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A double-bridged phthalocyanine-fullerene dyad (H,Pc—Cgpee) was used as photo-active intramolecular
donor-acceptor system in a layered organic solar cell. In this device, a poly(3-hexylthiophene) (PHT)
film was used as electron donor, whereas either Cgo or perylene tetracarboxylic diimide (PTCDI) film was
selected as electron acceptor. The introduction of the dyad layer leads to an enhancement of the power
conversion efficiency (n) in all the examples, mainly due to an increase of the open-circuit voltage. By

introducing the dyad in PTCDI-containing cells, the efficiency (being 0.32%) was enhanced by almost three
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times compared to that of the reference (0.12%). In Cgo-containing cells, the efficiency of the dyad sample
(being 0.30%) was over one and half times higher than that of the reference in the absence of the dyad
(0.18%). The role of such a dyad in the solar cells is discussed in detail.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Molecular dyads, in which the photoactive donors are cova-
lently linked to electron acceptor moieties, are interesting examples
of photoinduced electron transfer (PET) systems [1-6]. Typically,
these are characterized by long lifetimes of the charge sepa-
rated (CS) state, which opens up a possibility to collect the
charges at corresponding electrodes, thus generating photocur-
rent. Many examples of donor-acceptor (D-A) systems can be
found in literature, as suitable candidates for organic photovoltaics
[7-14].

In most of the reported PET studies, porphyrin-fullerene dyads
are analyzed [1,5,15-25], and for many of such systems the efficient
formation of a CS state is observed. Phthalocyanine chromophores
have some advantages over the porphyrin ones since they absorb
the light in a wider spectral region. Phthalocyanine and fullerene
units show excellent and very well-known characteristics as donors
and acceptors, respectively. Due to their exceptional electronic
and optical properties, numerous examples of photovoltaic devices
based on phthalocyanine and fullerene are presented in liter-
ature [26-31]. Phthalocyanine-fullerene (Pc-Cgp) dyads appear
particularly promising as D-A pairs for organic photovoltaics. Nev-
ertheless, not many studies about Pc-Cgg dyads are reported in
literature, because the synthesis of such compounds is quite a
challenging task. Particularly, the introduction of Pc-Cgy dyads
in organic solar cells is described only in a few works [10,12].
Neugebauer et al. [10] analyze the photophysics and photovoltaic
device characteristics of a Pc-Cgg dyad. Its introduction in a bulk-

* Corresponding author. Tel.: +358 3 31153636; fax: +358 3 31152108.
E-mail address: paola.vivo@tut.fi (P. Vivo).

1010-6030/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2008.12.030

heterojunction solar cell leads to an improvement in the spectral
match to the solar emission spectrum, though with a reduction in
the short-circuit current under white illumination.

Recently, we have synthesized a new double-bridged
phthalocyanine-fullerene dyad (H,Pc-Cgpee), as described in
[32]. Double-linked Pc-Cggpairs are more attractive than single-
linker dyads since this characteristic is responsible for an intimate
contact between the electron donor and the electron acceptor,
and promotes an efficient charge separation. Photophysical prop-
erties of this dyad have been thoroughly studied both in solution
[32,33] and in solid films [34]. These studies reveal that efficient
intramolecular PET process takes place from phthalocyanine to
fullerene, which leads to the formation of a CS state with nanosec-
ond and microsecond lifetimes in solution and in solid films,
respectively.

In this paper, the Pc-Cgy dyad (H,Pc-Cgpee) is introduced as
spin-coated film in a bilayer cell between a donor and an accep-
tor layer. To the best of our knowledge, it is the first time that this
kind of multilayered cell, where a dyad is sandwiched between an
additional donor and acceptor layers, is proposed. The cell scheme
resembles the idea of the multistep PET, occurring through several
donors and acceptors, which can contribute to a CS state where
charges are separated by a long distance, thus retarding the unde-
sired back electron transfer [35-41].

In this work, the contribution of the H,Pc-Cgpee dyad to the effi-
ciency of solar cells, characterized by different donor and acceptor
couples, is evaluated. The role of the dyad in the cells is discussed. It
is worth mentioning that the obtained power conversion efficiency
(n) values, though quite low, are comparable with those of similar
unencapsulated layered cells in air, presented in literature. Hence,
the main contribution of this work is to offer a strategy that can be
further applied to more efficient devices.
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Fig. 1. Molecular structures of the organic compounds used as photo-active materials in the solar cells.

2. Experimental

The devices were fabricated on glass substrates coated with
a transparent conducting Indium-Tin-Oxide (ITO) anode (Pgo-
Germany). The ITO sheet resistance was about 82/ 0. After
a preliminary cleaning of the substrates, part of the ITO was
removed from the plate by etching with aqua regia to prevent
short circuit when contacting the cathode. Substrates were then
cleaned with a detergent, rinsed 10 times with Milli-Q water,
and finally cleaned in an ultrasonic bath (1h in acetone and 1h
in isopropanol). Before use the plates were heated in N,flow
at 150° C for 1h and then a N, plasma cleaning process was
applied for 10 min. The organic compounds (except the dyad) were
commercially available (Sigma-Aldrich) and used without further
purification. The phthalocyanine-fullerene dyad, H,;Pc-Cgpee
(1,4-bis[ethoxymalonateoxypropyloxy]-6(7),10(11),14(15)-tris[tert
butyl]phthalocyanine-Cgg), was synthesized as described in [32].
The molecular structures of all the compounds used are shown in
Fig. 1.

Films preparation was performed by spin-coating at 2000 rpm
for 60 s (PHT from a 2 g/1 chloroform solution and HyPc-Cggee from
a4 g/l toluene solution), or by thermal evaporation under high vac-
uum (~ 6 x 10~ mbar) in an Edwards evaporation chamber (PTCD],
Cso0,and Alqs ). PHT films were annealed after spin-coating in N, flow
at 100° C for 30 min. The Au cathodes were evaporated through a
mask to form cells with 1 mm? active area. The thicknesses of the
active layers were estimated by calibration through a WYKO NT1100
profilometer. Thicknesses were 20 nm (PHT), 30 nm (H,Pc-Cgpee),
35 nm (PTCDI and Cggp), and 6 nm (Alqs). Au thickness was approxi-
mately 70 nm. Except for the thermal evaporations, each other step
of the device fabrication was performed in ambient conditions.

The structures of the measured devices are shown in Fig. 2. In
devices A and B, PHT was used as donor layer and PTCDI as acceptor.
In devices C and D the same donor (i.e., PHT) was used, while Cgq
was the acceptor. Samples B and D had an additional H,Pc-Cgpee

layer between PHT and the acceptor. Finally, in all the devices, a thin
layer of Alqs was adopted as buffer layer between the acceptor and
the cathode, as proposed in [42].

One cell was manufactured (sample E), with similar structure
as device B, but PHT and HyPc-Cggee were mixed in a chloroform
solution, and then spin-coated on ITO as a single layer. In addition,
devices F, G, H, I were prepared with Al cathode. A resume with the
complete cell structure for all the prepared devices is presented in
Table 1.

The current-voltage (I-V) characteristics in dark and under sim-
ulated AM 1.5 sunlight illumination (53 W/m?) were measured by

Glass Glass
ITO
Light Light
A: X=PTCDI, M= Au B: X=PTCDI, M=Au
C: X =Cq, M = Au D: X = Cg, M = Au
F: X=PTCDI, M=Al G: X=PTCDI, M=Al
H: X = Cy, M = Al I: X =Cq, M= Al

Fig. 2. Device layout of the investigated solar cells: without dyad (left), with dyad
(right).



P. Vivo et al. / Journal of Photochemistry and Photobiology A: Chemistry 203 (2009) 125-130

(a) 0-4 T T T T
—— PHT | PTCDI | Alg,
osl. —PHTIHPcCyee | PTCDI| A,
w 021 -
0
<
0.1} _
0.0 L L
400 500 600 700 300

wavelength, nm

(by 0.5
0.4

0.3

Abs

0.2

0.1

I I

I I

——PHT | C,, | Alg,
——PHT |H,Pe-C_ee| C | Alg,

1 —

H,Pc-C ee

0.0

300

400 500

600 700

wavelength, nm

800

127

Fig. 3. (a) Absorption spectra of devices A and B; (b) absorption spectra of devices C and D. Absorption spectrum of the H,Pc-Cgpee dyad as spin-coated film from a 4 g/l

toluene solution is also shown.

using E5272A source/monitor unit (Agilent). The AM 1.5 sunlight
illumination was produced with a filtered Xe-lamp in the LZC-SSL
solar simulator (Luzchem). All the measurements, including inci-
dent photon-to-current efficiency (IPCE) spectra, were carried out
in air at room temperature, without encapsulation of the devices.
The cells were illuminated with monochromatic light provided by
a 75-W Xe-lamp model 71208 (Newport), and the wavelengths
of the incident light were selected by a monochromator in the
400-800 nm range. The spectra were corrected using calibrated
photodiodes.

3. Results and discussion

Absorption spectra of the main sample configurations (devices
A, B, C, D) are presented in Fig. 3 a and b. In Fig. 3 b, the absorption
spectrum of HyPc-Cgpee spin-coated film is also shown. The device
B absorption, as evaluated from the spectrum of Fig. 3, is slightly
lower than that calculated by the superimposition of the absorption
spectra of the individual components. Most deviation is observed
around 500-600 nm, and it is due to the spin-coating of the dyad
film on top of PHT, which is partly washed, and partly mixed with
H,Pc-Cgpee. However, such an absorption reduction seems not cru-
cial to the photocurrent generation, even though a way to overcome
this drawback will be proposed later in this Section.

Current-voltage (I-V) characteristics of the fabricated devices,
in dark and under white illumination with 53 W/m?2, are shown in
Fig. 4. All the samples present a good diode behaviour in the dark.
When illuminated, the devices containing the dyad layer (devices B
and D) exhibit better performances than the samples not contain-
ing the dyad (devices A and C). The main photovoltaic parameters
derived from the I-V curves are summarized in Table 2. It is impor-
tant to notice that the behaviour of different cells can be fairly
compared, since the substrates have been etched and cleaned in the
same run, and the common layers were spin-coated/evaporated at

Table 1

Structures of the devices analyzed in the present work.

Device Cell structure

A ITO | PHT | PTCDI |Alqgs|Au

B ITO | PHT |H,Pc—Cgoee | PTCDI |Alqs|Au
C ITO | PHT |Cgp|Alq3|Au

D ITO | PHT |H2Pc-Cgpee |Coo|Alqs|Au

E ITO |PHT:H,Pc-Cgpee | PTCDI |Alqs|Au
F ITO | PHT | PTCDI |Alqs Al

G ITO | PHT [H,Pc-Cgoee | PTCDI |Alqs |Al
H ITO | PHT |Ceo|Alqs|Al

I ITO | PHT |H,Pc-Cgoee |Coo|Alqs |Al

(a)
b
£
o
<
£
OpOoy AAAA dark  illuminated ]
10 — AAAAA —&— —0—A —
m&& —A— —/— B i
15 ] T T T N T RN B
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
u v
1.0 =
(b) T T T T 7 l ] I{ 1 1
va
05— N5 —
L q. 2]
o
g 00 A
G | AAA _
< i e
S 05— 8 —
- dark illuminated =
1.0 PAYAYA vl —a— —0— C o
e —A— —A— D _
Sl |
501 [ [ I IR N N
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
u,v

Fig. 4. Current (I) vs. voltage (U) characteristics in dark and under 53 W/m? simu-
lated AM 1.5 solar illumination for devices A, B(a), and C, D (b).

Table 2

Short circuit current (Isc), open-circuit voltage (Uoc), fill factor (FF), external
power conversion efficiency (1), and incident-photon-to-current efficiency (IPCE)
for devices A, B, C, D, and E obtained from I-V characteristics.

Isc (mA/cm?) Uoc (V) FF 7 (%) IPCE (%)
Device A 0.69 0.25 0.35 0.12 3.18
Device B 1.15 0.45 0.28 0.32 5.33
Device C 1.14 0.21 0.35 0.18 4.82
Device D 0.93 0.50 0.34 0.30 3.94
Device E 2.50 0.33 0.24 0.40 1.1
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the same time and from the same stock solutions (or dry materials).

Let us first refer to the couple of devices A and B, where PTCDI is
adopted as acceptor layer. Device B, which contains the dyad layer,
produces a current of 1.15mA/cm? under illumination, while the
reference device A produces only 0.69 mA/cm?, i.e., almost half of
the current. In spite of the lower absorbance in the central part of the
spectrum (~ 500-600 nm), the generated photocurrent is higher in
device B. This suggests that the reason for such a behaviour should
be found in the significant contribution of the dyad absorption at
700 nm, which enlarges the absorption range of the dyad sample,
compared to the reference. This cannot indeed be the only rea-
son for the enhanced photocurrent, since the absorbance is quite
low at 700 nm (around 0.1). The higher current is the main con-
sequence of the facilitated electron movement from PHT to PTCDI
through the dyad layer. In other words, the introduction of the dyad
results in two different junctions in the cell (PHT |H,Pc-Cggee, and
H,Pc-Cgpee |PTCDI) instead of the one in PHT |PTCDI. The D-A pair
acts as charge-sorting layer, thus contributing to a more efficient
charge transport towards the electrodes.

A different behaviour was found to the other couple of sam-
ples (devices C and D). The reference C in this case shows a
higher photocurrent (1.14 mA/cm?) than that of the dyad sample
(0.93 mA/cm?). This can be explained by the fact that electrons
are not so efficiently transferred from the fullerene moiety of the
dyad to another fullerene layer (evaporated on top of it), but rather
they are easily transported from PHT to Cgo. Moreover, the fact that
the current generated by the PHT |Cgg cell is higher than that of
PHT |PTCD], results from the better matching of the PHT and Cgg
HOMO and LUMO energy levels (PHT: HOMO 5.2 eV, LUMO 3.0eV;
Cgo: HOMO 6.2 eV; LUMO 3.6eV) compared to those of PHT and
PTCDI(PTCDI: HOMO 6.2 eV; LUMO 4.4 eV), as reported in literature
[43-45].

The clear improvement in both dyad samples B and D, compared
to the respective references, is the increase in the open-circuit volt-
age (Ugc), which is mostly responsible for the enhancement of the
power conversion efficiency (7). By introducing the dyad in PTCDI-
containing cells, 7 was enhanced by almost three times compared
to that of the reference (from 0.12% up to 0.32%). In Cgp-containing
cells, n of the dyad sample (being 0.30%) was over one and half
times higher than that of the reference in the absence of the dyad
(0.18%). It must be emphasized that in the present work the device
fabrication is not optimized, mainly as regards the thickness of the
cell active layers. We have chosen thicknesses according to the val-
ues commonly reported in literature for these compounds, used
in different device configurations. We believe that this is the main
reason for the limited performances of the devices. The aim of the
work is to prove the enhancement of 1 through the construction of
a multilayered system containing a D-A pair, thus indicating that
this Pc-Cgg dyad is a promising material for photovoltaic applica-
tion.
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In order to understand the origin of the enhanced Uy in the dyad
samples, the role of the D-A pair in the cell should be described. A
multistep PET process is expected to occur in a multilayered system.
The primary electron transfer process takes place in the dyad layer,
from the phthalocyanine moiety (yielding a cation) to the fullerene
(yielding an anion). The PHT layer acts as antenna layer and sec-
ondary electron donor, which provides electrons to the dyad. PTCDI
and Cgg behave as secondary electron acceptors, taking electrons
from the fullerene anion of the dyad, and at the same time as elec-
tron transporting layers (ETL). After electrons are transported to the
last ETL layer, i.e., Alqs, they are collected to the cathode. The main
contribution to the charge separation is given by the D-A pair, thus
being responsible for the generated additional voltage with respect
to the reference sample. The CS process taking place in the dyad has
been demonstrated by some steady-state and time-resolved spec-
troscopic measurements [34,46], in systems where the dyad and
an antenna layer are studied. The time resolved Maxwell displace-
ment charge (TRMDC) photovoltage measurements carried out on
H,Pc-Cgpee films show that the efficiency of the long-lived CS state
formation in such a dyad is rather high. The CS state lifetime allows
to collect the charges at the electrodes, and thus generate photocur-
rent [34].

The fill factor (FF) values (0.2-0.4) found in all the investigated
cells are expected in these kind of devices where the active layer
thicknesses are not optimized. In particular, the devices containing
dyads have a slightly lower FF than the references, which can be
explained by the higher series resistance due to the thicker active
layer of this cell configuration.

Incident-photon-to-current efficiency (IPCE) spectra of the stud-
ied photovoltaic devices have been recorded, in order to find the
components, which mostly affect the photocurrent generation. In
Fig. 5 the normalized IPCE spectra, together with the correspond-
ing absorption spectra, are presented. The same samples as for
the white-light measurements have been used, and the spectra
have been measured after ~ 1 h of air exposure. The action spectra
shapes resemble the absorption spectra quite well, thereby demon-
strating that the present photocurrent generation is induced by
the active layers. In Fig. 5 a, slightly higher efficiency is obtained
for the reference sample A in the range 400-600 nm. However, a
clear and significant contribution to the photocurrent is achieved
in the 600-800 nm wavelength range in device B. The reason is
the absorption of the dyad in this range. The D-A pair is capable
to extend the absorption range of a sample, and thus to provide
a better matching to the solar emission spectrum. In Fig. 5 b, a
similar behaviour can be seen. For device D, the noticeable drop
in the efficiency between 500 and 600 nm is compensated by the
enhancement between 400-500 nm, and 600-800 nm.

Finally, I-V curves recorded with monochromatic light have
been carried out on some samples (devices A and B), and the cor-
responding photovoltaic parameters (Isc, Ugc, FF, external, ®, and
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Fig. 5. Normalized incident-photon-to-current efficiency (IPCE) spectra and corresponding absorption (Abs) spectra for devices A, B (a), and C, D (b).
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Table 3

Short circuit current (Isc ), open-circuit voltage (Uoc ), fill factor (FF), external, @, and
internal, ®;, quantum yields for devices A and B, obtained from I-V characteristics
under monochromatic illumination.

wl (nm) Isc (LA/cm?) Uoc (V) FF Dr (%) D (%)
Device A 518 51.9 0.21 0.47 3.86 6.72
540 57.5 0.21 0.48 4.19 7.85
582 64.9 0.23 0.45 4.37 8.64
700 0.25 0.05 0.26 0.02 0.56
Device B 518 46.3 0.31 0.29 3.44 5.93
540 51.0 0.33 0.28 3.72 6.91
582 63.4 0.35 0.28 4.27 8.23
700 12.8 0.25 0.31 0.98 5.18

Measured on the same samples used for white-light measurements and IPCE spectra,
after ~ 2 h of air exposure.

internal, ®;, quantum yields) are reported in Table 3. Same samples
as for white-light measurements and IPCE spectra were used, after
~ 2 hof air exposure. The -V curves were recorded at the excitation
wavelengths of 518, 540, 582, and 700 nm, where the maxima in the
absorption spectra lie (518 and 582 nm for PTCDI, 540 nm for PHT,
and 700 nm for HyPc-Cgpee). These results support the conclusions
obtained from the other experiments, which have been already
described above. At the wavelengths where PHT and PTCDI mainly
absorb, the reference generates slightly higher photocurrent, and
thus higher quantum yields are achieved. The Ugc is always higher
for device B, while FFis decreased, compared to device A. At 700 nm,
the dyad sample exhibits over 50 times higher Isc than the ref-
erence, and a corresponding huge increase in the quantum yield.
H,Pc-Cgpee is beneficial to the device efficiency, particularly due to
the widening of the absorption of the device. The reduction in the
absorption (and consequently in the generated photocurrent) in the
central part of the spectrum due to technical reasons in the films
preparation is the main reason for reduced efficiencies. In order
to avoid the partial washing of the PHT layer caused by the dyad
deposition (as explained in the first part of this Section), a mixed
solution of PHT and H,Pc-Cggee is proposed for the spin-coating.
The choice of the solvent is made according to the solubility of both
compounds, and thus chloroform is selected. The resulting 1:1 mass
mixture “PHT:H,Pc-Cggee” (with concentration 3 g/1) is then spin-
coated, and the evaporated ETLs are deposited on top of it, before
the Au evaporation. In Table 2 the results from the photocurrent
measurements under white-light illumination are reported (device
E). The highest efficiencies reported in this work are achieved with
device E: n is 0.40%, and IPCE is 11.1% . It is worth mentioning that
the absorption maximum at the dyad wavelengths (below 400 nm
and above 650 nm) for device E is lower than that of device B, due to
the lower concentration of the spin-coating solution. However, the
generated photocurrent is higher. This result is explained by the
wider absorption of the sample, which now significantly absorbs
in the 500-600 nm wavelength range as well, underlying that the
influence of PHT, and its interaction with H,Pc-Cggee, is relevant to
the photocurrent generation.

For the sake of comparison, solar cells with Al cathode instead
of Au cathode were also prepared and measured (see Table 4). The
samples had same active layers as devices A-D, with the only dif-
ference being the top cathode. It is worth mentioning that these

Table 4
Photovoltaic parameters for devices F, G, H, and I with Alqs/Al cathode, obtained
from [-V characteristics.

Isc (mA/cm?) Uoc (V) FF 7 (%) IPCE (%)
Device F 0.33 0.24 0.35 0.05 1.46
Device G 0.60 0.40 0.24 0.11 2.65
Device H 0.09 0.17 0.19 0.006 0.40
Device I 0.10 0.35 0.20 0.02 0.50
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Fig. 6. Short circuit current (Isc) vs. variable light intensity (P;,) for sample B. A
similar trend was obtained for all the other samples.

Al-samples were protected from the outside atmosphere by being
placed in a N,-box right after preparation. Hence the influence of
oxygen, which is a source of degradation for the Al, was suppressed
since the samples were constantly under N, flow. Samples with
Al cathode showed lower efficiencies than Au-cathode cells, even
though keeping the same trend (Table 4). In fact, dyad samples
always presented better performances than the corresponding ref-
erences. The lower efficiencies obtained with Al cathode could at
first sound surprising, since Al work function is better matching
than Au with the ITO work function. This result indicates that the
work function of the top cathode is not completely determined by
the metal itself, but it is affected significantly by the presence of
the Algslayer, which mixes with the metal resulting in a different
cathode work function [42]. In the case of Au, Algzseems to lower
its work function, thus facilitating the electron transport towards
the cathode.

Finally, in order to investigate how the short-circuit current
varies with the incident light power (P;;) as well as to clarify
the mechanism of the sample excitation, some tests with variable
incident light intensity were carried out. I-V dependencies were
recorded at different intensities of the white light, by using gray
filters with known transmittance. The Isc values were plotted ver-
sus variable P;,, Fig. 6. Identical trends were observed for all the
samples: for low values of P;,, a roughly linear trend can be found;
at higher intensities (over 150 mW/cm?) the photocurrent shows a
saturation behaviour leading to a loss of cell efficiency. These results
are in agreement with previously reported works [47,48] and sug-
gest that the saturation is due to the exciton-exciton annihilation.

4. Conclusions

In summary, a multilayered Au-cathode organic solar cell in air
was developed, with a spin-coated phthalocyanine-fullerene dyad
(HyPc-Cgpee) layer between a donor (PHT) and acceptor (PTCDI
or Cgo). The dyad-containing devices exhibited higher efficiencies,
compared to the references. By introducing the dyad in PTCDI-
containing cells, 1 (being 0.32%) was enhanced by almost three
times compared to that of the reference (0.12%). In Cgo-containing
cells, the n of the dyad sample (being 0.30%) was over one and
half times higher than that of the reference in the absence of the
dyad (0.18%). The main reason for such an enhancement was the
increase in the open-circuit voltage. Moreover, the dyad widened
the absorption spectrum of the sample, contributing to a better
matching with the solar spectrum. The reported results indicate
that phthalocyanine-fullerene dyads are a promising class of mate-
rials for organic photovoltaic applications.
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All the devices described in the present work have been
completely prepared and characterized in air, and the active
layer thicknesses needs further optimization. Hence, the obtained
efficiencies were quite low if compared to highest values of state-of-
the-art devices. The highest efficiencies (7 = 0.40%, IPCE = 11.1%)
were obtained for a device where a 1:1 PHT:H, Pc-Cgpee mixed layer
was used.

We believe that more efficient devices can be prepared by opti-
mizing the fabrication of the cells.
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