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a  b  s  t  r  a  c  t

Photoactive  organic-organic  interfaces  are formed  by electrochemical  synthesis.  The  generation  of por-
phyrin/porphyrin  and  porphyrin/C60 heterojunctions  over  indium  tin  oxide  electrodes  by  successive
electropolymerization  steps  is described.  Functionalized  C60 buckminsterfullerene  holding  a  carbazol
residue  and  porphyrins  containing  carbazol  and  phenylamino  moieties  are  able  to  form  electrodeposited
eywords:
olymer Heterojunctions. Porphyrins.
onducting Polymers. Surface
hotovoltage. Organic Photovoltaics.

layers  by  cyclic  voltammetry.  Photoinduced  electron  transfer  between  Zn(II),  free  base  porphyrins  and  C60

films  were  analyzed  by  both,  light  modulated  surface  photovoltage  spectroscopy  and  laser  induced  tran-
sient  photovoltage.  The  results  showed  that  the  electrochemical  generated  polymeric  heterojunctions
are  able  to  produce  photoinduced  charge  separated  states,  which  could  present  a  potential  application
in  the  design  and  construction  of  organic  optoelectronic  devices.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

The development of organic materials with application in opto-
lectronic devices, like organic solar cells and organic light emitting
iodes, have shown a remarkable scientific activity due to the rel-
vance of these technologies in the generation and rational use of
nergy [1]. The application of organic materials in optoelectronics
s a challenging target, because these materials must be designed
n order to include efficient light absorption and/or emission capa-
ility, adequate electron work function, appropriate electron and
ole transport, malleability, suitable solid properties and chemical
tability.

Essentially, organic-based optoelectronic devices utilize het-
rogeneous junction regions that dissociate excitons to produce
eparated electrical charges. These heterojunction regions may  be
ulk-heterojunctions or boundaries formed by an electron donor

ayer and an electron acceptor layer. Devices formed by combining

onducting polymers (as electron donor and hole-transport lay-
rs) and fullerenes (as electron acceptor and electron-transport)
ave demonstrated to produce high efficiency in the conversion

∗ Corresponding authors. Tel.: +54-(0)358-4676195; fax: +54-(0)358-4676233.
E-mail addresses: mgervaldo@exa.unrc.edu.ar, miguel.gervaldo@hotmail.com

M.  Gervaldo).

ttp://dx.doi.org/10.1016/j.electacta.2014.04.011
013-4686/© 2014 Elsevier Ltd. All rights reserved.
of solar radiation into electrical energy [2] and are promising to
be used in new solar energy technologies. However, the employ-
ment of organic materials in the development of optoelectronic
devices involves the formation, characterization and application
of supramolecular arrangements, polymeric and oligomeric struc-
tures for application in thin films. Thus, the control of molecular
assembly to generate organized architectures is an important factor
in this field. The most used methods to deposit organic materi-
als for optoelectronic devices assemblage are thermal evaporation
and solution-processing (drop casting, spin coating, etc). Although
thermal evaporation produces well-patterned films, the process
is slow and demands an expensive vacuum equipment. In addi-
tion, thermal evaporation requires materials with high sublimation
capability and excellent thermal stability, which are properties that
are not easily obtained in polymers. Also, low-cost solution pro-
cesses, such as spin-coating, and deep-coating require materials
with intrinsic high solubility, and usually produce a large amount
of waste. An important alternative technique to produce organic
heterojunctions is electropolymerization. The deposition of organic
materials over a conducting substrate through electrochemical
polymerization is a versatile method that allows synthesizing

a conducting film in one step [3–7].This deposition method
has been used in the formation of donor-acceptor heterojunc-
tions which were successfully employed in solar cells. Nasybulin
et al. have designed a herojunction solar cell by successive

dx.doi.org/10.1016/j.electacta.2014.04.011
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.04.011&domain=pdf
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lectropolymerization of the donor and acceptor layers [8],and an
nteresting bulk herojunction solar cell by electrochemical codepo-
ition of the donor-acceptor materials [9].

Due to their unique electronic, magnetic and optical properties,
any studies on the development of optoelectronic devices incor-

orate porphyrins, chlorophyll derivatives, and several related
etallized and unmetallized tetrapyrrolic compounds [10–16]. The

lectrochemical oxidation-induced polymerization of porphyrins
ontaining aniline, phenol, pyrrole, vinyl and thiophene sub-
tituents has been extensively researched for many years [17–20]
nd, in general, this method allows the production of homoge-
eous electroactive thin films. Recently we reported the synthesis,
haracterization and electrochemical polymerization of porphyrin
erivatives with two different functionalities; carbazol (CBZ) and
riphenylamine (TPA) configured in a cross fashion as meso sub-
tituents. Films formed by dicarbazole (DCBZ) and tetraphenylben-
idine (TPB) (two well-known hole-transporting materials) electro-
hemically generated over a semi-transparent surface showed the
roduction of photoinduced charge separation states and charge
igration upon porphyrin excitation, making them promising can-

idates for application in optoelectronics devices [21].
In this work we describe the generation of porphyrin/

orphyrin and porphyrin/C60 photoactive heterojunctions by
uccessive electropolymerization steps. 5,15-bis[4(-N,N-diphenyl-
mino)phenyl)]-10,20-bis[3-(N-ethylcarbazoyl)]porphyrin (PCBZ-
PA, denoted by A in Fig. 1a) and Zn(II) 5,15-bis
4(-N,N-diphenylamino)phenyl)]-10,20-bis[3-(N-ethylcarbazoyl)]
orphyrin (PCBZTPA-Zn, denoted by B in Fig. 1a) form pho-
oactive electropolymerized bilayers over indium tin oxide (ITO)
emitransparent electrodes. We  also report the synthesis of a func-
ionalized C60 buckminsterfullerene holding a carbazol residue
N-methyl-2-(9-ethyl-3-carbazoyl) fulleropyrrolidine), C60CBZ,
enoted by C in Fig. 1b) that forms electrodeposited layers by cyclic
oltammetry (CV). The deposition of C over B and A polymeric films
llows the formation of photoactive heterojunctions by a simple
ethodology. In an idealized system (Fig. 1c), it can be assumed

hat in the organic-heterojuntions polymer B acts as a donor in
TO/A/B, ITO/B/A and ITO/B/C bi-layer systems, and that polymer

 acts as an acceptor in ITO/A/B and ITO/B/A layer systems, but
s a donor in ITO/A/C bi-layers. Our assumption is based on the
act that Zn porphyrins act as electron donors while free base
orphyrins act as electron acceptors in porphyrin-porphyrin dyad
olecular systems [22–24]. On the other hand, it is well known

hat C60 is one of the best and most used acceptor molecules.
hotoinduced charge separation states have been observed before
n porphyrin/C60 systems, where the porphyrin acts as the donor
nit, and the C60 as the acceptor [25].

The formation of photoinduced charge separation states in the
lms is demonstrated by surface photovoltage generation in both,
odulated spectroscopy (Surface Photovoltage Spectroscopy, SPV)

nd laser induced transient photovoltage. The results show that
he electrochemical generated polymeric heterojunctions are able
o produce photoinduced charge separated states, which present
otential application in the design and construction of optoelec-
ronic devices.

. Experimental

.1. C60CBZ monomer synthesis

A solution of C60 (60 mg,  0.083 mmol), 9-ethyl-3-

arbazolecarbaldehyde (20 mg,  0.090 mmol) and N-methylglycine
8 mg,  0.090 mmol) in 60 mL  of dry toluene was  stirred at
eflux in atmosphere of argon for 6 h. Then, the solvent was
emoved under vacuum and the solids purified by flash column
 Acta 133 (2014) 399–406

chromatography (silica gel) using toluene/cyclohexane (80:20) and
pure toluene as eluent. After that, the solvents were evaporated
under vacuum yielding 21 mg  (26%) of N-methyl-2-(9-ethyl-3-
carbazoyl)fulleropyrrolidine. TLC (silica gel, toluene) analysis Rf =
0.80. 1HNMR (CDCl3, TMS) � [ppm] 1.45 (t, 3H), 2.87 (s, 3H, N-CH3),
4.30-4.40 (m,  4H), 5.06 (d, 1H), 5.13 (s, 1H), 7.33-7.52 (m,  6H), 8.16
(d, 1H). ESI-MS [m/z] 971.1548 (M+H)+ (970.1470 calculated for
C77H18N2).

2.2. Instrumentation and Measurements

Absorption spectra were recorded at 25.0±0.5 ◦C using 1 cm
path length quartz cells on a Shimadzu UV-2401PC spectrom-
eter. Proton nuclear magnetic resonance spectra were recorded
on an FT-NMR Bruker Avance DPX400 spectrometer at 400 MHz.
Mass Spectra were taken with a Bruker micrO-TOF-QII (Bruker
Daltonics, MA,  USA) equipment with an ESI source operated in
positive/negative mode, using nitrogen as nebulizing.

The voltammetric characterization of the redox processes and
electropolymerization deposition of the porphyrins was  performed
with a potentiostat-galvanostat Autolab (Electrochemical Instru-
ments) in a conventional three-electrode cell. Two kinds of working
electrodes were used: Pt and Indium tin oxide (ITO, Delta Tech-
nologies, nominal resistance 8–12 �/square). ITO electrodes were
employed to form the bilayers used in SPV and UV-vis spectroscopy
experiments. When large area ITO electrodes were used the counter
electrode was isolated from the monomer solution by a glass frit
in order to avoid interference with the redox reactions occurring
at the working electrode. Electrochemical studies of porphyrins
were carried out in 1,2-dichloroethane (DCE) deoxygenated solu-
tion (nitrogen bubbling), with 0.10 M tetra-n-butylammonium
hexafluorophosphate (TBAPF6) as the supporting electrolyte, and
in o-dichlorobenzene (o-DCB) deoxygenated solution (nitrogen
bubbling) for C, with 0.10 M tetra-n-butylammonium tetrafluo-
roborate as the supporting electrolyte. All the electrochemical
responses of the electropolimerized films were carried out in (DCE)
deoxygenated solution (nitrogen bubbling), with 0.10 M tetra-n-
butylammonium hexafluorophosphate (TBAPF6) as the supporting
electrolyte. In all the electrochemical measurements a large area Pt
counter electrode, and a silver wire quasi-reference electrode were
used. After each voltammetric experiment, ferrocene was added as
an internal standard, and the potential axis was  calibrated against
the formal potential for the Saturated Calomel Electrode (SCE). The
Pt working electrode was  cleaned between experiments by polish-
ing with 0.3 �m alumina paste followed by solvent rinses.

The measurements of modulated Surface Photovoltage (SPV)
were performed in the fixed capacitor arrangement with chopped
light (modulation frequency 6 Hz) from a quartz prism monochro-
mator (SPM2) and a halogen lamp (100 W)  [26]. The SPV signals
were detected with a high impedance buffer (measurement resis-
tance 10 G�). The measurements were carried out in vacuum. The
SPV spectra were not normalized to the photon flux, and the ITO
electrodes were illuminated from the front side (porphyrin layer
facing the light). The in-phase (equivalent to the sine) and phase-
shifted by 90◦ (equivalent to the cosine) signals are measured with
the two-phase lock-in amplifier (EG&G, model 5210). The phase
shift has been calibrated with a Si photodiode. The sign of the
in-phase SPV signal is positive (negative) if the photo-generated
electrons are preferentially separated towards the internal (exter-
nal) surface. The amplitude of the modulated SPV signal is defined
as the square root of the sum of the squared in-phase and 90◦
phase-shifted SPV signals.
SPV transients were excited with laser pulses (wavelength

600 nm,  time of laser pulses: 5 ns, intensity: about 3 mJ/cm2) and
recorded with a sampling oscilloscope (GAGE compuscope CS
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ig. 1. Chemical structure of (a) PCBZTPA (denoted by A), PCBZTPA-Zn (denoted
i-layer systems (ITO/A/B, ITO/B/A, ITO/A/C, ITO/B/C – (c-f), respectively).

4200) at resolution of 10 ns. The ITO electrodes were illuminated
rom the front side (porphyrin layer facing the light).

. Results and discussion

.1. Electrochemical formation of B/A and A/B bilayers

To form the respective B/A and A/B bilayers, A and B were
lectropolymerized one on top of the other one in two  different
rrangements, using cyclic voltammetry. The first one consists of

 layer of B on top of the Pt electrode and a second layer of A on
op of the first one (B/A). The second configuration was  formed the

ther way around (A/B). Fig. 2a and b show the first (black line)
nd the fifth (red line) anodic scans at a platinum electrode of B
nd A monomers, respectively. In both cases increases in the oxida-
ion/reduction currents are detected after the five cycles. When the
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ig. 2. (a) First (black) and fifth (red) cyclic voltammogram of B, and fifth (blue)
yclic voltammogram of A monomers, obtained during formation of the B/A bilayer.
b) First (black) and fifth (red) cyclic voltammogram of A, and fifth (blue) cyclic
oltammogram of B monomers, obtained during formation of the A/B bilayer. All
easurements were done in DCE containing TBAPF6 using a Pt working electrode.
 and (b) C60-CBZ (denoted by C) molecules and combinations of electrodeposited

electrodes are transferred to a DCE solution containing only support
electrolyte they present bell shaped cyclic voltammograms (Fig. 3a
and b, black lines), and the oxidation/reduction peak currents for
these couples are proportional to the scan rate. This confirms the
formation of a film on the electrodes (first layer). The second layer
was also formed by electropolymerization, cycling a film of B in
a A solution, and a film of A in a B solution. When the respective
electrodes are cycled between 0 V and the most anodic oxidation
peak for five cycles, they show increases in the oxidation/reduction
currents (Fig. 2a and b blue lines). Also, after the electrodes are
removed from the porphyrin solutions and placed in a solution free
of monomer they present redox couples at similar potentials than
those observed after polymerization of the first layer. It can be seen

from Fig. 3a and b that the peak currents for the new redox systems
are increased after the formation of the second layer (red lines),
confirming the formation of the bilayers on the electrode surface.
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Fig. 3. Electrochemical responses of electropolymerized films of (a) B/A, and (b) A/B,
in  DCE containing only support electrolyte. Black lines after deposition of the first
layer and red lines after deposition of the second layer. Pt working electrode. Scan
rate: 100 mV/s.
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Fig. 5. (a) First and eighth cyclic voltammograms of C in o-DCB containing TBAPF6

using a Pt working electrode. (b) Cyclic voltammogram of a electrodeposited film of
ig. 4. First anodic and cathodic scans of C, in o-DCB containing TBAPF6 using a Pt
orking electrode (black line), and solvent/electrolyte blank (red line). Scan rate:

00 mV/s.

The electrochemical properties of B, A, and their electropoly-
erizations on different substrates have been previously reported

21]. Based on electrochemical and spectroelectrochemical stud-
es, polymer structures in which the porphyrin units are linked by
PB and DCBZ groups were proposed. Therefore, formation of the
ilayers may  occur in a similar way. Possibly, some free TPA and
BZ groups that did not react during the formation of the first layer
ould react with TPA and CBZ groups arriving from the other por-
hyrin solution used in the formation of the second layer. Also,
he subsequent layer could be formed just by dimerization of TPA
nd CBZ groups present in the porphyrin used in the second elec-
ropolymerization procedure.

The bilayer formations were also carried out on ITO electrodes.
fter deposition of the layers the absorption spectra showed bands
hich correlate with the absorption spectra of the free base and

n derivative monomers in solution (see UV-Visible Absorption
roperties for more details).

.2. Electrochemical formation and characterization of A/C and
/C bilayers

Fig. 4 shows the first catodic and anodic scan of C in o-DCB
olution containing TBAPF6. Four reversible reduction peaks are
bserved at -0.81, -1.25, -1.66, and -1.88 V, which are assigned
o reduction of the C60 unit [27,28]. In the anodic direction an
rreversible oxidation peak appears at about 1.34 V, and an increas-
ng anodic current is inferred at 1.63 V, which is superimposed

ith the onset of the solvent/electrolyte decomposition. Also in the
ackward scan two small peaks (denoted by arrows) appear at 1.08
nd 0.82 V, which could be indicative of a chemical reaction cou-
led to the electron transfer. Repetitive cycling of C between -1.20
nd 1.75 V, produces a small increase in the oxidation/reduction
urrents after each scan (Fig. 5a), typical of a product irreversibly
bsorbed on the electrode surface. Although the film is also formed
y cycling in the anodic range (between 0.00 and 1.75 V), the elec-

ropolymerization showed in Fig. 5 was carried out between -1.20
nd 1.75 V, to show that electrochemical processes related to C60
eduction are present during and after polymerization. When the
lectrode was removed from the C solution and placed in DCE
C  in DCE containing TBAPF6 using a Pt working electrode. Scan rates: 100 mV/s.

solution containing only support electrolyte it showed two oxida-
tion processes at 1.26 and 1.47 V (Fig. 5b), and one reduction peak at
-1.13 V, confirming that an electroactive product has been adsorbed
on the electrode.

The observed electrochemical behavior could be explained tak-
ing into account that C has one carbazole unit attached to the C60
group through the 3 position. The two oxidation processes at 1.34
and 1.63 V in Fig. 4 could be assigned to the oxidation of the car-
bazole and C60 moieties [29,30], and the two  small reduction peaks
could be related to the reduction of the DCBZ, generated during
the forward scan [29,31]. It is known that oxidation of CBZ leads
to dimerization of two  radical cations through the 3,3’ positions
[29,31]. C has just a 3 position free, and probably dimers of C are
formed during oxidation, which are absorbed on the electrode sur-
face. Although it has been reported oxidative polymerization of C60,
in our experimental conditions, it must be discarded because pre-
vious studies demonstrated that nucleophilic counteranions such
as PF6

-, reacts with fullerene radical cations [32].
On the other hand, B/C and A/C bilayers were done electrode-

positing a first layer of porphyrin and a second one of C. Fig. 6a and b
show the first (black line) and fifth (red line) CV of B and A solutions,
respectively, using a Pt electrode. Similar to the results observed in
porphyrin/porphyrin bilayer formations, the oxidation/reduction
currents are increased after five cycles, and the electrochemical
responses of the electrodes observed in DCE solution containing
only support electrolyte are showed in Fig. 7 (black lines). The
C layer was deposited cycling the electrodes between -1.25 and
1.75 V, and the eighth cycles are shown in Fig. 6 (blue lines). In
order to confirm the adsorption of C on the porphyrin layers, their
electrochemical responses were carried out in DCE free of C (Fig. 7,
red lines). The CVs show the generation of currents associated to
oxidation of the porphyrin film, and on top of these the electro-
chemical processes related to C. Also, the currents are increased
respect to those observed for the first porphyrin layer, indicating
that more electroactive species are absorbed on the electrode The
CVs present a reduction peak, which was  not present after depo-
sition of the porphyrin layers, therefore they must correspond to
reduction of the C60 units.

Deposition of the C layer on top of the porphyrin layers could

proceed by two  ways. The first one may  be the mechanism of dimer-
ization of two C radical cations mentioned before, and the second
one could probably be more complex, involving dimerization of
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Fig. 6. (a) First (black) and fifth (red) cyclic voltammogram of B (in DCE), and eighth
(blue) cyclic voltammogram of C monomer (in o-DBZ), obtained during formation
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CE), and eighth (blue) cyclic voltammogram of C monomer (in o-DBZ), obtained
uring formation of the A/C bilayer. All measurement were done using a Pt working
lectrode.

ome free CBZ units present in the porphyrin layer with the CBZ
nits in the C solution, and/or both at the same time.

.3. UV-Visible Absorption properties of A/B, and B/A
lectropolymerized bilayers

The electropolymerization of the bilayers was  also confirmed
y UV-vis spectroscopy. Fig. 8a shows representative absorption
pectra of ITO/A/B bilayers. After deposition of the first layer the
pectrum presents the Soret band, and the typical four Q bands
ue to the electronic transitions of A polymer (Fig. 8a red line).
lectropolymerization of a second layer of B produces an enlarge-
ent in the absorbance of the bilayer. The increase in absorbance
t 560 and 620 nm must be remarked. These two absorption bands,
hich are characteristic of the Zn layer, can be seen in the inset of

ig. 8a black line. As a result, the absorption spectrum is similar to a
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ig. 7. Electrochemical responses of electropolymerized films of (a) B/C, and (b) A/C,
n  DCE containing only support electrolyte. Black lines after deposition of the first
ayer and red lines after deposition of the second layer. Pt working electrode. Scan
ate: 100 mV/s.
Fig. 8. Absorption spectra of electropolymerized bilayers (a) A/B, and (b) B/A on
ITO  electrodes. Red lines correspond to absorption of the first layers. Black lines
correspond to absorption spectra of the complete bilayers films.

linear combination of the spectra of the component chromophores.
Comparable spectra are observed after deposition of a first layer of
B and a second one of A (Fig. 8b, red and black lines, respectively).
The inset in Fig. 8b also shows the appearance of two new Q bands
at around 539 and 660 nm,  which are related to absorption of the
A layer. It is well known that free base porphyrins present four Q
bands (at about 500, 550, 600, and 650 nm), while the correspond-
ing Zn derivatives present two Q bands at around 550 and 600 nm
[33].

3.4. UV-Visible Absorption properties of electrodeposited C, A/C,
and B/C bilayers

Fig. 9a and9b show the absorption spectra of C in toluene solu-
tion and electrodeposited on ITO respectively. The last one presents
two bands located at around 340 and 430 nm,  and also a small broad
band that extends from 580 to 1000 nm.  The absorption spectra of
the porphyrin polymer/C bilayers showed in Fig. 10 looked simi-

lar to the absorption spectra before deposition of the C layer, with
the exception that a more defined band at around 340 nm appears.
A contribution of the C layer is also observed for both bilayers in
the zone between 580 to 1000 nm,  which alters the shape of the Q

Fig. 9. Absorption spectra of (a) C in toluene solution, and (b) C electrodeposited
film on ITO electrode.
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ands. The bands observed for C layer are attributed to absorption
f the CBZ and C60 fulleropyrrolidine units [27,28,34,35].

.5. Steady state and time resolved surface photovoltage
pectroscopy of ITO/A/B and ITO/B/A double layer polymers

In order to analyze the effect of the configuration of polymer-
olymer heterojuntions in the generation of photoinduced charge
eparation states, double layer polymers were prepared and SPV
easurements were performed. ITO/A/B presents a photovoltage

pectrum quite similar to the absorption spectrum, containing sig-
als which correspond to both layers (Fig. 11a). However, contrarily
o the SPV spectra observed for ITO/A single layer [21], the SPV
ign of the in phase is negative, denoting that the electrons are
eparated preferentially towards the external surface (Fig. 11a).

lso, the SPV value for this system is very low in comparison with

TO/A single layer polymer. This demonstrates that the presence
f a second polymer layer of B, strongly affects the generation and
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Fig. 12. Time resolved SPV signals of electropolymerized bilayers (a) A/B, and (b)
B/A  on ITO electrodes. �exc=600 nm.

recombination of the photoinduced charge carriers in ITO/A/B poly-
mer  system.

On the other hand, the SPV spectrum of ITO/B/A is also similar
to the absorption spectrum of the double layer polymers, although
the SPV signals are broadened in the 500-700 nm range (Fig. 11b).
Besides, the illumination is also from the front side of the electrode,
the high transmittance of the layers allows excitation of both poly-
mers that form the bilayer. The SPV spectrum shows signals where
both polymers present light absorption, indicating that both layers
contribute to the generated photovoltage. ITO/B/A depicts a nega-
tive in-phase SPV signal (electrons separated towards the external
surface), the same sign than that obtained for ITO/B single layer
polymer. However the SPV amplitude for the bilayer is more than
ten times higher than that observed for single layer polymers under
similar experimental conditions [21].

The results show that porphyrin-porphyrin layers differ from
the idealized donor-acceptor interface picture showed in Fig. 1. This
could be due to the nature of the polymeric films which are not
totally flat, and present a globular microstructure as a consequence
of the nucleation and growing process, as we already reported [21].
Moreover, the ITO/polymers are also photoactive interfaces.

The high SPV value observed for ITO/B/A configuration could be
explained taken into account that in ITO/B single layer electrons
are separated towards the external surface of B, and holes travel to
the ITO, after light absorption. Furthermore, it has been observed in
different donor-acceptor systems formed by Zn and free base por-
phyrins that after light excitation energy and/or electron transfer
occur, being the final state the charge separation state PZn·+-P·-,
where P denotes a porphyrin residue [22–24,36]. Thus, when A is
deposited on top of B (ITO/B/A), A acts as an electron acceptor for B,
leaving the negative charge on the external surface of A. As a result
of the movement of the electrons/holes the charge separation is
increased.

In the case of ITO/A/B configuration, the observed photovoltage
is much lower than in ITO/A films, as we already remarked, show-
ing that the presence of B alters the performance of A. This could
indicate a fast recombination of the photogenerated carriers, due to
the presence of B in the outer layer, which is also seen in transient
photovoltage experiments. Time resolved measurements (Fig. 12),
showed that in both configurations (ITO/A/B and ITO/B/A) electrons

are separated towards the external surface, but the SPV value for
ITO/A/B is very low (Fig. 12a), contrarily to that observed for ITO/A
film [21]. On the other hand, in the case of ITO/B/A the transient
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PV is large(Fig. 12b), increasing within the laser pulse to around
5 times in comparison to ITO/A/B configuration. The charge sep-
ration state recombines slowly, and at around 10-2 sec the signal
rops to half of the maximum value. These results clearly demon-
trate that the electrochemical generated heterojuntion in ITO/B/A
onfiguration is the most efficient in the generation of photoin-
uced charge separation states in which B acts as a donor for A. It
ust be remarked that for a correct operation of donor-acceptor

rganic photovoltaic solar cells in most of the cases the donor is
eposited on the ITO, and on top of the ITO/donor layer the acceptor

ayer is deposited.

.6. Steady state and time resolved surface photovoltage
pectroscopy of A/C, B/C, double layer polymers

The electrogenerated A and B films were modified by electro-
hemical deposition of a second layer of C, and SPV measurements
ere carried out. Fig. 13 shows the SPV spectra of the different dou-

le layer polymer configurations. ITO/A/C presents an in-phase SPV
ignal which changes from negative to positive, depending on the
hoton energy. In the range where A presents absorption the elec-
rons are separated towards the internal surface, being this similar
o the effect observed in ITO/A single layer [21]. This means that
he presence of the electron acceptor outer C60 layer does not effi-
iently compensate the photoinduced charge separation attributed
o ITO/A interface, which is opposite to the expected process for
he A/C interface. This is corroborated by the transient photovolt-
ge trace for ITO/A/C configuration which is quite similar to ITO/A
lm, where the excitation laser pulse at 600 nm is mainly absorbed
y the porphyrin film (Fig. 14a). On the other hand for ITO/B/C
he in-phase SPV signal is negative, indicating that the photogen-
rated electrons are separated towards the external surface, as it
as observed for ITO/B single layer film. When C is present, the

lectrons located in the external surface of B can be accepted by
, leaving the negative charge on the C60, external layer. How-
ver, the SPV amplitude values in both experiments do not show

 marked increment, as we expected when a good electron accep-
or as the C60 is present in the external layer. This could be due to

he fact that electropolymerization of C does not form an idealized
nd thick film over the porphyrin layer. As it was mentioned elec-
rodeposition of C could proceed by two ways. The first one may
e the mechanism of dimerization of two C radical cations, and the
Fig. 14. Time resolved SPV signals of electropolymerized bilayers (a) A/C, and (b)
B/C  on ITO electrodes. �exc=600 nm.

second one could probably be more complex, involving dimeriza-
tion of free CBZ units present in the porphyrin layer with the CBZ
units in the C solution, and/or both at the same time. These two
mechanisms form a C layer on the globular structure of the por-
phyrin films, which does not efficiently contribute to an increase in
the generation of photoinduced charge separation states.

4. Conclusions

The electrochemical formation of Zn(II) and free base porphyrin-
porphyrin bilayers over ITO electrodes were performed by cyclic
voltammetry using dicarbazole-diphenylamino functionalized
dyes. Also a C60 derivative with carbazole moiety was synthesized
and used in the generation of organic-organic heterojuntions. The
electrochemical deposition of successive layers was corroborated
by cyclic voltammetry and UV-visible absorption spectroscopy.
Upon illumination ITO/Zn(II) porphyrin polymer/free-base por-
phyrin polymer (ITO/B/A) electrodes generate surface photovoltage
amplitude more than ten times higher than that observed for single
polymer layers, demonstrating that the electrochemical generated
heterojuntion ITO/B/A configuration is the most efficient in the gen-
eration of photoinduced charge separation states in which B acts
as a donor for A. The results show that the electrochemical gener-
ated polymeric heterojunctions are able to produce photoinduced
charge separated states, which present potential applications in the
design and construction of organic optoelectronic devices. Con-
trarily, the electrochemical deposition of C60 electron acceptor
did not show a noticeable effect on the generation of photoin-
duced charge separation states, measured by surface photovoltage.
Improvements in the C60 electrochemical generated layer depo-
sition method, based in new monomer functional structures, are
under development.
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