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Water-soluble polythiophene/nanocrystalline TiO  , solar cells

Qiquan Qiao and James T. McLeskey, Jr?
Energy Conversion Systems Laboratory, Department of Mechanical Engineering, Virginia Commonwealth
University, Richmond, Virginia 23284 USA

(Received 15 November 2004; accepted 1 March 2005; published online 5 April 2005

We report the characteristics of polymer/nanocrystalline solar cells fabricated using an
environmentally friendly water-soluble polythiophene and Jii®a bilayer configuration. The cells

were made by dropping the polymer onto a Ji@anocrystalline film and then repeatedly sweeping

a clean glass rod across the polymer as it dried. The devices showed an open circuit voltage of 0.81
V, a short circuit current density of 0.35 mA/épma fill factor of 0.4, and an energy conversion
efficiency of 0.13%. The water-soluble polythiophene showed significant photovoltaic behavior and
the potential for use in solar cells. D05 American Institute of Physi¢®OI: 10.1063/1.1900300

Organic  semiconductors, including  conjugated In this work, we fabricated bilayer heterojunction solar
polymeré’2 and small molecular organic materidfshave cells using a water-soluble thiophene polymesodium
recently attracted much attention and show great promise ipoly{ 2-(3-thieny)-ethoxy-4-butylsulfonate [PTEBY, a
the ongoing effort to lower the cost of solar cells. Thesepolythiophene derivative, as the electron donor and,Ta®
materials are usually soluble in common solvents. This leadthe electron acceptor. The device configuration was glass/
to the possibility of making large area thin film solar cells FTO/TiO,/PTEBS/Au and is shown in Fig. 1. Fluorinated tin
using inexpensive liquid based processing techniques such gxide (FTO) coated glass squard®2.5 cmx 2.5 cm) were
spin coating5, doctor bladingﬁ, ink jet printing, and screen used as substrates. The FTO coated glass has a resistance of
printing.” Often, the band gap and ionization potential can bel2.5-14.50/square and layer thickness of 400 nm. The sub-
tuned to the desired energies by modifying the chemicastrates were cleaned in ultrasonic baths first with acetone and

structuré and solar cells made from polymers are commonlythen with deionized water.
lightweight and flexible. To make the TiQ films, an anatase TiOpowder was

In these polymers, however, photogenerated excitons afést suspended in acetic acigH 3-4) and then stirred and
strongly bound and resist dissociation into separate charge3eated for three hours. The TiGilms were made by spin
Furthermore, these materials suffer from low charge mobilityc0ating onto the FTO twice at 2000 rpm. In our experiments,
and short exciton diffusion lengtfisTherefore, the perfor- devices made with a single TiQayer tended to develop
mance of the solar cells made from homogenous p0|yme§horts between the electrodes and therefore two layers of

layers has been limited. This problem has been resolved ih!O2 Were deposited to prevent shunting. The Fi@as then
part by building bilayer and bulk heterojunction Structuressmtered at 500 °C for one hour. This high temperature treat-

with phase separation between the polymer and certain inofl:entt of _the TitQ ft”?; [las twtt)heffe_cts. tl':ilr st, it an_le?gcels the
ganic nano-particles such as Ti(Ref. 10 and CdSé? De- electronic contact between the Hiarticles an elec-

. - . . . rode. Second, it results in a porous nanocrystalline network
vice efficiencies have increased steadily over the last decac} P y

. . . 16 . .
and an external power conversion efficiency of 1.7% undeP% mterconnected T@pz_irtlcles. Atomic force microscopy
AML5 illumination has been achieved. of sintered nanocrystalline layers has revealed films with an

Solvent-based polymers such as akmethoxy- average particle size of 80 nm and pore diameters of more

5-(2-ethyl-hexyloxy-p-phenylenevinylene [MEH-PPV],*°

poly(3-hexylthiopheng [P3HT],*? poly(3-octylthiopheng Au PTEBS
[P30T,*® and poly2-methoxy-5¢3,7-dimethyl-octyloxy-
p-phenylenevinylend MDMO-PPV] (Ref. 14 have been re-
ported as electron donors in the TiGased solar cells. The
solvents typically used include toluene, chloroform, chlo- <«—Glass
robenzene, tetrahydrofuraiTHF), xylene, and dichlo- (a)
romethane. The influence of the solvent on the performance S0:Ne
of solar cells has been investigated by several gréupand

it has been found that by dissolving the polymer in the opti-

mal solvent, extended polymer chains can be formed. When O

these solutions are then cast into thin solid films, the chains

remain extended. As reported by Shi, Liu, and Yanthe

effect of the solvent is more pronounced in high concentra-

tion solutions than in diluted solutions because of the inter- (b) S n

chain interactions.

TiO,
FTO

FIG. 1. (a) Schematic of glass/FTO/Tipolymer/Au solar cells;(b)
chemical structure of the water-soluble polythiophen@odium
dElectronic mail: jtmcleskey@vcu.edu poly[2-(3-thieny))-ethoxy-4-butylsulfonatp.
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FIG. 2. LinearJ-V curve in the fourth quadrant under 80 mw /cAM1.5 ) ) .
illumination. FIG. 3. Absorption spectrum of the water-soluble polythiophene in the

visible spectrum.

than 20 nnf. This pore diameter is large enough for the \,3n carrier, and Chevritin PTEBS thin films, the oxida-
polymer to penetrate into the film. _ tion onset occurs at~+0.3-+0.4V versus saturated
The thiophene Eglyme(PTEBS was obtained from caiomel electrodéSCH. The Highest Occupied Molecular
American Dye Source and dissolved in deionized water 0 orpjtal (HOMO) level of the polymer can be estimated at the
a concentration of 1%. A few drops of dimethylformamide onset point. Typically, an adjustment factor of 4.4 to 4.7 eV
were added in order to enhance dissolution. The solution wag ;sed in converting the energy values versus SCE into en-
stirred for two days and then left for 24 h to allow undis- grgy values versus vacuum. Therefore, the HOMO level is
solved particles to settle out. The chemical structure of thstimated to be between4.7 and—5.1 eV. The optical gap

thiophene polymer is shown in Fig(td. of 2 eV results in a Lowest Unoccupied Molecular Orbital

Spin coating the polymer film is difficult due to the low (LUMO) level between—2.7 and—3.1 eV.
viscosity of the water solution. Instead, a variation of the Although the exact origin of the open circuit voltage in
doctor blade technique was employed. The J@dated sub-  this type of device structure is not fully understood, it has
strate was placed on a 50 °C heating plate. The polymer sqseen demonstratétithat Vo can be estimated by the differ-
lution was dropped onto the TiDand a clean glass rod was ence of the work functions of the electrodes. This same es-
swept back and forth across the polymer film until it dried.timate can be applied here. As seen in Fig. 4, the difference
The sample was then further dried in a vacuum oven apetween the work functions of gol&.2 eV) (Ref. 19 and of
150 °C overnight to remove any remaining water. Finally, aFTO (4.4 e\) (Ref. 20 matches the measured open circuit
mask was applied to the sample to define a 2xnmm  yoltage (Voc=0.81 V). In this particular case, however, the
device area and 50 nm of gold was sputter coated onto thgork function of the gold contact is very close to the HOMO
polymer to serve as the electrode. level of the polymer(5.1 eV) and the work function of the

The devices were tested in the dark and under AM1.5=T0 is close to the conduction band energy of the,Ti@2
illumination with an intensity of approximately 80 mW/ém ey 19 This makes it difficult to ascertain the influence of the
through the FTO electrode. The current density-voltagesolymer and the TiQ@on theVqc.

(J-V) curve was measured using a Keithley 236 source gen- |nterestingly, devices fabricated at room temperature
erator by varying the voltage from3 to 3V in 0.04 V steps  show limited photovoltaic behavior, but devices fabricated
across the FTO and gold electrodes. The device has a rectin a 50 °C hot plate performed well. This difference is not
fication ratio of more than one order of magnitude in theyet fully understood, but other studies have shown that sol-
dark, indicating diode behavior. vent evaporation rates can have a significant influence on the

Figure 2 shows the linear current-voltage curve in theperformance of the devices due to changes in film
light in fourth quadrant. This indicates a short circuit currentmorphology*>** Another possibility may be related to the
density of 0.35 mA/crhand an open circuit voltage of 0.81 solubility of the TiO,. Under standard conditions, the slowly
V. From the curve in Fig. 2, we calculated a fill fact®F) of ~ evaporating water may interfere with the Ti@anocrystal-
0.40 using FF®p ./ (IscVod) =(IwpVup)/ (IscVoc), Where  line network and therefore inhibit the electron transport path
Ive @and Vyp are the current and voltage at the point of maxi-
mum power output of the device. Vacuum Level

The energy conversion efficiency is defined as the ratio ~ ==r====1 SRlLEELE ERELEL L LELEIL PEEITITED
of the electric power output of the cell at the maximum 1
power point to the incident optical power, which can also be
expressed in terms of ¢4, Voo, and FF as: g
=(FF Voc'lsd/Pign- An energy conversion efficiency of 44V
0.13% has been obtained for the water-soluble polythiophene
solar cells described here.

The optical absorption of a homogeneous PTEBS film
was measured with a Lambda 40 spectrometer and is shown
in Fig. 3. The maximum absorption occurred at 480 nm. The
onset of the absor_ptlon occurred at 629 nm, from which th%IG. 4. Energy band diagram relative to vacuum level for FTO/
band gap was estimated to be approximately 2.0 eV. Baseflo,/pTers/au devices. The work functions of FTO. Ticnd gold are
on cyclic voltamperometry measurements made by Tran4.4 eV (Ref. 20, 4.2 eV(Ref. 10, and 5.2 eV(Ref. 19, respectively.

FTO
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