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ABSTRACT 

Chloroaluminum phthalocyanine (CIA1Pc) films sublimed with a high growth rate on S n Q  can be made to undergo 
two transformations when the films are in contact with an acidic (HC1) aqueous solution: transformation I is obtained if 
the solution contains I3-/I- and transformation H occurs when there is no redox couple in the solution. The short-circuit 
photocurrents produced by these two transformations are different. The highest Jsc (1.1 mA cm-2), under 100 mW cm -2 
white light illumination, was measured for transformation I. An investigation of the differences between the initial and the 
highly photoactive film shows that transformation I induces the growth of an 840 nm band in both absorption and action 
spectra. Moreover, IR spectroscopy suggests that there is a possibl e protonation of a peripheral nitrogen of the phthalocy- 
anine macrocycle. This explains the pH-dependent kinetics of transformation I, which is larger at lower pH. ~-oxo-dimeric 
aluminum phthalocyanine (PcA1OA1Pc) and C1A1Pc deposited at a slow growth rate can undergo transformation I but  to a 
lesser extent than high growth rate C1A1Pc. Their photoactivities are smaller and their J-V characteristics indicate an in- 
crease of J0 after transformation of the film, as in the case of the high growth rate C1A1Pc. A fluoroaluminum phthalocya- 
nine film does not undergo any transformation I upon contact with an I~-/I_ acidic aqueous solution. Also, there is no recti- 
fication for this film and its photoactivity is very low. Scanning electron micrographs (SEM) reveal morphology 
differences between films of different phthalocyanines but no differences are observed by SEM, for the phthalocyanine 
films, before and after transformation I or H. 

Among all of the molecular semiconductors tested for 
energy conversion, only a few have definitely shown to be 
promising (1). Among those, phthalocyanines (Pcs) have 
been extensively studied. Under white light illumination, 
they yield high conversion efficiencies compared to other 
organic semiconductors. The best results are obtained for 
dry cells. At 75 mW cm -2, a conversion efficiency of 0.95% 
has been measured with a two-layer organic photovoltaic 
cell (CuPc in contact with a perylene tetracarboxylic deriv- 
ative). Typical cell parameters are Jse = 2.3 mA cm -2, Voc = 
450 mV, a n d f f  = 0.65 (2). 

Wet cells using Pcs have also been analyzed (3-9). They 
are usually less performing. The best wet junction was ob- 
tained by using two chlorogallium phthalocyanines 
(C1GaPc) electrodes with different doping levels in contact 
with Fe(CN)~4-/3- at pH 4. It is characterized by a conver- 
sion efficiency of 0.11%, under a 75 mW cm -2 illumination 
(8). For comparison, a single electrode of titanyl phthalocy- 
anine (OTiPc) in contact with saturated anthraquinone sul- 
fonate at pH 4 yields a power conversion efficiency of 
0.08% under an illumination of 250 mW cm -2. Typical cell 
parameters for this electrode are: Jsc = 1.14 mA cm -2, Voc = 
0.45V, a n d f f  = 0.4 (9). 

Recently, we reported results for chloroaluminum 
phthalocyanine (C1A1Pc) films in contact with I3-/I- at pH 
3.2 (10). High short-circuit photocurrents (1.1 mA cm -~) 
were measured under an illumination of 100 mW cm -2. For 
the same electrode, Voo = 105 mV and f f  = 0.35 were ob- 
tained. These parameters yield a conversion efficiency of 
0.04%. The maximum efficiency is 0.10% at 3 mW cm -2. It is 
important  to note here that these parameters are measured 
after a slow transformation of the C1A1Pc electrode in con- 
tact with the acidic solution containing the redox couple. 
This transformation occurs over a period of several hours, 
in the darkness or under illumination. It appears to involve 
permanent  changes in the geometric and electronic struc- 
ture of the Pc films that can be followed spectroscopically 
or photoelectrochemically. 
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With the aim of improving the energy conversion effi- 
ciency of molecular semiconductors, it is of interest to find 
out the factors governing the photoelectrochemical im- 
provement  of the C1A1Pc films during their transforma- 
tion. As a first approach towards this goal, the effects of the 
substrate, the sublimation temperature on C1A1Pc film for- 
mation, the presence or absence of I3-/I_ in the acidic elec- 
trolyte contacting C1A1Pc, are analyzed using visible and 
infrared absorption spectra, action spectra, and scanning 
electron microscopy. Then, the C1A1Pc behavior is com- 
pared with that of FA1Pc, HOA1Pc, and PcA1OA1Pc in con- 
tact with the same solutions. 

Experimental 
Materials.--ClA1Pc is synthesized by a procedure simi- 

lar to that described by Owen and Kenney (11) except  that 
the solvent is replaced by a (i/i) mixture of nitrobenzene 
and quinoline. Both nitrobenzene and quinoline (dried on 
Call2) were distilled under a N2 atmosphere. The crude 
C1A1Pc is successively washed with toluene, acetone, and 
methanol before being sublimed under vacuum. Two sub- 
limation rings are observed in the tube. The dye in the 
colder part of the tube is a dense deposit. It corresponds to 
C1A1Pc. A film of purple needles condenses in the warmer 
region. It corresponds to PcA1OA1Pc. Each compound is 
collected and sublimed once more before being analyzed. 
Elemental analysis for the Pcs are reported in Table I 
along with calculated values. 

It is possible to vary the relative proportions of these two 
compounds by a prolonged extraction of the crude C1A1Pc 
in a soxhlet, using acetronitrile (two days) followed by 
methanol (one day). This treatment probably increases the 
hydration of the C1A1Pc. Under  the influence of tempera- 
ture during the sublimation step, the hydrated form is then 
transformed into the dimer (12). 

Another synthetic pathway, using Li2Pc, was also used 
to prepare C1A1Pc. This route was abandoned because the 
conversion of Li2Pc to C1A1Pc was never complete as dem- 
onstrated by the elemental analysis of A1 and by the solu- 
tion absorption spectrum in chloronaphtalene of the re- 
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Table I. Measured (M) and calculated (C) elemental analysis, in 
percent, of the synthesized phthalocyanines 

CIA1Pc PcA1OA1Pc HOA1Pc FA1Pc 
M C M C M C M C 

A1 a 4.7 4.8 4.8 4.9 4.8 4.8 4.7 4.7 

C 66.79 66.84 70.32 70.20 69.00 68.89 68.76 68.80 

H 2.72 2.81 3.04 2.95 3.08 3.25 2.69 2.86 

N 19 .50  19 .49  20.50 20.40 20.13 20.00 20.53 20.06 

C1 6.06 6.17 -<0.05 0 . . . .  

F . . . . . .  3.41 3.40 

a The A1 content was determined by neutron activation analysis. 

su l t i ng  Pc.  In  th i s  case,  t he  Q b a n d  s h o w s  two  large p e a k s  
cha rac t e r i s t i c  of  t he  p r e s e n c e  of  a mo lecu l e  w i t h  D2h sym-  
me t ry .  

H y d r o x y a l u m i n u m  p h t h a l o c y a n i n e  (HOA1Pc) is syn the -  
s ized f rom pur i f i ed  C1A1Pc. Typical ly ,  5g of  C1A1Pc are  
h e a t e d  to re f lux  in  50 ml  of  p y r i d i n e  a n d  30 m l  of  NH4OH 
for 24h. Af te r  f i l t rat ion,  t he  p r o d u c t  is w a s h e d  w i t h  a 0.1M 
so lu t i on  of  HC1, r i n s e d  w i th  m e t h a n o l ,  a n d  dr ied  in  a n  
o v e n .  

F l u o r o a l u m i n u m  p h t h a l o c y a n i n e  (FA1Pc) is s y n t h e s i z e d  
f r o m  HOA1Pc (13). Typical ly ,  30 ml  of  48% H F  are  a d d e d  to 
2g of  HOA1Pc. Th i s  m i x t u r e  is s o n i c a t e d  ove rn igh t .  The  
H F  so lu t i on  is e v a p o r a t e d  a n d  t h e  s a m e  t r e a t m e n t  is re- 
p e a t e d  a s e c o n d  t ime.  T he  final  p r o d u c t  is s u b l i m e d  u n d e r  
v a c u u m .  

E l e m e n t a l  ana lyses  of  HOA1Pc a n d  FA1Pc are  g iven  in  
T a b l e  I. 

ELectrode preparation.--The P c  fi lms are  o b t a i n e d  b y  
s u b l i m a t i o n  u n d e r  v a c u u m  (1 x 10 -s torr )  in a qua r t z  ves-  
sel. The  f i lms are  d e p o s i t e d  on to  h igh ly  c o n d u c t i n g  SnO2 
s u b s t r a t e s  (p~ = 25-30 1~ sq-1). T h e  d i s t ance  b e t w e e n  t he  
p o w d e r  a n d  t h e  s u b s t r a t e  is l0  cm. Wi th  th i s  se tup ,  t h e r e  
is no  con t ro l  of  t he  s u b s t r a t e  t e m p e r a t u r e .  T h e  subl i -  
m a t i o n  t e m p e r a t u r e  of  t he  d i f f e ren t  Pc s  is a d j u s t e d  be- 
t w e e n  300 ~ a n d  400~ to p r o v i d e  t he  s a m e  g r o w t h  ra te  
( - 2 0 0 0  A m i n  -1) for  all dyes.  D u r i n g  t he  cou r se  of  one  sub-  
l ima t ion ,  t he  e x p e r i m e n t a l  s e tup  enab l e s  t he  d e p o s i t i o n  of  
s ix pa i r s  of  f i lms w i t h  v a r y i n g  t h i c k n e s s e s .  

Fo r  C1A1Pc, a s u b l i m a t i o n  at  r e d u c e d  s u b l i m a t i o n  t em-  
p e r a t u r e  (230~176 on  a ho t  s u b s t r a t e  (-200~ was  also 
p e r f o r m e d .  In  t h a t  case,  t h e  g r o w t h  ra te  was  r e d u c e d  to 
300-400/k h L W h e n  th i s  s lowly  g r o w n  C1A1Pc will  be  used ,  
i t  wil l  b e  exp l ic i t ly  m e n t i o n e d .  All  o t h e r  r e f e r ences  to  
C1A1Pc wil l  c o n c e r n  t he  h i g h  g r o w t h  ra te  film. 

Electrochemical and IR measurements.--Details of t h e  
e l e c t r o c h e m i c a l  m e a s u r e m e n t s  h a v e  b e e n  d e s c r i b e d  else- 
w h e r e  (6). All  shor t - c i r cu i t  p h o t o c u r r e n t s  we re  r e c o r d e d  
w i t h  a n  Ia-/I_ a q u e o u s  ac id ic  so lu t ion  ([I3 ] = 0.005M, [L]  = 
0.4M). 

All  IR  spec t r a  were  t a k e n  w i t h  a c o n v e n t i o n a l  d o u b l e  
b e a m  IR  s p e c t r o p h o t o m e t e r .  E x c e p t  w h e n  K B r  pe l le t s  
w e r e  u s e d  for  t h e  powder s ,  all spec t r a  we re  r e c o r d e d  as 
t h i n  f i lms s u b l i m e d  o n  a KRS-5 ( tha l l ium b r om i de - i od ide )  
crystal .  

Results 
Evolution o f  optical densities and incident quantum 

yields of  CIAlPc.--Optical densities.--Curve A of Fig. 1 
p r e s e n t s  t he  a b s o r p t i o n  s p e c t r u m  of  a 0.16 ixm t h i c k  
C1A1Pc film. Two t r a n s f o r m a t i o n s  of  t he  in i t ia l  a b s o r p t i o n  
s p e c t r u m  can  be  i n d u c e d  b y  p u t t i n g  t h e  f i lm in  c o n t a c t  
w i t h  e lec t ro ly t ic  so lu t ions .  T r a n s f o r m a t i o n  I (curve  B of  
Fig. 1) or H (curve  C of  Fig. 1) is o b s e r v e d  d e p e n d i n g  on  
w h e t h e r  or  no t  t h e  a q u e o u s  ac id ic  so lu t ion  (HC1) c o n t a i n s  
t h e  I3-/I_ r e d o x  couple .  T h e s e  t r a n s f o r m a t i o n s  are ident i -  
cal to t h o s e  r e p o r t e d  in  a p r e v i o u s  p a p e r  (10). We h a v e  
c h a n g e d  t he  way  to re fe r  to  t h e m  ( f rom t r a n s f o r m a t i o n  a to  
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Fig. ]. Absorption spectra (curves A, B, and C) and incident quantum 
efficiencies ~Pi (curves D and E) of o 0.J 6 I~m and - 0 . 6  I~m thick CIAIPc 
film, respectively; before (A), after transformation I (B, D), and after 
transformation H (C, E). 

t r a n s f o r m a t i o n  I a n d  t r a n s f o r m a t i o n  b to t r a n s f o r m a t i o n  
H) to use  a n o t a t i o n  t h a t  wil l  r e m i n d  one  as to h o w  the  fi lm 
is modi f ied .  The  ini t ia l  a b s o r p t i o n  s p e c t r u m  of  CIA1Pc 
s h o w s  a m a x i m u m  a r o u n d  740 n m  a n d  a s h o u l d e r  a r o u n d  
650 nm.  L ike  m o s t  p h t h a l o c y a n i n e s  in  t he  sol id state,  t he  
C1A1Pc a b s o r p t i o n  s p e c t r u m  is b r o a d  a n d  qu i t e  s t ruc tu re -  
less.  Af te r  t r a n s f o r m a t i o n  I, t h e  a b s o r p t i o n  s p e c t r u m  is 
e v e n  b roader .  A n e w  b a n d  a p p e a r s  at  840 n m  a long  w i th  a 
r e d u c t i o n  of  t h e  opt ica l  d e n s i t y  a t  650 a n d  740 nm.  U p t a k e  
of  i od ine  in t he  fi lm causes  a c h a n g e  of color,  f r om b l u e  to 
g r e e n  due  to a n  opt ical  dens i ty  i nc r ea se  in t he  400 n m  re- 
gion.  The  s p e c t r u m  of  t he  I S I _  so lu t ion ,  r e c o r d e d  in  a 1 
m m  opt ica l  p a t h  cell  is cha rac t e r i zed  b y  opt ica l  dens i t i e s  
of  2.25, 1.20, 1.07, 0.6, a n d  0.05 at  400, 420, 440, 460, a n d  500 
nm,  respec t ive ly .  Af te r  t r a n s f o r m a t i o n  H, t h e  in i t ia l  ab- 
s o r p t i o n  s p e c t r u m  w i d e n s  on  b o t h  s ides  a n d  the re - i s  no  
c h a n g e  in t he  opt ica l  dens i t y  in  t he  400 n m  region.  The  
color  of  t he  fi lm r e m a i n s  b lue  af te r  t r a n s f o r m a t i o n  H. B o t h  
t r a n s f o r m a t i o n s  occu r  in  d a r k n e s s  as wel l  as u n d e r  i l lumi-  
na t ion .  

T h e  a b s o r p t i o n  s p e c t r u m  cha rac t e r i s t i c  of  t r a n s f o r m a -  
t i on  I c an  b e  modi f i ed  f u r t h e r  to t h a t  of  t r a n s f o r m a t i o n  H 
b y  p u t t i n g  t he  fi lm in con t ac t  w i t h  a n  a q u e o u s  so lu t ion  at  
p H  3.2. However ,  t he  r eve r se  mod i f i ca t i on  is n o t  poss ib le .  
Once  a C1A1Pc fi lm has  b e e n  s u b j e c t e d  to t r a n s f o r m a t i o n  
H, i t  is no t  a f t e rwards  ab le  to t ake  u p  iod ine  a n d  give t h e  
cha rac t e r i s t i c  a b s o r p t i o n  s p e c t r u m  of  t r a n s f o r m a t i o n  I. 

F i g u r e  2 c o m p a r e s  t he  t i m e  evo lu t i on  of  t he  C1A1Pc ab- 
s o r p t i o n  s p e c t r u m  at two  cha rac t e r i s t i c  w a v e l e n g t h s  (740 
a n d  840 nm)  w h e n  a 0.11 ~ m  t h i c k  fi lm is u n d e r g o i n g  t rans -  
f o r m a t i o n  I a t  two d i f fe ren t  pH va lues  (2.0 a n d  5.7). The  in- 
se r t  in  Fig. 2 s h o w s  t he  a b s o r p t i o n  s p e c t r u m  of  C1A1Pc re- 
c o r d e d  four  t i m e s  af te r  t he  in i t ia l  c o n t a c t  of  t h e  fi lm w i t h  
a n  I3-/I so lu t ion  at  p H  2.0. I t  t akes  4 m i n  to r e c o r d  t he  
c o m p l e t e  s p e c t r u m  a n d  t he  t i m e s  i n d i c a t e d  on  t h e  g r a p h  
c o r r e s p o n d  to t he  b e g i n n i n g  of  t he  scan.  

F i g u r e  2 i l lus t ra tes  t he  fo l lowing  po in t s :  (i) a t  b o t h  p H  
5.7 a n d  p H  2.0, t he  d e c r e a s e  o f  op t ica l  d e n s i t y  (O.D.) at  740 
n m  (curves  A and  B) fo l lows t he  s a m e  k i n e t i c s  as  t he  in- 
c rease  of  t he  840 n m  O.D. (curves  D a n d  C). Th i s  is con-  
f i rmed  b y  t h e  p r e s e n c e  of  a n  i sosbes t i c  p o i n t  (see i n s e r t  of  
Fig. 2); (ii) t h e  ra te  of  t r a n s f o r m a t i o n  of  t he  fi lm is influ- 
e n c e d  b y  t he  p H  value:  t he  l ower  t he  pH, t he  g rea t e r  t he  
t r a n s f o r m a t i o n  ra te  (curves  C a n d  D or cu rves  B a n d  A); 
(iii) a h i g h e r  O.D. at  840 n m  is o b s e r v e d  at  lower  p H  
(curves  C a n d  D). 

S imi l a r  o b s e r v a t i o n s  h a v e  b e e n  m a d e  for  t r a n s f o r m a t i o n  
H. 
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Fig. 2. Time evolution, during transformation I, at pH 2.0 and 5.7, of 
the optical density at 740 and 840 nm of a 0.11 ~m thick CIAIPc film. 

I n c i d e n t  q u a n t u m  y i e t d s . - - I n  orde r  to  m o s t  c lear ly  d i sp lay  
t h e  r e l a t i onsh ip  b e t w e e n  c h a n g i n g  a b s o r p t i o n  spec t r a  a n d  
c h a n g i n g  ac t ion  spect ra ,  t he  i n c i d e n t  q u a n t u m  yie ld  wil l  
be  used ,  de f ined  as 

n u m b e r  of  co l l ec ted  e l ec t rons  
~pi(%)-  N: 100 [1] 

n u m b e r  of  i n c i d e n t  p h o t o n s  

I n  add i t ion ,  ac t ion  spec t r a  are n o r m a l i z e d  for  a c o n s t a n t  
p h o t o n  f lux (3.9 x 10 ~5 p h o t o n s  cm-2s -I) u s i n g  Eq. [2] 

J~c = k P  [2] 

Curves  D a n d  E of  Fig. 1 s h o w  t he  ac t ion  spec t r a  of  two  
~0.6 ~ m  t h i c k  C1A]Pc fi lms mod i f i ed  fo l lowing  t rans for -  
m a t i o n s  I a n d  H. Those  ac t ion  spec t r a  were  r e c o r d e d  at  t he  
e n d  of t he  s tab i l i za t ion  pe r iod  d u r i n g  w h i c h  t he  f i lms un-  
de rgo  c h a n g e s  in  the i r  a b s o r p t i o n  spect ra .  In  b o t h  cases,  
a n  a q u e o u s  (pH = 3.2) so lu t i on  of  I S I -  was  u s e d  to mea-  
su r e  t h e  shor t - c i r cu i t  p h o t o c u r r e n t .  

M o n o c h r o m a t i c  i l l u m i n a t i o n  in t ens i t i e s  are in  t he  0.1 
m W  crn -2 range.  At  t h e s e  in tens i t ies ,  a va lue  o f - / =  0.97 ha s  
b e e n  f o u n d  a n d  u s e d  in  Eq. [2]. In  t he  case  of t r an s f o rma-  
t ion  I (curve  D), ~pi -> 10% for 610 -< X <- 880 rim, w h i c h  is 
m u c h  la rger  t h a n  t he  va lues  o b t a i n e d  for t r a n s f o r m a t i o n  
H. B o t h  ac t ion  spec t r a  h a v e  t he  s ame  s h a p e  a n d  s h o w  a 
d i s t i nc t  p e a k  a b o v e  800 n m  at a w a v e l e n g t h  c o r r e s p o n d i n g  
to t he  s h o u l d e r  in  t he i r  r e s p e c t i v e  a b s o r p t i o n  spect ra .  

F i g u r e  3 s h o w s  t he  t i m e  evo lu t i on  of  cp~ m e a s u r e d  a t  four  
cha rac t e r i s t i c  w a v e l e n g t h s  (X = 400, 650, 740, a n d  840 nm)  
for  a ~0.6 ~ m  t h i c k  C1A1Pc film u n d e r g o i n g  t r an s f o rma-  
t ion  I a t  p H  3.2. U n d e r  t h e s e  cond i t ions ,  ~ inc reases  con-  
t i n u o u s l y  be fo re  r e a c h i n g  s tabi l iza t ion.  T he  ra te  of in- 
c rease  of  ~p~ is pH d e p e n d e n t ,  b e i n g  h i g h e r  at  l ower  pH. 
Also,  h i g h e r  q u a n t u m  yie lds  are o b t a i n e d  at  lower  pH 
values .  One  m i g h t  w o n d e r  w h y  a pH lower  t h a n  3.2 was  no t  
u s e d  on  a r egu la r  bas i s  on  th i s  work .  Th i s  is b e c a u s e  for  
lower  pH, 2.0 for  ins tance ,  on ly  t he  t h i n n e s t  f i lms (< 0.1 ~ m  
w i t h  a m a x i m u m  O.D. -< 0.5) a re  ab le  to r e a c h  s t ab i l i za t ion  
in t he  way  dep i c t ed  in Fig. 3. A t  p H  2.0, t h i c k e r  C1A1Pc 
f i lms s h o w  a n  ini t ia l  i nc rease  of  Jsc fo l lowed by  a s low de- 
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Fig. 3. Time evolution, during transformation I, of ~i at 400 nm (A), 
650 nm (X), 740 nm (�9 and 840 nm ([~), for o 0.6 I~m thick CIAIPc 
film. 

crease.  At  t he  oppos i te ,  all t h e  film t h i c k n e s s e s  h a v e  b e e n  
f o u n d  to s tabi l ize  w i t h  a c o n t i n u o u s  inc rease  of  p h o t o c u r -  
r e n t  a t  pH 3.2. T r a n s f o r m a t i o n  I a t  th i s  p H  the re fo re  a l lows 
t he  op t im iza t i on  of  t he  fi lm p h o t o n  abso rp t ion .  

I t  is w o r t h  n o t i n g  he re  t h a t  d u r i n g  film t r a n s f o r m a t i o n ,  q~i 
i nc r ea se s  w i t h  t i m e  at  all w a v e l e n g t h s ,  e v e n  at  650 a n d  740 
n m  w h e r e  t he  O.D. decreases .  A poss ib l e  e x p l a n a t i o n  
cou ld  b e  t h a t  t h e r e  is a n  over lap  b e t w e e n  t h e  a b s o r p t i o n  
s p e c t r u m  of  two species ,  t he  first one  h a v i n g  a m a j o r  b a n d  
at 840 n m  a n d  m i n o r  a b s o r p t i o n  at  lower  w a v e l e n g t h s  a n d  
t he  o t h e r  one  b e i n g  r e s p o n s i b l e  for t he  a b s o r p t i o n  spec-  
t r u m  of  c u r v e  A, Fig. 1. This  over lap  w o u l d  r e su l t  in  a shar-  
ing  of  t he  ava i l ab le  p h o t o n s  b e t w e e n  t he  two species ,  t he  
n e w  one  b e i n g  cha rac t e r i zed  b y  a h i g h e r  q u a n t u m  yield.  

A n o t h e r  exp lana t ion ,  w h i c h  does  no t  necessa r i ly  r equ i r e  
a n  over lap  b e t w e e n  t he  a b s o r p t i o n  s p e c t r u m  of  t he  two  
species ,  c an  be  p roposed .  The  840 n m  a b s o r b i n g  spec ies  
w o u l d  st i l l  be  cha rac t e r i zed  by  a h i g h  q u a n t u m  yield;  in  
t h i s  s cheme ,  exc i t a t i on  e n e r g y  at  650 a n d  740 n m  w o u l d  be  
t r a n s f e r r e d  to the  h i g h  q u a n t u m  yie ld  species ,  w h i c h  
w o u l d  t h e n  fol low its o w n  k ine t i c s  of  c h a r g e  t ransfer .  
However ,  i f  t h e r e  are  two p h a s e s  p resen t ,  t he  s i t ua t ion  
m a y  b e  c o m p l i c a t e d  b y  j u n c t i o n  b e t w e e n  t h o s e  phases .  

F o r  0.6 ~ m  t h i c k  f i lms of  C1A1Pe u n d e r g o i n g  t r a n s f o r m a -  
t ion  H, t h e  t i m e  e v o l u t i o n  b e h a v i o r  of ~ is d i f f e ren t  
f rom the  one  r e p o r t e d  in  Fig. 3 for  a fi lm of  s a m e  t h i c k n e s s  
u n d e r g o i n g  t r a n s f o r m a t i o n  I. Af te r  a t r a n s i e n t  i nc rease  of  
t he  p h o t o c u r r e n t ,  t h e r e  is a s t ab i l i za t ion  of  r n e a r  i ts  in i t ia l  
value.  The  t i m e  evo lu t i on  of  q?i in  t r a n s f o r m a t i o n  H c a n n o t  
b e  fo l lowed con t inuous ly .  The  p h o t o e u r r e n t  is m e a s u r e d  
b y  r e p l a c e m e n t  f rom t ime  to t i m e  of  t he  acidic  a q u e o u s  so- 
l u t i on  w i t h  an  I3-/I- so lu t ion  at  pH 3.2 for less t h a n  2 min .  
The  a b s o r p t i o n  s p e c t r u m  of  t he  fi lm at  t h e  e n d  of  t he  s tabi-  
l iza t ion  is cha rac t e r i s t i c  of t r a n s f o r m a t i o n  H desp i t e  re- 
p e a t e d  con t ac t s  w i t h  I3-/I_ d u r i n g  t he  m e a s u r e  of  t h e  
p h o t o e u r r e n t s .  

S ince  t r a n s f o r m a t i o n  I y ie lds  t he  h i g h e s t  p h o t o e u r r e n t ,  
t h e  ef fec t  of  fi lm t h i c k n e s s  h a s  b e e n  s t u d i e d  a t  pH 3.2. Fig- 
u r e  4 p r e s e n t s  t h e s e  resu l t s  o b t a i n e d  u n d e r  w h i t e  l igh t  illu- 
m i n a t i o n  at  35 m W  c m  -2. T h e r e  is a s low v a r i a t i o n  of  J~c for 
fi lm t h i c k n e s s e s  in  t he  r ange  of  0.2-0.8 ~m. However ,  J~c 
d r o p s  ve ry  dras t ica l ly  for f i lms t h i n n e r  t h a n  0.2 ~m. U n d e r  
w h i t e  l igh t  i l l u m i n a t i o n  of  100 m W  c m  -2, t he  be s t  cel ls  
y ie ld  a Jsc as h i g h  as 1.1 m A  cm -2. 

Q u i n h y d r o n e  ( [Benzoqu inone ]  = [ H y d r o q u i n o n e ]  = 2.5 x 
10 aM) at  p H  3.2 i n d u c e s  spec t ro scop i c  mod i f i ca t ions  of 
t he  C1A1Pe film s imi la r  to t he  ones  r e p o r t e d  fo r  t ransfor -  
m a t i o n  I (curve  B of  Fig. 1) e x c e p t  for t he  400-500 n m  re- 
g ion  w h i c h  r e m a i n s  u n c h a n g e d .  However ,  w i t h  th i s  redox ,  
Jsc va lues  are  lower  b y  a fac tor  of  5-6 c o m p a r e d  to t h o s e  ob- 
t a i n e d  w i t h  Ia-/I- e v e n  i f  a sma l l  i nc r ea se  in Voc is o b s e r v e d  
b y  u s i n g  q u i n h y d r o n e  (106 m V  c o m p a r e d  to 80 m V  at  35 
m W  cm 2). 

Fe(CN)63 /4 (2.5 x 10 -3 M/2.5 x 10 3 M) at  p H  3.2 i n d u c e s  
s p e c t r o s c o p i c  mod i f i ca t ions  of  t he  C1A1Pc film s imi la r  to 
t he  ones  r e p o r t e d  for t r a n s f o r m a t i o n  H (curve  C of  Fig. 1). 
J~r a n d  Vo~ va lues  are  ve ry  low w i t h  th i s  r e d o x  m a i n l y  due  
to t h e  fi lm poros i ty  a n d  t he  r eve r s ib i l i ty  o f  Fe(CN)63-/4 on  
SnO2. 
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function of the thickness of CIAIPc after completion of transformation 
I. 

In  the  remain ing  of  this work,  I3 /I_ will  be the  only 
r edox  used  in the  pho toe lec t rochemis t ry  measurement s .  

Optical density and incident quantum yields of slowly 
grown CIAIPc, and rapidly grown HOAIPc, PcAlOAIPc, 
and FAlPc.--Curve A of Fig. 5 shows the  absorp t ion  spec- 
t r u m  of a 0.16 ~m th ick  C1A1Pc film depos i ted  on  hot  sub- 
s t rate  (200~ at a g rowth  rate of  300-400 A h -~. This  absorp-  
t ion spec t rum differs in several  respects  f rom that  of h igh  
g rowth  rate C1A1Pc presen ted  in Fig. 1 (curve A). It  shows 
a grea ter  absorbancy  in the  b lue  (400-500 nm) and near  in- 
frared regions  (750-900 nm) of  the  spec t rum than  does the  
absorp t ion  spec t rum of h igh  g rowth  rate C1A1Pc. Condi-  
t ions prevai l ing  dur ing  the  depos i t ion  of  C1A1Pc great ly  in- 
f luence the  absorp t ion  spec t rum of  the  film. 

Curve  B Of Fig. 5 presents  the  absorp t ion  spec t rum of  
s lowly g rown  C1A1Pc after soaking in a I S I -  aqueous  solu- 
t ion at pH  3.2. There  are only minor  changes  be tween  spec- 
tra A and B. These  changes  are s imilar  to those  descr ibed  
in Fig. 1 w h e n  a C1A1Pc film unde rgoes  t rans format ion  I, 
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Fig. 5. Absorption spectra (curves A and B) and incident quantum ef- 
flclencies, ~P=, (curve C) of a 0.16 p~m thick CIAIPc film slowly grown on 
hot $nO2 before (A) and after transformation I (B and C). 
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a l though  they  are m u c h  less impor tan t  for s lowly g rown 
C1A1Pc. 

Curve  C of  Fig. 5 shows  the  act ion s p e c t r u m  of s lowly 
g rown  C1A1Pc after t ransformat ion  of  the  film wi th  an 
I3 /I_ aqueous  solut ion at pH 3.2. Surpris ingly,  this act ion 
spec t rum has exact ly  the  same shape as that  of  h igh  
g rowth  rate C1A1Pc undergo ing  t ransformat ion  I (curve D, 
Fig. 1). In  the  present  case, the  O.D. m a x i m u m  at 800 n m  
and the  large absorp t ion  at 400 n m  do not  give rise to any 
co r respond ing  e n h a n c e m e n t  of  the  photocur ren t .  F r o m  
the  compar i son  be tween  curves  B and C of Fig. 5, it could  
be  inferred that  the  film cor respond ing  to spec t rum B is 
c o m p o s e d  of  at least  two species,  one of  these  (the one  re- 
spons ib le  for the  absorp t ion  increase at 400 and 800 nm) 
be ing  inact ive or poor ly  photoact ive.  Fur the rmore ,  there  is 
a large di f ference in the  t ime  requ i red  to ach ieve  com- 
p le t ion  of  t ransformat ion  I be tween  bo th  C1A1Pc films; it 
takes  45h for s lowly g rown C1AIPc films compared  to 2-4h 
for the  h igh  growth  rate C]A1Pc films. Dur ing  tha t  period,  
the  increase of ~i is roughly  the  same for both  types  of  
C1A1Pc films. This d i f ference will  be  exp laned  in the  mi- 
c roscopy  work  repor ted  below. 

The  whi te  l ight  Jsc va lue  at 35 mW cm 2 for this 0.16 ~tm 
th ick  s lowly g rown  C1A1Pc film is 230 ~A cm 2 compared  
to Jsc = 480 ~A cm -~ (Fig. 4) for the  h igh  g rowth  rate  C1AIPc 
film of s ame  thickness .  

PcAlOA1Pc.--Curve A of Fig. 6 shows the  absorp t ion  spec- 
t r u m  of a 0.32 ~m thick PcA1OA1Pc film. The  O.D. maxi-  
m u m  occurs  at about  625 n m  wi th  a shou lder  a round  725 
nm. Soak ing  the  film in I S I -  does no t  give rise to any 
ma jo r  changes  in its absorp t ion  s p e c t r u m  (curve B of Fig. 
6). Curve  C of  Fig. 6 displays  the  act ion spec t rum of  t he  
film in contac t  wi th  an I3-/I solut ion at pH  3.2. The  act ion 
s p e c t r u m  is in accordance  with  the  absorp t ion  spec t rum.  
The whi te  l ight  J~  va lue  at 35 mW cm -2 is 245 ~tA cm 2, 
c o m p a r e d  to J~  = 670 ~A cm -2 for the  h igh  g rowth  rate 
C1A1Pc film of same th ickness  (Fig. 4). 

HOAlPc.--It is not  possible  to obtain  a pure  HOA1Pc film 
by subl imat ion  of  HOA1Pc powder .  This  was first indi- 
ca ted  by the  comple te  co inc idence  be tween  the  absorp t ion  
and the  act ion spectra  of  "HOA1Pc" and PcA1OA1Pc films. 
The  suspic ion was conf i rmed by IR measurement s .  IR  
spectra  of  HOA1Pc and PcA1OA1Pc p o w d e r  were  mea- 
sured  f rom 250 to 4000 cm ~. Two major  d i f ferences  can be 
seen  f rom a compar i son  of  those  spectra.  HOA1Pc p o w d e r  
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Fig. 6. Absorption spectra (curves A and B) and incident quantum ef- 
ficiencies, ~i, (curve C) of a 0.32 I~m thick PcAIOAIPc film; before (A) 
and after transformation I (B and C). 
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s h o w s  a b r o a d  b a n d  re la ted  to t he  OH v i b r a t i o n  e x t e n d i n g  
f rom 3100 to 3650 c m  -1 w i th  a m a x i m u m  at  3420 c m  -1. Th i s  
b a n d  is m u c h  less  i m p o r t a n t  in  PcA1OA1Pc powder .  Also, 
t he  d imer i c  Pc  shows  a b a n d  at  1040 c m  -1 w h i c h  is l ack ing  
in  t h e  HOA1Pc spec t rum.  U p o n  s u b l i m a t i o n  of  b o t h  Pc  
p o w d e r s  as t h i n  f i lms on  KRS-5 crystal ,  b o t h  IR  spec t r a  
s h o w  t h e  1040 c m  -1 a b s o r p t i o n  b a n d  a n d  no  s ign i f ican t  ab- 
s o r p t i o n  in  t he  OH v i b r a t i o n  region,  i n d i c a t i n g  t h a t  t h e y  
are  m a i n l y  c o m p o s e d  of t he  d i m e r  desp i t e  t he  d i f fe ren t  
sou rces  f r o m  w h i c h  t h e y  are ob ta ined .  Th i s  fact  w o u l d  cas t  
s o m e  d o u b t  c o n c e r n i n g  r ecen t l y  p u b l i s h e d  re su l t s  on  t he  
p h o t o e l e c t r o c h e m i c a l  b e h a v i o r  of  HOA1Pc fi lms o b t a i n e d  
b y  s u b l i m a t i o n  of  HOA1Pc p o w d e r  at  530~ (14). 

FAlPc.--Figure 7 shows  t he  a b s o r p t i o n  s p e c t r u m  of 
FA1Pc. T h e r e  is no  c h a n g e  in t he  s p e c t r u m  af ter  c o n t a c t i n g  
t h e  f i lm w i t h  I3-/I a t  pH 3.2. U n d e r  w h i t e  l igh t  i l l umina-  
t ion  at  35 m W  c m  -2, t he  FA1Pc film d i sp lays  a shor t - c i r cu i t  
p h o t o c u r r e n t  of  on ly  1.5 ~A c m  -2 c o m p a r e d  to 430 ~A c m  -2 
for C1A1Pc film of  t he  s a m e  t h i c k n e s s  (Fig. 4). U n d e r  t h e s e  
cond i t ions ,  it was  no t  poss ib le  to  m e a s u r e  t h e  ac t ion  spec-  
t r u m  of  th i s  c o m p o u n d .  

J-V characteristics.--Figure 8 s h o w s  t he  d a r k  J-V charac-  
t e r i s t i cs  of  d i f fe ren t  a l u m i n u m  p h t h a l o c y a n i n e  on  S n Q  
s u b s t r a t e s  in  con t ac t  w i t h  a n  I3-/I so lu t ion  at  p H  3.2. The  
two  u p p e r  c u r v e s  are r e l a t ed  to C1A1Pc a n d  t hey  were  mea-  
s u r e d  i m m e d i a t e l y  af ter  t he  in i t ia l  c o n t a c t  w i t h  t h e  solu- 
t i on  (O) a n d  a f te r  c o m p l e t i o n  of  t r a n s f o r m a t i o n  I (m). Wi th  
t he  e x c e p t i o n  of FA1Pc for  w h i c h  t he  J-V cu rve  is g iven  in 
Fig. 8 (O), all c o m p o u n d s  s t ud i ed  (s lowly g r o w n  C1A1Pc 
a n d  PcA1OA1Pc) d i sp lay  t he  s a m e  rec t i f ica t ion  as C1A1Pc. 
Th i s  con f i rms  t he  s e m i c o n d u c t i n g  c h a r a c t e r  (p-type) of  
s u c h  P c  films. T r a n s f o r m a t i o n  I does  no t  i n d u c e  m a j o r  
c h a n g e s  in  t he  rec t i f ica t ion  p rope r t i e s  of  t he  film. 

F o r  po t en t i a l s  in  t he  fo rward  bias  r eg ion  (Eredo• = 274 
mV),  t he  d a r k  J-V cu rve  is d e s c r i b e d  b y  t he  fo l lowing  ex- 
p r e s s i o n  

[ e(V kT- JR~) 11 J = Jo Lexp _ [3] 

w h e r e  J0 is t he  e x c h a n g e  c u r r e n t  dens i t y  a n d  R~ t he  ser ies  
res i s tance .  Befo re  t r a n s f o r m a t i o n ,  a r e a s o n a b l e  fit of t he  
J-V c u r v e  can  be  o b t a i n e d  b y  u s i n g  t h e  fo l lowing  pa r ame-  
ters:  J0 = 3 ~A c m  -2 a n d  R~ = 70 f~ c m  2. Af te r  c o m p l e t i o n  of  
t r a n s f o r m a t i o n  I, t h e  da rk  J-V c u r v e  is a d e q u a t e l y  de- 
s c r i bed  w i t h  J0 = 13 ~A c m  -2 a n d  R~ = 67 ~ c m  2. 

I o d i n e  in t he  v a p o r  p h a s e  (15) or  d i s so lved  in h y d r o c a r -  
b o n  (16) a n d  in w a t e r  ( I3)  (17) is k n o w n  to i nc rease  t he  con-  
d u c t i v i t y  of  va r ious  p h t h a l o c y a n i n e s .  However ,  in  t he  pre-  
s en t  work ,  R~ does  no t  dec rea se  af te r  t r a n s f o r m a t i o n  I. I f  
t he  f i lm area  ~emains  c o n s t a n t  in  t r a n s f o r m a t i o n  I a n d  R~ is 
no t  modif ied ,  t he  c h a n g e  in  t he  J0 va lue  signif ies a c h a n g e  
of  m e c h a n i s m .  In  t he  fo l lowing  sect ion,  SE M p ic tu r e s  t e n d  
to d e m o n s t r a t e  t h a t  t h e r e  is no  s ign i f ican t  c h a n g e  of  t he  ac- 
tua l  f i lm area  af te r  t r a n s f o r m a t i o n  of t he  film w i t h  I3-/I-. 

In  t he  case  of  FA1Pc, t he  J-V cu rve  shows  no  rec t i fy ing  
behav io r ,  in  a g r e e m e n t  w i th  t h e  low p h o t o c u r r e n t  ob- 
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Fig. 8. Dark J-V characteristics of a CIAIPc film before (�9 and after 
transformation I (11); of a FAIPc film (Q); of bore SnO~ substrate (F1). 
The redox is 13-/I at pH 3.2. 

s e r v e d  for t h a t  p h t h a l o c y a n i n e .  However ,  t he  p r e s e n c e  of  
t h e  Pc  fi lm o n  SnO2 s u b s t r a t e  grea t ly  e n h a n c e s  t h e  c h a r g e  
t r a n s f e r  b e t w e e n  t he  e l ec t rode  a n d  t he  I3 /I r e d o x  u n d e r  
b o t h  ca thod i c  a n d  anod ic  polar iza t ions .  Fo r  compa r i son ,  
t he  J-V c u r v e  o b t a i n e d  on  ba re  SnO2 w i t h  t h e  s a m e  solu- 
t i on  is g iven  in  Fig. 8 (El). This  "ca ta lys i s"  in  c o m p a r i s o n  to 
SnO2 is s imi la r  to t h a t  d e s c r i b e d  by  C r o u c h  a n d  L a n g f o r d  
(18) w h o  r e p o r t e d  p o r p h y r i n  f i lms e l ec t ron  e x c h a n g e  ra te  
c o n s t a n t s  to r e a c h  va lues  s imi la r  to t h o s e  of  P t  e lec t rodes .  

Film morphologies.--Figure 9 p r e s e n t s  t h e  S E M  of t he  
SnO2 s u b s t r a t e  (9A), a long  w i t h  a 0.10 (9B), 0.24 (9C), a n d  
0.6 ~ m  (9D) t h i c k  C1A1Pc film on  t h a t  subs t r a t e ,  a t  t he  s a m e  
magni f i ca t ion .  I t  shows  t h a t  t he  m o r p h o l o g y  of  the  SnO2 
s u b s t r a t e  is r e s p e c t e d  for t h e  t h i n  (0.10 ~m) C1A1Pc film. 
T h i c k e r  layers  (9C a n d  9D) deve lop  t h e i r  o w n  m o r p h o l o g y ,  
c o n s i s t i n g  of  d e n s e  b u n d l e s  of  smal l  c rys ta l l i tes  of  a b o u t  
50 n m  in  d iam.  T h e s e  crys ta l l i tes  are a l r eady  p r e s e n t  in  t he  
t h i n n e r  fi lm (9B). It  was  s h o w n  p rev ious ly  (19) t h a t  for 
f i lms t h i c k e r  t h a n  9D, the  g r o w t h  invo lves  an  inc rease  in 
t h e  l e n g t h  of t he  crystal l i tes ,  wh i l e  t h e i r  d i a m e t e r  r e m a i n s  
qu i t e  cons t an t .  

F i g u r e  10 shows  t h e  S E M  of two C1A1Pc films, a f te r  
t r a n s f o r m a t i o n  I (Fig. 10A) a n d  t r a n s f o r m a t i o n  H (Fig. 
10B), a t  t he  s a m e  magni f ica t ion .  T h e s e  f i lms h a v e  nea r ly  
t h e  s a m e  t h i c k n e s s :  0.26 ~ m  for 10A a n d  0.30 ~ m  for  10B. 
By  c o m p a r i n g  Fig. 9C, 9D, 10A, a n d  10B, i t  c an  b e  con-  
c l u d e d  t h a t  t he  m o r p h o l o g y  of  t he  C1A1Pc film is no t  af- 
f ec ted  b y  t r a n s f o r m a t i o n  I or t r a n s f o r m a t i o n  H. 

F i g u r e  11 shows  the  S E M  of s lowly  g r o w n  C1A1Pc sub-  
l i m e d  on to  a ho t  subs t ra te ,  This  fi lm has  a t h i c k n e s s  of  0.15 
~m, w h i c h  is b e t w e e n  t he  t h i c k n e s s e s  of  t he  h i g h  g r o w t h  
ra te  C1A1Pc films dep i c t ed  in Fig. 9B a n d  9C. A compar i -  
son  of  t h o s e  p i c tu re s  s h o w s  t h a t  t he  low g r o w t h  ra te  fi lm 
m o r p h o l o g y  seems  to b e  qu i t e  d i f fe ren t  f rom t h a t  of  t he  
h i g h  g r o w t h  ra te  film. I n  th i s  case,  t he  dye  crys ta l l i tes  h a v e  
t he  s a m e  d i m e n s i o n  as t he  S n Q  s u b s t r a t e  crystal l i tes .  
S imi l a r  i n f luence  of t he  g r o w t h  ra te  on  t h e  fi lm m o r p h o l -  
ogy was  a l ready  r e p o r t e d  for  C1GaPc (20). 

F i g u r e  12A p r e s e n t s  t he  S E M  of  a 0.12 ~ m  t h i c k  FA1Pc 
film. T h e  m o r p h o l o g y  of th i s  fi lm is s imi la r  to t h a t  of t h e  
one  p r e s e n t e d  in  Fig. 11. However ,  t he  shor t - c i r cu i t  
p h o t o c u r r e n t s  differ  grea t ly  for t hose  two  films: u n d e r  
w h i t e  l igh t  i l l u m i n a t i o n  (35 m W  cm-2), Jso = 1.5 ~A c m  -2 for 
FA1Pc a n d  J ~  = 230 ~A c m  2 for s lowly g r o w n  C1A1Pc. Th i s  
d e m o n s t r a t e s  t h a t  the  d o m i n a n t  fac tor  b e h i n d  t he  
p h o t o c u r r e n t  g e n e r a t i o n  is no t  t he  f i lm m o r p h o l o g y .  Th i s  
fact  is c o n f i r m e d  by  c o m p a r i n g  Fig. 9C a n d  9D to Fig. 12B 
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Fig. 9. Scanning electron micrograph of the SnO2 substrate (A), of a 0.10 (B), 0.24 (C), ond 0.60 I~m thick CIAIPc film, (D) 

w h i c h  s h o w s  the  SEM of  a 0.32 ~m th ick  PcA1OA1Pc film 
on SnO2 subs t ra te .  A l though  the  actual  area of  PcAIOA1Pc 
s e e m s  to be larger  t han  the  one  for the  h igh  g rowth  rate  
C1A1Pc film, t he  p h o t o c u r r e n t  gene ra t ion  is no t  enhanced :  
u n d e r  whi te  l ight  i l luminat ion  (35 mW cm-2), Jse ~ 245 ~A 
cm -2 for PcA1OAIPc c o m p a r e d  to Jsc = 670 ~A cm -2 for the  
s a m e  t h i c k n e s s  of  C1A1Pc. 

Infrared measurements.--IR spec t ra  have  b e e n  r eco rded  
for all the  Pcs  s tud ied  in this  work  by  sub l ima t ion  of a th in  
film on KRS-5 crystal.  Spec t ra  were  t aken  f rom 250 to 4000 
cm 1 B e t w e e n  1650 and  4000 cm -1, the re  is a large absorp-  
t ion  reg ion  due  to t he  p r e s e n c e  of wa te r  a b s o r b e d  f rom the  
aq u eo u s  so lu t ions  u sed  for the  film t r ans fo rmat ions .  For  
C1A1Pc films, bo th  t r ans fo rma t ions  inf luence  the  s ame  ab- 
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Fig. 10. Scanning electron micrograph of a 0.26 t~m thick CIAIPc film after transformation I (A) and a 0.30 t~m thick CIAIPc film, after transforma- 
tion H (B). 

s o r p t i o n  b a n d s .  However ,  t he  c h a n g e s  are  m o r e  o b v i o u s  
w i th  t r a n s f o r m a t i o n  H a n d  will  n o w  be  desc r ibed .  Af te r  
t r a n s f o r m a t i o n  H, n e w  b a n d s  a p p e a r  at  1131 and  1460 
cm -~. B a n d s  at  427, 448, a n d  1060 cm -1 d i sappear .  Modifi- 
ca t ions  also occu r  in  t he  i n t ens i t y  of  m o s t  o the r  bands ,  es- 

Fig. 11. Scanning eiectron micrograph of a 0.15 I~m thick CIAIPc film 
slowly grown on a hot substrate. 

pecia l ly  in  t h e  r eg ion  b e t w e e n  700 a n d  800 cm -1 w h i c h  is a 
s ens i t i ve  i nd i ca to r  of  t h e  c rys t a l l og raph ic  p h a s e  of  p h t h a -  
l o c y a n i n e s  (21). 

As far as t r a n s f o r m a t i o n s  I a n d  H are c o n c e r n e d ,  t h e  be s t  
d o c u m e n t e d  in f r a red  reg ion  is a r o u n d  900 cm 1, w h i c h  is 
s h o w n  in Fig. 13A for  t h e  ini t ia l  C1A1Pc film. T h e  pos i t ion  
of t h a t  b a n d  r e m a i n s  u n c h a n g e d  for all t he  Pc s  s tud ied  in 
th i s  w o r k  (fi lms of  FA1Pc, CIA1Pc, PcA1OA1Pc, a n d  also 
HOA1Pc in  a K B r  pellet).  On the  o the r  h a n d ,  the  pos i t i on  of  
t h a t  b a n d  shi f t s  w h e n  A1 is r ep l aced  by  a n o t h e r  metal ,  
m o v i n g  f rom 890 c m  1 for Mg to 915 cm -1 for  Co; for H~Pc, 
t h i s  b a n d  is a t  874 c m  1 (21). 

F igu res  13B a n d  C s h o w  the  evo lu t ion  of  the  900 cm -1 
b a n d  af te r  t r a n s f o r m a t i o n s  I an d  H at  pH 1.0 d u r i n g  30 
min .  Th i s  pH va lue  h a s  b e e n  used  in  o rde r  to m i n i m i z e  t he  
c o n t a c t  t i m e  b e t w e e n  t h e  c rys ta l  a n d  t h e  a q u e o u s  solut ion.  
Indeed ,  e x t e n d e d  co n t ac t  of  t h e  crys ta l  w i t h  w a t e r  r e su l t s  
in  a loss of IR t r a n s m i s s i o n .  T h e  b a n d  sp l i t t ing  o b s e r v e d  in 
Fig. 13C is no t  t h e  r e su l t  of  hydro lys i s  of  t h e  A1CI b a n d  
s ince  u p o n  l igand  exchange ,  t h e  pos i t i on  of  t h e  b a n d  re- 
m a i n s  u n mo d i f i ed .  Also, it is n o t  d u e  to d e m e t a l l a t i o n  of  
t h e  Pc  s ince  H2Pc a b s o r b s  at  874 cm 1. I t  t he r e fo re  a p p e a r s  
logical  to c o n c l u d e  at  th i s  s tage t h a t  t h e  b a n d  sp l i t t ing  at  
900 cm -~ re su l t s  f rom t h e  poss ib l e  p r o t o n a t i o n  of a pe r iph-  
era l  n i t r o g e n  a t o m  of  t h e  Pc,  as d e s c r i b e d  b y  S i d o r o v  et al. 
(22) for  t h e  i n t e r ac t i o n  of  a M g P c  wi th  acet ic  ac id  a n d  HC1. 
T h e  d i f fe rence  b e t w e e n  Fig. 13B a n d  C m i g h t  o r ig ina te  
f rom t h e  n a t u r e  of  t h e  c o u n t e r i o n  i n c l u d e d  in  t h e  film if  
t h e r e  is p ro tona t ion .  T h a t  c o u n t e r i o n  cou ld  b e  I_, I3-, or C1 
for t r a n s f o r m a t i o n  I b u t  necessa r i ly  CI_ for  t r a n s f o r m a t i o n  
H. 

Discussion 
I t  has  b e e n  s h o w n  t h a t  h i g h  g r o w t h  ra te  C1A1Pc films 

s u b l i m e d  on  SnO2 s u b s t r a t e  are ab le  to  u n d e r g o  a t ransfor -  
m a t i o n  w h e n  p u t  in  co n t ac t  w i t h  a n  I3 /I_ ac id ic  solut ion.  
Th i s  t r a n s f o r m a t i o n  (I) gives r ise  to a n  i m p o r t a n t  i nc r ea se  
in t h e  e n e r g y  c o n v e r s i o n  p r o p e r t i e s  of  t h e  p igmen t .  An-  
o t h e r  C1A1Pc t r a n s f o r m a t i o n  (H) has  also b e e n  ident i f ied .  
I t  occurs  in  acidic  a q u e o u s  m e d i a  w i th  I S I _ .  T h e  e n e r g y  
c o n v e r s i o n  p r o p e r t i e s  of  t h e  p i g m e n t  u n d e r g o i n g  t h a t  lat- 
ter  t r a n s f o r m a t i o n  are  no t  v e r y  d i f f e ren t  f rom t h o s e  of  t h e  
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Fig. 12. Scanning electron micrograph of a 0.12 t~m thick FAIPc film (A) and a 0.32 I~m thick PcAIOAIPc film (B) 

initial film. The goal for this work was twofold. First, it was 
to see if film transformation was a general phenomenon for 
several a luminum phthalocyanines. The other aim of this 
work was to find out the differences between initial and 
transformed films using visible, IR, and action spectrosco- 
pies, SEM and electrochemical J-V characterization. 

Among the aluminum phthalocyanines studied in this 
work, it is the high growth rate CIA1Pc which shows the 
most important modifications of its visible spectrum when 
in contact with I3 /I . With this modification is the appear- 
ance of an 840 nm band in the visible absorption spectrum 
as well as in the action spectrum. 

It has been found that the Q-band region in the absorp- 
tion spectra of trivalent phthalocyanines is very sensitive 
to the environment  of the molecules. A red-shift of the Q 
band in the solid state compared to solution absorption 
has been correlated to enhance photoactivity both in the 
wet (23) and dry (24) cell configurations. However, the 800 
nm absorption maximum appearing in the absorption 
spectrum of a slowly grown C1A1Pc film sublimed onto a 
hot substrate is absent in the action spectrum which is 
identical to the one measured for the high growth rate 
C1A1Pc film (with lower ~i values). Therefore, the presence 
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Fig. 13. Evolution of the 900 cm -1 infrared band before transforma- 
tion (A), after transformation I (B), and after transformation H (C) of a 
CIAIPc film. 

of a species with an absorption shifted to the near infrared 
is not sufficient to increase the quantum yield. 

Based on IR spectroscopy, it was concluded that both 
transformations involved possible protonation of the pe- 
ripheral nitrogens of the Pc macrocycles. This explains the 
critical effect of pH on the transformation kinetics: Due to 
the large modification observed in the visible absorption 
spectrum, protonation does not occur only at the surface 
of the C1A1Pc crystal]ites revealed by SEM (Fig. 9C and D) 
but also has to take place in a fraction of the bulk. As pro- 
ton migration in a solid phase is expected to be quite fast, 
the slow kinetics (2-4h) of the transformation should re- 
flect some structural reorganization. Comparable changes 
in the spectroscopy of Pc thin films have been observed by 
thermal treatment, exposure to organic solvents, acid past- 
ing, and ball milling. They have been described for in- 
stance for metal free Pc (25), ZuPc (26), CuPc (27), VOPc 
(28), MgPc (29), C1GaPc and ClInPc (30). Therefore, one 
might  conclude that structural changes mainly affecting 
high growth rate C1A1Pc may result from the incorporation 
of protons accompanied by counterion intercalation. This 
observation also may point out the importance of incorpo- 
rated impurities in controlling the photoactivity of such 
thin film electrode materials. 

FA1Pc is clearly different from all the other phthalocya- 
nines studied in this work and is characterized by a low 
photoactivity (31). It is the only phthalocyanine measured 
in this work that does not show any rectification in contact 
with I3 /I . The structural reorganization which is reflected 
by the evolution of the C1A1Pc absorption in the visible 
can also explain why FAIPc does not undergo transforma- 
tion in the same conditions. Indeed, FAIPc crystallizes as a 
polymer in a stacked ring structure with an (AI-F)~ back- 
bone (13). The electronegativity of fluorine prevents any 
modification of that structure. For CIAIPe, it is expected 
that the strength of the AI-CI bond is weaker than that of 
A1-F. This reason and the fact that the halogen is larger in 
size will cause the CIAIPc to crystallize in a slipped disk 
structure (32), allowing for structure reorganization upon 
contact with an acidic electrolytic solution. These struc- 
tural modifications of CIAiPc do not affect the morphology 
of the crystallites, at least not at the magnification pre- 
sented in this work (Fig. I0). However, the different ab- 
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sorption spectra measured for C1A1Pc in this study tend to 
demonstrate that more than one structure can be stabi- 
lized for this compound. 

Conclusion 
The largest increase in energy conversion efficiency oc- 

curs for high growth rate C1A1Pc films sublimed onto SnO2 
after contact with an I3-/I_ aqueous acidic solution. This in- 
crease involves the appearance of an 840 nm band in both 
absorption and action spectra and a possible protonation 
of the peripheral nitrogens of the Pc macrocycte. Experi- 
ments are underway to assess if there is a modification of 
the crystalline structure after transformation of the Pc 
films and to determine the nature of the counterion neces- 
sary to maintain the electric neutrality of the organic semi- 
conductor. 

Manuscript submitted April 15, 1988; revised manu- 
script received Nov. 15, 1988. This was in part Paper 846 
presented at the Honolulu, HI Meeting of the Society, Oct. 
18-23, 1987. 

INRS Energie assisted in meeting the publication costs of 
this article. 

REFERENCES 
1. J. Simon and J. J. Andre, "Molecular Semicon- 

ductors," Springer-Verlag, Berlin (1985). 
2. C. W. Tang, Appl. Phys. Lett., 48, 183 (1986). 
3. P. Leempoel,  F. R. F. Fan, and A. J. Bard, J. Phys. 

Chem., 87, 2948 (1983). 
4. R. O. Loutfy and L. F. McIntyre, Sol. Energy Mater., 6, 

467 (1982). 
5. R. O. Loutfy and L. F. McIntyre, Can. J. Chem., 61, 72 

(1983). 
6. D. B~langer, J. P. Dodelet, L. H. Dao, and B. A. Lom- 

bos, J. Phys. Chem., 88, 4288 (1984). 
7. W. J. Buttner, P. C. Rieke, and N. R. Armstrong, J. Am. 

Chem. Soc., 107, 3788 (1985). 
8. T. Klofta, W. F. Buttner, and N. R. Armstrong, This 

Journal, 133, 1531 (1986). 
9. T. Klofta, J. Danziger, P. Lee, J. Pankow, K. W. Neb- 

esny, and N. R. Armstrong, J. Phys. Chem., 91, 5646 
(1987). 

10. D. Guay, R. CSt~, R. Marquis,  J. P. Dodelet, M. F. Law- 
rence, D. Gravel, and C. H. Langford, This Journal, 
134, 2942 (1987). 

11. J. E. Owens and M. E. Kenney, Inorg. Chem., 1, 331 
(1962). 

12. J. E. Owens and M. E. Kenney, ibid., 1, 334 (1962). 
13. J. P. Linsky, T. R. Paul, R. S. Nohr, and M. E. Kenney, 

ibid., 19, 3131 (1980). 
14. G. Perrier and L. H. Dao, This Journal, 134, 1148 (1987). 
15. G. A. Chamberlain and P. J. Cooney, Chem. Phys. Lett., 

66, 88 (1979). 
16. R. S. Nohr, P. M. Kuznesof, K. J. Wynne, M. E. Kenney, 

and P. G. Siebenman, J. Am. Chem. Soc., 103, 4371 
(1981). 

17. P. Leempoel,  M. Castro-Acuna, F. R. F. Fan, and A. J. 
Bard, J. Phys. Chem., 86, 1396 (1982). 

18. A. M. Crouch and C. H. Langford, J. Electroanal. 
Chem., 221, 83 (1987). 

19. D. Guay, R. C6t~, R. Marques, J. P. Dodelet, M. F. Law- 
rence, D. Gravel, and C. H. Langford, in "Photoelec- 
trochemistry and Electrosynthesis on Semicon- 
ducting Materials:' (PV 88-14), D. S. Ginley, K. 
Honda, A. Nozik, A. Fugishima, N. Armstrong, T. Sa- 
kata, and T. Kawai, Editors, p. 287, The Electrochem- 
ical Softbound Proceedings Series, Pennington, NJ 
(1988). 

20. P. C. Rieke, C. L. Linkous, and N. R. Armstrong, J. 
Phys. Chem., 88, 1351 (1984). 

21. A. N. S idorovand  I. P. Kotlyar, Optics Spectros. 11, 92 
(1961). 

22. A. N. Sidorov and A. N. Terenin, ibid., 11, 175 (1961). 
23. T. J. Klofta, P. C. Rieke, C. A. Linkous, W. J. Buttner, 

A. Nanthakumar, T. D. Mewborn, and N. R. 
Armstrong, This Journal, 132, 2134 (1985). 

24. A.-M. Hor, R. O. Loutfy, and C. K. Hsiao, Appl. Phys. 
Lett., 42, 165 (1983). 

25. J. H. Sharp and M. Lardon, J. Phys. Chem., 72, 3230 
(1968). 

26. F. Iwatsu, T. Kabayashi, and N. Uyeda, ibid., 84, 3223 
(1980). 

27. J. H. Sharp and M. Abkowitz, ibid., 77, 477 (1973). 
28. C. H. Griffiths, M. S. Walker, and P. Goldstein, Mol. 

Cryst. Liq. Cryst., 33, 149 (1976). 
29. A. M. Hor and R. O. Loutfy, Thin Solid Films, 106, 291 

(1983). 
30. R. O. Loutfy, A. M. Hor, G. Dipaola-Barangi, and C. K. 

Hsiao, J. Imaging Sci., 29, 116 (1985). 
31. T. M. Mezza, C. L. Linkous, V. R. Shepard, N. R. 

Armstrong, R. Nohr, and M. Kenney, J. Electroanal. 
Chem., 124, 311 (1981). 

32. K. J. Wynne, Inorg. Chem., 23, 4658 (1984). 

Silicon Electrodes Coated with Extremely Small Platinum Islands 
for Efficient Solar Energy Conversion 
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ABSTRACT 

Platinum islands 5-50 nm in size were deposited on n-type single-crystal silicon (n-Si) wafers by reduction of hexachlo- 
roplatinic (IV) acid (H2PtC16) with hydrogen. Photoelectrochemical solar cells, made from such an n-Si electrode coated 
with Pt islands, generated open-circuit photovoltages (Voc) as high as 0.63V, about 8% higher than those Of normal p-n 
junction Si solid solar cells. The ideality factor (n) was estimated to be close to unity, and the dark saturation current den- 
sity (Js) was estimated to be very low, 2.9 • 10 -12 A/cm 2 or less, in accord with the above-mentioned high Voc. Though the 
Voo obtained here is somewhat lower than the top data reported previously, the relation between the size of the metal is- 
land and Voc has been further clarified. These results give further support to our recently proposed theory that the effective 
barrier height in a Pt-island coated n-Si electrode depends on the island size and can reach the equivalent of the bandgap 
for small islands. Also, a p-type Si electrode coated with Pt islands in the same way as for the n-Si electrode showed a good 
rectifying character and an efficient hydrogen evolving photocurrent  in an acid solution. 

Semiconductor  photoelectrochemical (PEC) cells have 
been attracting attention from the aspect of possible solar 
energy conversion (1-4). This method has an advantage in 
that low-cost semiconductor materials such as polycrystal- 
line or amorphous films can be used without loss of effi- 
ciency. This method has another advantage in that solar 

energy can be converted directly into storable chemical 
energy (fuels). 

The main difficulty in this method lies in that almost all 
known semiconductors having bandgaps matched for the 
solar energy conversion are photocorroded in aqueous so- 
lutions. We have made extensive studies of the stabiliza- 
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