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Spectral Cosensitization in Phthalocyanine-Porphyrin 
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ABSTRACT 

An organic multilayer photoelectrochemical cell was fabricated by sequential vacuum deposition of hydroxyalumi- 
num phthalocyanine (PcA1OH) and hydroxyaluminum tetraphenylporphyrin (TPPA1OH). Absorption and action spectra 
of the NESA/PcA1OH/TPPA1OH/I3 /I /Pt cell cover the entire visible spectrum up to 900 rim. In the reverse deposition se- 
quence, only NESA/TPPA1OH/PcA1OH/I3 /I /Pt photoelectrochemical cell with very thin organic layers showed a sensiti- 
zation effect. The cosensitization effects are probably due to the porosity of the organic thin films, allowing the contact of 
the electrolyte with each semiconductor. 

Since a few years, attention on organic semiconductors 
such as phthalocyanine has been put on the spectral re- 
sponse of photovoltaic and photoelectrochemical ceils. 
Broadening of the action spectra has been noted for tri- 
and tetravalent, metal pbthalocyanine compared with di- 
valent metal and H~-phthalocyanine thin film photoelec- 
trodes (1). An acid treatment leads to a spectral broadening 
and significant improvement  of the photoelectrochemical 
characteristics of thin films of hydroxyaluminum phthalo- 
cyanine (PcA1OH) (2-4). However, the spectral response in 
these cells is still limited to the range 550-900 nm. 

For a better match with the solar visible spectrum, one 
may consider association of two organic semiconductors, 

*Electrochemical Society Student Member. 
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as in photovoltaic (5-7) or photoelectrochemical (8) p-n 
junctions. In some of these devices, n-type perylene deriv- 
ative (7) or porphyrin (6, 8) were used in conjunction with 
p-type phthalocyanine compounds. But, as most of or- 
ganic films exhibit  p-type conductance (9), studies on or- 
ganic p-n junctions are limited by the number  of n-type or- 
ganic semiconductors available. 

Spectral cosensitization has been recently studied for a 
zinc tetraphenylporphyrin-zinc phthalocyanine photo- 
electrode (10); both organic semiconductors are of p-type, 
and the photocurrent broadening has been assigned to the 
formation of a p-p isotype junction between the two pig- 
ments. Such device showed photoresponse in the range 
400-800 nm with a peak quantum yield of 1%. This present 
work describes an enlargement of these studies to other 
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porphyrins and phthalocyanine, leading to an efficient so- 
lar-to-electrical conversion for an organic two-layer photo- 
electrochemical cell. Porosity of the films will be shown to 
contribute for a great part to the spectral cosensitization 
effects in very thin film configurations. 

Experimental  
Materials.--The 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  

(PcA1OH) was  syn the s i zed  a c c o r d i n g  to t he  m e t h o d  al- 
r e a d y  d e s c r i b e d  (3). T he  films we re  p r e p a r e d  b y  sub l ima-  
t i on  of  the  (~-form t h u s  o b t a i n e d  in a h o m e m a d e  bel l  j a r  
e v a p o r a t o r  u n d e r  typ ica l  c o n d i t i o n s  of  P = 5 • 10 -6 to r r  
a n d  T = 480~ The  s u b s t r a t e s  u s e d  were  N E S A  glass  
(P.P.G. Indus t r i e s ,  shee t  res i s t iv i ty  p~ = 250 ft/sq). T he  con-  
ve r s i on  of  t he  a - fo rm PcA1OH t h i n  f i lms to t he  ~-form has  
b e e n  r e p o r t e d  e l s e w h e r e  (3). I t  cons i s t s  in  d i p p i n g  the  
f i lms in a 0.1M p o t a s s i u m  h y d r o g e n  p h t h a l a t e  a q u e o u s  so- 
l u t i on  for  15h. The  ac id  t r e a t m e n t  has  no  effect  on  po rphy -  
r in  t h i n  films. 

T h e  zinc t e t r a p h e n y l p o r p h y r i n  ( Z n T P P )  was  p r e p a r e d  
a c c o r d i n g  to t he  m e t h o d  of F u h r h o p  a n d  S m i t h  (11) f rom 
m e s o - t e t r a p h e n y l p o r p h y r i n  (TPP)  p u r c h a s e d  f rom Al- 
dr ich .  T h e  h y d r o x y a l u m i n u m  t e t r a p h e n y l p o r p h y r i n  
(TPPA1OH) was  s y n t h e s i z e d  fo l lowing  t he  m e t h o d  de- 
s c r i bed  for t he  p r e p a r a t i o n  of  h y d r o x y a l u m i n u m  octa- 
e t h y l p o r p h y r i n  (12): t h r e e  success ive  a d d i t i o n s  (lg) of  
A1C13 are  m a d e  eve ry  10 ra in  to a s u s p e n s i o n  of  T P P  (300 
mg)  in  c a r b o n  sulf ide (200 ml). T he  m i x t u r e  is t h e n  s t i r red  
in  d r ied  a t m o s p h e r e  at  a m b i e n t  t e m p e r a t u r e .  T P P A ] O H  is 
o b t a i n e d  a f te r  d ry  c o l u m n  (A1203) c h r o m a t o g r a p h y  a n d  
c rys ta l l i za t ion  in m e t h a n o l .  T he  s u b l i m a t i o n  of  p o r p h y r i n s  
o c c u r r e d  at  T = 300~ u n d e r  a p r e s s u r e  of  5 • 10 6 torr.  

Two k i n d s  of  e l ec t rodes  were  fabr ica ted :  s u b l i m a t i o n  of  
PcA1OH on to  N E S A  s u b s t r a t e s  fo l lowed by  s u b l i m a t i o n  of  
a p o r p h y r i n  fi lm on t he  top  of t he  p h t h a l o c y a n i n e  film, or 
t he  r eve r se  sequence .  T he  N E S A  e lec t rodes  (2.5 • 5.0 c m  ~) 
we re  c l e aned  be fo re  s u b l i m a t i o n  by  p lac ing  t h e m  in a 
d e t e r g e n t  so lu t ion  fo l lowed by  s u b s e q u e n t  r i n s i ng  w i t h  
t ap  water ,  d i s t i l led  water ,  a n d  m e t h a n o l  (13). A n  i n s u l a t i n g  
p o l y m e r  was  u s e d  to def ine  a 1-2 cm 2 ac t ive  area. The  con-  
t ac t  w i th  t he  N E S A  was  m a d e  w i th  a c o p p e r  wi re  a n d  sil- 
ve r  c o n d u c t i n g  p a i n t  (G.C. Elect ronics) .  

All  c h e m i c a l s  in  th i s  w o r k  we re  classif ied as h i g h  pu r i t y  
a n d  u s e d  w i t h o u t  f u r t h e r  pur i f ica t ion.  They  were  dis- 
so lved  in d is t i l led  w a t e r  f rom a C o r n i n g  M e g a p u r e  w a t e r  
d i s t i l l a t ion  sys tem.  T he  e lec t ro ly t ic  so lu t ion  con t a in s  0.1M 
Na2SO4 and  the  op t imized  c o n c e n t r a t i o n  of  t he  r e d o x  
coup le  ([I~-] = 10 -3 [I ] = 10-4M at pH 1.5 ( ad jus ted  w i th  hy-  
d roch lo r i c  acid)) as r e p o r t e d  before  (14) was  used.  

Measurements.--Absorption spec t r a  we re  r e c o r d e d  on  a 
L K B  4050 s p e c t r o p h o t o m e t e r  w i t h  a n  A p p l e  IIe c o m p u t e r  
a n d  E p s o n  Dot  Mat r ix  pr in ter .  

A c o n v e n t i o n a l  t h r ee -e l ec t rode  s i n g l e - c o m p a r t m e n t  cell  
was  u s e d  for t he  e l e c t r ochem i ca l  m e a s u r e m e n t s .  A satu-  
r a t ed  ca lomel  e l ec t rode  (SCE) se rved  as the  r e f e r ence  a n d  
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Fig. 1. Absorption spectra of PcAIOH (a) and PcAIOH-TPPAIOH (b) 
thin films on NESA. Action spectrum (c) of a NESA/PcAIOH-TPPAIOH/ 
13 /I-/Pt cell. 
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a P t  foil (8 c m  2) as t he  coun te re l ec t rode .  E lec t ro ly t ic  solu- 
t ions  we re  no t  d e a e r a t e d  and  m e a s u r e m e n t s  we re  per-  
f o r m e d  u n d e r  a m b i e n t  a t m o s p h e r e .  The  w o r k i n g  e l ec t rode  
was  p laced  at  a b o u t  2 m m  f rom the  cell  w i n d o w  to mini -  
mize  t h e  l igh t  a b s o r p t i o n  b y  t he  solut ion.  The  organ ic  fi lm 
was  a lways  d i rec t ly  i l l umina ted .  The  w h i t e  l igh t  i l lumina-  
t ion  (W = i0 mW �9 cm -2) is given by the 300W ELH tung- 
sten-halogen lamp of a Kodak Ektagraphie slide projector, 
Model AF2. Monochromatic illumination was performed 
using a monochromator H-20 (Instruments S.A.). All ac- 
tion spectra were converted for the same photon flux inci- 
dent on the film at each wavelength (Nmax = 2.7 • 1014 pho- 
tons . cm -2 . s i) taking into account the measured light 
exponent, % at these energies (3). The light intensity was 
measured by a United Detector Technology 21A power 
meter equipped with a radiometric filter. 

All electrical measurements were performed in a Faraday 
cage. When used in the photogalvanic mode, the measure- 
ments were taken with a Keithley 616 electrometer; when 
used in the electrochemical and photoelectrochemical 
modes, the measurements were performed with a Model 
362 potentiostat from Princeton Applied Research. The 
scanning rate was V = 2 mV. s -I for J-V measurements and 
V = 50 mV �9 s i for cyclic voltammetry. 

Results and Discussion 
~-PcAIOH-TPPAIOH electrode.--Figure l a  s h o w s  t he  ab- 

s o r p t i o n  s p e c t r u m  of  a PcA1OH t h i n  film (400A), w h i c h  
presents the two characteristic peaks of the q-form at 640 
and 830 nm (2-4). Sublimation of a thin film (250A) of 
TPPAIOH on the PcAIOH layer results in the appearance 
of new absorption peaks at 430 and 530 nm (Fig. ib). The 
final spectrum then covered the entire visible region be- 
tween 400 and 900 nm. 

T h e  ac t ion  s p e c t r u m  of the  c o r r e s p o n d i n g  NESA/~-  
P c A 1 O H / T P P A 1 O H / I S I  /P t  p h o t o e l e c t r o c h e m i c a l  cell 
(Fig. lc)  p r e s e n t s  c u r r e n t  dens i t y  m a x i m a  at  450, 650, a n d  
815 nm.  T h e  s h a p e  of the  ac t ion  s p e c t r u m  ind ica t e s  t h a t  
cosens i t i za t ion  effects  occur  b e t w e e n  t he  p h t h a l o c y a n i n e  
a n d  t he  po rphyr in ,  as n o t e d  for  an  ITO/ZnPc/ZnTPP 
p h o t o e l e c t r o d e  by  H a r i m a  a n d  Y a m a s h i t a  (10). This  b e h a v -  
ior  h a d  b e e n  a t t r i b u t e d  to t he  f o r m a t i o n  of a p-p  j u n c t i o n ,  
ef f ic ient  for ca thod ic  cu r r en t s  genera t ion ,  b e t w e e n  t h e  two 
o rgan ic  s e m i c o n d u c t o r s .  Moreover ,  in  our  case, a pho to re -  
s p o n s e  ex is t s  ove r  t he  400-900 n m  reg ion  of t he  v i s ib le  a n d  
n e a r  i n f r a red  region,  a l t h o u g h  p h o t o c u r r e n t s  g iven  b y  t he  
TPPA1OH i tse l f  are lower  t h a n  t he  PcA1OH con t r ibu t ion .  

The quantum efficiency, ~b, defined as the number of 
electrons actually collected divided by the number of pho- 
tons incident on the solid-liquid interface, is given by the 
equation (14) 

~b(%) - i00 Jsc/qN [1] 

where Jsc is the short-circuit current density, q the elec- 
tronic charge, and N the photon flux (N = 2.7 • 10 TM pho- 
tons �9 cm 2. s-i). 

From the action spectrum, we can obtain ~b = 5.73% at 
k = 650 nm, (b = 4.83% at k = 815 nm, and 6 = 3.36% at k = 
450 nm. These values are very high compared with those 
reported for an ITO/ZnPc/ZnTPP photoelectrode in 02 so- 
lution, which had a peak quantum yield of 1% (i0). This im- 
provement can be attributed in our cell to the high photo- 
activity of ~-PcAIOH with the I3-/I redox couple (2-4). 

Figure 2 represents the current-voltage characteristics of 
the same cell in the dark (curve a) and under white light ir- 
radiation (curve b). The dark J-V curve shows a reasonable 
rectification with I3 /I-, as seen by the value of the rectifi- 
cation ratio, which is 45 when measured at 0.2V. Both 
anodic and cathodic photocurrents can be delivered by the 
cell, depending on the applied potential. The anodic pho- 
t o c u r r e n t  a p p e a r i n g  at  V ~ 0.17 V/E~ea is ce r t a in ly  a cont r i -  
b u t i o n  of  t he  p o r p h y r i n  film, as no  anod ic  c u r r e n t s  are 
s een  in NESA/~-PcA1OH/I3 / I - /P t  p h o t o e l e c t r o c h e m i c a l  
cells  (3-4). 

F r o m  t h e  J-V cu rve  u n d e r  i l lumina t ion ,  one  can  calcu-  
la te  (14) t he  shor t - c i r cu i t  c u r r e n t  dens i t y  Jsc = 58 ~A �9 c m  -2, 
t h e  open -c i r cu i t  vo l tage  Voo = 106 mV, t he  fill fac tor  f f  - 
0.49, for  a c o n v e r s i o n  eff ic iency 11 = 0.03%. 
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Fig. 2. J-V characteristic of a NESA/PcAIOH-TPPAIOH/I~-/I-/Pt cell 
in the dark (a) and under illumination (b), 

TPPAIOH-~I-PcAIOH electrodes.--Two kinds of elec- 
trodes were investigated in this configuration: electrodes 
with relatively thicker organic films (ca. 500-600~,) and 
electrodes with very thin films (50-100A)'. The photodec-  
trochemical behavior of these two types of electrode was 
quite different: no sensitization was seen with thick films, 
while the action spectrum of the thin film cell shows a sen- 
sitization effect. 

Thus, absorption (A) and action (B) spectra (i) of films of 
various porphyrins (thickness 600A): TPP, ZnTPP and 
TPPAIOH (curves a) and (ii) films of porphyrin-phthal- 
ocyanine (curve b) are depicted in Fig. 3. Cathodic cur- 
rents present several peaks between 400 and 700 nm, and a 
maximum around 450 nm for the three porphyrins (Fig. 
3B). After deposition of 500A layer of ~-PcAIOH and its 
transformation into the ~l-form, current given by the cells 
fails (curves b, Fig. 3B). Contrary to the NESA/~-PcA1OH/ 
TPPAIOH electrode, no spectral cosensitization effect is 
found at electrodes with the phthalocyanine as top layer. 
This has been already noted for ZnTPP-ZnPc films with 
the ZnPc layer as thin as 70A, ascribable to unfavorable 
position of the energetics of the phthalocyanine and the 
porphyrin (10). In our case, however, the behavior of elec- 
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Fig. 3. A. Absorption spectra of porphyrin films (a) and porphyrin- 
phthalocyanine films (b) on NESA. B. Action spectra of porphyrin films 
(a) and porphyrin-phthalocyanine films (b) with i3-/I- redox couple. 
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Fig. 4. Absorption spectra of TPPAIOH film (o) and TPPAIOH- 
PcAIOH film (c) on NESA. 

trades coated with very thin organic films is quite dif- 
ferent. 

Figure 4 depicts the absorption spectrum of a thin film 
(ca. 100A) of TPPA1OH (curve a) and the same film coated 
with a thin layer (ca. 50A) of ~-PcA1OH (curve c). A small 
decrease of the absorption peak at 450 nm of the porphyrin 
layer was observed after PcA1OH coating, probably due to 
change in light scattering effect. This phenomenon is com- 
mon for the preparation of all porphyrin-PcA1OH elec- 
trodes. Typical absorption peaks of the TPPA1OH and the 
�9 I-PcA1OH are present in the final spectrum (curve c). 

Action spectra of the NESA/TPPA1OH/I3-/I-/Pt (curve a) 
and NESA/TPPA1OH/~-PcA1OH/I3 /I-/Pt (curve c) cells 
are presented in Fig. 5. The action spectrum of the final 
electrode looks similar to that of the electrode where the 
organic layers were inversed (Fig. lc); characteristic peaks 
of the TPPA1OH (k = 432 nm) and the ~I-PcA1OH (k = 660 
and 820 nm) are also seen in the final spectrum. 

J-V curves of NESA in the dark (a), NESA/TPPAIOH in 
the dark (b) and under illumination (c), and NESA/ 
TPPA1OHhl-PcA1OH in the dark (d) and under irradiation 
(e) are presented in Fig. 6. Anodic photocurrents can be 
present with the porphyrin electrode for an applied volt- 
age higher than 0.05 V/Ered. The illuminated J-V curve for 
the TPPA1OH-~-PcA1OH sequence (Fig. 6e) looks like that 
of the ~I-PcA1OH-TPPA1OH sequence (Fig. 2b), but no 
anodic current was observed in the forward region of the 
applied potential, despite the fact that the porphyrin con- 
tribution is important, as seen in the action spectrum 
(Fig. 5c). The NESA/TPPA1OH (100A)/~-PcA1OH 
(50A)/I3-/I-/Pt cell under illumination produces J~c = 37.5 

| c ~ TPPAIOH - PcAIOH treated 

o6-1 : - : :  ;:::OH "-po''o" 

7i  
N 0 . 2 -  

_ ~../  

0.0 i i ~ l 
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Fig. 5. Action spectra of TPPAIOH film (a) and TPPAIOH-PcAIOH 
film (c) with 13 /I- redox couple. 
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Fig. 6. Redox system: 13-/I-. J-V characteristics of NESA in the dark 
(a), NESA/TPPAIOH in the dark (b) and under illumination (c), and 
NESA/TPPAIOH/~I-PcAIOH in the dark (d) and under illumination (e). 

~A cm -2 and Voc = 131 mV, with a fill factor of 0.47 for a 
conversion efficiency ~ = 0.023%. 

Morphology and porosity of the films.--Harima and 
Yamashita found no cosensitization effects in their ITO/ 
porphyrin/phthalocyanine cell, even for phthalocyanine 
layers as thin as 70A (10). This is also the case with our rela- 
tively thick multilayer films,, but cosensitization occurs 
for the same configuration when the organic layers are 
very thin. The cited authors gave no discussion on the 
morphology or the porosity of their films. Porosity, 
however, seems to play a significant role in our work, as 
pointed out by the means of scanning electron microscopy 
and cyclic voltammetry. 

Surface morphology of thick and thin films are radically 
different, as seen on scanning electron micrographs. The 
TPPA1OH and PcA1OH thick films appeared very com- 
pact, in opposition to thin films seen in Fig. 7A for a 100A 
TPPA1OH film and Fig. 7B for the same film coated with a 
50A ~-PcA1OH layer. In this case, the large TPPA1OH 
platelets and the PcA1OH "noodles" are likely very porous 
and this is confirmed by the cyclic vol tammetry results. 

The technique of cyclic voltammetry has been used for 
characterizing phthalocyanine films as to their degree of 
porosity (15-16). In these cases, the organic layers were de- 
posited on Au or Pt  substrates and the Fe(CN)s 3-/4- redox 

couple was used as a probe, reacting reversibly when 
reaching the substrates. Previous studies on PcA1OH 
show that this organic semiconductor is rather porous 
when deposited by sublimation in our system, due to the 
formation of "noodles" crystallites (16). 

Cyclic vol tammogram of bare Pt electrode is shown in 
Fig. 3a. When a 200A TPPA1OH is sublimed onto the Pt 
electrode, no change eithe r in the shape or in the value of 
the peak current is visible (Fig. 8b), indicating that the film 
is very porous. If a thin layer (200A) of PcA1OH is subli- 
mated on the TPPA1OH film, the cyclic vol tammogram be- 
comes that of Fig. 8c; the TPPA1OH-PcA1OH thin film 
electrode is then rather porous to the electrolyte. It has to 
be noted that PcA1OH films are even more permeable to 
the I3-/I- redox couple (16). Figures 6d and 8e show cyclic 
vol tammograms of a Pt electrode coated by a 500A 
TPPA1OH layer (Fig. 8d), and this electrode with a 500A 
PcA1OH film on the top (Fig. Be); in this case, the organic 
film seems to be only slightly porous. 

Conclusion 
Results presented here for NESA/~-PcA1OH/TPPA1OH/ 

I3-/I-/Pt and NESA/various TPP/~-PcAIOH/I3-/I-/Pt thick 
film photoelectrochemical cells show that a spectral cosen- 
sitization may be expected between a porphyrin and a 
phthalocyanine in the sequence ohmic contact/phthalocy- 
anine/porphyrin/electrolyte. This conclusion is in full 
agreement with the results of Harima and Yamashita, who 
proposed a mechanism for photocurrent generation at the 
p-p electrodes (10). Their model is based upon the fact that 
the Fermi level of the ZnTPP solid before contact lies 
above that for the ZnPc. It would be of interest to discuss 
this point, but there are only few reports dealing with 
Fermi levels or work functions in porphyrins and phthalo- 
cyanines. Moreover, a large discrepancy exists between 
the Fermi levels when determined by physical measure- 
ments or photoelectrochemical measurements,  especially 
for porphyrins (ZnTPP) (10, 17). In our case, the Fermi lev- 
els, as determined by measurements of the flatband poten- 
tial, lie at 5.07 eV for TPPA1OH and 5.21 eV for ~-PcA1OH; 
these values are too close to permit important discussion 
on energy bands at the interface porphyrin-phthaL 
ocyanine. 

Porosity of the films seems to be of crucial importance 
for the cosensitization. Varying the thickness of the or- 
ganic layers in the NESA/TPP/Pc photoelectrode configu- 
ration allows the induction of a spectral cosensitization for 
very thin organic films. The SEM picture (Fig. 7A) of the 
very thin film of TPP shows lots of voids. During the depo- 
sition of the Pc layer some of it may fill the voids. Lots of 
NESA/TPP/Pc junctions are formed on microscopic scale 
and the very thin Pc present on top of TPP would permit 
the electrolyte to reach TPP, and hence the cosensitization 

Fig. 7. A. SEM of a TPPAIOH film (100,~). B. SEM of a TPPAIOH-PcAIOH film (100 and 50,~) 
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Fig. 8. Cyclic voltommogram 
with Fe(CN)6 ~-/4 redox couple of 
Pt electrode (a): TPP-AIOH film 
(200J,) on Pt electrode (b); 
PcAIOH film (200~) on a TPP- 
AIOH/Pt electrode (c); TPP-AIOH 
film (500/~} on Pt electrode (d); 
and PcAIOH film (S00/~} on Pt 
electrode (e). 

c d ic 
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effect is again possible. The SEM picture (Fig. 7B) of the 
thin film of Pc on top of the TPP layer also shows a very 
porous surface due to the needle-like structure of Pc. One 
may also suppose that the electrolyte can easily reach the 
two semiconductors and that each of them contributes in- 
dependently to the cathodic current generation. 

Although photocurrents given by TPPA1OH electrodes 
are lower than those given by ZnTPP or TPP electrodes, 
the combination TPPA1OH-~-PcA1OH as a photoelectrode 
with I3--I- redox couple is one of the most efficient organic 
photoelectrochemica] cell with peak quantum efficiency 
as high as 5.7% and solar conversion efficiency n = 3 �9 
10 2%. The photoresponse then covers a large band be- 
tween 400 and 900 nm in the visible and near infrared re- 
gion, giving a good match with the solar emission 
spectrum. 
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