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PICOSECOND CHARGE TRANSFER PROCESSES I N  ULTRASMU CIS AND CdSe 
SEMICONDUCTOR PARTICLES 

PRASHANT v. KAMAT, K. R .  COPIDAS AND NADA M. DIMITRIJEVXC 
Notre  Dame R a d i a t i o n  Labora tory ,  Notre  Dame, I N  46556, U.S.A. 

A b s t r a c t  The k i n e t i c  and mechanis t ic  d e t a i l s  o f  t h e  chemical  
e v e n t s  a s s o c i a t e d  w i t h  charge  t r a p p i n g  and t h e  i n t e r f a c i a l  
c h a r g e  t r a n s f e r  processes  i n  c o l l o i d a l  CIS and CdSe sys tems a re  
e l u c i d a t e d  wi th  picosecond t r a n s i e n t  a b s o r p t i o n  spec t roscopy.  

INTRODUCTION 

C h a r a c t e r i z a t i o n  of u l t r a f a s t  e l e c t r o n i c  p r o c e s s e s  t h a t  f o l l o w  t h e  

bandgap e x c i t a t i o n  of  a semiconductor  i s  impor tan t  f o r  u n d e r s t a n d i n g  

t h e  pr imary  photophys ica l  and photochemical  processes .  E l u c i d a t i o n  

of i n t e r f a c i a l  c h a r g e - t r a n s f e r  p r o c e s s e s  i n  t h e  sub-nanosecond t ime 

domain can  y i e l d  v a l u a b l e  informat ion  on t h e  k i n e t i c s  o f  e l e c t r o n  and 

h o l e  t r a n s f e r  and t h e  f a c t o r s  that c o n t r o l  t h e  charge  t r a n s f e r  e f f i -  

c i e n c y .  1-3 The use of semiconductor materials i n  a c o l l o i d a l  s tate 

f a c i l i t a t e s  t h e  d i r e c t  d e t e c t i o n  of  photochemical r e a c t i o n  in te rmedi -  

a tes  w i t h  t r a n s i e n t  a b s o r p t i o n  spec t roscopy because  of t h e  t r a n s -  

parency  of c o l l o i d a l  systems.  

R e c e n t l y ,  photoinduced b l u e - s h i f t s  i n  t h e  a b s o r p t i o n  spectra of 

metal cha lcogenide  semiconductor  p a r t i c l e s  i n  Nafion f i l m s 4  and i n  

nonaqueous medium5s6 have been time r e s o l v e d  i n  t h e  ps-ne t i m e  

domain. Picosecond laser f l a s h  p h o t o l y s i s  exper iments  that  d e s c r i b e  

t h e  k i n e t i c s  of pr imary photochemical e v e n t s  i n  the c o l l o i d a l  CIS and 

CdSe semiconductor  p a r t i c l e s  a r e  p r e s e n t e d  here .  

EXPERIMENTAL 

The c o l l o i d a l  suspens ion  of CIS and CdSe were prepared  by expos ing  

0.2 mM Cd(C104)2 i n  a c e t o n i t r i l e  t o  H2S and H2Se r e s p e c t i v e l y .  The 

r e a c t i o n  was c a r r i e d  o u t  i n  t h e  presence  of 0.02% Nafion ( A l d r i c h )  a t  

-30 "C. The c o l l o i d a l  p a r t i c l e s  were 40-100 A i n  d iameter .  

The e x c i t a t i o n  source  was a mode-locked 355 nm laser  p u l s e  from 
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440 P.  V.  KAMAT, K. R .  GOPIDAS AND N. H. D I H I T R I J E V I 6  

Quantel YG-501DP Nd:YAG l a s e r  system (output  4 mJ/pulse, p u l s e  width 

PI 18 ps).  The whi te  continuum picosecond probe pu l se  was gene ra t ed  

by pass ing  t h e  r e s i d u a l  fundamental output through a D20/ii20 so lu-  

t i o n .  The d e l a y  i n  t h e  probe pu l se  was introduced by vary ing  tha 

l e n g t h  of t h e  f i b e r  o p t i c  cable .  The d e t a i l s  o f  d e t e c t i o n ,  ope ra t ion  

and a n a l y s i s  have been r epor t ed  ear l ie r . ’ l  The time, A t  0 p s ,  

cor responds  t o  t h e  time a t  t h e  end of t h e  e x c i t a t i o n  pulse .  A l l  t h e  

experiments were performed a t  room temperature.  

RESULTS AND DISCUSSION 

Absorption C h a r a c t e r i s t i c s  

The a b s o r p t i o n  s p e c t r a  of t h e  CdS and CdSe c o l l o i d s  prepared i n  

a c e t o n i t r i l e  are shown i n  F igure  1. Co l lo ida l  CdS e x h i b i t s  an  onse t  

of abso rp t ion  below 500 MI corresponding t o  a bandgap around 2.0 eV.  

C o l l o i d a l  CdSe e x h i b i t s  abso rp t ion  below 600 nm which cor responds  t o  

a bandgap around 1.7 eV. Transmission e l e c t r o n  microscopy of t h e s e  

p a r t i c l e s  suggested t h e i r  d iameters  to  be i n  t h e  range  of 40-100 A. 
With dec reas ing  p a r t i c l e  s i z e  a b lue  s h i f t  i n  t h e  abso rp t ion  edge has  

been noted a s  a r e s u l t  of s i z e  q u a n t i z a t i o n  e f f e c t s .  The broad r ed  

emission (>  500 run) of t h e s e  p a r t i c l e s  i s  a t t r i b u t e d  t o  t h e  s u l f u r  

(or s e l e n i d e )  vacancies  a t  t h e  semiconduccor sur face .  

w 

0.01 L 
300 400 m 600 

WAVELENGTH (nm) 

FIGURE 1 The abso rp t ion  s p e c t r a  of CdS and CdSe c o l l o i d s  i n  

a c e t o n i t r i l e .  
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PICOSECOND CHARGE TRANSFER PROCESSES I N  CIS AND CdSe 4 4 1  

Picosecond T r a n s i e n t  Absorpt ion S t u d i e s  

Time-resolved t r a n s i e n t  a b s o r p t i o n  measurements have been c a r r i e d  o u t  

by u s  and o t h e r s  t o  c h a r a c t e r i z e  t h e  c h a r g e  t r a p p i n g  p r o c e s s  and 

i n v e s t i g a t e  t h e  r e a c t i v i t y  of photogenerated charge  carr iers  i n  co l -  

l o i d a l  CdS.7-10 The t r a n s i e n t  a b s o r p t i o n  s p e c t r a  of  CdSe c o l l o i d s  

r e c o r d e d  a t  t i m e  i n t e r v a l s  100 ps ,  500 ps ,  and 1 n s  f o l l o w i n g  the 355 

nm laser p u l s e  e x c i t a t i o n  a r e  shown i n  F i g u r e  2. Two d i s t i n c t  

f e a t u r e s  were observed i n  t h e s e  s p e c t r a .  i )  The t r a n s i e n t  b l e a c h i n g  

a t  wavelengths  below 440 nm and i i )  A growth i n  t h e  a b s o r p t i o n  a t  

wavelengths  g r e a t e r  than  450 nm. 

The t r a n s i e n t  b leaching  which a r i s e s  as a r e s u l t  of  a photo- 

induced b l u e - s h i f t  i n  the a b s o r p t i o n  edge o f  t h e  semiconductor ,  h a s  

been a t t r i b u t e d  t o  t h e  dynamic Burstein-Moss e f f e ~ t . ~  For  smaller 

s i z e  semiconductor  p a r t i c l e s  a d e c r e a s e  i n  t h e  o s c i l l a t o r  s t r e n g t h  of 

t h e  e x c i t o n i c  t r a n s i t i o n  i s  expected t o  s h i f t  the a b s o r p t i o n  edge of 

t h e  s e m i c o n d ~ c t o r . ~  The k i n e t i c s  of t h e  r e c o v e r y  of t r a n s i e n t  

b l e a c h i n g  showed a m u l t i e x p o n e n t i a l  behavior  w i t h  time c o n s t a n t s  

r a n g i n g  i n t o  t h e  nanosecond time regime. 

The growth i n  t h e  a b s o r p t i o n  a t  wavelengths  g r e a t e r  t h a n  450 MI 

( s p e c t r a  a i n  F i g u r e  2 )  i s  due t o  t h e  format ion  of Se'- a t  t h e  

sur face ."  The photogenerated h o l e s  which a re  t rapped  a t  t h e  s u r f a c e  

undergo chemical  changes t o  y i e l d  Se-surf. 

(1) 
hu + -  

CdSe -> CdSe (h ... e -> CdSe (ht+ + e t - )  

The e s t i m a t i o n  o f  t h e  r e a c t i o n  ra te  of t rapped  h o l e s  i n  gener-  

a t i n g  Se-surf was made by f i t t i n g  t h e  growth i n  t h e  a b s o r p t i o n  a t  

470 nm t o  a f i r s t - o r d e r  k i n e t i c s .  The rate c o n s t a n t  f o r  t h e  Se-surf 

f o r m a t i o n  was 1.1 x 109 s-'. 

The assignment  of broad a b s o r p t i o n  i n  t h e  v i s i b l e  t o  Se-surf was 

f u r t h e r  confirmed by t h e  l a s e r  pu lse  e x c i t a t i o n  of CdSe c o l l o i d s  i n  

t h e  presence  of  a h o l e  scavenger  such as  t r i e t h a n o l a m i n e .  The 

t r a n s i e n t  a b s o r p t i o n  s p e c t r a  of c o l l o i d a l  CdSe in a t r i e t h a n o l a m i n e  

s o l u t i o n  are shown i n  f i g u r e  2 ( s p e c t r a  b) .  The format ion  of Se-surf 

w a s  g r e a t l y  suppressed  as t h e  t r i e t h a n o l a m i n e  scavenged t h e  t r a p p e d  
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W 
0 
2 
4 

K 
0 
v) 

4 

m 

m 

WAVELENGTH (nm) 

F I G U R E  2 Transient absorption spectra recorded after the 355 nm 

laser pulse excitation of 0.2 mM colloidal CdSe in aceto- 

nitrile: (a) no scavengers; (b) in presence of 0.15 H 
t r i et hano 1 arni ne . 

I 

t r i et hano 1 arni ne . 

a 

0.1 - 

0 10 20 30 4 0  

T IME,  ns 

F I G U R E  3 Formation and decay of  S-surf  in 0.2 mH colloidal CdS in 

acetonitrile. The absorption maximum was monitored at 

A t  = 5 ns following the 355 nm laser pulse excitation. 
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PICOSECOND CHARGE TRANSFER PROCESSES I N  CdS AND CdSe 443 

h o l e s .  The importance of h o l e  scavenging p r o c e s s  i n  p r e v e n t i n g  

a n o d i c  c o r r o s i o n  of metal cha lcogenides  h a s  been h i g h l i g h t e d  i n  o u r  

ear l ier  s t u d i e s .  

The t r a p p e d  h o l e s  i n  CdS c o l l o i d s  undergo similar chemical  

changes at t h e  semiconductor  s u r f a c e  t o  g e n e r a t e  SvSurf. F i g u r e  3 

shows the format ion  and decay o f  S-surf i n  CIS. The rate c o n s t a n t  
f o r  the S-surf format ion  i n  CdS c o l l o i d s  was found t o  b e  5 x 10 8 s -I .  

A t  l o n g e r  t i m e s c a l e s  S-surf decayed (k = 1 x lo7  s-l) as a r e s u l t  of 

i t s  r e a c t i o n  w i t h  t rapped  e l e c t r o n s  ( r e a c t i o n  3). 

I n  a similar way, Se-surf decayed w i t h  a ra te  c o n s t a n t  of  5 x l o 7  s-l 

i n  a c e t o n i t r i l e  s o l u t i o n s .  The v a r i a t i o n s  i n  the n a t u r e  of t r a p s  and 

t r a p  d e p t h s  could  i n f l u e n c e  t h e  k i n e t i c s  of  recombinat ion.  Only a 

smal l  f r a c t i o n  (< lo%)  which f a i l e d  t o  p a r t i c i p a t e  i n  t h e  r e g e n e r a t i o n  

p r o c e s s  l e d  t o  t h e  anodic  c o r r o s i o n  of t h e  semiconductor. The l o n g e r  

l i f e  of  t r a p p e d  c h a r g e  carr iers  has  a l s o  been independent ly  confirmed 

from t h e  emiss ion  l i f e t i m e  measurements. 12 

The t r a p p e d  e l e c t r o n s  also undergo chemical changes a t  the semi- 

c o n d u c t o r  s u r f a c e  by r e a c t i n g  w i t h  Cd2+ si tes.  The chemical  changes 

a s s o c i a t e d  w i t h  t h i s  process  cannot  be d e t e c t e d  from t h e  a b s o r p t i o n  

i n  t h e  v i s i b l e  reg ion .  However, t h e  format ion  of Cdo h a s  been 
i n d i r e c t l y  confirmed i n  t h e  s t e a d y  s t a t e  p h o t o l y s i s  of CdS. 13 

I n t e r f a c i a l  Charge T r a n s f e r  i n  C o l l o i d a l  CIS System 

I n  o u r  e a r l i e r  study1* we have demonstrated t h a t  d i e t h y l d i t h i o -  

carbamate  (NCEt2S2-) s t r o n g l y  complexes w i t h  CdS c o l l o i d s  and r e a c t s  

w i t h  t h e  photogenerated h o l e s  t o  form t h e  r a d i c a l  NCEt2S2'. T h i s  

r a d i c a l  can be e a s i l y  monitored wi th  t r a n s i e n t  a b s o r p t i o n  s p e c t r o -  

photometry as i t  e x h i b i t s  a b s o r p t i o n  i n  t h e  v i s i b l e  (Amx = 580 nm, 

E = 1800 H-' cm-').'* We have now used t h i s  o x i d a t i o n  p r o c e s s  t o  

time r e s o l v e  t h e  r e a c t i o n  of photogenerated holes .  F i g u r e  4 shows 

t ime-reso lved  t r a n s i e n t  a b s o r p t i o n  s p e c t r a  of  NCEt2S2' format ion  i n  

c o l l o i d a l  CdS suspens ion .  The major f r a c t i o n  of NCEt2S2' is formed 

w i t h i n  t h e  l a s e r  p u l s e  d u r a t i o n  of 18 ps. T h i s  u l t r a f a s t  p r o c e s s  i s  

a t t r i b u t e d  t o  t h e  r e a c t i o n  of  NCEt2S2- w i t h  t h e  v a l e n c e  band h o l e s .  
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444 P. v. KAMAT, K. R. GOPIDAS AND N. H. DIMI.T~IJEVI~  

The second component of NCEt2S2' formation, which i s  completed wi th in  

250 p s  is a t t r i b u t e d  t o  t h e  ox ida t ion  of NCEt2S2 by t rapped  ho le s .  
- 

These two p rocesses  can be descr ibed  by t h e  r e a c t i o n s  (4) and ( 5 ) .  

- + 
(hVB) + NCEt2S2 -> NCEt2S2' (k > 5 x lolo s-') (4) 

( 5 )  
10 - 

(ht*) + NCEt2S2 -> NCEt2S2' (k a 10 

WAVELENGTH SCAN SO0 - 660 nm 

FIGURE 4 Formation of  NCEt2S2' i n  c o l l o i d a l  CdS suspension. The 

t r a n s i e n t  s p e c t r a  were recorded a t  d i f f e r e n t  time 

i n t e r v a l s  fo l lowing  t h e  355 run laser pulae  e x c i t a t i o n  of 

0.2 mH c o l l o i d a l  CIS i n  a c e t o n i t r i l e  con ta in ing  2.5 mH - 
NCEt2S2 . 

Time r e s o l u t i o n  of t h e s e  tvo  processes  can  g i v e  a k i n e t i c  estimate 

f o r  t h e  r e a c t i v i t y  of h o l e s  from t h e  va lence  band and t rapped  si tes.  

The rate c o n s t a n t s  f o r  r e a c t i o n s  (4) and ( 5 )  were es t ima ted  t o  be 

> 5 x lolo s-l and - 10" 9-l  r e spec t ive ly .  Only a smal l  f r a c t i o n  

(- 15%) of NCEt2S2' decayed dur ing  t h e  time per iod  of 1 ns, probably 

by r e a c t i n g  wi th  t rapped  e l e c t r o n s .  The maximum quantum y i e l d  f o r  

the product ion  of NCEt2S2' w a s  0.28. This  shows t h a t  m a j o r i t y  of the 

photogenerated h o l e s  a r e  not  a c c e s s i b l e  f o r  t h e  charge t r a n s f e r  a t  
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PICOSECOND CHARGE TRANSFER PROCESSES IN CJS AND CdSe 445 

the semiconductor  s u r f a c e .  E f f o r t s  are c u r r e n t l y  b e i n g  made t o  

employ s u r f a c e  m o d i f i e r s  t o  enhance t h e  e f f i c i e n c y  of c h a r g e  t r a n s f e r  

p r o c e s s .  
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