electrons - 

A modulated monochromatic l i g h t  beam a t  wavelength A e x c i t e s  a  sample i n s i d e  a  closed 
c a v i t y  f i l l e d  w i t h  a  gas. Uhen e x c i t a t i o n  g ives r i s e  t o  non-radiative t rans i t i ons ,  
energy i s  transformed i n t o  modulated heat by the sample which i n  t u r n  heats the gas. 
Pressure v a r i a t i o n s  a re  then detected by a  microphone coupled t o  the  c a v i t y  by a  
hole. A  synchronous de tec to r  analyses the s ignal  . 

I 

radiative 4 
transitions I.R. 

emissions 

4 v v 
photo (cat hodo) - thermal vibrations 

luminescence deflection 
* 

"classical methods" photoacoustics 

"new methods" 

A one-dimension p i  ston model has been establ ished by Rosencwai g  and Gersho (R. G ) [4] 
This theory g ives the spa t ia l  d i s t r i b u t i o n  o f  the time dependent temperature w i t h i n  
the gas l a y e r  near the sample surface, as shown on F ig.  2. As c l e a r l y  seen, thermal 

t Og a't 

0  = ~ o e ~ a 9 X c o s ~ w ~ - a g x l  
9 

energy 
absorbed 
in sample 

Fig.  2  - Spat ia l  d i s t r i b u t i o n  o f  
heat i n  R.G. model. 

P X > 
J 
0 "l 

non- radiative 
> 

transitions 

a - aocos w~ I/ - 
v a r i a t i o n s  ealt are  conf ined w i t h i n  a  d is tance = 2a/aa from the surface sample; 

*here ai = ( w ~ ~ C ~ / ~ k ~ ) l / ~ ,  w i t h  pi, Ci, ki, a r e  respec t i ve ly  the  densi ty ,  s p e c i f i c  

- 1 
heat and thermal co r iduc t i v i t y  o f  medium i .  ui = ai i s  the thermal d i f f u s i o n  leng th  

of ~itedlum i : ( i = g  f o r  gas ; =s f o r  sample ; =b f o r  backing o f  sample). Thermal waves 
do n o t  propagate a t  distances,whereas acoust ic  waves, created near the sample surface 
by per iod ic  d i l a t a t i o n  o f  gas, do. 

The R.G. theory a l lows  one t o  d i s t i n g u i s h  6 d i f f e r e n t  cases f o r  the p e r i o d i c  s ignal  
(Q)  i n  the closed c a v i t y .  F i r s t  we consider two categor ies according t o  o p t i c a l  
absorbance d is tance 6-1  w i t h  respect  t o  sample s i z e  R. 



a )  f o r  thermal ly  t h i n  samples w i t h  vS>> P, and us> v or 
B 

b) f o r  us>uR and p <v pressure s igna l  i s  g iven by : 
S 8' 

(1-J) @ &  (g) y 

w i t h  Y propor t iona l  t o  IOq/t where I. i s  e x c i t a t i o n  i n t e n s i t y ,  q t h e  quantum 
9 

e f f i c i e n c y  f o r  non- rad ia t i  ve t r a n s i t i o n s  and ea the gas length.  

C) f o r  thermal ly  t h i c k  samples (ps>%) andBU <<p 
s 6 

2) Oe4ical l~-oecgue-samel" 
a )  f o r  thermal ly  t h i n  samples (us>> L) and ~ , Z X N  6 '  - 

b) f o r  thermal ly  t h i c k  sa ip les  (us<&) and us>pB : 

c )  f o r  thermal ly  t h i c k  samples (vS<<&) and s <u B '  . 

As seen from these r e l a t i o n s ,  i n fo rmat ion  about 6 i s  obtained i n  a l l  cases b u t  2a 
and 2b which correspond t o  s igna l  sa tu ra t ion .  

11.2 Gee!-cell-end-eiezo_tran_sdu~er 

A t  variance w i t h  the above described technic, v i b r a t i o n s  created by thermal waves 
i n s i d e  sample are d i r e c t l y  detected by a piezotransducer bounded t o  the sample ; 
outs ide  gas does n o t  p l a y  a r o l e  any longer .  

Theory o f  t h i s  technic has been inves t iga ted  by Jakson and h e r  [5] . They have 
discussed three cases : 

1) O~tic_cll~-th~ck,-therma_11~-t_hIsk-~a_m~le 

(vs<<2 ; F iB<<~)  

vo l tage s ignal  a t  transducer output  i s  then : 
2MIoas 

v = -  
J w l ? p s c s  

M carac te r i zes  the  transducer ; as i s  l i n e a r  expansion o f  sample. 
2) Getlc_~'llu-th_lc_k~-the_rmally-th_l!!-sa_m'ele 

f o r  small $ then v B 
cases 1 )  and 2) i n d i c a t e  sa tu ra t ion  o f  s igna l .  
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11.3 Photothermal d e f l e c t i o n  ("mirage e f f e c t " )  

This method, proposed by Boccara e t  a l .  [6] , makes use o f  a  probe beam (Pie-He l a s e r )  
t o  de tec t  thermal waves i n  the gas l a y e r  o f  thickness 2*/a, (Fig.2).  The modulated 

thermal gradient  def lects  the probe beam by the correspondi ig  r e f r a c t i o n  index gradient  
("mirage e f f e c t " ) .  A p o s i t i o n  sensor gives a s ignal  p ropor t iona l  t o  the d e f l e c t i o n  
angle @ : 

d dn dT 
@ = (n)(G) 

where d i s  the i n t e r a c t i o n  l e n g t h  between e x c i t a t i o n  beam a t  wave leng th  A and probe 
beam ; x i s  the coord inate normal t o  sample surface ; (dT/dx) i s  l i v e n  by R.G. theory. 
So the thermal d e f l e c t i o n  leads t o  same i n d i c a t i o n s  as the microphone technic  w i t h  
o f t e n  however a b e t t e r  s e n s i t i v i t y .  A more complete theory o f  t h i s  technic  has been 
given i n  [7] . 

111. APPLICATIONS TO OPTICAL PROPERTIES OF DISLOCATIONS STUDIES 

111.1. O ~ d e ~ s - o f - m a ~ n l t u d e - c n _ r ! - f ~ a _ t u ~ ~ s ~ o f - e h o _ t ~ ~ c E u ~ ~ l c - s e ~ c t ~ ~ s ~ ~ e ~ - ~ ~ ~ 4 ~ ~ ~ 1 ~  

The t y p i c a l  features o f  PAS are the f o l l o w i n g  : 
- PAS provides e s s e n t i a l l y  non-radiat ive t r a n s i t i o n s  spectra and as such gives the 
negative image of photoluminescence e x c i t a t i o n  spectra. As such i t  i s  a  necessary 
complement t o  photoluminescence, s ince i n  absence o f  luminescence i t  can a1 so solve 
the dilemma . i t  i s  due t o  a l a c k  of e l e c t r o n i c  l e v e l s  o r  t o  a poor r a d i a t i v e  quantum 
e f f i c i e n c y  ?'[L] 
- S e n s i t i v i t y  i s  h igher  than f o r  r e g u l a r  absorpt ion because signal i s  obtained on 
"black background" and i s  d i r e c t l y  propor t ional  t o  e x c i t a t i o n .  Typical orders o f  
magnitude a r e  the f o l l o w i n g  [7] : 

P.A.S. S e n s i t i v i t y  
technic 

m i  crophone 

PZT 

mirage e f f e c t  
( t ransverse)  1 10-1 

( c o l  i near) - 
-6 -1 

p r a c t i c a l l y  6 = 10 cm can be detected i n  s o l i d s  by a photon e x c i t a t i o n  o f  1 W. 

- Due t o  the 1mporranr r o l e  of pi = ( ~ k ~ / w a ~ c ~ ) " ~  i n  experimental condi t ions,  a  

d e p t h - p r o f i l i n g  c a p a b i l i t y  i s  obtained simply by vary ing w .  

T y p i c a l l y  : ui = 0.65 mm a t  20 Hz i n  GaAs (65  p a t  2 KHz) ; ui = 56 u a t  2  Khz i n a i r .  

- As seen l a t e r  i n  examples, topography w i t h  photoacoust ics has been obtained by 
scanning the e x c i t a t i o n  source ( e i t h e r  photons o r  e lec t rons)  over the sample 
surface. 

I n  order  t o  v e r i f y  the  adequacy o f  the "new methods" t o  an eventual study o f  
d i s loca t ions ,  t h e i r  t y p i c a l  o p t i c a i  features have t o  be b r i e f l y  reviewed. 

I n  absorpt ion, the d i s l o c a t i o n  induced v a r i a t i o n  i n  Ge has been found t o  be = 10cm-' 

a t  u . i  ev [8] a t  a d i s l o c a t i o n  d e n s ~ t y  leve l  o f  6.10~cm-~. Appearance o f  induced 

absorpt ion needs a h igh dopant concentrat ion ( >  1015cm-3). 

Another value Ba = 0.24 has been obtained f o r  a  dens i t y  o f  2 . 1 b ~ c n - ~  a t  a  concentra- 
16 -3 

t i u n o f 2 . 1 0  cm [9] . 
I n  emission, a t  a  d is loca t ion ,  a  c o n t r a s t  o f  a much as 0.5 due t o  a p r o p o r t i o n a l l y  



reduced r a d i a t i v e  quantum e f f i c i e n c y  has been found on GaAs by luminescence topography 
( s p a t i a l  r e s o l u t i o n  = 3 um) [2] . 

A l l  thoses features (Be, ~ n / n ,  s p a t i a l  r e s o l u t i o n )  are we1 1 w i t h i n  capabi 1  i t i e s  o f  
photoacoustic technics when a laser  e x c i t a t i o n  i s  used and a b e t t e r  s e n s i t i v i t y  could 
be expected. 

IV. SOME EXAMPLES I N  PHOTOACOUSTICS 

1) Spec troscoey-by-rnlrcge-effe-c_t 

F ig .  3  - P.A.S. spectra by mirage e f f e c t  
f o r  d i f f e r e n t  InP substrates.  

InP 1)non dope 

21 nm mpe 

31 dope Fe 
4) dope Sn(z12 1018cm31 
5) dope S(=10'Bcm31 
6) do* Zn(=lO~~cm~l 

\ ' .  .. . .. 
. - - 3 . . . . . . . . . . . , . , , 

4M 
-------A -------- 

IDOO iiaa l&%(nm) 

F ig .  3  presents a r e s u l t  we have obtained a t  CNET by photothermal d e f l e c t i o n  on 
var ious InP substrates. The PAS signal i s  normalized f o r  e x c i t a t i o n  above band gap 
where sa tu ra t ion  occurs : 

and 81 = - en [1-($/0,,~)] which permi ts  t o  reach Be. 

-3 -2 
Though sample 5 has a low d i s l o c a t i o n  dens i t y  ( < l o  cm ) and other  samples have 
higher density,  v a r i a t i o n s  i n  spectra i n d i c a t e  the method t o  be s e n s i t i v e  t o  
doping concentrat ion.  However such r e s u l t  i s  n o t  y e t  conclus ive because d i s l o c a t i o n  
dens i t y  here are smal ler  than those u s u a l l y  considered f o r  absorpt ion studies and 
such absorpt ion induced by d is loca t ions  a re  known t o  be concent~at i ion dependent (101 . 

Results o f  Busse [ll] show c l e a r l y  the depth p r o f i l i n g  a b i l i t y  o f  photoacoust ics by 
de tec t ing  c a v i t y  holes below sample surface a t  d i f f e r e n t  depth. A s p a t i a l  r e s o l u t i o n  
o f  6 um i s  t y p i c a l l y  obtained on topography o f  an in tegra ted  c i r c u i t  w i t h  subsurface 
de fec t  image de tec t ion  [I21 . 

3 )  p g p t h - e r o f i l i n g  and t o p o g y a _ e ~ y - ~ y - p l e _ ~ ~ ; ~ a _ n ~ ~ ~ c _ ~ r r g ~ ~ - ~ ~ e _ ~ _ t r ~ ~ - ~ ~ ~ ~ ~ ~ ~ j ~ ~  
(electroiZEiSSicJ7-----  

Results from C a r g i l l  [13] i n  e lec t ron  e x c i t a t i o n  and p iezodetect ion a t  h igh  
frequency (w/2a = 6MHz) show t h a t  t h i n  l a y e r  a n a l y s i s i s  poss ib le  w i t h  s p a t i a l  
r e s o l u t i o n  o f  = 2 um. 

4) !- f irst-result-on-dis1o~a_tion5-b~-!!S-with-eiez~tr~nsiucsr 

To the best o f  the au thor ' s  knowledge, the f i r s t  proof  o f  the a b i l i t y  o f  PAS t o  
de tec t  o p t i c a l  spectra o f  d i s l o c a t i o n  has been given i n  a work by Wasa e t  a1 . [14] 
where the piezodetected PAS s ignal  i s  c l e a r l y  strengthened when d i s l o c a t i o n  densi ty  

o f  a  GaAs sample i s  increased from 10 4cm-2 t o  1 0 ~ c m - ~ .  On InP a cur ious r e s u l t  i s  
3  -2 

obtalned : con t ra ry  t o  our  r e s u l t  of F ig .  3, going from a 1 0 ~ c m - ~  t o  a 10 Cm . 
d i s l o c a t i o n  dens i t y  seems t o  reduce completely non-radiat ive t r a n s i t i o n s ,  i .e. the 
band gap cannot even be detected. 
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V. CONCLUSION 

S e n s i t i v i t y ,  complementari t y  w i t h  luminescence, depth-prof i  l i n g ,  s p a t i a l  
r e s o l u t i o n  i n  topography make photoacoust ics promi z i  ng methods t o  solve some o f  the 
problems o f  d i s l o c a t i o n s  i n  111-V compounds : 
- existence o f  deep l e v e l s  induced by d is loca t ions .  
- mechanism f o r  d i s l o c a t i o n  induced r a d i a t i v e  and non-radiat ive t r a n s i t i o n s .  

However, i n  order t o  have simultaneously a l l  the advantages o f  photoacoust ics a 
p r e r e q u i s i t e  i s  i n  our  view the a v a i l a b i l i t y  o f  tunable lasers  i n  the gap range o f  
the considered mate r ia l s .  
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