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Enhancement of Exciton Dissociation Efficiency
in Bulk Heterojunction Solar Cells by Using
an Intrinsic Photoconductor Component
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Calabria, 87036 Rende, Italy

Physics Department and CNR-IPCF UOS di Cosenza, Universita della Calabria,
87036 Rende, Italy

A new type of intrinsic photoconductor was used as a donor in bulk heterojunction solar
cells, in blends with PCBM. The donor is a square planar cyclopalladated coordination
complex, with a Nile red moiety and a Schiff base as ligands, coordinated by a Pd(II)
metal center. The photoconducting properties of the complex were characterized. Photo-
voltaic devices exhibit low performance, but the analysis of the wavelength dependence
of the efficiency reveals a much higher photocurrent upon absorption of the complex,
when compared to the photocurrent obtained via absorption by PCBM. This effect is
tied to the higher tendency of the intrinsic photoconductor towards exciton dissociation
at the heterojunction.

Keywords Organic photovoltaics; bulk heterojunctions; cyclometallated complexes;
exciton dissociation

Introduction

The field of organic solar cells has seen considerable developments in the last several
years, including improvements in synthesis and fabrication technologies. The potential
low cost, flexibility and lightweight make these solar cells promising alternatives to the
conventional, silicon based inorganic photovoltaic devices [1-6]. The active layer of the
devices usually contains two different phases, either with a bilayer morphology and a
single heterojunction, or with bulk heterojunction (BHJ) morphology, where the interface
is extended throughout the volume of the active layer. Provided the respective frontier
orbital energies are properly tailored, following light absorption excitons diffuse to the
heterojunction, where the dissociation of the excitation takes place. When compared to
bilayers, BHJ cells combine the advantages of easier fabrication and of higher conversion
efficiency due to the considerably extended interface.

*Address correspondence to A. Golemme, Centro di Eccelenza CEMIE.CAL, LaSCaMM CR-
INSTM della Calabria, CNR-IPCF UOS di Cosenza, Dipartimento di Chimica, Universita della
Calabria, 87036 Rende, Italy. E-mail: a.golemme @unical.it
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Figure 1. Illustration of the processes leading to photocurrent generation: 1. Photon absorption;
2. Diffusion of exciton towards the donor/acceptor interface; 3. Charge separation; 4. Injection of free
charge carriers at the electrodes.

Polymers have often been used in BHJ cells, reaching efficiencies close to 7% [7].
However, they pose several problems related to the control of phase organization, molecular
weight polydispersity, and purification. In this context, recent years have seen the emergence
of an alternative approach based on the replacement of conjugated polymers by soluble,
low molecular weight (LMW) materials [8—12], that present specific advantages in terms
of structural definition, synthesis, and purification. In most cases, LMW donors have been
developed and used with fullerene PC¢BM or PC7;BM as acceptors [13—-19]. Although
their performance still lags behind what can be achieved by using polymers, mainly because
of a difficult control of phase morphology, BHJ devices prepared by using only LMW
compounds have reached almost a 4% efficiency [20].

The processes involved in current photogeneration are the same in single and bulk
heterojunctions. The generation of excitons by photon absorption takes place first. Exci-
tons are bound electron-hole pairs which are difficult to separate at room temperature in
the bulk of organic materials. In a second step, these excitons diffuse towards the interface
of the donor/acceptor phases. At the heterojunction, excitons separate into free charge car-
riers (electrons and holes), which drift and diffuse towards the electrodes, where they are
collected, entering the external circuit. The different processes of photocurrent generation
in an organic solar cell are schematically shown in Fig. 1, where the vertical direction
represents electron energy.

Whether polymeric or LMW materials are used, the performance depends then on
the same factors, both for single and bulk heterojunctions. Among these, we can mention
light absorption, exciton diffusion, efficiency of exciton dissociation at the heterojunction
and charge mobility. Although exciton dissociation at the heterojunction is extremely
important in determining photocurrents, it is still poorly understood, because of the intrinsic
difficulties of both experimental studies and modellizations, and methods for boosting
exciton dissociation are needed. The work described in this paper is aimed at establishing
the possible improvement in exciton dissociation that can be achieved if the materials used
are intrinsic photogenerators, i.e. if they already exhibit a tendency for photogeneration in
the bulk, were no interface is present. We present results on BHJ formed by PC¢ BM and
a cyclopalladated Nile Red complex, that belongs to a new class of photoconductors [21].
Although its absorption properties are far from ideal, with obvious consequences on the
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Figure 2. Reagents and Experimental Conditions: i) Pd(OAc),, Acetic Acid, 55°C, 4 h, ii) H(O"N),
Ethanol, reflux, 2 days.

efficiency, the photoconducting properties of this complex make it a good candidate for
testing the effect of intrinsic charge photogeneration on exciton dissociation.

Materials, Samples Preparation and Experimental Methods

The acetato-bridged dimer I (see Fig. 2) was synthesised following previously described
procedures [22], The Schiff Base H(O"N) was synthesised as described in the following:

4,5-bis(dodecyloxy)-2-hydroxybenzaldehyde [23], (1 g, 2 mmol) and 4-dodecilanilina
(0.523 g, 2 mmol) were refluxed in Ethanol (50 mL) for 3h. Upon cooling in an ice bath,
a bright yellow precipitate was formed, which was filtered, washed with cold ethanol and
dried under vaccum to afford the required H(O"N) Schiff base as a bright yellow crystalline
powder.

Yellow solid; yield: 50% (0.741 g); m.p.: 45°C; '"H NMR § (ppm, CDCl3): 13.67 (s,
1H) 8.45 (s, Hy) 7.21-7.14 (m, 4H) 6.82 (s, 1H) 6.48 (s, 1H) 4.01 (t,J = 7 Hz, 2H) 3.93 (t,
J =7 Hz, 2H) 2.60 (t, ] = 8.5 Hz, 2H) 1.89-1.73 (m, 4H) 1.25-1.27 (m, 60H) 0.89-0.84
(m, 9H); E.A. calcd. for C49Hg3NO (702.15): C 83.81%, H 11.91%, N 1.99%, found C
83.93%, H 11.89%, N 2.02%.

Complex 1 (see Fig. 2) was synthesised as described in the following:

To a solution of I (50 mg, 0.05 mmol) in 20 mL ethanol/dichloromethane (1/1 v/v),
H(O™N) (70 mg, 0.1 mmol) was added. The resulting mixture was refluxed overnight and
left under stirring at room temperature for another full day. The solvent was evaporated
and the resulting dark solid was recrystallized in dichloromethane/methanol to afford 1 as
a black crystalline powder.

Black Solid; yield 91% (102 mg); m.p.: 190°C; 'H NMR § (ppm, CDCl3): 9.33 (d,
J=9.6 Hz, 1H) 7.97 (s, 1H) 7.63-7.59 (m, 2H) 7.33 (s, 1H) 7.20 (s, 1H) 7.15 (s, 1H) 7.12
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(s, 1H) 6.81 (t, ] = 7.8 Hz, 1H) 6.67-6.69 (m, 2H) 6.50 (d, J] = 2.7 Hz, 1H) 6.38 (s, 1H)
6.27 (s, 1H) 6.10 (d,J = 7.2, IH) 4.01 (t, J = 7.5, 2H) 3.90 (t, J = 7.5 Hz, 2H) 3.55-3.48
(m,4H) 2.62 (t,J = 7.6 Hz, 2H) 1.84-1.750 (m, 4H) 1.6-1.1 (m, 60 H) 0.88-0.87 (m, 15H);
FT-IR (KBr) v (cm™"): 3449, 2906, 2847, 1700, 1635, 1613, 1580, 1548, 1505, 1403, 1353,
1302, 1281, 1252, 1237, 1212, 1093, 1024, 843, 829, 800, 771, 717, 666; E.A. calcd for
CesoHooN303Pd (1124.93), C 73.67%, H 8.87%, N 3.74%, found, C 73.81%, H 8.90%, N
3.73%.

Photo-lithographically patterned ITO glasses (UNAXIS, 110 nm ITO thickness, sheet
resistivity 12 Q/cm?) were first cleaned in consecutive steps by using distilled water and
soap, distilled water, acetone and isopropanol in an ultra-sonicator and were then dried
overnight in a vacuum oven at 90°C. Clean substrates were exposed to air plasma (Diener
Electronics, Model Femto) for 5 min. The glasses were then spin coated (CaLCTec instru-
ments, Model Fr10KPA-HC) with a 20 nm layer of PEDOT:PSS (Clevios P VP 4081, H.
C. Stark GmbH) at 5000 RPM. The PEDOT:PSS coated substrates were then heat treated
at 200°C for 10 min on a hot plate to remove any residual solvent. The substrates were
immediately transferred inside a nitrogen glove box to avoid any further absorption of water
and oxygen by the PEDOT:PSS layer. Solutions of 1:PC¢ BM with weight ratios between
1:1 and 1:5 were prepared in chlorobenzene and mixed overnight in the dark. Active layers
with thicknesses between 100 to 140 nm were spin-coated at different spinning rates. The
samples were then transferred to a thermal evaporator (Kurt J. LESKER) attached to a
glove box for the evaporation of the cathode, without exposing them to air. LiF and Al,
~1 nm and 200 nm thick, respectively, were then thermally evaporated at a base pressure
of 1.2 x 1077 mbar. The thicknesses of the different layers of the devices were measured
by using a Dektak 8 surface profilometer. The active area of the sample was 8.75 mm?.

Absorption measurements in solution were performed with a Perkin Elmer 900 UV-
Vis spectrometer using normal incidence. Absorption on thin films were performed using
a reflection technique. In this case, the incident light from a light source (Oriel, Model
66902) was first directed through a monochromator (Oriel, Model 74100) before reaching
the sample at an angle of ~45°. The reflected light was then collected using a power meter
(Ophir, NOMA T1I). This experiment was repeated for a blank in order to calculate the
absorption at different wavelengths.

Photoconductivity measurements were performed, using a He-Ne laser (Melles Griot)
as a light source, with a Keithley 6517A source meter. For such measurements, two ITO
substrates were glued together using spacers with thickness between 1.7 and 5 yum and the
samples were then filled by capillarity on a hot plate.

Atomic Force Microscopy (AFM, Bruker Nanoscope I11a) has been used in the tapping
mode. A home-made set up allows to detect shifts in the phase angle of vibration when
the oscillating tip interacts with the sample surface. In this work, phase shift images are
presented.

Current/voltage characteristics were measured (Keithley 2400 Source Meter) inside a
N glove box under simulated solar illumination (Sciencetech, Model SS 150 solar simulator,
Air Mass 1.5G, 100 mW/cm?). The solar simulator intensity was tuned by using a calibrated
Si photodiode (Hamamatsu S2386-44K).

From the J/V curves it is possible to extract the efficiency of devices. The power
conversion efficiency 7 is defined by

JscVoc

n = FF 1
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Where I is light intensity, Jsc is the measured short circuit current density, V. is the open
circuit voltage and FF is the fill factor. FF is defined considering the maximum power Py,
(obtained from characteristic curves) as:

Pmax

~ JocVoc

FF )

The external quantum efficiency (EQE) is defined by the ratio between the number of
charges N, extracted at the electrode and the total number of photons Ny, incident on the
device at a particular wavelength as:

Ne
Nph

EQE(}) = 3)
In the experiment, the EQE(X) was obtained by first measuring the photocurrent density of
a calibrated Si photodiode Jg; and then the photocurrent density of the device Jp. EQE was
calculated as:

Isi
EQE(A) = QES% )

where QEg; is the quantum efficiency of the calibrated Si photodiode. The internal quantum
efficiency IQE was obtained as:

EQE()

IQEG) = — ¢

&)

where « 18 the extinction coefficient of a device of thickness d.

Results and Discussion

The cyclopalladated complex 1 was synthesised through a two steps procedure which
involves the formation, by reaction of Nile Red with Pd(OAc),, of the acetato-bridged
dimer I, [22], followed by its rupture upon addition of the Schiff base ligand, as illustrated
in Fig. 2.

The required Schiff base H(O"N) has been quantitatively obtained by condensation
of 4-dodecylaniline with 4,5-bis(dodecyloxy)-2-hydroxybenzaldehyde in refluxed ethanol,
following previously reported procedures [23].

Complex 1 belongs to a new class of semiconductors [21], coordination complexes
in which the HOMO is positioned on the ancillary Schiff base and the LUMO on the
cyclometallated ligand, both coordinated by either a Pt(IT) or a Pd(IT) metal atom, as shown
in Fig. 3.

It is believed that this physical separation is at the origin of the intrinsic charge
photogeneration properties of these materials. However, the HOMO/LUMO separation is
also important for another reason. In fact, the proper choice of ligands is an easily accessible
method for tuning absorption wavelengths. Complex 1 was chosen because, when compared
to other compounds of the same class (see Fig. 4) it exhibits an extended absorption range,
up to A ~650 nm, which is desirable for photovoltaic applications. In addition, the presence
of long alkyl chains improves processability during spin coating.

As in the case of other complexes of the same class [24-27], complex 1 is also a
photoconductor. Photoconductivity measurements were carried out both on pure 1 and on
samples doped with less than 1% of Cgp. As it is evident from the results illustrated in
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Figure 3. Above: general chemical structure of photoconductive cyclometallated complexes. Below:
chemical structure in the case of the azobenzene complex, with HOMO (in green/yellow) and LUMO
(in white/blue) distribution.

Fig. 5, the photoconductivity increases by two orders of magnitude in the presence of Cgy,
without a measurable increase in absorption. Since Cg is a well known electron acceptor,
such increase in photoconductivity shows that i) there is a significant electron transfer from
the excited state of 1 to Cgy and ii) complex 1 is a hole conductor, as already known for the
other complexes of the same class [21]. On the basis of these observations, the use of 1 in
BHIJ devices, in combination with soluble derivatives of Cgg, seemed possible.

The most common soluble commercial Cgy compound that plays the role of acceptor in
BHIJ is PCg; BM, which was used, in combination with 1, to obtain BHJ photovoltaic cells,
as described in the experimental section. The chemical structure of PCg BM is shown in
Fig. 6, together with a schematic diagram of the energy level alignment of frontier orbitals

A —— Azobenzene
—— Benzo[h]quinoline ocH
0.34 —— 2-Phenylpyridine Cothe
5 — Complex 1 Azobenzene
©
E 0.24 C Pd...___ C = Benzo[h]quinoline
< 1 2-Phenylpyridine
0.1 R
U.UA T T T T T = CHH‘
300 400 500 600 700 BOO 900
2 (nm)

Figure 4. Comparison between the absorption of complex 1 and of other cyclometallated complexes
of the same class.
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Figure 5. Photoconductivity of pure complex 1 and of complex 1 doped with Cg as a function of
the applied electric field. The measurements were carried out at A = 633 nm, with a light intensity
I=0.65W/cm?.

for the donor (1), the acceptor (PCs;BM), the PEDOT:PSS hole injection layer and the
work functions of the electrodes within the cells.

It is well known that in BHJ solar cells, performance is strongly affected by the
morphology of the interpenetrating phases, which, in turn, depends on both the solvent and
the composition [28]. BHJ cells were prepared as mentioned in the experimental section
by using different solvents, such as dichloromethane, chloroform and chlorobenzene. The
best performing solvent was chlrobenzene and only results obtained by using such solvent
will be illustrated in the following.

Typical J-V curves in the dark and under illumination are shown in Fig. 7 for the
1:PCq; BM weight ratio 1:4, which gave the best results.

The various parameters of the devices with different compositions are summarized in
Table 1. With a 1:1 composition, cells were shorted and it was not possible to perform
measurements. It is evident from Table 1 that as the concentration of PCg; BM is increased
Jsc increases, which is the main reason leading to a higher efficiency, whereas all the other

LUMO
OMe
3.61eV
m Al
_8‘ 4.1eV 4.1leV
3
mo | &
4.8eV Ic Complex 1
™l Pc,BM
0N 5.13eV L
6.0eV
HOMO

Figure 6. Schematic illustration of the energy levels alignment of the materials used in the devices.
The chemical structure of PC¢;BM is also shown.
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Figure 7. Typical J-V curves for the 1:PCq;BM system with a 1:4 weight ratio, under 100 mW/cm?
light illumination (AM 1.5) and in the dark.

parameters remains almost constant and independent from composition. However, when
the content of complex 1 becomes too low (1:5 composition) the efficiency decreases.

An explanation for the improved performance at higher PCs; BM concentration can be
found by considering the atomic force microscopy (AFM) images obtained in the phase
mode and shown in Fig. 8.

Table 1. Typical parameters of devices at different compositions of the active layer

1:PC¢BM Jsc Voc Fill
Weight Ratio (mA/cm?) (Volts) Efficiency Factor
1:2 0.017 0.24 0.001 0.25
1:3 0.035 0.34 0.003 0.26
1:4 0.195 0.30 0.014 0.24

1:5 0.06 0.35 0.005 0.25
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Figure 8. AFM phase images of the 1:PC¢ BM active blend with weight ratios 1:1 (a), 1:2 (b), 1:3
(c) and 1:4 (d).

For a 1:1 composition, large patches of the two phases with dimensions of several
hundred nanometers can be observed. As the PCg;BM concentration is increased, the
morphology evolves towards an interpenetrated network, with typical dimensions of the
domains ~25 nm for the 1:3 composition and ~10 nm for the 1:4 composition. A better
performance in BHJ with well connected domains in this size range is expected, because it
induces a higher current photogeneration and reduces the series resistance [29]. Howeyver,
even for the best samples, efficiency is rather low, by roughly two orders of magnitude
when compared to the best performing materials in BHJ [7]. One of the possible reasons
for this low performance can be found in the difficulty in obtaining a good morphology of
the interpenetrating phases in the BHJ, which is typical in devices using LMW materials.
Thermal annealing, often used in order to improve morphology [30], was also performed
on our samples, at 70°C and 120°C, but it did not lead to an improvement of the efficiency,
that actually decreased, indicating that the morphology of the active layer becomes even
worse after thermal treatments.

Another reason for the low performance is the low absorption of 1, which is more than
one order of magnitude lower than what would be required for good efficiency. The absorp-
tion of a film with a 1:4 composition is shown in Fig. 9. Even at the peak for A ~600 nm
the absorption coefficient is @ < 10* cm™!, corresponding to an absorption of less than 20%
of the incident photons in a 100 nm thick device.

Despite the low performance, a deeper level of analysis of the data can be interesting
in assessing the importance of using a photoconducting component in organic photovoltaic
devices. The external and internal quantum efficiencies of a device with a 1:4 composition
is shown in Fig. 10.

As expected, EQE follows absorption rather well, except for a shift of the efficiency
towards higher wavelengths, but what is more revealing is the wavelength dependence of
IQE. It is evident that at higher wavelengths, where the contribution of 1 to absorption is
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Figure 9. Absorption of a sample with a 1:PC¢ BM = 1:4 weight ratio.

higher, higher values of IQE are observed. There is a monotonic decrease of IQE throughout
the visible region (data below 750 nm, where the absorption of the devices is very low,
are greatly affected by error and are not shown). In other words, light absorbed at higher
wavelengths is more effective in generating photocurrent. Although IQE dependences on
wavelength reported in the literature are never flat, in this case the behaviour is rather
unusual, with IQE varying by a factor 6 between A ~400 nm and A ~750 nm.

1.00

Absorption 112000

400 500 600 700 800
A(nm)

IQE (%)

400 500 600 700 800
A(nm)

Figure 10. (a) Wavelength dependence of external quantum efficiency and absorption in a film of
1:PC4;BM with a 1:4 composition. (b) Internal quantum efficiency of the same film.
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Figure 11. Absorption in solution of Complex 1 and of PC¢; BM.

In order to rationalize this observation it is necessary to consider the relative contribu-
tion to light absorption of the two components of the active layer, as shown in Fig. 11.

Complex 1 exhibits an absorption maximum at A ~600 nm, with an absorption edge at
A ~700 nm and residual absorption up to A ~800 nm. Absorption decreases at wavelengths
below A ~600 nm, but not dramatically. PCs; BM instead shows very little light absorption
at high wavelengths, with an extinction coefficient almost monotonically increasing as the
wavelength decreases. Simplifying, and considering that PCs;BM is much more abundant
in the films, we can say that at high wavelengths the contribution to absorption is due mainly
to complex 1 and, as the wavelength is decreased, the contribution of PCg;BM becomes
more and more important. Note how the IQE curve is roughly shaped like the mirror image
of the absorption curve for PCs; BM.

It is clear from the wavelength dependence of quantum efficiency that light absorption
by complex 1 leads to a much higher photon-to-collected-charge conversion than absorp-
tion by PCg;BM. The comparison between experiments carried out with different relative
concentrations of the components do not show a decrease of the effect when the size of the
domains decreases, ruling out the hypothesis that the different performance of the two com-
ponents could be due to different exciton diffusion lengths of the two materials. Similarly,
the contribution of “hot excitons” [31], can be excluded, as the higher conversions are ob-
tained for higher wavelengths. Results can instead be explained by considering the intrinsic
photogeneration properties of complex 1. The tendency of 1 towards charge photogener-
ation even in the bulk, could be the explanation for the easy charge transfer to PCs;BM,
when compared to other donors. In contrast, absorption by PC¢;BM is less efficient. In
addition, given the fact that complex 1 is an intrinsic photoconductor, a contribution to
charge photogeneration far from the interface could also be important. In other words, the
thickness of the interface which is relevant for exciton dissociation might not be reduced
to a single layer of molecules when the exciton is produced in the complex 1 side of the
heterojunction.

Further studies are needed in order to better understand the process and to clarify the
underlying mechanisms. However, the data presented in this paper clearly show an unusual
behaviour that, at least in the case of the compounds studied, indicates that the use of a
photoconductor as a component of excitonic solar cells can dramatically affect exciton
dissociation efficiency.
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