J Inorg Organomet Polym
DOI 10.1007/s10904-012-9723-7

Photovoltaic Properties and Negative Capacitance Spectroscopy
of PCBM:P3HT/FTO Nanostructured Counter Electrode

for TiO,-Based DSSC

I. S. Yahia + Sh. A. Mansour - Hoda S. Hafez -
K. Ocakoglu * F. Yakuphanoglu

Received: 4 June 2012/ Accepted: 25 July 2012
© Springer Science+Business Media, LLC 2012

Abstract Nano-clusters blind films of phenyl C61-buty-
ric acid methyl ester (PCBM) and poly(3-hexylthiophene)
(P3HT) were deposited on fluorine doped tin-oxide (FTO)
substrate by spin coating and applied as counter electrodes
instead of platinum for a new FTO/TiO, + K30 dye-sen-
sitized solar cell. The photovoltaic parameters of the fab-
ricated solar cell; open circuit voltage, short circuit current,
output power and fill factor, were studied under various
light intensities in the range 20:110 mW cm 2. An
impedance spectroscopy study was also performed in a
wide frequency range (5 kHz—1 MHz) to study the electron
transport properties of the solar cells. The capacitance—
voltage of the prepared DSSC is characterized by two
parts: positive values of capacitance at low frequency
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range, f < 100 kHz and negative capacitance i.e., an
inductive behavior, in higher frequency range f > 300 kHz
Conducting polymer electrode based on PCBM:P3HT/FTO
can be used as a counter electrode in a DSSC.
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1 Introduction

In the past two decades, considerable efforts have been
devoted to study the dye-sensitized nanocrystalline solar
cell (DSSCs), since its first prototype was reported by
O’Regan and Gritzel [1]. DSSCs have attracted much
attention because of their low cost, possible fabrications of
flexible devices, and relatively efficient devices for the
photovoltaic conversion of solar energy [2, 3]. In devel-
opment of DSSCs, key challenges include the demonstra-
tion of high efficiency and scale-up of fabrication. As the
conventional counter electrode material in DSSC, platinum
(Pt) is a burden for large-scale applications of DSSCs
because it is one of the most expensive materials available
[4]. As be known that, the common methods to deposited
Pt thin films on a transparent conductive glass substrate to
be used as counter electrodes are vacuum vapor deposition
and sputtering which are very expensive methods [5].
Furthermore, the size of the substrate was limited, so it is
hard to form a Pt layer on the large area substrate.
Recently, in order to reduce the production cost of DSSC,
conducting polymers are applied in counter electrode
materials to replace platinized electrode [6, 7].

The counter electrode in DSSCs promotes the electron
translocation from the external circuit back to the redox
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electrolyte, and catalyzes the reduction of triiodide ions.
Therefore, counter electrode materials of high electrical
conductivity and superior electrocatalytic activity are
highly desired [8—10]. However, it is usually not easy to
meet both the above requirements simultaneously.

Both of the PCBM (Phenyl-C61-butyric acid methyl
ester) and the P3HT (poly(3-hexylthiophene) are qualified
to used as counter electrodes due to their higher carrier
mobilities among the organic electronic materials. More-
over, the most intensively studied bulk heterojunctions is
based on a PCBM and P3HT [11, 12].

The Study of impedance spectroscopy for the conduct-
ing polymers is a powerful characterization tool to interpret
the electron transport properties of the solar cells. Also, the
impedance spectroscopy and its related parameters
(capacitance, conductance and series resistance) at differ-
ent biasing voltage and frequencies were used for modeling
of frequency response of the fabricated dye-sensitized solar
cells [13, 14]. In the present study, the PCBM:P3HT blend
is deposited on the surface of FTO substrate as a new
counter electrode for TiO,-based dye-sensitized solar cell
using spin coating which is low cost and easy technique.
This work is focused on the fabrication and characteriza-
tion of PCBM:P3HT/FTO nanostructure polymer counter
electrode and its effectiveness on the photovoltaic perfor-
mance as well as the conduction mechanism of fabricated
DSSC. According to our knowledge, it is little work
focused on the impedance spectroscopy and its related
parameters (capacitance, conductance and series resis-
tance) of the dye-sensitized solar cell at different biasing
voltage and frequencies. Negative capacitance of the DSSC
with the new PCBM/P3HT nanostructure counter electrode
has been analyzed as a new phenomenon in a DSSC.

2 Experimental Procedures
2.1 Fabrication of Dye-Sensitized Solar Cell
2.1.1 Preparation of TiO»/FTO Photoelectrode

Tetrabutyltitanate (10 mL) was rapidly added to distilled
water (100 mL), a white precipitate was formed immedi-
ately. The precipitate was filtered using a glass frit and
washed three times with 100 mL distilled water. The filter
cake was added to nitric acid aqueous solution (0.1 M,
160 mL) under vigorous stirring at 80 °C until the slurry
became a translucent blue-white liquid. The resultant col-
loidal suspension was autoclaved at 200 °C for 12 h to
form white milky slurry. The resultant slurry was concen-
trated to one-fourth of its original volume, then PEG-20000
(10 wt% slurry) and a few drops of emulsification reagent
of Triton X-100 were added to form a TiO, colloid.
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Fig. 1 The chemical structure of K30 Ru dye

The TiO, colloid was dropped on the fluorine doped tin-
oxide (FTO) glass plate using a doctor blanding technique [ 15,
16]. The process was done for three times to form a thick TiO,
film with about 9 pm. Finally, the TiO, porous film was sin-
tered by firing the conducting glass sheet at 450 °C in air for
30 min. The K30 (Ru"(4,5-diazafluoren-9-one)(4,4'-dicar-
boxy-2,2-bipyridyl) di(thiocyanate), [RuH(Ll)(szcbpy)
(NCS),]) dye (shown in Fig. 1) was used as a dye sensitizer in
the fabricated DSSC [17]. The TiO,/FTO film electrode was
immersed in an ethanolic solution of 2.5 x 10™* M K30 dye
for 24 h to absorb the dye and then, the dye-sensitized TiO,
film was washed up with anhydrous ethanol and dried in air
atmosphere.

2.1.2 Preparation of P3HT:PCBM/FTO Counter
Electrode

[6,6]-Phenyl C61-butyric acid methyl ester (PCBM) and
poly(3-hexylthiophene) (P3HT) were purchased from
Sigma—Aldrich Company. A solution of PCBM and P3HT
(1:1 weight ratio) was prepared by stirring both PCBM and
P3HT in chloroform for 1 h. The (P3HT:PCBM) blend thin
film was deposited onto FTO coated glass using spin
coating system model Xe-100. The deposited film of
P3HT:PCBM onto FTO substrate was dried at 100 °C for
5 min in a tube furnace under N, flow.

2.1.3 Assembling of FTO/TiO, + K30/PCBM:P3HT/FTO
DSSC

The dye-sensitized solar cell was assembled by injecting the
liquid iodide-triiodide electrolyte solution (0.5 M Lithium
iodide mixed with 0.05 M iodine in water-free acetonitrile),
into the aperture between the TiO, porous film electrode
(anode electrode) and the (P3HT:PCBM) electrode (counter
electrode). The two electrodes were clipped together and a
cyanoacrylate adhesive was used as sealant to prevent the
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Fig. 2 a AFM micrographs of
40 x 40,5 x 5 and

1 x 1 pm? of PCBM:P3HT/
FTO nano-structure counter
electrode for the investigated
DSSC. b 2D and 3D AFM
images (5 x 5 um?) for TiO,
nano-clusters film of the
investigated DSSC [18]

(b)

electrolyte solution from leaking. In addition to, an epoxy
resin was used for further sealing the cell.
2.2 Measurements

The surface morphology of the nanostructure (P3HT:
PCBM) counter electrode was investigated by atomic force

microscope (AFM, Park System, XE100) using a non-
contact mode. The current—voltage characteristics under
illuminations were measured using a KEITHLEY
4200-SCS semiconductor characterization system. The
photovoltaic measurements were performed using a small-
area class-BBA solar simulator and the light intensity was
recalibrated by using (TM-206) solar power meter at dif-
ferent illumination levels.
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Fig. 3 Schematic energy
diagram and operating principle
for the investigated FTO/

TiO, + K30/PCBM:P3HT/FTO
DSSC

For contacts ]

FTO glass

3 Results and Discussion
3.1 Morphological Characteristics

Figure 2a shows the AFM images of PCBM:P3HT/FTO
nanostructure counter electrode for the studied DSSC. 2D
and 3D micrographs of (40 x 40, 5 x 5 and 1 x 1 um?
indicate that PCBM:P3HT blend has nano-clusters shape.
The mean values of the nano-clusters sizes were found to
be 104.466 nm for PCBM:P3HT blend. The roughness of
2D and micrographs of 40 x 40, 5 x 5 and 1 x 1 pm?
were found to be 53.921, 42.745 and 16.239 nm deter-
mined using a PARK system XEI software programming,
respectively.

Figure 2b shows the 2D and 3D AFM images of TiO,
nano-clusters of 5 x 5 um? thin film electrode of the
fabricated DSSC. Both of the average roughness and the
average nano-clusters size were determined to be 115.237
and 214.04 nm, respectively [18]. The TiO, spherical
nanoparticles are well distributed and the film has a porous
structure in which the nanoparticles were all bonded
together through a sintering process. Such a porous struc-
ture permits not only the adsorption of a greater number of
dye molecules, but also better wetting of the film by
electrolyte. Together, these features result in a perfect
penetration of the /= /I; redox couple into the TiO, film
[19].

3.2 Photovoltaic Characteristics

The functional diagram explaining the components of
fabricated hybrid FTO/TiO, + K30/PCMB:P3HT/FTO
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DSSC and dynamic process is shown in Fig. 3. The pho-
tovoltaic effect in DSSC occurs at the interface between a
dye-anchored wide band gap oxide semiconductor and an
electrolyte. The highest occupied molecular orbital
(HOMO) of the dye molecules is usually formed by rela-
tively weak lateral overlapping of atomic orbitals (7 bonds)
with loosely bond electrons (7 electrons). Upon irradiation,
the dye undergoes a m—n transition thereby exciting an
electron to the lowest unoccupied molecular orbital
(LUMO) of the dye (n"electrons). The relaxation process
of the excited electron into HUMO by constant rate (k;) is
called nonradiative recombination. The injection of elec-
trons into the conduction band (CB) of TiO, process is
called interfacial electron transfer, in which the electrons
are injected from the LUMO of the dye to the CB of TiO,
photoelectrode with constant rate (k). This interfacial
electron transfer occurs typically in time scale of several
picoseconds. Then, further transfer of electrons by cap-
turing of the CB electrons into the oxidized species in the
electrolyte with rate (k3;) or the oxidized dye molecules
with rate (k4) probabilities is called electron back transfer
and interfacial charge recombination, respectively [20-22].
By rate (k3), the electron transfer from redox potential of
the electrolyte to the HOMO of dye would move ahead by
following the same first excitation process, leading to the
transfer of electrons to the entire cell. During the entire
cycle, the recovery of the holes is accomplished at the
counter electrode. Among these processes, interfacial
charge transfer is three orders of the magnitude faster than
radiative recombination, i.e., ko/k; ~ 1000; and electron
back transfer is two orders of magnitude faster than inter-
facial charge recombination, i.e., ks/ky =~ 100 [14].
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Fig. 4 Plot of J-V curves for DSSC under different illumination
intensities for investigated DSSC with PCBM:P3HT counter
electrode

Therefore, it is reasonable to assume that these two factors
i.e., radiative recombination and interfacial charge recom-
bination, make negligible contribution to the final conver-
sion efficiency [23, 24].

The photocurrent-voltage characteristics of the FTO/
TiO, 4+ K30/PCBM:P3HT/FTO DSSC under different
illuminations light in the range 20-110 mW cm™? are
shown in Fig. 4. As seen in Fig. 4, the solar cell shows a
photovoltaic behavior with maximum open circuit voltage
V,e of 0.385 V and short-circuits current density Jy. of
0.163 mA cm ™2 under 110 mW c¢m ™2 The increase of the
photocurrent with increasing the light intensity can be
attributed to the increasing in the electron conductivity of
TiO, film due to electron injection from photosensitizes
(K30 dye) under photon irradiation. In other words, with
increasing the light illumination intensity, the injected
electrons fill the trap site and/or surface levels in the TiO,
film, the diffusion coefficient of the electron increase
drastically, leading to elevated electron conductivity and
good response of the photocurrent [25].

Figure 5 shows the relation between electrical power
(P) and bias voltage under different illuminations. It is
clear that the electrical power increases with the biasing
voltage until a maximum value and then it decreases to
zero at the value of V,. for each applied illumination. This
maximum value is called the maximum power point with
coordinate (P,,.x = Lnaxr X Vimao). Here, I, and V,,,. are
the maximum current and voltage values. The maximum
power represents the condition where the solar cell can
deliver its maximum power to the external load. The fill
factor (FF) measures the ideality of the device. In other
words, FF is a measure of decrease in photocurrent with
increasing the photovoltage and could be qualitatively
determined from the squareness of the /-V curve and is
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Fig. 5 Plot of the output power versus voltage for investigated DSSC
with PCBM:P3HT counter electrode
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Fig. 6 The effect of incident light intensities on FF, V,,. and I, for
the investigated DSSC. The solid lines represent the regression fitting
and the dot line represents smoothing of the experimental data

defined as the ratio of the maximum electrical power to the
product of I and V,,. as follows:

FF — Vmaxlmax (1)
V()CISC

Figure 6 shows the dependence of the obtained values of
FF, V,. and J,. on the incident light intensity. Figure 6
declares that, the FF values increase with increasing of the
light intensity until it reached to 0.255 under 60 mW cm™>
illumination and then it is decreased which may be due to
the ohmic losses in the cell [26]. The poor values of FF
value (up to 0.255) can be attributed to the increase in the
parallel current path such as electron back transfer (k3) and
charge recombination (k;) within the device [27]. The
values of V,. increase with increasing the incident light
intensity but the rate of this increasing becomes small after
60 mW cm ™2 However, J,. values grow exponentially
with increasing in the incident light intensity up to
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Fig. 7 The variation of Vyc with Jgc for investigated DSSC with
PCBM:P3HT counter electrode. The solid lines represent exponential
fitting for the experimental data

110 mW cm ™2 with the same rate. This increasing of Jg,.
indicates that both the photo-oxidization and regeneration
(by the I~ /I3 ions) of the adsorbed K30 dye molecule are
very efficient [26].

Figure 7 shows the results of varying the short circuit
current density J,. with the open circuit voltage V.. As
seen from Fig. 7, that V,. values increase exponentially
with the increasing of J. values. The variation of V,,. with
Js satisfying the following exponentially relation [25]:

Ly

Voe =1n Llnoker[ls_ ]] @
where 1, is the flux of charge resulted from dye sensiti-
zation electron injection, g is the electron charge, ny is the
electron density on the CB of semiconductor in the dark, k.,
is the constant rate of recombination reaction (between I3
and TiO,), [13+ ] is the concentration of oxidized redox
mediator /5 in the solution. This exponentially dependency
of V,. on J,, satisfied that 7¢y > noke [I5 ], here 1 is the
quantum yield for photogenerated electrons and ¢, is the
incident photon flux [28-32].

3.3 Impedance Spectroscopic Characteristics

The capacitance—voltage (C-V) characteristics for the
studied FTO/TiO, + K30/PCBM:P3HT/FTO DSSC at
different frequencies from 5 kHz to 1 MHz at the biasing
voltage (—3 to 3 Volt) are shown in Fig. 8. The variation of
capacitance with voltage at the studied frequency range is
characterized by two parts: positive values of capacitance
with whole biasing voltage range (low frequency range,
(f < 100 kHz), and negative capacitance with whole bias-
ing voltage range in higher frequency range (f > 300 kHz)
However, at 200 kHz frequency the capacitance is varied
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Fig. 8 The frequency dependence of C-V characteristics for inves-
tigated DSSC with PCBM:P3HT counter electrode measured at room
temperature (RT)

from positive to negative values at biasing voltage
(V > 2 Volt). Here it worth to mentioning that, the nega-
tive capacitances (NC) were observed in several materials
and it means that the material displays an inductive
behavior, i.e., the current lags behind the voltage (current
retardation) [33]. In fact, the NC phenomenon can be
interpreted by means of a transient current analysis and can
take place when: (i) the conductivity is inertial (i.e., the
current lags behind the voltage) and (ii) the reactive
component is larger than the displacement current [34].
Jonscher [35], Ershov et al. [36] and Wu et al. [37] reported
that, the NC phenomenon is better viewed in the time
domain. Upon the application of a positive voltage step, in
a “normal” dielectric, the current decreases in time
(polarization current) to eventually reach a constant value
(dc conductivity). In that case, the capacitance is always
positive in the frequency domain. On the contrary, at some
times, the current increases and then, the capacitance could
be negative in a certain range of frequencies. Appearance
of NC in certain frequency domain has been attributed to
several phenomena such as: carrier space charge limited
currents [38], modification of traps population [39], carrier
generation and recombination at interface states [40],
injection through intermediate surface states [41] and
modification of electronic barrier heights at grain bound-
aries (polycrystalline materials) or at junctions (diodes).
Also, NC phenomena in metal—insulator-metal device [33]
explained by a decrease in the Schottky barrier width at the
metal-dielectric interface.

The real part of admittance (Y) is presented in Fig. 9 in
the form of the frequency dependence of the normalized
conductance, i.e., conductance divided by the cyclic fre-
quency. As seen in Fig. 9, the normalized conductance is
decreased with increasing frequency in the whole range of
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Fig. 9 Frequency dependence of normalized conductance (G/w) for
investigated DSSC with PCBM:P3HT counter electrode measured at
room temperature

66 -|
64
62
60

58

56 700KHz
Yo, # 1MHz
! ////////”////

(Ohms)

] iy

54 Ly :
52 | _
2y

s?

R

50
J
48

46 |

i
44

a2l —

Vv, (V)
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voltage, indicating that there is no response from any trap
levels at room temperature [42].

The series resistance is an important parameter to
determine the noise ratio of device in terms of frequency
[43]. So, it is important to calculate the values of R; at
different voltage values for the whole investigated range of
frequency. The frequency and voltage dependent series
resistance of the device can be calculated from the exper-
imental C—V—f measurements as [44]:

Gma

- Tma 3
Gt (owa)27 e

s
where C,,, and G,,, are the measured values of capacitance
and conductance, respectively. The series resistance of the
investigated FTO/TiO, + K30/PCBM:P3HT/FTO DSSC

at different frequencies from 5 kHz to 1 MHz at biasing
voltage (—3 to 3 Volt) is shown in Fig. 10. It is clear from
Fig. 10, that the value of the series resistance values
decrease systematically with increasing frequency.

4 Conclusions

A new FTO/TiO, + K30 dye-sensitized solar cell with
PCBM:P3HT/FTO counter electrode was fabricated. AFM
micrographs confirmed the nanostructure form for both of
the PCBM:P3HT/FTO counter electrode and the TiO,
photoelectrode for the studied DSSC. The -calculated
photovoltaic parameters support the performance of
DSSC using PCBM:P3HT counter electrode. Impedance
spectroscopy including the capacitance—voltage (C-V),
conductance—voltage (G-V), series resistances—voltage
(R~V) in a wide range of frequency were studied. The
capacitance—voltage characteristics exhibit positive to
negative capacitance, which represents a new phenomenon
in DSSC which interpreted in details according to the basis
of DSSC. The negative capacitance behavior may be
attributed to different reasons such as: carrier space charge
limited currents, modification of traps population, carrier
generation and recombination at interface states, injection
through intermediate surface states and modification of
electronic barrier heights at grain boundaries.
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