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We report on the photophysical properties and photovoltaic performance of a polythiophene derivative,
poly-2,3-bis(4-tert-butylphenyl)-5,8-bis(4-hexylthiophen-2-yl)quinoxaline (PHTQ) as an electron do-
nor in bulk heterojunction solar cells blended with the acceptor 1-(3-methoxycarbonyl)propyl-1-
phenyl-[6,6]-methanofullerene (PCBM). Devices were composed of PHTQ and varying amounts of PCBM
(1:1,1:2,1:3, 1:4 w-w ratio). The components were spin cast from ortho-dichlorobenzene (ODCB) and
characterized by measuring current-voltage characteristics under simulated AM 1.5 conditions.
Efficiencies up to 0.3% have been reached. Incident photon to current efficiency (IPCE) is reported
and the nanoscale morphology was investigated with atomic force microscopy (AFM). Photoinduced
absorption spectroscopy confirms the photoinduced charge transfer in such donor acceptor blends.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The realization of photoinduced charge transfer from a
conjugated polymer poly [2-methoxy-5-(2'-ethylhexyloxy)-1,4-
phenylene vinylene] (MEH-PPV) to fullerenes (Cgp) induced large
efforts in fabrication of organic solar cells [1]. Despite the high
efficiencies of above 20% achieved by monocrystalline silicon solar
cells, their production cost and energy consumption during
fabrication are quite high. Therefore, the need to develop
inexpensive renewable energy sources is evident. New approaches
towards stable, low cost, and efficient photovoltaic devices are
indeed the high priority [2-5].

Polymers belong to an important material class, which entered
nearly every aspects of modern society. The possibility of
chemically manipulating the material properties of polymers
(plastics) combined with a variety of easy and cheap processing
techniques in large-scale production have made polymer-
based materials attractive [6-8]. The flexibility, low density
(light weight), partial optical transparency, low cost fabrication,
easy integration in a wide variety of devices and their
tuneable physical/chemical properties are the advantages of
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organic “plastic” solar cells over that of conventional silicon
solar cells.

An organic solar cell consists of two organic materials one
of which is an electron donor (p-type) and the other is an
acceptor (n-type). Bulk heterojunction solar cells are composed of
blends of donor and acceptor materials, yielding a photoactive
layer of nanoscale p-n junctions, where photoinduced charge
transfer takes place [9]. Organic solar cells based on bulk
heterojunction concept have efficiencies up to 5% [10-12] and
theoretical studies predict that 10% efficiencies are within the
achievable range [13-15]. Derivatives of phenylene vinylene
backbones such as poly(2-methoxy-5-(3,7-dimethyloctyloxy)-
1,4-phenylenevinylene) (MDMO-PPV) and thiophene chains such
as poly(3-hexylthiophene) (P3HT) have been widely used as donor
materials, whereas the fullerene derivative 1-(3-methoxycarbo-
nyl)propyl-1-phenyl-[6,6]-methanofullerene (PCBM) has been
employed as an electron acceptor material in organic solar cells
[16-19].

Poly(3-alkylthiophenes) (P3ATs) have been found to be a class
of conjugated polymers with good solubility and processability
[19]. Regioregular poly(3-alkylthiophenes) (RR-P3AT)-based poly-
mer:fullerene bulk heterojunction solar cells have been widely
used in bulk heterojunction solar cells [10,12,20,21].

In this report, we have studied a novel thiophene-based
conjugated polymer, namely poly-2,3-bis(4-tert-butylphenyl)-
5,8-bis(4-hexylthiophen-2-yl)quinoxaline (PHTQ) as an electron
donor in bulk heterojunction solar cells, where it was blended
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Fig. 1. The structural formula of PHTQ and PCBM.

with the acceptor 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-
methanofullerene (PCBM) (see Fig. 1). 1.2 4 de‘q]
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The synthesis and application of low band gap polymers, which
absorb light above 600nm in organic solar cells, have been 0.2 -
reported by several groups [21-28]. A band gap is defined as the
difference between the highest occupied molecular orbital (HOMO) 0.0

and lowest unoccupied molecular orbital (LUMO) energy levels in
polymers. Low band gap polymers are defined as a polymer with a
band gap of approximately lower than 2 eV [25]. One of the limiting
parameters in plastic solar cells is the mismatch of their absorption
to the terrestrial solar spectrum [28]. The optical band gap of the
generally used conjugated polymers in organic solar cells has
values around 2.0-2.2 eV, which is not optimized with respect to
the solar emission, which has the maximum photon flux around
1.8eV [28]. The use of low band gap polymers with band gaps
around 1.8 eV expands the spectral region of bulk heterojunction
solar cells and is a viable route to enhance the number of photons
absorbed [28]. In our study, as can be seen from Fig. 2 the PHTQ
polymer absorbs light at wavelengths higher than 600 nm due to
the estimated low band gap of 1.8 eV.

Previously [29] the polymer was also studied for its electro-
chromic properties. It revealed multichromism with three dis-
tinctive colors (red-purple, green and gray) upon successive
doping where this polymer was also found to be solution
processable. The polymer also revealed a very high optical
contrast of 50% in the NIR region during electrochromic experi-
ments, meaning that the solution processable PHTQ can be a
choice for NIR device applications. The electrochromic switching
times of the polymer were calculated to be less than 2 s both in
visible and in NIR regions (Fig. 3) [29].

This multifunctionality served by PHTQ makes this material
potentially interesting and opens up ways in constructing devices
by making use of this property in one device configuration.

Here, we report on the performance of bulk heterojunction
photovoltaic devices prepared by blending PHTQ and PCBM.
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Fig. 2. Optical absorption spectrum of PHTQ.

Fig. 3. Electrochromism of PHTQ: (a) reduced state, (b) oxidized state and (c)
further oxidized state [29].

2. Experimental

For the synthesis, 2,1,3,-benzothiadiazole was brominated in
high yields from a mixture of HBr/Br, mixture and subsequently



1164 S. Giines et al. / Solar Energy Materials & Solar Cells 92 (2008) 1162-1169

reduced by excess amount of NaBH, in ethanol to give 3,6-
dibromo-1,2-phenylenediamine as pale yellow solid. Condensa-
tion reaction of 3,6-dibromo-1,2-phenylenediamine and 1,2-bis
(4-tert- butylphenyl)ethane-1,2-dione was performed in ethanol
to afford 2,3-bis(4-tert-butylphenyl)-5,8-dibromoquinoxaline. The
organotin compound was synthesized by lithiation of an equal
molar of 3-hexylthiophene, which was followed by the addition of
tributyltin chloride in the corresponding mixture. The Stille
coupling reaction of 2,3-bis(4-tert-butylphenyl)-5,8-dibromoqui-
noxaline with tributyl(4-hexylthiophen-2-yl)stannane was
achieved in anhydrous THF in the presence of catalytic amount
of Pd(PPh3)2CI2. The reaction proceeded quite nicely to yield the
title compound HTQ in satisfactory yields.

A typical oxidative polymerization of HTQ was achieved using
iron (III) chloride in a mixture of nitromethane and chloroform.
After the addition of FeCls the solution turned into a dark green
solution immediately. The solution was stirred for 4h at room
temperature. We extracted the resulting solution with H,O many
times. Then washed with methanol and filtered and dedoped with
a hydrazine solution to yield a saturated red color polymer with
high solubility in common organic solvents. The molecular weight
of the polymer was measured by gel permeation chromatography
(GPC) using Polymer Laboratories GPC 220.

For cyclic voltammetry anodic electropolymerization of the
monomer was performed in dichloromethane (DCM) acetonitrile
(MeCN) mixture (5/95, v/v) with 0.1M TBAPFs supporting
electrolyte. A platinum foil, platinum wire and Ag wire were used
as the working, counter and pseudo-reference electrodes, respec-
tively. The polymer coated on Pt electrode was swept between
—0.5 and 1.4V and the corresponding p-doping processes were
examined.

For photoinduced absorption studies drop cast pristine PHTQ
and PHTQ/PCBM blend films were mounted into a cryostat and
held at liquid nitrogen temperature. The vacuum during the
measurements was < 10~ mbar. The excitation source for the PIA
measurements was a Coherent Verdi V2 laser operating at
/2 =532nm and an intensity of 150 mW. The pump beam was
modulated by a mechanical chopper (Stanford SR 540) with a
frequency of 218 Hz. PIA measurements were carried out by
probing the absorption of light from a tungsten halogen lamp
during the laser excitation. The transmission T and the photo-
induced changes in the transmission AT were recorded by a
Si-InGaAsSb detector and a lock in amplifier.

For solar cell preparation, as substrates, glass sheets of
1.5 x 1.5cm? covered with ITO, from Merck KG Darmstadt, were
used with an ITO thickness of about 120 nm and sheet resistan-
ce<15Qcm~2. The ITO was patterned by etching with an acid
mixture of HCI:HNO3:H,0 (4.6:0.4:5) for 30 min. The part of the
substrate, which forms the contact, is covered with a scotch tape
to prevent etching. The tape was removed after etching and the
substrate was then cleaned using acetone and iso-propanol in an
ultrasonic bath.

An aqueous solution of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) was spin coated on the glass—
ITO substrate, and dried under a dynamic vacuum.

The blends for the active layer with 1:1, 1:2, 1:3 or 1:4 (w:w)
ratios of PHTQ/PCBM was prepared by dissolving 5 mg of PHTQ
and 10mg of PCBM (in the case of 1:2)/ml of dichlorobenzene
(DCB) and stirring at 50°C overnight . For the top electrodes,
0.6 nm of lithium fluoride (LiF) and 100 nm of aluminum (Al) were
thermally evaporated.

All current-voltage (I-V) characteristics of the PV devices were
measured using a Keithley SMU 236 under nitrogen in a dry glove
box. A Steuernagel solar simulator for AM1.5 conditions was used
as the excitation source with an input power of 100 mW/cm?
white-light illumination, which was calibrated using a standard

crystalline silicon diode. The solar cells were illuminated through
the ITO side.

UV-vis absorption spectra of the solid thin films were obtained
using Varian Carry spectrophotometer. Thin films for UV-vis
measurements were spin cast on glass from ortho-dichloroben-
zene (ODCB) solutions containing 5mg of PHTQ and 10 mg of
PCBM (in the case of 1:2)/ml.

The spectrally resolved photocurrent was measured with an
EG&G Instruments 7260 lock-in amplifier. The samples were
illuminated with monochromatic light of a Xenon lamp. The
incident photon to current efficiency (% IPCE) was calculated
according to the following equation:

IPCE (%) = ﬂ,

in)-incident
where I, (pA/cm?) is the measured current under short-circuit
conditions of the solar cell.

Pin (W/m?) is the incident light power, measured with a
calibrated silicon diode, and 4 (nm) is the incident photon
wavelength.

Atomic force microscopy (AFM) studies were performed using
Digital Instruments DIMENSION 3100 in the tapping mode.

3. Results and discussion

The chemical structure of the monomer and corresponding
polymer are shown in Fig. 1. The monomer bears two hexyl groups
on thiophene rings and t-butyl groups on the pendant phenyl
rings. These groups are responsible for the good solubility of the
polymer in common organic solvents. The polymer reveals two
absorption bands (see Fig. 2) centered at 345 and 538 nm, which
are responsible for the red-purple color in the undoped,
semiconducting state. The molecular weight of the polymer was
determined by GPC. PHTQ has an M, of 26,951, M,, of 56.892 and
an HI of 2.11, which corresponds to a nearly an average of 40
repeating units per chain in the polymer structure.

The PL quenching studies indicate a photoinduced charge
transfer from PHTQ to PCBM (see Fig. 4).

The HOMO and LUMO levels of PHTQ were determined using
cyclic voltammetry data. The onset values for oxidation and
reduction were determined at +580 and —1070mV vs. NHE,
respectively. This leads to an electrochemical bandgap E; of
1.65eV. Assuming a value of —4.75eV vs. vacuum level for the
NHE, the band edges for the HOMO and the LUMO can be
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Fig. 4. PL quenching of PHTQ after blending with PCBM.
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estimated at —5.8 and —3.1eV. The band energies of PCBM were
estimated to be —6.1 and —3.75 for HOMO and LUMO, respectively
[30]. It was shown in literature that at least 0.3-0.4eV offset
between LUMO of the donor and LUMO of the acceptor is
necessary to make sure an effective charge transfer from the
photoexcited polymer to PCBM [28,31]. In our case, the LUMO of
the PHTQ lies higher than LUMO of PCBM.

The PIA spectra are depicted in Fig. 5. The PIA spectrum of
pristine PHTQ film shows a maximum peak at approximately
1.13eV. The features around 2eV are residual uncompensated
photoluminescence. The modulation frequency dependence at the
peak wavelength is in the range between 20 and 3600 Hz and the
life time was calculated to be 20 us (see Egs. (2) and (3)) with a
dispersivity factor of alpha of around 0.8 (see Eq. (1)) [32]. In
general, the dependence of the PIA signal on the modulation
frequency can be used to estimate the recombination time of the
species. The frequency response of the signal is given by the
following formula (see Egs. (1)-(3)):

Ro

T+ (woy W

R(w) =

1 + (w1)* cos(no/2)
o9 + 2(w1)* cos(na/2) + (wr)**

(2)

(w1)* cos(ma/2)

1% 2(wr)* cos(na/2) + (wr)** ©)

R(w) is the complex frequency response, Rq is the steady-state
response, t is the mean lifetime and « is the dispersion factor. The
dispersion factor describes the lifetime distribution. It can vary
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between 0, meaning the broadest distribution and 1, meaning a
homogenous distribution.

To get the information the experimental results were fitted
with the second equation (for in-phase signal) and the third
equation above (for out of phase signal) simultaneously. Form this
fit we can derive the mean lifetime r and the dispersive factor o.
The in-phase signal X decreases with ®, whereas Y shows a
maximum.

Additionally, the dependence of the PIA signal upon increasing
the laser pump power, I, shows a power law dependence ¥ with
k = 0.63. The PIA of the PHTQ/PCBM blend shows absorption
features at 0.5, 2.2, 1.4eV and as well as a second absorption
arising below 0.57 eV. The peak at 0.57 eV can be assigned to low-
energy PIA and the one at 1.4 eV to a high-energy PIA of charged
polarons [33]. The negative peak at around 2.2 eV is assigned to
photobleaching of the linear absorption. The modulation fre-
quency dependence for the two features at 0.57 and 1.4eV were
done separately (see Fig. 5¢ and d). For the peak at 1.4 eV a mean
lifetime of 0.24 ms with a broad distribution (o« = 0.6) was found
(see Fig. 6a). The low-energy peak shows a much weaker
dependence on the modulation frequency. The lifetime in this
case is around 17 ms, with a dispersive factor of around 0.4 (see
Fig. 6b). The in-phase signal and the out of phase signal do not
intersect, which is an indication for a weaker dependence. The
pump power dependence shows nearly a square root dependence
(k = 0.5), indicating a bimolecular recombination.

In summary, for pristine films of PHTQ, a single PIA peak at
113 eV was found from the PIA measurements. Such PIA is
commonly assigned to triplet-triplet absorption.

After blending with the electron acceptor PCBM, the PL is
quenched (see Fig. 4) and two PIA peaks are observed at 0.57 and
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Fig. 5. Photoinduced absorption spectra of (a) pristine PHTQ films and (b) PHTQ/PCBM blend films. (c) Modulation frequency dependence of 1.4-eV blend signal and (d)

modulation frequency dependence of 0.57-eV blend signal.
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1.4 eV. Such PIA spectra with two photoinduced transitions in the
bandgap are commonly assigned to polaronic charge carriers on a
conjugated polymer [34].

PHTQ was used as a possible electron donor material in bulk
heterojunction solar cell. It has been shown in literature that the
solar cells can be optimized using several parameters such as spin
coating from different solvents [35,36], varying the polymer to
PCBM ratio [37], changing the metal contacts [38] and post
production treatment [39]. We have studied the effects of polymer

S. Giines et al. / Solar Energy Materials & Solar Cells 92 (2008) 1162-1169

to PCBM ratio, spin coating from different solvents and post
production treatment. Varying these parameters did not signifi-
cantly affect the efficiency of the PHTQ/PCBM solar cells. Our
observation was that the best PHTQ-based bulk heterojunction
device was composed of 0.5% PHTQ in DCB and two equivalents
(by weight) of PCBM. These devices gave a power conversion
efficiency of 0.3% under simulated AM 1.5 conditions. Although
we have not performed systematic study on the stability of the
devices, all the devices investigated in this study showed similar
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Fig. 6. The pump power dependence of the PIA (a) peak at 1.4eV and (b) peak at 0.57 eV.
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Fig. 7. Current-voltage (I-V) characteristics of solar cells comprising PHTQ/PCBM blends: (a) 1:1 ratio, (b) 1:2 ratio, (c) 1:3 ratio and (d) 1:4 ratio.
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current-voltage values after several subsequent measurements on
the solar simulator, which were characterized under nitrogen
atmosphere in a glove box as previously mentioned.

The I-V characteristic curves in dark and under illumination of
PHTQ/PCBM, (1:1,1:2, 1:3 and 1:4 w:w) blend are shown in Fig. 7.

Although there are still discussions on the nature of V. in
literature, V. is known to be directly related to the difference
between the HOMO of the donor and the LUMO of the acceptor
[13]. In this study, the V, of the devices was found to be 0.5V. The
fill factor of the device also plays an important role in the overall
low efficiency of the cell; the value 0.32 here is low and indicates
parallel shunts and series resistances. It has been demonstrated
that the improvement of the charge transport of the donor/
acceptor polymer composite as well as engineering of the contacts
can increase the fill factor of solar cells [38,40].

The behavior of solar cells can better be analyzed via under-
standing the nanomorphology of the active layer [3,10,12,16,18].
The challenge in bulk heterojunction solar cells is to organize
donor and acceptor materials in a nanometer scale. On one hand
their interfacial area is maximized [3,41,42], while typical

pm

dimensions of phase separation are within the exciton diffusion
length (in the order of 10nm). On the other hand, continuous,
preferably undisturbed pathways for transport of charge carriers
to the electrodes must be ensured [43].

To correlate the morphology of the solar cells to the photo-
voltaic performance, we performed an AFM study on the PHTQ/
PCBM blends. Fig. 8 shows the images obtained by AFM for PHTQ/
PCBM films for four different compositions (1:1,1:2,1:3,1:4) spin
cast from ODCB.

As seen from the figures, PHTQ/PCBM films prepared from 1:2
and 1:3 ratio indicate rather smooth surfaces. Although the films
prepared from 1:1 and 1:4 ratios also reveal smooth surfaces,
the grains on the surface of the films (1:1 ratio) and the holes on
the surface of the films (1:4 ratio) might be attributed to
the film formation problems, which might explain the efficiency
problem for the solar cells prepared using these ratios. AFM
images a small part of the film. However, the features on each film
for (1:1,1:2,1:3 and 1:4) were general and quite reproducible. As
previously discussed, 1:2 and 1:3 ratios gave the best solar cell
performance.

b

Fig. 8. AFM images of PHTQ/PCBM blends spin cast from dichlorobenzene: (a) 1:1, (b) 1:2, (c) 1:3 and (d) 1:4 ratios.
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Fig. 9. IPCE (left scale) spectra of the solar cells (PHTQ/PCBM blends) and
absorption (right scale) of the pure polymer and the PHTQ/PCBM blend films spin
cast from ortho-dichlorobenzene.

Comparing the spectral response of the solar cells and the
optical absorption spectra of the components of the devices,
information on the charge-generation mechanism can be ob-
tained.

It is used to obtain information on the number of photons of
different energy that contributes to charge generation in the solar
cell [44]. Fig. 9 shows the IPCE obtained for 1:1, 1:2, 1:3 and 1:4
ratios.

The % IPCE plot exhibits a maximum photocurrent contribution
of ca. 10% at around 450 nm. It is noted that the spectrum lies over
a wide range of wavelengths, 350-650 nm. It can be clearly seen
that optical absorption and IPCE spectra both match.

4. Conclusions

We have studied the performance of PHTQ/PCBM bulk
heterojunction solar cells. The polymer has a band gap of 1.8eV
as measured by optical absorption spectroscopy and cyclic
voltammetry. The luminescence quenching and the PIA spectra
of the PHTQ/PCBM confirm charge transfer. The IPCE spectrum
covers the absorption range of PHTQ showing photoactivity
of the polymer in combination with the fullerene acceptor. The
preliminary efficiency (0.3%) is still not as high as P3HT devices.
Further optimization is needed to fully utilize the potential of this
novel polythiophene derivative. The number of the thiophene
units in the copolymer affects the band gap [26,27]. The materials
with four thiophenes might decrease the band gap and the
absorption profile might be seriously red shifted. The effect of the
number of thiophene units on the band gap will be the subject of
the future work.
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