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We report the characteristics of polymer/quantum dot solar cells fabricated using a
water-soluble polymer and carbon nanotubes in a bulk heterojunction configuration. The
water-soluble polythiophene polymer showed significant photoresponse and the potential
for use in photovoltaics. The addition of carbon nanotubes to the polymer resulted in an
order of magnitude increase in the photoconductivity. Improved charge separation and
collection was evidenced by the large difference between light and dark conductivities as
well as the increase in both open circuit voltage and short circuit current. Finally,
photovoltaic cells using aligned nanotubes showed further improvement in the
photoconductivity and IV characteristics. © 2005 Springer Science + Business Media, Inc.

1. Introduction

In order for photovoltaics to become competitive with
other sources of terrestrial power generation, the cost
per Watt must come down. One possible solution is
the use of polymer-based semiconductors that have the
potential to lower costs by utilizing inexpensive lig-
uid based processing [1]. Conjugated polymers such as
PPV [poly-(phenylene-vinylene)] [2] and its derivatives
(e.g. MEH-PPV [1], MDMO-PPV [3], etc.) have been
widely studied as photovoltaic materials in recent years
[4]. Other groups have reported on results using the
thiophene derivatives P3HT [poly(3-hexylthiophene)]
[5] and P3OT [poly(3-octylthiophene)] [6].

In addition to low cost processing, photovoltaics
made from polymers offer several prospective advan-
tages. By modifying the chemical structure, the band
gap and ionization potential can be tuned to the de-
sired energies [7]. They are generally flexible which
offers the possibility for integration into building mate-
rials and appliances [8]. However, while the absorption
coefficients for these materials are high, they tend to
absorb over a narrow spectral range compared to the
solar spectrum [8]. In addition, because the excitons
are strongly bound, they tend not to dissociate into sep-
arate charges. This means that the collection of charges
is poor and devices made from homogeneous layers of
these polymers have been inefficient [9]. Furthermore,
these materials suffer from low charge mobility and
short exciton diffusion lengths [10].

Quantum dots offer a potential solution to these de-
ficiencies. Carrier generation in the polymer materials
was improved with the discovery that charge separation
tends to occur at a material interface [11]. Blending
nano-crystals or quantum dots into a polymer creates
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a heterogeneous composite with a high interface sur-
face area allowing for improved charge separation. If
the polymer and quantum dot materials have different
electron affinities, this will result in carrier transport in
the different materials with a low likelihood of recom-
bination [9]. Quantum dots have been fabricated from a
number of materials including TiO, [10], CdSe [7, 9],
CdS [12], carbon fullerenes [2], and carbon nanotubes
[5, 6]. Conversion efficiencies approaching 4% have
been achieved [1] and 5% appears to be within reach
[8].

Nonetheless, many challenges remain to be solved in
the fabrication of polymer/quantum dot composite pho-
tovoltaics before they become commercially viable. In
particular, charge generation, carrier transport, and ex-
citon dissociation have yet to be well understood and
optimized [1]. In conjunction with poor light absorp-
tion, this leads to low photocurrents in comparison with
inorganic cells [8].

This paper reports on two unique experiments. First,
the polymer/quantum dot solar cells discussed in the pa-
per have been fabricated using a water-soluble polymer.
Though more study is needed, the water-soluble poly-
thiophene polymer showed potential for efficient pho-
tovoltaic response. The use of this polymer would allow
safe, environmentally friendly processing. In addition,
the absorption range of the polymer is tunable by utiliz-
ing changes in the pH of the solvent [13] and could lead
to tuneability within the solar cells. Second, single wall
carbon nanotubes (SWNTs) have been added to form a
bulk heterojunction and improve charge separation and
transport. The addition of nanotubes to the polymer
improved the output of the solar cells. The character-
istic shape of the nanotubes is particularly conducive
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to alignment and cells made with nanotubes aligned
using an electric field [14, 15] have shown a further in-
crease in photoconductivity as compared to non-aligned
samples.

2. Sample preparation
Three different types of samples were fabricated: homo-
juctions consisting of only the water-soluble polymer
sandwiched between tin oxide and aluminum contacts,
bulk heterojunctions with carbon nanotubes added to
the polymer, and bulk heterojunctions where the car-
bon nanotubes have been aligned (Fig. 1). The poly-
mer used for all samples is a water soluble thiophene
(Sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate])
obtained from American Dye Source [13] (see Fig. 2).
The carbon nanotubes used in the heterojunctions are
single-wall CarboLex AP-grade with a diameter of 1.2—
1.5 nm from Sigma-Aldrich [16] (see Fig. 2). The bulk
length of the nanotubes is given as 20 pm but the indi-
vidual length is not reported [16]. The polymer was first
wetted with Dimethylacetamide (DMAc) and then dis-
solved in deionized water to a concentration of 3%. The
nanotubes were added to 1% by weight. The solution
was slightly basic. The polymer/nanotube solution was
then sonicated and drop cast onto 2.5 x 2.5 cm fluo-
ride doped tin oxide (FTO) coated glass substrates. The
thickness of the FTO layer is 400 nm with resistivity of
12.5—-14.5 ohms per square. The samples were cured on
a hot plate at 150°C for 30 min. For some of the sam-
ples an electric field was used to align the nanotubes
during curing [14]. Finally, a 250 nm thick aluminum
rear contact was applied by horizontal sputtering. The
rear contact was approximately 1 cm? for all samples.
Sample thickness was checked with an Alpha-step 500
stylus profilometer and found to range between 2.5 and
8.5 um. These relatively large thicknesses were nec-
essary to avoid complete shunting of the cells by the
nanotubes. Work is underway to fabricate and test thin-
ner samples.

Polythiophene (2.5-8.5 m thick) Al (250 nm)

Sn0,(400 nm)
~B Glass

Figure 1 Schematic of SnOy/polymer - SWNT/AL solar cells.
SOs;Na ﬁ\_\;
(0]
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Figure 2 Water soluble thiophene (Sodium poly[2-(3-thienyl)-ethoxy-
4-butylsulfonate]) obtained from American Dye Source [13].
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Figure 3 Dark and Light conductance in Siemens of homojunction, non-
aligned heterojunction, and aligned heterojunction.

3. Characterization and results

All devices were illuminated through the glass using a
tungsten halogen light source with an intensity of ap-
proximately 50 mW/cm?. Light and dark conductances
were measured using an HP 4284 Precision LCR meter.
As shown in Fig. 3, the conductance of the neat poly-
mer in the homojunction is quite low and the addition
of carbon nanotubes greatly increased both the light
and dark conductance. This is to be expected given the
high conductivity of the nanotubes. More interesting,
however, is the nearly order of magnitude increase in
the conductance when the nanotubes are aligned. This
provides indirect evidence that the alignment is, in fact,
taking place.

The current-voltage (I-V) characteristics for each
sample were tested using a Keithley 236 Source Gen-
erator by sourcing the voltage from -3 to + 3V in
0.1 V steps both in the dark and under illumination.
Forward bias means that positive voltage is applied to
the SnO;. The I-V curves for each type of cell are shown
in Figs 4a—c. In each case, the higher current in forward
bias is evidence of diode behavior. This agrees with re-
sults of tests on similar cells made using solvent based
polymers [17]. In Fig. 4a, the light current under reverse
bias is less than the dark current—perhaps due to sam-
ple heating by the light source. The figure does show
that, although the output is quite low, this water-soluble
polymer does display a photovoltaic response and can
be used to fabricate solar cells. Output is expected to in-
crease with improved construction techniques. As can
be seen in Fig. 4b, the addition of nanotubes doubles
the forward current as compared to the pristine poly-
mer. This is likely due to improved charge separation
from the nanotube-acceptor [18]. When the nanotubes
are aligned (Fig. 4c), they not only aid in charge sepa-
ration, they also provide a better path to the electrodes
and thus provide improved charge transport. This is ev-
ident in the order of magnitude increase in forward bias
current at 3 Volts compared to that in Fig. 4b.

The open circuit voltage (V,.) values and short cir-
cuit current (Ig.) values are given in Figs 5 and 6 re-
spectively. The absolute magnitudes are quite low but
the relative magnitudes show some interesting trends.
The typical homojunction had a V. = 0.9 mV. The ad-
dition of nanotubes increased the V,. to 3.0 mV in the
non-aligned heterojunction. This three-fold increase is
in line with that previously reported by Kymakis and
Amartunga [17] for the solvent based polythiophene.
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Figure 4 (a) I-V characteristics of homojunction in dark and under illu-
mination. (b) I-V characteristics of non-aligned heterojunction. (c) I-V
characteristics of aligned heterojunction.
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Figure 5 Comparison of open circuit voltage for homojunction, non-
aligned heterojunction, and aligned heterojunction.

It has been postulated that the open circuit voltage is
based on the work functions of the various materials
[17] and so it is not surprising that alignment of the
nanotubes had little effect on the V. (=3.1 mV for
the aligned heterojunction). However, while the work
function of the nanotubes is known to be approximately
4.5 eV [18], the HOMO value of the polymer is not yet
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Figure 6 Comparison of short circuit current for homojunction, non-
aligned heterojunction, and aligned heterojunction.

available and it is therefore not yet possible to determine
the theoretical relation between the work functions of
the constituent materials and the open circuit voltage
for the cells described here.

The short circuit current density of the homojunction
was I = 5.7 ,uA/cmz—comparable to that for a sol-
vent based polymer [17]. The addition of non-aligned
nanotubes increased the current density by approxi-
mately 40% to I. = 8.1 uA/cm?. Aligning the nan-
otubes nearly doubled the short circuit current (Iy, =
14.5 ;1A/cm?), but the values are still quite low. It is
believed that thinner samples and improved techniques
for dispersing the nanotubes will improve these results.

4. Conclusions and future work

A water-soluble polythiophene polymer has shown
photovoltaic response and has the potential to be used
in applications where other organic polymers are used.
This may lead to lower cost, environmentally friendly
processing for organic polymer solar cells. Blending of
SWNTs into the polymer as the electron acceptor im-
proved the exciton dissociation caused by the built in
potential [18]. Alignment of SWNT further enhances
PV response and forms a better path for the carriers to
reach the electrodes.

While these results are promising, there is tremen-
dous opportunity for further study. The low V. and I
values need to be explained and work is underway to de-
termine the HOMO value of the polymer films to allow
theoretical calculations of the V.. While in solution,
the absorption spectrum of the polymer changes with
the pH of the solution. However, the absorption spec-
trum for polymer films made using water as the primary
solvent have been found to be the same, regardless of
the pH of the solution. In the future, using other solvents
or adding other constituents to the solution may make
it possible to fabricate films with different absorption
spectra.

The nanotube alignment needs to be quantified using
SEM or similar techniques. The thickness, purity, and
uniformity of the samples can be improved. Shunting
is a potential problem in heterojunction cells made us-
ing nanotubes. For the samples tested here, complete
shunting was avoided by fabricating relatively thick
samples. For future work, the use of a thin buffer or
insulator layer will keep the nanotubes from contacting
the SnO, electrode.
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In characterizing the cells, the absorption charac-
teristics have not been measured. An AM 1.5 light
source needs to be used to obtain comparable output
readings and the cells need to be modeled in order to
better understand the charge separation and transport
characteristics.
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