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Abstract

The electrolyte—pigment—metal system can be described as analogous to
a photosensitive junction region. When the thickness of the pigment film
is increased, the action spectra of the maximum short-circuit photo-
current under continuous illumination differ from the absorption spectra
both in direct illumination (pigment-electrolyte) and in back illumina-
tion (metal-pigment). One is led to believe that there exist two
photoactive regions in the system for the production of the short-circuit
photocurrent; these two active regions are associated respectively with
each interface. When the metallic semitransparent electrode is made of
aluminum the two interfaces have opposite sign contributions to the
photocurrent; this allows the determination of conditions in which one
can observe specifically the contribution of the pigment-clectrolyte
interface, that is the interactions between excited pigment molecules and
the redox system in the electrolyte.

Introduction

The electrolyte—pigment-metal system has a real interest as a model
system for the primary light energy conversion in the photosynthetic
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apparatus as far as the description of processes between excited pigment
molecules and the redox system in the electrolyte is possible in this
system. Some authors [1-4] consider that under these experimental
conditions it is impossible to correlate directly measured -electrical
transients and kinetic processes for excited pigment molecules. Others
[5] conclude that the production of electrical phototransients has its
origin only in a photovoltaic process specific of the pigment-metal
interface.

The description we have given [6], for thin films of pigment, of the
short-circuit photocurrents suggests the analogy of functioning with a
photosensitive rectifying system. One looks here for the region of the
system where the charge separation takes place being the origin of the
production of photocurrents.

Results

As previously described [6], we measure the maximum short-circuit
photocurrent under continuous illumination.

1. On direct illumination (pigment-electrolyte interface) a weakly
absorbed wavelength (470 nm) gives a maximum photocurrent iy
continuously increasing when film thickness is increased in the range
studied. With the use of a strongly absorbed wavelength (620 nm),
however, ¢y decreases after passing through a maximum value (Fig. 1).

This corresponds to a “main absorption distance” effect for the
illuminating wavelength: That is, the strongly absorbed wavelength is
mainly absorbed near the illuminating plane, while the weakly absorbed
wavelength is more uniformly absorbed through the whole thickness of
the film in the thickness studied here (1 u).

2. The action spectrum is drawn with the value of (diy /dI) for I = 0.
In a first approximation we have used for the function iy =f (/) the
expression Iy =1I/(a + bl), b being independent of wavelength and a
dependent on wavelength; thus the action spectrum is drawn with a™!
obtained in the linear representation 1/I = a/I + b (I: light intensity).

In the region where ¢y is increasing with film thickness, under
illumination with a wavelength that is strongly absorbed, the action
spectrum remains identical to the absorption spectrum. For the film
thickness range where zj; is decreasing under illumination with a strongly
absorbed wavelength the action spectrum is first modified then
completely reversed compared with the absorption spectrum. The
intermediate forms present a lowering of the action spectra for
wavelengths of maximal absorption; this leads to the appearance of
“fictitious maxima” in the action spectrum on the sides of the
absorption bands, for example at 420 and 530 nm (Fig. 2).
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Figure 1. Variation of the maximum short-circuit photocurrent produced by a
semitransparent platinum electrode covered with a metal-free phthalocyanine film
when increasing film thickness (electrolyte 96%; glycerol 4% saturated KCl aqueous
solution; reference electrode Ag/AgCl; active surface of electrodes 6.25 cm”). (a)
Direct illumination (pigment—electrolyte interface) with a weakly absorbed
wavelength: 470 nm. (b) Direct illumination (pigment—electrolyte interface) with a
strongly absorbed wavelength: 620 nm. Abcissa: optical density of the films at the
maximum of absorption 620 nm. Ordinate: maximum short-circuit photocurrent.

This kind of evolution has already been observed both on some
electrochemical systems and on dry systems used for photoconductivity
measurements [7-10]. One interpretation leads to the assumption of an
active region near the pigment-metal interface. Thus in our case only the
photons absorbed in a thickness & near the plane of the metallic
electrode could contribute to the production of the short-circuit
photocurrent; the remaining part of the film would play a screening role.
As long as the thickness of the film [ is less than 8, the number of “useful
absorbed photons” increases with film thickness and similarly the
photocurrent increases; also the action spectrum stays identical to the
absorption spectrum. For thicknesses { greater than §, the number of
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“useful absorbed photons™ varies for a given wavelength N as the
function z=1076A=9(1_107%), where €\ is the extinction co-
efficient. Calculated along the absorption spectrum of the film this
function z simulates, with increasing /, the evolution of the action
spectrum registered here. But this interpretation cannot be fully
satisfactory in our case as it implies that for values of thickness / greater
than 8, the number of “useful” absorbed photons is simultaneously
decreasing for all wavelengths; thus, if one assumes a direct correlation
between the magnitude of the maximum photocurrent ¢y and the
number of ‘“useful” absorbed photons in the thickness §, ¢y should
decrease in the same way for strongly and weakly absorbed wavelengths.

More sophisticated treatments, taking into account diffusion of
excitons produced by different wavelengths, have been proposed. Our
purpose here is to discuss the fact that only a region near the metallic
electrode is at the origin of the photocurrent production. It should be
noted that other kinds of interpretation have been given, particularly by
DeVore [11], Goodman [12], and Putseiko [7]. They admit a
dependence of the action spectrum on the processes of recombination of
the charge carriers at the surface of the pigment sample and in the bulk
of the sample.

3. We have obtained further information by studying the system
under back illumination (metal-pigment interface). For the small
thickness range the situation is the same as for direct illumination, taking
into account the reduction of light intensity by the semitransparent
metallic electrode. We here present (Fig. 3) the action spectrum using
back illumination for a 1-u thick film: One can notice alowering in the
strong absorption regions and the presence of so called “fictitious”
maxima at 550 and 420 nm; with direct illumination the action spectrum
is completely reversed (Fig. 2).

We conclude that with an increase in thickness of the pigment film the
evolution of the action spectrum for the maximum short circuit
photocurrent is of the same kind for back and front illumination: The
only difference seems to be that the same intermediate forms are
observed on back illumination for thicker films, since a reversed form of
the action spectrum on direct illumination corresponds to an inter-
mediate form on back illumination.

Figure 2. Action spectrum of the maximum short-circuit photocurrent produced by a
semitransparent platinum electrode covered with a film of metal-free phthalocyanine
(electrolyte 96% glycerol 4% saturated KCl aqueous solution; reference electrode
Ag/AgCl; active surface of electrode 6.25 cm?). Abcissa: wavelength nm. Ordinate:
(dipg/dl) =g, I light intensity, iy maximum photocurrent; arbitrary unit. (Above)
Direct illumination (pigment—electrolyte interface); intermediate form of the action
spectrum; (film thickness ~ 0.7 y; optical density at the maximum of absorption
620 nm: =~ 3.6). (Below) Direct illumination (pigment—electrolyte interface).
Reversed form of the absorption spectrum (film thickness ~ 1 u; optical density at
the maximum of absorption 620 nm: = 5).
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Figure 3. Action spectrum of the maximum short-circuit photocurrent produced by a
semitransparent platinum electrode covered with a metal-free phthalocyanine film
(electrolyte 96% glycerol 4% saturated KCl aqueous solution; reference electrode
Ag/AgCl). Back side illumination (metal-pigment interface). Film thickness 1y,
optical density at the maximum of absorption 620 nme: 5. Ordinate: (diy/dI)j=¢p, T
light intensity, iy maximum photocurrent: arbitrary units. Abcissa: wavelength: nm.
length; nm.

To summarize these data, we propose to admit the existence in the
electrolyte—pigment-metal system of two photoactive regions: One has a
thickness §; near the electrolyte~pigment interface, the other has a
thickness 8, near the pigment—metal interface.

For small film thickness, where [<<8; +0,, the functioning of the
system is symmetrical for direct and back illumination. For thicker films
the product of the numbers of “useful” absorbed photons in the two
regions is y; = (1—-10781) (1-107%:) 10~ (=% on  direct illumina-
tion, y, = (1—-107%) (1-107 €r%2) 10~ €AU=%) on back illumination. If
one assumes 0,8, it is well understood that the deformation of the
action spectrum takes place on back illumination for thicker films than
on direct illumination.

In the electrical analogy frame already employed [6] one can use a
scheme composed of two photosensible junctions in series, one
associated with the pigment-electrolyte region, the other with the
pigment-metal region. In darkness this scheme gives the same
current—tension characteristic as a unique junction, the region of
negative applied potentials corresponding to the reverse functioning, the
region of positive applied potentials to the direct functioning, as for each
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junction alone. With a strongly absorbed wavelength, one gets the
photocurrent contribution of the junction associated with the
illuminated interface; the other one staying in darkness, its functioning is
in reversed side. On the contrary, with a weakly absorbed wavelength,
one can get a contribution of the two junctions, absorption being more
uniform through the whole thickness of the film.

4. We confirm the usefulness of this global description by data
obtained using aluminum as the metal for the semitransparent metallic
electrode; these data concern a film thick enough for the effect of “main
absorption distance” of wavelengths to exist.

On direct illumination with a strongly absorbed wavelength the
photocurrent transient is positive (electrons moving in the direction
metal = pigment — electrolyte). This transient is negative when illumi-
nating with a weakly absorbed wavelength. On back illumination, the
transient is negative for all wavelengths. Thus it is evident that photons
absorbed near the pigment—electrolyte interface give a positive con-
tribution to the photocurrent and that is the reverse of photons absorbed
near the pigment-metal surface. When the two interfaces can capture
photons, that is with illumination by a weakly absorbed wavelength, one
concludes a greater efficiency in conversion for the pigment-metal
interface, as-the transient is negative.

In darkness (Fig. 4) the current-voltage characteristic is, in a first
approximation, symmetrical in the —1V,+1V range of applied
potential on each side of the short-circuit point without external applied
potential. In an electrical analogy frame the system has a reversed
functioning in the two regions of applied potentials. This allows the
picture of two junctions in series and opposed: One, associated with the
clectrolyte—pigment interface, is reversed in the negative potential
region, and direct in the positive potential region; the other, associated
with the metal-pigment interface, is reversed in the positive potential
region. With a weakly absorbed wavelength, the current-tension
characteristic for maximum photocurrent is symmetrical in the regions
1> 0, V<0 and : <0, V> 0. It has, roughly speaking, the same shape
for direct and back illumination. With a strongly absorbed wavelength in
direct illumination, the positive photocurrent increases in the region of
negative potentials, decreases in the region of positive potentials. In back
illumination the negative photocurrent increases in the region of positive
potentials, decreases in the one of negative potentials. So in the case of a
semitransparent aluminum electrode the situation is clearer than in the
case of a platinum electrode: Photons absorbed specifically near each of
the two interfaces lead to opposite signs for the contributions to the
photocurrent. One can conclude that in direct illumination, for a
pigment layer 0.5 u thick on a semitransparent aluminum electrode, the
photocurrent transient, its first rapid phase particularly, is significant of
the photoprocesses at the electrolyte~pigment interface.
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On the basis of numerical data generally admitted for electronic
extraction (Pt 6.3 eV; Al 4.36; phthalocyanine layer between 5.20 and
6) [13], it appears that platinum and aluminum have, respectively,
higher and lower values than metal-free phthalocyanine in the state of an
evaporated film; rcughly speaking, one can admit that platinum injects
positive charge carriers in the pigment layer, aluminum injecting negative
charge carriers.

At this very qualitative level, it is possible to understand the fact that
these two metal-pigment interfaces provide opposite sign contributions
to the measured photocurrent.

One has to notice that the functioning of the aluminum-phthalo-
cyanine contact has been studied on dry systems, that is, metal-pig-
ment-metal systems, in which rectification and photovoltaic properties
have been described [14, 15].

Conclusion

As a “model” system for primary light energy conversion in the
photosynthetic apparatus, the electrolyte—pigment—metal system loses a
part of its interest as it seems rather impossible to get a phthalocyanine-
metal contact without specific contribution of this interface in the
photocurrent production. However in this work it has been established
that a judicious choice of the system parameters and experimental
conditions allows measurements of the photocurrents directly correlated
with light energy conversion in the electrolyte—-pigment region; this
conversion process implies evidently excited phthalocyanine molecules
and the redox system (O,, H,O) present in the electrolyte. As was
already noted, the description of the functioning of this system being
more clear, now, it becomes possible to get valuable information on
some aspects of photochemistry of pigment in such heterogeneous
conditions.
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