J Mater Sci (2008) 43:5551-5563
DOI 10.1007/s10853-008-2822-8

Charge-transport and photocurrent generation in bulk hetero
junction based on Chloro-aluminum phthalocyanine (CIAIPc)

and Rose Bengal (RB)

M. S. Roy - P. Balraju - Y. S. Deol -
S. K. Sharma - G. D. Sharma

Received: 27 February 2008/ Accepted: 18 June 2008 / Published online: 9 July 2008

© Springer Science+Business Media, LLC 2008

Abstract Bulk-hetero junctions were made with the
intermixing of Chloro-aluminum phthalocyanine (C1AlPc)
(p-type) and Rose Bengal (RB) (n-type material) from the
common solvent. The optical properties of blend reveal
that light harvesting is possible from almost entire visible
spectrum of the material. The devices were characterized
by recording its J-V in dark and under illumination and
impedance analysis under various temperatures over wide
frequency range, i.e., from 100 Hz to 1 MHz. Various
photovoltaic parameters like open circuit voltage (V.),
short-circuit photocurrent (Jy.), and fill factor were evalu-
ated and found to be as 0.92 V and 0.44 mA/cm? and 0.48,
respectively. Also, the effect of thermal annealing on the
optical, electrical, and photovoltaic properties of bulk
heterojunction device was investigated. From the imped-
ance spectroscopy, we conclude that the change in bulk
resistance and dielectric constant of active layer due to the
illumination has a direct relevance to the photocurrent
generation by the device. The overall observation reveals
that upon thermal annealing of the device imparts sub-
stantial increase in hole mobility which results in balanced
charge transport.
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Introduction

In the past decades, interest on organic photovoltaic
(OPV) devices has increased and several reviews on OPV
have been published [1, 2]. The OPV offers low cost, low
temperature solution processing, flexible substrates, and a
high speed of processing. Several research groups have
reported the synthesis and the use of materials which
absorbs light with wavelengths above 600 nm in OPV’s.
Furthermore, organic semi-conducting materials in thin
film form show high absorption coefficients exceeding
10° cm™', which make them good chromophores for
optoelectronics applications [3]. Organic materials having
delocalized 7 electron system can absorb sunlight, create
photo generated charge carriers, and transport these car-
riers toward the electrodes. Research on organic solar
cells generally focuses either on solution processable
organic semiconducting molecules/polymers or on vac-
uum-deposited small molecular materials [4, 5]. In recent
years, the efficiency of OPV has been improved up to
>5% [6, T].

The initial step of photo carrier generation in OPV is
exciton formation due to photon absorption by the active
layer used in the device. In order to achieve the efficient
OPVs, the exciton has to be dissociated at a donor—acceptor
(D-A) interface into free charge carriers, which are sub-
sequently collected at their respective electrodes. One
limitation of OPVs is overlap between the active layer
absorption with the solar spectrum. Indeed, over 60% of
the total solar flux is at wavelength A > 600 nm with
~50% in red and near infrared (NIR) spectrum at
600 < A < 1,000 nm. Therefore, new materials need to be
developed and investigated that can absorb NIR radiation
and effectively convert absorbed photons into the current.
The OPV devices based on polymers sensitive to NIR
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radiation up to A = 1,000 nm have achieved a power
conversion efficiency of 0. 7% [8, 9].

It is widely recognized that efficient exciton dissociation
occurs at the interface between donor (D) and acceptor (A)
materials, but the short exciton diffusion lengths in organic
limits conversion efficiency [10-12]. This issue has been
addressed in molecular systems by improvements in mate-
rials selection [13-16]. Mixing technique such as blending
of two different types semiconducting is commonly used in
polymeric systems for creating a nanostructure interface
with a high interfacial area between the donor and the
acceptor species [17-21], with considerable efforts being
directed to optimize the blend morphology and percolation
between D and A domains. Postproduction heat treatments
have also been investigated on spin-coated polymer blends
to enhance crystallization of photoactive polymers, and
thereby increasing the mobility of charge carriers [22]. In
addition to that, thermal annealing has also been employed
to induce the phase mixing in a bulk heterojunction poly-
mer: fullerene structure [23], resulting in an improved D-A
interface with better photovoltaic performance of the
device.

However, bulk heterojunction photovoltaic devices
based on small molecule organic materials have not been
investigated extensively so far, even through an early
attempt at mixing evaporated perylene and phthalocyanine
films in double layer structure lead to a twofold increases in
photovoltaic device efficiency [24]. The bulk heterojunc-
tion based on small molecules has been investigated on the
structures containing co-deposited phthalocyanine and Cgg
either directly sandwiched contacts or in conjunction with
continuous layer of different compositions [25-28]. Peu-
mans et al. [12] employed the strained thermal annealing
process on mixed vacuum deposited small molecular sys-
tem, allowing for the formation of an interpenetrating D—A
network and reported almost double power conversion
efficiency over a bi-layer structure utilizing same materials.
Recently, Chen et al. [29] reported an effective approach
to improve the spectral coverage by simply doping a suit-
able fluorescent dye into the donor and/or the acceptor
layer, upon doping the device CuPc/Cgy OPV device with
5,6,11,12-traphenylenphthacene (rubrene), resulted in a
high 5.58% power conversion efficiency, under an illumi-
nation intensity of 100 mW/cm?.

As in nature, porphyrins are among the pigments most
frequently employed as light harvesting antenna [30-33].
They efficiently utilize the absorbed energy to an acceptor
site, where energy conversion takes place. Pcs [34, 35] are
synthetic porphyrin analogues that exhibit particularly
intense absorption in the red/NIR spectral region, where
porphyrin fails to exhibit appreciable absorptions. There-
fore, Pcs emerge as attractive molecular building blocks for
the incorporation into D—A ensembles [36, 37], where they
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function as antenna with both a wider absorbing range of
the solar terrestrial spectrum.

In this paper, we have investigated the optical, electrical,
and photovoltaic properties of bulk heterojunction fabri-
cated from Chloro-aluminum phthalocyanine (CIAIPc)
(p-type) and Rose Bengal (RB) (n-type material) in the
form of blend device. The enhancement in power conver-
sion efficiency upon thermal annealing is due to the
increase in carrier mobility and modification of barrier
formed with the electrode. This modification leads to an
improvement in the collection of charge carriers by the
electrodes and reduced recombination. The impedance
measurements have also been used to correlate the change
in impedance and dielectric constant upon the illumination
with the short-circuit photocurrent.

Experimental procedure
Synthesis of materials

The material was synthesized through microwave-assisted
synthesis process using focused microwave-based SYN-
THEWAVE-402 (make Prolabo, France). In the procedure,
the fine grounded phthalic anhydride (18 mmol), urea
(92 mmol), ammonium chloride (17 mmol), ammonium
molybdate (5 mg as catalyst), and aluminum chloride
(0.6 mmol) were taken in a Quartz cylindrical reaction
vessel (cap. 250 mL) and then irradiated with microwave
(Power 300 W) under the given temperature profile. The
product obtained within 10 min reaction time was washed
with hot water and then dried in vacuum oven for 1 h. The
re-precipitation through concentrated H,SO, leads to the
purest form of the material. Further, purification was car-
ried out by soxlet extraction with acetone for 3 h and then
pure M-Pc was obtained approximately in 70% yield. The
material synthesized in this way is Cl1AlPc derivative which
is soluble in organic solvents such as DMSO and DMF. RB
is a well known n-type commercially available dye pro-
cured from Aldrich Chemicals, USA, and used as such
without further purification. The molecular structure of
CIAlPc and RB is shown in Fig. 1. For recording the
absorption spectra and fluorescence spectra (FL), thin film
of ClAlPc, RB, and ClIAlIPc:RB blend was spin cast from
its solution in DMF onto the plane glass substrate. The
absorption of the material was recorded using Photo Diode
Array (Analytic Jena, Germany). The FL spectrum of the
materials was recorded using Hitachi fluorescence spec-
trophotometer (F-3000). Cyclic voltammetry was carried
out with a potentiostat—galvanostat (PGSTAT 30, Autolab,
Eco-Chemie, Netherlands), a three-electrode system con-
sisted of a gold working electrode, a platinum wire counter
electrode, and a saturated calomel reference electrode
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Fig. 1 Molecular structure of CIAIPc and RB

(SCE). CV was recorded in distilled DMF solvent using
0.1 M KCl as supporting electrolyte at a scan rate of
60 mV/s.

Fabrication of thin film device

CIAlPc was blended thoroughly with RB in (1:1 ratio) by
grinding in mortar and then the device was fabricated by
developing a thin-film of blend employing spin-coating
technique over indium tin oxide (ITO)-coated glass sub-
strate using DMF as solvent. For developing the film
through spin-coating technique the rotation speed was
initially kept at 100 rpm and then slowly and slowly
accelerated to 1,000 rpm. The thickness of the film was
evaluated through the spectral transmittance characteristics
of the material and refractive index data. With the help of
these two parameters and thickness monitor software pro-
vided with Photodiode array spectrophotometer (Analytic
Jena, Germany), the actual thickness of the film was
determined. The thickness of the film was about 200 nm.
The layer is then heated in an oven at 60 °C for 30 min to
remove the residual of the solvent. The silver (Ag) contact
was then made over the top of the organic film covering
1 cm? active area of the device and configuration of the
device is shown in Fig. 2. The J-V characteristics of the
devices were measured with a Semiconductor Parameter
Analyzer (HP 4145B) in dark and under illumination. The
illumination was given by halogen lamp through ITO side
and the light intensity was 10 mW/cm®. Temperature

» ITO coated layer
— Etched surface

I
l ClAIPc:RB

Ag electrode

» Glass substrate

Fig. 2 Structure of Ag/CIAIPc:RB/ITO device

dependence of the impedance characteristics was recorded
using FRA software (auto 30) in the range 300-370 K by
controlling the temperature with the help of a temperature
controller and monitoring it by digital temperature monitor.
The developed films were annealed at 80 and 100 °C
temperature in vacuum oven for 30 min. The film was then
removed and kept in desiccator and temperature was
brought down to room temperature.

Results and discussion
Optical studies

The UV-Visible spectra of the spin-coated CIAIPc and RB
are shown in Fig. 3. It can be seen that CIAlPc absorbs
light in 550-800 nm region and the acceptor material RB
absorb in the wavelength region 400-600 nm. Hence, the
combination of CIAIPc with acceptor material absorbs
most of the solar energy spectrum in visible region. The
RB has strong absorption feature as long as the absorption
of the ClAIPc is weak or nonexistent. Therefore, the
intermixing of these materials can be used as acceptor
materials to form the bulk hetero-junction with ClAlPc.
Absorption spectra of the blended film are shown in Fig. 3.
It can be seen from this figure that the RB blended with
CIAIPc in bulk heterojunction solar cells provides good
coverage of solar spectrum and it is just a simple super-
position of the two components used indicating that there is
no ground-state interaction between the donor and the
acceptor.

Electrochemical properties

The HOMO and LUMO energy levels of the donor and
acceptor components for photovoltaic devices are very
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Fig. 3 Absorption spectra of CIAIPc, RB, and CIAIPc:RB blend thin
films
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Fig. 4 Cyclic voltammogram of CIAIPc and RB

important factors to determine effective charge transfer
between donor and acceptor. Cyclic voltammogramm has
proven to be a useful tool to determine the HOMO and
LUMO levels in organic materials. Figure 4a and b shows
the cyclic voltammgrams of CIAIPc and RB, respectively.
The evaluation of HOMO and LUMO levels has been done
according to the following expressions [38].

Enomo(eV) = —E®™ —4.34¢eV, (1a)
Erumo(eV) = —ERY — 434V, (1b)

where E°* and E™! are the measured oxidation and
reduction potentials, respectively, relative to SCE. It is
reported that the HOMO and LUMO of the organic
semiconductors are highly localized on donor and
acceptor moieties, respectively [39]. Table 1 shows the
UV-Visible absorption data for materials and their cyclic
voltammetric data. The obtained energy band gap esti-
mated from CV is quite close to that extrapolated from
absorption onset, i.e., optical energy band gap, which
demonstrates the reliability of the electrochemical evalu-
ation of LUMO and HOMO energy levels. In Fig. 5, the
reduction and oxidation processes of ClAIPc:RB blended
films are shown. In reduction cycle, the CIAIPc blended
with RB exhibits reduction, i.e., n-doping and reduction
peak shifted to higher potential with respect to those
found for ClAlPc. In oxidation cycle, an irreversible

Table 1 Position of LUMO and HOMO levels and band gap calcu-
lated from the electrochemical and optical spectra of CIAIPc and RB

Material Epymo Exomo E, (Electro) E, (optical)
(eV) (eV) V) (eV)

CIAIPc —-3.2 —4.9 1.7 1.66

RB 3.92 —5.98 2.06 1.98
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Fig. 5 Cyclic voltammogram of ClAIPc and RB blend

p-doping is observed and oxidation peak, shifted to higher
potential as compared with that for ClAIPc alone. The
shift to higher potentials of both oxidation and reduction
cycles suggests a lower ionic conductivity and/or slower
ionic motion in the blend film with respect to that in pure
ClAlPc [40]. Since, the absorption spectra from D-A
composite film are algebraic sum of the spectra of indi-
vidual components. This suggests that charge transfer
complex does not form in the blend.

The relative position of HOMO and LUMO with ClAlPc
makes it possible to fabricate bulk heterojunction device.
Fluorescence (FL) measurement technique was used to
investigate the photo-induced charge generation in the
blend of D-A. The photo-excited exciton passes through
several processes:

(a) Recombination within donor or at the donor/acceptor
interface.

(b) Energy transfer between the materials followed by
radiative or nonradiative recombination.

(c) Charge transfer (exciton dissociation) at the D/A
interface.

The measurements of fluorescence were made on a thin
ClAIPc (D) film and compared with the FL of blend film
from D-A (CIAIPc:RB). The FL spectra of the blends and
donor (ClAlIPc) are shown in Fig. 6. For the efficient photo-
induced charge transfer, the relative position of donor
LUMO and acceptor LUMO is crucial. The HOMO of
ClAlPc is clearly higher in energy than HOMO of acceptor
(RB). For the initiation of a photo-induced charge transfer
process, the binding energy of the photogenerated excitons
should be smaller than the difference between the electron
affinities of the participating donor and acceptor species
[10, 41]. The magnitude of exciton binding energy in most
of the organic semiconductors is about 0.5 eV [42]. This
value is comparatively smaller than that of the difference in
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Fig. 6 FL of CIAIPc and CIAIPc:RB thin films

electron affinities of CIAIPc and RB (0.62 eV), which
energetically favors the charge transfer process under
illumination.

Electrical and photovoltaic properties

Figure 7 shows the current—voltage characteristics of an
ITO/Cl1AIPc:RB/AI device at room temperature in dark and
under illumination. The rectification of this device is about
200 at 0.8 V in dark, while under illumination the reverse
bias and forward bias currents are symmetrical. The dark
J-V characteristics as shown in Fig. 7 for the device consist
of three distinct regions:

(1) a linear region at negative voltages and low forward
bias voltages (between —0.5 and 0.5 V where the
current is limited by shunt resistance;

(2) an exponential behavior at intermediate region in
forward bias voltages where current is controlled by
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Fig. 7 Current—voltage characteristic in dark and under illumination
for ITO/C1AIPc:RB/Al device

(3) a linear region at high voltages where the current is
limited by the series resistance.

The current—voltage characteristics in dark were fitted
by standard one-diode model given by

where J, is the saturation current density, g the electronic
charge, n the diode quality factor, kT the thermal energy, R,
and Ry, are the series and shunt resistance, respectively.

Although the specific physical processes in organic
semiconductors may be different but the principal loss
mechanisms are same, because of that, we can apply the
one-diode model to describe the J-V characteristics for
present device as employed by other researchers [20, 43].
The exponential behavior of the device is attributed to the
interface existing as in the case of schottky barrier and
bi-layer devices. However, for the devices consisting of an
intimate mixture of two materials, a well-defined interface
for a charge separation such as p—n junction is not formed.
In this case, the D—A interface is spread throughout the
bulk sandwiched between two electrodes. Two materials
are arranged like a bi-layer, connect the electrodes as a
pure phase, or one material is completely enclosed by the
other. The exponential behavior of J-V characteristics
depends on the properties of two materials involved. The
slope of J-V characteristics in exponential region depends
on two parameters, i.e., ideality factor (n) and reverse
saturation current (J,). The ideality factor gives informa-
tion about the recombination process. The second
parameter that affects the exponential part of J-V charac-
teristics is the saturation current which gives the numbers
of charges able to overcome the energetic barrier in reverse
bias.

Since, the quantum efficiency for charge separation in
pristine organic semiconductor is low; hence, it is neces-
sary to use the blend of semiconductors with appropriate
electron affinities and work functions [44] to overcome the
quantum efficiency for charge separation. This so-called
D-A principle is successfully applied in liquid-electrolyte
and solid-state dye sensitized solar cells as well as poly-
mer/fullerene solar cells. Mixing of acceptor with donor
into a composites active layer completely modifies the
nature of the thin film devices hence the V,. of these
devices. In the case of Ohmic contacts, the negative and
positive match the LUMO level of the acceptor and HOMO
level of the donor is expected. The maximum V. for this
case will be (Voo)max = Erumo (A) — Ehomo (D) and this
governs the bulk material properties, as part from the dif-
ference between the work functions of the positive and the
negative electrodes. The work function of ITO matches the
HOMO Ilevel of ClAlPc resulting in an ohmic contact for
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holes in the BHJ solar cells. In BHJ with Ag contact band
bending occurs at both interfaces and Eq modifies to

q(Voe + AVy) = (ELumo(a) — Exomo))> 3)

where AV, is the sum of the voltage losses at each contact
due to band bending. This equation shows that for two
Ohmic contacts the V. is given by the difference between
the HOMO level of the donor and LUMO level of the
acceptor, minus the voltage drop losses at these contacts
due to band bending. The experimental value of V. is less
than the theoretical value of V.. This reduction in V. is
caused by the dark current-voltage curve of the diode,
which is determined by the ideality factor and the reverse
dark current J, of the diode. In addition to that, a smaller
part of V,. loss originates from the fact that the photo-
current in bulk heterojunction device is dominantly field
driven.

Dissociation of charge carrier at CIAIPc/RB interface

Organic semiconductors are characterized by low relative
dielectric constant typically ranging from 2 to 4, which
results a strong Coulomb binding energy (0.5 eV) for the
photogenerated electron and hole at the D-A interface. It is
well known that in molecular solids, the photogeneration of
charge carriers results from the field and temperature-
assisted dissociation of singlet excitons [45, 46]. In the
present device, we have observed a strong FL quenching
and the photoaction spectra of the device closely matches
with the optical absorption of blend layer, which leads to
generation of free charges in a two-step process: in the first
step, coulombically bound germinate electron hole pairs
are formed, and secondly the pairs are dissociated into free
carriers [47].

In the case of an ideal solar cell, with no recombination
or space charge formation, the photocurrent is a direct
measurement of the photogenerated charge carriers. In that
case, the internal field in the device is given by
E = (Vo — V)/L, where V is the applied voltage, V. the
open circuit voltage, and L is the thickness of the photo-
active layer used in the solar cell. The photocurrent through
the external circuit is given by [48]

Jpn = qGL, (4)

where G is the generation of electron and hole pairs.
Therefore, for constant generation rate G, Jo, is
independent of applied field. As a result, in this case the
photocurrent given by Eq. 4 is independent of the mobility
of either electron or holes and direct measurement of G,
because of weaker recombination, the carrier lifetime will
always exceed the transit time. However, Sokel and
Hughes [49] pointed out that Eq. 4 is not valid for low
bias voltages because the diffusion currents have been not
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included. Using same approximation which was used for
Eq. 4, but including the diffusion process, the photocurrent
is given by

exp(qV/kT)+1 2kT

Jop = qGL| SR ) T 2 A
= A exp(qVKT) — 1 qV |’

(5)
where gGL is the saturated photocurrent.

Interpretation of J-V characteristics for organic solar
cells often done by using models developed for inorganic
p—n junctions [50, 51]. However, in such cases, no detailed
description of electric field distribution and carriers den-
sities in bulk heterojunction solar cells has been included.
Baker et al. [52] have proposed a numerical model
describing the J-V characteristics of bi-layer OPV devices,
which include the dissociation of excitons at D—A inter-
face. Since, the electronic structures of bi-layer and bulk
heterojunction are different; therefore, their operational
principles are fundamentally different.

Our device can be described by using the metal—insu-
lator-metal picture as employed for other organic solar
cells [53]. This means that the device is built up by one
semiconductor with the LUMO of the acceptor and HOMO
of the donor as conduction and valence band, respectively.
The energy difference between LUMO of the acceptor and
the HOMO of the donor components can be treated as the
effective band gap (E,p) of photoactive blend. In organic
semiconductors, the band gap is not rigorously defined
quantity due to the Gaussian density of states of both the
acceptor and the donor materials [54]. We have described
our experimental results employing a model that includes
drift and diffusion of charge carriers, and the effect of
space charge on the electric field in the device as proposed
for polymer: fullerene bulk heterojunction [55, 56]. We
have already reported that the current in ClAlPc-based
device shows quadratic dependence on voltage [57]. This
behavior is occurrence of SCLC enables us to directly
determine the hole mobility from the J-V characteristics.

In Fig. 8, the experimental data obtained from the J-V
measurements performed on the device are displayed. In
this graph, the effective photocurrent density J,,, obtained
from subtracting the dark current from the current under
illumination is plotted as a function of effective applied
voltage (V, — V), where V, is compensation voltage at
which J,, =0 [58]. In this way, V, — V reflects the
internal electric field in the device. It is observed that for
low effective voltages, the photocurrent increases linearly
with effective voltage and subsequently tends to saturate.
At low voltages, it can be described with an analytical
model developed by Sokel and Hughes for zero recombi-
nation as indicated in Fig. 8. This linear behavior at low
effective voltage is the result of a direct competition
between diffusion and drift currents. At higher effective
voltages, all free charge carriers are extracted and the
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Fig. 8 Effective photocurrent density (J,,) as function of effective
applied voltage (V,. — V) for the CIAIPc:RB device

photocurrent saturates at gGL. As can be seen from Fig. 8,
that the experimentally measured photocurrent does not
saturates at gGL, but gradually increases for larger effec-
tive voltages that may be attributed to the field dependence
of the generation rate G.

We have stimulated the Jp, using the model developed
by Koster et al. [55], which includes the effects of space
charge and recombination. In Fig. 8, a fit to the experi-
mental data is shown covering a large effective voltage
range. The parameters used in this fit are listed in Table 2.

The external photocurrent becomes saturated when all
photogenerated free electrons and holes are extracted from
the semiconductor. This implies that the mean electron and
hole drift lengths demy = pem)Teny £ are equal or longer
than the thickness of the active layer L, where ., is the
mobility of electrons (holes), 7., the lifetime of electron
(hole), and E the internal field. In this case no recombi-
nation occurs and saturated photocurrent density is given
by Eq. 4. However, if either, d. < L, dy, < L or both are
smaller than L. Space charge will form and recombination

Table 2 Parameters used in the fit to the data as shown in Fig. 8

Parameter Numerical values
Band gap of active material (E,) (eV) 0.98

Electron mobility (ge) (m*/Vs) 8.5 x 107°
Hole mobility (u) (mz/Vs) 12 x 1078
Effective density of states (Vy) (m73 ) 10%

Generation rate (G) (m ) 2.0 x 107
Dielectric constant (&) 3

e/h pair distance (a) (nm) 1.3

Decay rate (k¢) (s™") 23 x 10°

of free charge carriers becomes significant. In a bulk het-
erojunction, the excitons are generated uniformly
throughout the active layer due to the intermixing of donor
and acceptor species and the charge transport is strongly
unbalanced since d. # d,. The difference in d, and d,, is
originates from a difference in the charge carrier mobility
te and py. In CIAIPc:RB blend, the electron mobility of
electron is higher than hole mobility and dj, < L, the holes
will accumulate to a greater extend in the device than the
electrons results the nonuniform distribution of applied
field. As a consequence, the electric field increases the
region near the anode, enhancing the extraction of holes.
However, in the region near the cathode, the electric field
decreases, diminishing the extraction of electrons. Due to
this effect, in the region near the anode, the accumulated
holes are not neutralized by an equal density of electrons,
which results in a buildup of positive space charge. The
electrostatic limit of hole accumulation is reached when the
photocurrent generated in this region, Jp, = ¢GL;, where
L, is the thickness of the space charge layer near the anode,
is equal to SCLC [48].

9 V2
JscL = (8) £0&r Iy <L§> ; (6)

where ¢,¢; is the dielectric permittivity. By equating ¢GL,
with Eq. 6, it follows that the photocurrent that can be
extracted from the device when space charge is formed
near the anode is given by [48]

9eoer iy 174 3/41,1/2

According to Eq. 7, the SCL photocurrent scales with a
3/4 power dependence on light intensity, while in the
absence of space charge, the photocurrent is scaled linearly
with the light intensity.

Figure 9 shows, in a double-logarithmic plot, the
experimental Jp;, as a function of incident light intensity for
two different voltages, at V, — V = 0.1 V in a square root
region and at V, — V =2 V in the saturated region. The
slope S determined from the linear fit to experimental data
is about 0.78 and 0.92 in square root and saturation part,
respectively. The 1/2 power dependence of Jy, on voltage
and 3/4 dependence on light intensity is a strong indication
for the occurrence of a space charge limited photocurrent in
the CIAIPc:RB system.

Effect of thermal annealing

It is reported that the electron and hole mobilities in the
blend can be determined from the current—voltage mea-
surements by using electrodes that either suppress the
injection of electrons and holes, resulting in hole or
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electron only devices, respectively [59, 60]. We have
applied this technique to measure either the hole or the
electron current in the blend of Cl1AlPc:RB for as-cast and
annealed films. In order to fabricate the hole only devices,
Au was evaporated as the top electrode to form the ITO/
CIAlPc/Au structure. The work function of ITO matches
with the HOMO of ClAlIPc (4.9 eV) forming nearly Ohmic
contact for hole injection, where as Ag strongly suppresses
the electron injection into RB owing a large mismatch
between its work functions. A schematic diagram of a hole
only device is shown in Fig. 10a. In order to suppress the
hole injection into ClAlPc, the bottom electrode must have
a low work function. We have fabricated the electron only

3.9eV
LUMO (RB)
48eV | S5.1eV
HOMO ( CIAIPc) AU
ITO
U g0ev
(@ Hole only device
4.1ev 3.9eV e— ™
LUMO (RB)
Ag Ag
HOMO ( CIAIPc)
4.9 eV
(b) Electron only device

Fig. 10 Schematic diagram of (a) hole only and (b) electron only
device
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Fig. 11 (a) Variation of dark current density with effective applied
voltage (V — Vy;) of CIAIPc:RB blend devices in hole only config-
uration. (b) Variation of dark current density with effective applied
voltage of Cl1AIPc:RB blend devices in electron only configuration

devices for the CIAIPc:RB blends having the structure Ag/
CIAlPc:RB/Ag as shown in Fig. 10b.

Figure 11a and b shows the experimental dark current
densities (J4) of CIAIPc:RB blends that were measured in
hole only and electron only devices, respectively, for dif-
ferent annealing temperatures. The applied voltage is
corrected for the built in voltage (V,;). When the applied
voltage is greater than V;, the dark current (J4) in all
devices scales quadratically with voltage which is an
indication of SCL transport in the device. This observation
is common for low mobility, disordered semiconductors
and it allows for a direct determination of the mobility [59—
61]. For the electron and hole only devices, the SCL cur-
rent is given by [62]

VZ
Ty = (O/8)eotubegy exp (08917 VV/L) 750 (8)
where J.) is the electron(hole) current, ) the zero-field
mobility of the electrons and (holes), y.n the field
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Table 3 Effect of thermal annealing on the hole and electron
mobilities in the blend

Mobility Pure CIAIPc CIAIPc:RB
(m%/Vs)
As-cast Annealed at  As-cast Annealed at
100 °C 100 °C
Hole 12x 1078 56 x107® 12 x 107" 38 x 10°*
Electron - - 1.6 x 1077 3.4 x 1077

activation factor, ¢, the permittivity of free space, ¢, the
relative permittivity of the material, and L is the thickness
of the active layer. The experimental data in figure were
fitted using Eq. 8 and the results are shown by the solid
lines. We have calculated zero-field mobility of electrons
and holes using Eq. 8 in blend of ClAIPc:RB devices both
for as-cast, annealed 100 °C and are listed in Table 3. For
comparison, the hole mobility of pure CIAIPc, measured
under the same experimental, is also shown in Table 3. It is
observed that the hole mobility in pure CIAIPc is not
affected by thermal annealing. In contrast, the hole
mobility of ClAIPc in the blend is strongly affected by the
presence of RB and it drops almost two orders of magni-
tude for as-cast device. However, the mobility of the holes
increases upon thermal annealing and its value is approx-
imately equal to that for pure ClAIPc, when the device is
annealed at 100 °C. It is also observed that the field acti-
vation factor decreases upon the thermal annealing.
Moreover, the electron mobility of RB in the blend is also
affected by thermal annealing. In the as-cast device, the
difference in the hole mobility of CIAIPc and electron
mobility of RB is quite large, but this difference is reduced
as the device is annealed. As a result, the charge transport
is the as-cast film that is strongly unbalanced and the
current is fully dominated by the electrons. Upon thermal
annealing, slow crystallization of CIAIPc takes place and
de-mixing between ClIAIPc and RB takes place, which
leads to an enhanced charge transport. As a result, inter-
penetrating networks composed of ClAIPc crystals and
aggregated RB rich domains are formed, which provide
continuous pathways in the entire photoactive layer for
efficient electron and hole transport. As the difference in
the mobilities of electron and hole is reduced upon thermal
annealing which leads to a balanced charge transport in the
device.

The absorption spectra of ClAIPc:RB mixture were
investigated before and after thermal annealing and shown
in Fig. 12. The intensity of absorption peaks for ClA-
1Pc:RB blend is slightly less that for CIAIPc (Fig. 3). This
might be originated from broken conjugation in the pres-
ence of the RB, resulting in segments with a shorter
conjugation length and weaker inter-chain interaction. It is
observed that the absorption peak attributed to CIAIPc

Absorption ( arb. units )

Wavelength ( nm)

Fig. 12 Absorption spectra of CIAIPc:RB blend films (a) as-cast (b)
annealed at 100 °C

shows a pronounced red-shift upon thermal annealing
(shift in Q-band from 680 to 700 nm), while the peak of
RB remains unchanged. Upon thermal annealing, the RB
de-mixes from the CIAIPc, thereby increasing the degree of
crystallinity of the ClAIPc and consequently undergoes a
noticeable red-shift approaching the spectrum of ClAlPc.
The overall effect of the red-shift of the optical absorption
upon thermal annealing, with respect to as-cast film, is so
that it improves the spectral overlap with solar emission,
resulting in an increased absorption by the active layer.
Figure 13 shows the experimental photocurrent (Jp,) of
ITO/Cl1AIPc:RB/Ag device is a double logarithmic plot as a
function of effective voltage. The curves correspond to
different postproduction treatments: as-cast, thermally
annealed at 100 °C. Table 4 also shows the photovoltaic
parameters for annealed device. The open circuit voltage
slightly decreases upon thermal annealing. Conversely, all
other device parameters increase upon thermal annealing.

10°
=
L
<L
= 102}
3
E =
g
S 10 }
-
° == (a)
o == (b
s 1| (b)
8
&
w
10" .
0.1 1 10

Effective voltage (V.- V) (V)
Fig. 13 Effective photocurrent (Jpy,) as a function of effective applied

voltage for Ag/CIAIPc:RB/ITO device (a) as-cast and (b) annealed at
100 °C device
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Table 4 Photovoltaic parameters calculated from J-V characteristics
under illumination

Parameters 1TO/ ITO/ ITO/
CIAIPc/Ag ClAlPc: CIAIPc:RB/Ag
RB/Ag (Annealed at
100 °C)
Je (mA/cm?) 0.034 0.44 1.56
Voe (V) 1.04 0.92 0.89
FF 0.32 0.48 0.54
Power conversion 0.011 0.20 0.75

efficiency (1)

The enhancement in the power conversion efficiency as a
result of thermal annealing of photoactive layer is due to
the increase in charge carrier mobility induced by better
crystallization of the ClIAIPc and an improved overlap with
the solar emission occur. The increase in the short-circuit
photocurrent is due to the enhanced hole mobility of
CIAlPc and consequently the difference between the elec-
tron and the hole mobilities is reduced.

We have studied the light intensity dependence of
effective photocurrent in the low-voltage region for both
as-cast device and device annealed at 100 °C and shown in
Fig. 14. The photocurrent (Jy,) follows the power law
dependence as given by

Jon = Pﬁght’ (8)

where Pjigp 18 the intensity of light and exponent S is 0.72
and 0.98 for as-cast device and device annealed at 100 °C,
respectively. This indicates that the photocurrent is SCLC
for as-cast device, whereas the photocurrent is space charge
free limit for annealed one [63]. It can be seen from Fig. 13
that there is no square law dependence of photocurrent is

102
= 10}
k]
<
z
2 1
- 3
o
E
=5
Qo
-]
[=] -
£ 107 f o As cast
A.Annealed at 100 °C
10 2 . :
0.1 1 10 100

Light intensity (mWem?)

Fig. 14 Light intensity dependence of photocurrent at effective
voltage of 0.3 V for as-cast and annealed device
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observed when the device is annealed at 100 °C. This
indicates that the photocurrent becomes space charge free
upon thermal annealing resulting increased hole mobility in
ClAlPc, leading to a better balanced charge transport. The
absence of space charge effects is further evidenced by
almost linearly (S = 0.98) dependence of Jp, on Piigy.
Therefore, the enhancement in the device efficiency upon
thermal annealing is mainly a result of the improved hole
mobility in CIAIPc inside the blend and light harvesting.
With the increased hole transport, the device recovers from
the space charge limitation to become space charge free,
balanced transport. The absence of square root dependence
of photocurrent on effective voltage in the device annealed
at 100 °C leads to a strong enhancement of both fill factor
(FF) and short circuit current (Jy.).

Impedance spectroscopy

Cole—Cole plots of the variation of imaginary impedance
Im(Z) with real impedance Re(Z) under different biasing
voltages at room temperature are shown in Fig. 15 for the
ITO/Cl1AIPc:RB/Ag device, wherein the frequency increa-
ses from right to left (100 Hz to 1 MHz). This figure shows
the pronounced voltage dependence of the device imped-
ance in the low-frequency range. At high-frequency region,
the impedance is almost independent of bias voltage.
Figure 16 shows Cole-Cole plots for the ITO/CIAIPc:RB/
Ag device, under different temperature at zero biasing
voltage. This figure also shows the pronounced temperature
dependence of the device impedance in the low-frequency
range. At high-frequency region, the impedance is almost
independent of bias voltage. In Figs. 15 and 16, the vari-
ations of Im(Z) with Re(Z) display a one symmetric
semicircle attributable to a bulk heterojunction between RB
and ClAlPc layers. A single semi-circle in a Cole—Cole plot

20

16

0 5 10 15 20 25 30 35
Z' (K Ohm)

Fig. 15 Cole—Cole plot for ITO/CIPIAc:RB/Al device at room
temperature for different biasing voltages
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Fig. 16 Cole—Cole plots for ITO/CIAIPc:RB/Al device at different
temperatures

suggests a single relaxation time of the equivalent circuit,
and the results could be fitted using a parallel combination
of a resistor and capacitor.

We have studied the impedance spectroscopy of the
devices to obtain relative effect of exciton dissociation and
charge transport of the carrier in the devices. The measure-
ments were carried out in dark and under illumination for
as-cast device and device annealed at 100 °C. The plots
between real and imaginary components of complex
impedance for both devices are shown in Fig. 17. For each
device, the radius in these plots represents the bulk resistance
of the device and found this decreases when the device is
illuminated. It can be seen from Fig. 17 that the change in the
bulk resistance is more in annealed device as compared
to as-cast device. Hence, the change in the bulk resistance has
a direct relevance with the photocurrent and power conver-
sion efficiency. We have calculated the relative dielectric

-Z" (K ohm)

—~= untreated (dark)

—— Annealed (dark)
-4— Untreated (illumination) —&— Annealed (illumination)

0 10 20 30 40 50 60
Z' (K ohm)

Fig. 17 Cole—Cole plots for untreated and annealed device

constant of the blend (both for as-cast and annealed) from the
impedance spectroscopy in dark as well as under illumina-
tion. It is found that at higher frequencies, the dielectric
constant of the blend remains almost unchanged under illu-
mination. Under illumination, at low frequencies, the
dielectric constant increases on illumination and the degree
of increase is different for as-cast and annealed devices.
Since, the dielectric properties are sensitive to the charge
separation and their movement in the device. The operation
of photovoltaic device involves these mechanisms; there-
fore, the relation amongst change is dielectric constant,
change in bulk resistance and photocurrent is significant. It is
observed that the degree of change in both bulk resistance
and dielectric constant under illumination is more for
annealed device than that for as-cast device, which is related
with the higher photocurrent in the annealed device. The
increase in dielectric constant under illumination can be
explained in terms of drifting of electrons and holes toward
Agand ITO electrodes, respectively, resulting increase in the
capacitance of the device. Hence, the degree of the change in
dielectric constant and internal bulk resistance may be the
measure of the efficient exciton dissociation and their
transfer to respective collecting electrodes.

Conclusions

The blend of CIAIPc and RB has been investigated as
photoactive material for potential application in photovol-
taic device. Optical absorption and FL of blend, current—
voltage (J-V) characteristics in dark and under illumination,
and impedance spectroscopy have been carried out for
performance evaluation of device. The fluorescence
quenching of CIAIPc when mixed with RB indicates the
formation of bulk heterojunction with increased interfacial
area, which leads to an efficient photo-induced charge
transfer between donor and acceptor. The experimental J-V
characteristics are interpreted using a model, which include
the drift, diffusion of charge carriers, and the influence of
space charge on the electric field and temperature-depen-
dent generation of free carriers transport. Both absorption
peak as well as absorption edge shifts toward the longer
wavelength region and height of the absorption peak also
increases upon thermal annealing. This indicates the RB
demixes from CIAIPc, thereby increasing the degree of
crystallinity of the ClAIPc which leads to an enhanced
charge transport and improved light harvesting. The power
conversion efficiency of the device was increased by almost
one order of magnitude when the device was annealed at
100 °C. The most important factor in obtaining high effi-
ciency was found to be the enhancement in the hole
mobility in C1AIPc phase of the blend, relative to the as-cast
device. For as-cast devices, the difference in electron—hole

@ Springer



5562

J Mater Sci (2008) 43:5551-5563

transport in the blend is too large and photocurrent is
strongly limited by the buildup of space charge. The dif-
ference in electron and hole mobilities in RB and CIAIPc
phase in the blend, respectively, is reduces upon thermal
annealing and, consequently, the space charge no longer
limits the performance of the device. Based on the mobility
and photocurrent measurements, we conclude that the effect
of thermal annealing on the performance is understood to be
due to higher exciton generation and their subsequent dis-
sociation into free carriers and increase in hole mobility
which results balanced charge transport.

Additionally, the impedance properties in dark and
under illumination showed that change in bulk resistance
and dielectric constant of the blend had a direct relation
with the photocurrent generation in the device.
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