
NONDESTRUCTIVE TAV SPECTROSCOPY TO DETECT IMPURITY LEVELS I N  SEMICONDUCTOR 
BY SCANNING THE ENERGY GAP \IITH BIASING ELECTRIC FIELD* 

M .  Tabib-Azar and P. Das 
E l e c t r i c a l ,  Computer, and Systems Engineer ing Department 

Rensse l ae r  Po ly techn ic  I n s t i t u t e  
Troy, New York 

ABSTRACT 

The p resence  and l o c a t i o n  of an  impur i ty  l e v e l  a t  
t h e  s u r f a c e  of a p-type, B-doped 9-10 Qcm S i  sample 
is d e t e c t e d  us ing  t r a n s v e r s e  a c o u s t o e l e c t r i c  v o l t -  
age (TAV) spec t roscopy  i n  t h e  presence o f  a b i a s i n g  
f i e l d .  TAV spec t roscopy  h a s  been p rev ious ly  used 
t o  s t u d y  semiconductor s u r f a c e s  and i t s  s e n s i t i v i t y  
i s  i n c r e a s e d  by u s i n g  an e l e c t r i c  f i e l d  t o  change 
t h e  s u r f a c e  c o n d i t i o n  of t h e  semiconductor .  The 
b i a s i n g  e l e c t r i c  f i e l d  is used t o  scan  the  fo r -  
bidden gap of t h e  semiconductor by t h e  Fermi l e v e l .  
Thus,  depending on t h e i r  p o s i t i o n  r e l a t i v e  t o  t h e  
Fermi l e v e l ,  t h e  i m p u r i t i e s  can b e  s e l e c t i v e l y  
i o n i z e d .  The p rocess  of d e t e c t i n g  a n  impur i ty  
l e v e l  by t h e  above technique i s  a s  fo l lows :  The 
semiconductor  is  placed a t  t h e  s u r f a c e  of a LiNbO3 
sample.  The n o n l i n e a r  i n t e r a c t i o n  b e t e e n  t h e  f r e e  
c a r r i e r s  a t  t h e  s u r f a c e  o f  t h e  semiconductor  and 
p i e z o e l e c t r i c  waves a t  t h e  s u r f a c e  of t h e  LiNb03 
develops TAV a c r o s s  t h e  semiconductor.  The ampli- 
t ude  of t h e  TAV s i g n a l  i s  monitored t o  s tudy  any 
changes i n  s u r f a c e  conduc t iv i ty .  A monochromatic 
l i g h t  i s  d i r e c t e d  a t  t h e  s u r f a c e  of t h e  semicon- 
d u c t o r .  The photon energy i s  v a r i e d  and t h e  TAV 
spectrum is  ob ta ined .  Upon s h i n i n g  a monochromatic 
l i g h t  w i t h  p rope r  photon energy,  t h e  i o n i z e d  donors 
and n e u t r a l  a c c e p t o r s  t r a p  t h e  e l e c t r o n s  from t h e  
v a l e n c e  band i n c r e a s i n g  t h e  n e t  h o l e  popu la t ion .  
On t h e  o t h e r  hand,  t h e  n e u t r a l  donors and i o n i z e d  
a c c e p t o r s  l o s e  t h e i r  e l e c t r o n s  t o  conduct ion band 
i n c r e a s i n g  t h e  n e t  e l e c t r o n  popu la t ion .  TAV v e r s u s  
t h e  energy of t h e  i n c i d e n t  l i g h t  i s  monitored t o  
d e t e c t  a l t e r a t i o n  of t h e  s u r f a c e  c o n d u c t i v i t y  
induced by impur i ty - l eve l - t r app ing  of t h e  c a r r i e r s .  
The magnitude and p o l a r i t y  of t h e  b i a s i n g  e lec t r ic  
f i e l d  i s  chosen t o  y i e l d  t h e  maximum v a r i a t i o n  i n  
t h e  TAV s i g n a l  when such t r a p p i n g s  occur.  This  
technique i s  used t o  d e t e c t  a n  impur i ty  l e v e l  
around 1.03 e V  below conduct ion band at  t h e  s u r f a c e  
of t h e  p-type S i  sample. Th i s  l e v e l  i s  n o t  detec-  
t a b l e  wi thou t  t h e  b i a s i n g  e l e c t r i c  f i e l d .  Also, 
t h e  v a l e n c e  t o  conductance band t r a n s i t i o n  i n  low 
r e s i s t i v i t y  G a A s  i s  d e t e c t e d .  These t r a n s i t i o n s  
are, a l s o ,  no t  d e t e c t a b l e  wi thou t  t h e  b i a s i n g  
e l e c t r i c  f i e l d .  

INTRODUCTION 

The n o n d e s t r u c t i v e  d e t e r m i n a t i o n  of t h e  energy 
i n t e r f a c e  states and i m p u r i t i e s  is  o f  g r e a t  
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importance i n  r a p i d l y  advancing f i e l d s  of semicon- 
d u c t o r  technology.  Knowledge of t h e  p o s i t i o n  of 
t h e s e  s t a t e s  i n  t h e  bandgap of t h e  s t a r t i n g  mater- 
i a l ,  e n a b l e s  one t o  perform wafer  s c r e e n i n g  and t o  
s t u d y  t h e  e f f e c t s  of subsequent  d e v i c e  p rocess ing  
on t h e  s u r f a c e  c o n d i t i o n .  A v a r i e t y  of methodshave 
p rev ious ly  been developed t o  s tudy  t h e s e  i n t e r f a c e  
states 11-71 i n c l u d i n g  pho tovo l t age  [ 4 ] ,  photo- 
conductance [5 ]  and capac i t ance  v e r s u s  v o l t a g e  
(C-V) 16-81 s p e c t r o s c o p i e s .  I n  some of t h e s e  tech- 
n i q u e s ,  e i t h e r  a f a b r i c a t i o n  of a test s t r u c t u r e  a t  
t h e  s u r f a c e  of t h e  semiconductor ,  such as MOS 
c a p a c i t o r  14-71, i s  r e q u i r e d  o r  t h e  semiconductor  
i s  immersed i n  an  e l e c t r o l y t e  [ 2 ] .  Nei the r  of 
t h e s e  requirements  are s a t i s f a c t o r y  i n  an  assembly 
l i n e  where t h e  e l e c t r o l y t e  might i t s e l f  contaminate  
t h e  semiconductor  s u r f a c e  and t h e  test s t r u c t u r e s  
consume v a l u a b l e  r e a l  e s t a t e .  

The t r a n s v e r s e  a c o u s t o - e l e c t r i c  v o l t a g e  s p e c t r o -  
scopy is  n o n d e s t r u c t i v e  and i t  does n o t  r e q u i r e  a 
f a b r i c a t i o n  of a t e s t  s t r u c t u r e  o r  immersion of t h e  
semiconductor wafer  i n  an  e l e c t r o l y t e .  This  tech- 
n ique  w a s  p rev ious ly  used t o  c h a r a c t e r i z e  t h e  su r -  
f a c e  c o n d i t i o n  of v a r i e t y  of semiconductors  [9-131 
i n c l u d i n g  G a b  [11,13]. I n  t h e  p rev ious  works,  t h e  
a p p l i c a t i o n  of t h e  TAV spectroscopy was l i m i t e d  t o  
r e l a t i v e l y  h igh  r e s i s t i v i t y  semiconductors  
( p  > 0 .1  Rcm). The use  o f  an e x t e r n a l l y  a p p l i e d  
d.c. b i a s  f i e l d  ex tends  t h e  a p p l i c a b i l i t y  of t h e  
TAV t echn ique  t o  low r e s i s t i v i t y  samples as w e l l  a s  
i n c r e a s i n g  i t s  s e n s i t i v i t y  i n  d e t e c t i n g  c e r t a i n  
o p t i c a l l y  induced t r a n s i t i o n s .  A s  i n  t h e  o t h e r  
t echn iques ,  t h e  e x t e r n a l l y  a p p l i e d  e l e c t r i c  f i e l d  
i s  used t o  change t h e  e f f e c t i v e  s u r f a c e  conductiv- 
i t y  and t h e  popu la t ion  of t h e  i n t e r f a c e  s t a t e s .  

The probing t o o l  of  t h e  TAV t echn ique  i s  an a.c.  
e l e c t r i c  f i e l d ,  gene ra t ed  a t  t h e  s u r f a c e  of a piezo-  
e l e c t r i c  m a t e r i a l ,  t h a t  i s  coupled t o  t h e  semicon- 
duc to r  s u r f a c e  wi thou t  any c o n t a c t .  This  a . c .  
e l e c t r i c  f i e l d  accompanies t h e  s u r f a c e  a c o u s t i c  
wave (SAW) i n  p i e z o e l e c t r i c s  ex tend ing  t o  a d i s -  
t ance  of about  an a c o u s t i c  wavelength ( 2  32 !.m f o r  
110 MHz SAW) o u t s i d e  t h e  s u r f a c e .  The SAW i s  gen- 
e r a t e d  by an  r . f .  p u l s e  a p p l i e d  t o  t h e  i n t e r d i g -  
i t a1  t r a n s d u c e r s  f a b r i c a t e d  a t  t h e  s u r f a c e  of t h e  
p i e z o e l e c t r i c  s u b s t r a t e ,  and i t  t r a v e l s  a long  t h e  
s u r f a c e  where t h e  semiconductor i s  p l aced  ( F i g .  
l a , b ) .  The a . c .  e l e c t r i c  f i e l d  t h a t  accompanies 
SAW, i n t e r a c t s  w i t h  t h e  f r e e  c a r r i e r s  of t h e  semi- 
conductor  developing t r a n s v e r s e  and l o n g i t u d i n a l  
a c o u s t o - e l e c t r i c  v o l t a g e s  (TAV and LAV). I n  TAV 
spec t roscopy ,  t h e  v a r i a t i o n  of TAV s i g n a l  i s  mon- 
i t o r e d  v e r s u s  t h e  energy of t h e  i n c i d e n t  photon 
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d i r e c t e d  a t  t h e  i n t e r a c t i o n  r e g i o n ,  where SAW 
i n t e r a c t s  w i t h  t h e  semiconductor  [11,12] .  

I n  t h i s  work t h e  TAV spec t roscopy  is performed 
w h i l e  an  e x t e r n a l l y  a p p l i e d  d . c .  e l ec t r i c  f i e l d  is 
used t o  change t h e  s u r f a c e  c o n d u c t i v i t y  of t h e  
semiconductor .  Fig.  l a  shows t h e  d e l a y  l i n e  
(LiNbO3) t h a t  i s  used i n  t h i s  work. The i n t e r d i g -  
i t a1  t r a n s d u c e r  and the i n t e r a c t i o n  windows are 
f a b r i c a t e d  u s i n g  aluminum e v a p o r a t i o n  and conven- 
t i o n a l  pho to l i t hography  t echnq iue .  Under t h e  
aluminum, t h e  a.c. e lec t r ic  f i e l d  t h a t  accompanies 
SAW i s  s h o r t e d  o u t .  A t  t h e  i n t e r a c t i o n  windows, 
t h i s  f i e l d  i s  r e g e n e r a t e d  and on ly  a t  t h i s  r e g i o n  
t h e  SAW i n t e r a c t s  w i t h  t h e  f r e e  carriers of t h e  
semiconductor  s u r f a c e .  The aluminum t h a t  su r rounds  
t h e  i n t e r a c t i o n  window i s  grounded and an  i n s u l a -  
tor  (AR2@3) is  grown a n o d i c a l l y  o v e r  t h e  ground 
p a t h  t o  p r e v e n t  any d . c .  c u r r e n t  conduc t ion  through 
t h e  semiconductor .  The e x t e r n a l l y  a p p l i e d  d.c,  
b i a s  i s  used t o  g e n e r a t e  s p a c e  cha rge  r e g i o n  a t  t h e  
s u r f a c e  of t h e  semiconductor  as shown i n  f i g .  l b .  
These space  cha rge  r e g i o n s  are extended t o  t h e  area 
above t h e  i n t e r a c t i o n  windows (F ig .  l b ) .  Thus t h e  
e f f e c t i v e  c a r r i e r  c o n c e n t r a t i o n  i n  t h e  i n t e r a c t i o n  
r e g i o n s  can be  modulated by t h e  e x t e r n a l l y  a p p l i e d  
d.c .  b i a s  through t h e  f i e l d  e f f e c t .  A s i m i l a r  
de l ay  l i n e  w a s  used p r e v i o u s l y  i n  t h e  TAV v e r s u s  
Vgias(TAV-Vgia,) measurements [ 1 4 ] .  However, i t  
shou ld  b e  emphasized t h a t  t h e  p r e s e n t  d e l a y  l i n e  
d i f f e r s  i n  t h r e e  a s p e c t s :  a )  t h e  dimensions of t h e  
i n t e r a c t i o n  r e g i o n s  are much smaller (100 pm << 
5000 um), b )  an  i n s u l a t o r  (AR2O3) i s  grown on t h e  
s u r f a c e  of  t h e  ground p a t h ,  and c )  p a r a b o l i c  wave- 
gu ides  [15] are used t o  d i r e c t  t h e  SAW and i n c r e a s e  
i t s  power d e n s i t y  a t  t h e  i n t e r a c t i o n  windows (F ig .  
l a ) .  

The smaller i n t e r a c t i o n  r e g i o n  e n a b l e s  one t o  mod- 
u l a t e  t h e  s u r f a c e  p o t e n t i a l  of t h e  semiconductor  
o v e r  t he  i n t e r a c t i o n  window where i t  i s  almost  
imposs ib l e  t o  do so w i t h  a l a r g e  i n t e r a c t i o n  
window [16] .  The presence  of a n  i n s u l a t o r  between 
t h e  semiconductor  and t h e  aluminum is  e s s e n t i a l  i n  
u s i n g  t h e  f i e l d  e f f e c t  t o  accumulate  o r  i n v e r t  t h e  
s u r f a c e  of t h e  semiconductor .  Also, t h i s  i n s u l a t o r ,  
by p r e v e n t i n g  d.c.  c u r r e n t  conduc t ion  through t h e  
semiconduc to r ,  s i m p l i f i e s  t h e  a n a l y s i s  of t h e  d a t a  
by e n a b l i n g  one t o  assume t h e  quas i - equ i l ib r ium 
c o n d i t i o n  1161.  The dependence of TAV on t h e  
e f f e c t i v e  s u r f a c e  carr ier  c o n c e n t r a t i o n  is d e p i c t e d  
i n  F igs .  2 and 3 f o r  S i  and G a A s  r e s p e c t i v e l y  [ 9 ] .  
I t  shou ld  b e  n o t i c e d  t h a t  t h e  change i n  TAV a m p l i -  
t ude  i n  r e sponse  t o  photogenerated c a r r i e r s ,  i s  
l a r g e s t  when t h e  s u r f a c e  i s  i n t r i n s i c  and,  i n  t h i s  
r e g i o n ,  t h e  number of  photogenerated carriers can 
c o n s t i t u t e  a l a r g e  p o r t i o n  o f  t h e  s u r f a c e  carriers.  
F ig .  4 shows t h e  d i f f e r e n t  p o s s i b l e  p o s i t i o n s  of  
t h e  i n t e r f a c e  t r a p s  i n  t h e  bandgap of p and n-type 
semiconductors .  Various p o s s i b l e  t r a n s i t i o n s  are 
shown by arrows i n  t h i s  f i g u r e  ( t h e s e  s ta tes  are 
assumed t o  be  r a d i a t i v e ) .  These t r a n s i t i o n s  can be  
d e t e c t e d  by TAL' spec t roscopy  on ly  i f  t h e  number of 
photo-exi ted c a r r i e r s  t r apped  by t h e  i n t e r f a c e  
s t a t e s  (Fig.  4 t r a n s i t i o n  ( i i )  o r  t h e  number of 
pho to ion ized  carriers ( F i g .  4 , t r a n s i t i o n  (i)) 
c o n s t i t u t e s  a l a r g e  pe rcen tage  o f  t h e  f r e e  s u r f a c e  
c a r r i e r s .  Th i s  c o n d i t i o n  can  b e  e a s i l y  s a t i s f i e d  
when t h e  e q u i l i b r i u m  carrier c o n c e n t r a t i o n  a t  

The s u r f a c e  i s  t h e  smallest ( t h e  s u r f a c e  is  i n t r i n -  
s i c ) .  Thus t h e  e x t e r n a l l y  a p p l i e d  e l e c t r i c  f i e l d  
can b e  used t o  d e p l e t e  t h e  s u r f a c e  of t h e  semicon- 
d u c t o r ,  e n a b l i n g  t h e  o p t i c a l l y  gene ra t ed  c a r r i e r s  
( t r a n s i t i o n s  i n  f i g .  4 )  t o  c o n s t i t u t e  a l a r g e  per-  
cen tage  of t h e  f r e e  s u r f a c e  c a r r i e r s  c a u s i n g  l a r g e  
changes i n  TAV ampl i tude .  

EXPERIMENTAL PROCEDURE AND RESULTS 

The expe r imen ta l  s e t u p  i s  shown i n  Fig.  1. The 
t h i c k n e s s  of t h e  ground p a t h  aluminum i s  5000 A0 
and t o p r e v e n t  any a.c. c u r r e n t  conduc t ion  through 
t h e  semiconductor ,  1000 % Ai203 i s  a n o d i c a l l y  
grown 1171, ove r  t h e  ground p a t h .  The i n t e r a c t i o n  
windows are d e f i n e d  u s i n g  pho to l i t hography  and 
t h e i r  d i a m e t e r s  are 100 pm. The d . c .  b i a s  f i e l d  
i s  a p p l i e d  t o  t h e  s u r f a c e  o f  t h e  semiconductor  as 
shown i n  F ig .  l b .  Due t o  n e a r l y  ohmic n a t u r e  of 
t h e  back c o n t a c t ,  t h e  s p a c e  charge r e g i o n  i s  only 
g e n e r a t e d  a t  t h e  s u r f a c e  of t h e  semiconductor  
where t h e  i n t e r a c t i o n  w i t h  SAW o c c u r s .  I f  t h e r e  
i s  any i n s u l a t o r  a t  t h e  back of  t h e  semiconductor ,  
t h e  space  cha rge  r e g i o n  w i l l  a l s o  b e  gene ra t ed  
t h e r e .  Thus, t o  o b t a i n  t h e  v a l u e  of v o l t a g e  d rop  
a t  t h e  s u r f a c e  o f  t h e  semiconductor ,  t h e  amount of  
t h e  v o l t a g e  d rop  a t  t h e  back of  t h e  se.niconductor 
h a s  t o  be  t aken  i n t o  accoun t .  A Bausch and Lomb 
spec t romete r  i s  used t o  perform t h e  TAV s p e c t r o -  
scopy and t h e  power of  t h e  i n c i d e n t  beam, measured 
by the rmop i l e ,  w a s  0.5 mW. The p r o p e r t i e s  of t h e  
s a m p l e s  are summarized i n  Table 1 The S i  samples 
are degreased  and b o i l e d  i n  HCI? f o r  30 minu tes  and 
t h e  s u r f a c e  of G a A s  samples were c l eaned  and 
1000 Ao Layer i s  removed by anod ic  o x i d a t i o n  and 
subsequent  e t c h i n g  of t h i s  ox ide  by 3 O o C  HCR.  

The expe r imen ta l  TAV-VR~,, curve f o r  sample ( a )  i s  
shown i n  F ig .  5. The SAW power w a s  20 m w a t t  and 
t h e  SAW p u l s e  d u r a t i o n  w a s  3 msec w i t h  a repe- 
t i t i o n  r a t e  of 7 msec. The expe r imen ta l  TAV-VBias  
curve w a s  used t o  c a l c u l a t e  t h e  d e n s i t y  of i n t e r -  
face t r a p s  as a f u n c t i o n  o f  i n t e r f a c e  t r a p  energy 
(Dit-Ei t )  [18]. Fig .  6 shows t h i s  cu rve  i n  addi-  
t i o n  t o  D i t - E i t  cu rve  which w a s  o b t a i n e d  u s i n g  
high-frequency C-V t echn ique  [ 1 9 ] .  The b i a s i n g  
c o n d i t i o n s  t h a t  are d e p i c t e d  i n  Fig.  4 were used 
i n  performing t h e  TAV spec t roscopy  of sample ( a )  
(F ig .  7) .  A s  shown i n  Fig.  7 ,  t h e  TAV spectrum, 
when t h e  s u r f a c e  i s  weakly accumulated o r  i n v e r t e d  
( p o i n t s  1 and 4 i n  f i g .  4 ) ,  i n d i c a t e s  t h a t  t h e  
s u r f a c e  i s  p-type when t h e  photon energy i s  h i g h e r  
than  t h e  bandgap energy.  The s u r f a c e  c o n d u c t i v i t y  
approaches t h e  d a r k  v a l u e ,  set by t h e  b i a s i n g  condi-  
t i o n ,  when t h e  i n c i d e n t  photon energy i s  lower t h a n  
t h e  bandgap ene rgy .  However, when t h e  s u r f a c e  i s  
d e p l e t e d  ( p o i n t  2 and 3 i n  f i g .  4 ) ,  a t r a n s i t i o n  
around 1.03 eV c o n t r i b u t e s  t o  t h e  s u r f a c e  conduc- 
t i v i t y  changing t h e  TAV ampli tude.  S i n c e  t h e  TAV 
ampl i tude  becomes more p o s i t i v e ,  i t  can  be  deduced 
t h a t  t h i s  t r a n s i t i o n  makes t h e  s u r f a c e  more n-type. 
Thus t h e  p re sence  of  i n t e r f a c e  t r a p s  1 . 0 3  eV below 
t h e  conduc t ion  band can b e  p o s t u l a t e d  t o  account  
f o r  t h e  i n c r e a s e  i n  TAV ampli tude around 1 . 0 3  e V  
i n c i d e n t  photon energy.  The p resence  of  t h e s e  
t r a p s  is  a l s o  sugges t ed  by t h e  shape of t h e  D i t - E i t  
curve around 1.03 e V  ( F i g .  6 ) .  More ev idence  per-  
t a i n i n g  t o  t h e  p re sence  of t h e s e  t r a p s  w a s  a l s o  
found by performing C-V spec t roscopy ,  and as shown 
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i n  Fig. 8 ,  t h e r e  is  a s t r u c t u r e  i n  i n v e r s i o n  capac- 
i t a n c e  v e r s u s  i n c i d e n t  photon energy cu rve  around 
1.03 eV. I t  shou ld  b e  noted t h a t  t h e s e  s t r u c t u r e s  
a r e  d i s t i n c t  enough t o  r u l e  o u t  t h e  p o s s i b i l i t y  
t h a t  t h e  smear-out of t h e  valence-to-conduction- 
band t r a n s i t i o n  ( t r a n s i t i o n  ( i i i )  i n  Fig.  4) might 
be r e s p o n s i b l e  f o r  t h e  observed da ta .  

The r e s u l t s  of TAV spectroscopy f o r  low r e s i s t i v i t y  
G a A s  samples (b)  and ( c )  a r e  shown i n  f i g .  10. The 
b i a s i n g  f i e l d  i s  p r i m a r i l y  used t o  d e p l e t e  t h e  su r -  
f a c e  of t h e s e  low r e s i s t i v i t y  samples t o  i n c r e a s e  
t h e  e f f e c t i v e  r e s i s t i v i t y  and, hence,  t o  i n c r e a s e  
t h e  TAV amplitude.  
sample (b)  i s  shown i n  f i g .  9 and t h e  s u r f a c e  of 
sample ( c )  was d e p l e t e d  by 5 v o l t s  b i a s i n g  v o l t a g e .  
I n  t h e s e  experiments ,  t h e  valence-to-conduction- 
band t r a n s i t i o n s  a r e  d e t e c t e d ,  and a h i g h e r  i n t e n s -  
i t y  spec t romete r  w a s  needed t o  o b t a i n  t h e  i n t e r f a c e  
trap-to-band t r a n s i t i o n s .  More i n t e r e s t i n g  r e s u l t s  
were found i n  t h e  case of h igh  r e s i s t i v i t y  Cr-doped 
G a A s  samples (samples (d)  and ( f ) )  . These samples are 
t h e  same excep t  t h a t  t h e  s u r f a c e  of sample ( f )  
e t ched  w i t h  3OoC buf fe red  HCL. 
of sample (d) i s  shown i n  f i g .  11. There w a s  about  
100-200 Ao n a t i v e  ox ide  on t h e  s u r f a c e  of t h i s  
sample and, hence,  a l a r g e  i n t e r f a c e  t r a p  d e n s i t y  
could be expec ted .  The TAV spectrum of sample (d )  
i n d i c a t e s  t h a t ,  when t h e  spectrum is  ob ta ined  by 
t r a c i n g  t h e  energy of monochromatic l i g h t  from 
higher-than-the-band-gap e n e r g i e s  t o  low e n e r g i e s ,  
a prominant peak can be d e t e c t e d  around 1 . 4 1  e V .  
Th i s  peak, a l though wi th  s m a l l e r  ampli tude,  a l s o  
e x i s t s  when t h e  energy of t h e  i n c i d e n t  photon i s  
t r a c e d  i n  t h e  o p p o s i t e  d i r e c t i o n  (low e n e r g i e s  + 

h i g h  e n e r g i e s ) .  Moreover, t h e  ampli tude of t h e  TAV 
s i g n a l  i n  t h e  p rev ious  case  (high + low) f a l l s  o f f  
somewhat s lower t h a n  t h e  l a t t e r  case  (low -f h i g h )  
[ 2 0 ] .  These observed d a t a  can be exp la ined  by t h e  
p re sence  of i n t e r f a c e  t r a p s  wi th  l a r g e  d e n s i t i e s  
[ 2 1 ]  t h a t  emit  t h e i r  c a r r i e r s  when t h e  energy of 
t h e  i n c i d e n t  photons become lower than  t h e  bandgap 
ene rgy .  However, when t h e  energy of t h e  monochro- 
ma t i c  i l l u m i n a t i o n  i s  t r a c e d  from lower-than-the- 
bandgap e n e r g i e s  t o  h igh  e n e r g i e s ,  t h e  t r a p s  are 
n o t  a s  occupied as i n  t h e  f i r s t  c a s e  t o  c o n t r i b u t e  
t o  TAV ampli tude i n  t h e  low energy p a r t  of t h e  
spectrum and t h e  TAV ampli tude f a l l s  o f f  f a s t e r  
( f i g ,  1 1 ) .  S i m i l a r  peaks a l s o  OCCUK i n  photo- 
r e s i s t i v i t y  and photo-response spec t roscopy  of a 
v a r i e t y  of semiconductors ,  and, i t  i s  w e l l  known, 
t h a t  they can be exp la ined  by t h e  p re sence  of i n t e r -  
f a c e  t r a p s  wi th  l a r g e  d e n s i t i e s  [5 ,4 ,22] .  The TAV 
spectrum of sample ( f ) ,  shown i n  f i g .  1 2 ,  i n d i c a t e s  
t h a t  t h e  peak around 1 . 4 1  e V  i s  n o t  d e t e c t a b l e  and 
t h e  TAV ampli tude f a l l s  o f f  much f a s t e r  a t  t h e  low 
energy p a r t  of t h e  spectrum. These r e s u l t s  sugges t  
t h e  removal of t h e  n a t i v e  ox ide  by HCk reduces t h e  
i n t e r f a c e  t r a p s '  d e n s i t y  t o  a degree t h a t  they are 
no longe r  d e t e c t a b l e .  A p o r t i o n  of f i e .  11 i s  
shown i n  f i g .  1 2  t o  emphasize t h a t  t h e  presence of 
i n t e r f a c e  t r a p s  w i t h  l a r g e  d e n s i t y ,  s h i f t s  t h e  
r o l l - o f f  p o i n t  of TAV ampli tude from Eph = 1.42 eV 
t o  Eph = 1.41 e V .  
i n g  w a s  a l s o  performed on sample (d)  t o  s t u d y  t h e  
e f f e c t  of t h e  e l e c t r i c  f i e l d  on TAV spectrum and 
i n t e r f a c e  t r a p s .  

The b i a s i n g  c o n d i t i o n  f o r  

The TAV spectrum 

The TAV spec t roscopy  under b i a s -  

Fig.  13 shows t h a t  when t h e  s u r f a c e  is  d e p l e t e d ,  
t h e  peak, due t o  i n t e r f a c e  t r a p s ,  i s  no longe r  
d e t e c t a b l e .  However, i t  should be n o t i c e d  t h a t  t h e  
r o l l - o f f  Gf the  TAV ampli tude s t i l l  occur s  a t  1 . 4 1  
e V  i n d i c a t i n g  t h a t  by d e p l e t i n g  t h e  s u r f a c e ,  t h e  
TAV ampli tude i n  t h e  h igh  energy p a r t  of t h e  spec- 
trum might have been i n c r e a s e d  and t h e  i n t e r f a c e  t o  
conduct ion band t r a n s i t i o n  s t i l l  e x i s t s .  This  can 
b e  exp la ined  by t h e  f a c t  t h a t  when t h e  s u r f a c e  i s  
d e p l e t e d ,  t h e  h igh  energy photons p e n e t r a t e  more 
i n t o  t h e  sample c o n t r i b u t i n g  more e f f e c t i v e l y  t o  
t h e  TAV ampli tude.  The shape of t h e  TAV spectrum 
when t h e  s u r f a c e  i s  accumulated ( f i g .  13 )  a l s o  
s u p p o r t s  t h e  above exp lana t ion .  A s  i s  shown i n  
Fig.  1 3  t h e  TAV ampli tude i s  v e r y  s m a l l  a t  t h e  h igh  
energy p a r t  of t h e  spectrum of t h e  accumulated su r -  
f a c e  i n d i c a t i n g  t h a t  t h e  m a j o r i t y  of t h e  h igh  energy 
photons are absorbed a t  t h e  s u r f a c e  where t h e  r e -  
combination r a t e  i s  ve ry  h igh .  

CONCLUSION 

I n  summary, a new technique t h a t  u s e s  a b i a s i n g  
d.c. e l e c t r i c  f i e l d ,  t o  s e t  t h e  s u r f a c e  c o n d i t i o n ,  
t o  i n c r e a s e  t h e  s e n s i t i v i t y  of t h e  TAV-spectroscopy 
i s  desc r ibed .  With t h e  use  of t h i s  t echn ique ,  
i n t e r f a c e  t r a p s  cen te red  around 1.03 eV below t h e  
conduct ion band of S i ,  and valence-to-conduction- 
band t r a n s i t i o n s  i n  low r e s i s t i v i t y  Gatls samples 
a r e  d e t e c t e d .  These a r e  no t  d e t e c t a b l e  wi thou t  
u s ing  t h e  b i a s i n g  e l e c t r i c  f i e l d .  It i s  shown t h a t  
t h e  e x t e r n a l l y  a p p l i e d  d.c.  e l e c t r i c  f i e l d  can be 
used t o  change t h e  s u r f a c e  c o n d i t i o n  and extend t h e  
a p p l i c a b i l i t y  of TAV-spectroscopy t o  low r e s i s t i v -  
i t y  samples.  

I n  a d d i t i o n ,  t h e  s u r f a c e  of t h e  h igh  r e s i s t i v i t y  
Cr-doped, GaAs i s  s t u d i e d  and a band of i n t e r f a c e  
t r a p s  a t  1.41 e V  below t h e  conduct ion band i s  
de tec t ed .  It  i s  found t h a t  d e n s i t y  of t h e s e  i n t e r -  
f a c e  t r a p s  can b e  reduced s u b s t a n t i a l l y  by e t c h i n g  
t h e  s u r f a c e  of t h e  samples i n  3OoC b u f f e r e d  HCE. 
and i t  i s  a l s o  found t h a t  t h e i r  e f f e c t  on t h e  TAV 
spectrum can b e  modif ied by t h e  b i a s i n g  e l e c t r i c  
f i e l d .  
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TABLE I 

Aluminum ,- Interaction Regions Delay Llne 
A 

Llnterdigital Transducers 

( a )  

"BIAS Back Contact 

Semiconductor 
Oxide Space Charge Regions 

IDT , ...._ . / _ _  . . . .\- .._--. 

Li NbOj t 

Fig .  1 The d e l a y  l i n e  and e x p e r i m e n t a l  s e t u p  used  
i n  TAV-Spectroscopy Technique  ( n o t  drawn 
t o  s c a l e ) .  
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Fig.  3 TAV v e r s u s  e l e c t r o n  c o n c e n t r a t i o n  f o r  G a A s .  
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Fig. 4 D i f f e r e n t  t r a n s i t i o n s  t h a t  can occur  a t  
t h e  s u r f a c e  of a semiconductor  
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Fig .  5 TAV v e r s u s  a p p l i e d  b i a s  v o l t a g e  f o r  
Sample ( a ) .  The b i a s i n g  c o n d i t i o n s  shown 
i n  t h i s  f i g u r e  a r e  used t o  o b t a i n  Fig.  7 .  
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Fig. 6 The d e n s i t y  of i n t e r f a c e  t r a p s  v e r s u s  t r a p  
energy f o r  S i  Sample ( a )  c a l c u l a t e d  us ing  
TAV and C-V techniques.  

/ 
/ L ". I T = 3OO0K 2 _ ^ I  

- 0 8 1  - 1  14 135 13 125 12 115 I1  105 I 

E,,,, - Photon Enerqy (e  v ) 

Fig. 7 TAV v e r s u s  photon energy f o r  S i  Sample ( a )  
The b i a s i n g  p o i n t s  a r e  shown i n  F ig .  5. 
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photon energy f o r  S i  Sample ( a ) .  
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Fig.  9 The TAV v e r s u s  a p p l i e d  b i a s  v o l t a g e  f o r  l o w  
r e s i s t i v i t y  GaAs Sample ( b ) .  
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Fig .  10  TAV v e r s u s  EPh f o r  low r e s i s t i v i t y  GaAs 
Sample ( b )  and (c ) .  
f o r  Sample (b)  is  shown i n  Fig.  9 and t h e  
s u r f a c e  of Sample ( c )  was d e p l e t e d  by 
5 v o l t s .  

The b i a s i n g  c o n d i t i o n  
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l n c r d l n t  Photon Energy i e Y 1  

Fig .  11 TAV v e r s u s  E Ph f o r  Sample ( d )  . 
f a c e  of t h i s  sample had 100-200 Ao n a t i v e  

The sur-  

ox ide .  

CR-DOPED GAAS 
T = 300'K 

4 

- - -r 
I !  f = 55 KHz 
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' 1  \ 
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Fig .  1 2  TAV v e r s u s  E h f o r  Samples (d) and ( f ) .  
The e f f e c t  OF e t c h i n g  by 3OoC HCR on t h e  
TAV spectrum. 
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A TAV + E ~ H  
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I \  CR-DOPED GAAS 
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Fig.  13 TAV v e r s u s  Eph curve f o r  Sample (d) 
under d i f f e r e n t  b i a s  c o n d i t i o n .  
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