APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 16 20 OCTOBER 2003

Photovoltaic cells made from conjugated polymers infiltrated into
mesoporous titania
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We have made photovoltaic cells by infiltrating the conjugated polymer regioregular
poly(3-hexylthiophenginto films of mesoporous titania, which are self-assembled using a structure
directing block copolymer. The mesoporous titania films were chosen because they have pores with
a diameter slightly less than 10 nm, which is the exciton diffusion length in many conjugated
polymers, and because they provide continuous pathways for electrons to travel to an electrode after
electron transfer has occurred. The photovoltaic cells have an external quantum efficiency of 10%
and a 1.5% power conversion efficiency under monochromatic 514 nm light. Experiments that vary
the amount of polymer in the titania films suggest that the performance of the cells is limited by poor
hole transport in the polymer. @003 American Institute of Physic§DOI: 10.1063/1.1616197

An important challenge in making efficient organic pho- 400—450 °C to remove the structure-directing block copoly-
tovoltaic (PV) cells is preventing the geminate recombina-mer and partially crystallize the TiO'" Figure 1 shows a
tion of excitons. Since a built-in electric field is usually not top view high-resolution scanning electron microscope
sufficient to split excitons, a popular approach for achieving(HRSEM) image of a mesoporous TjJfilm that has been
charge separation in organic films is to incorporate an elecdeposited on a fluorine-doped tin oxide (SnB) substrate
tron accepting material, such as g,@erivative! > sintered  and calcined at 400 °C. We used Sn® as the transparent
TiO, nanocrystalé;” CdSe nanocrystafs’ or another con-  electrode in these studies instead of indium tin oxXid®),
jugated polymet®* into the film. Because excitons in or- which had been used previously, because indium diffuses out
ganic films can typically travel less than 20 nm beforeof ITO electrodes during the calcination of TiOAlthough
recombining:?*® the electron acceptor must be intermixed mesoporous TiQis not as well-ordered on SpCF as it is
on the nanometer length scale with the organic semicondu@n ITO following calcination, the pore size is still highly
tor in order to obtain a high charge separation yield. Afteruniform. Each pore has a radius of less than 5 nm, which is
electron transfer occurs, the electron and hole must be transmaller than a typical exciton diffusion length in a semicon-
ported to the electrodes of the device before back recombiucting polymer.
nation occurs. Since in many cases the electron accepting After making a mesoporous TiXilm, we spin cast a
network is formed by randomly interspersing nanocrystals oP3HT layer from a THF solution on top of the film and
molecules into the organic film, charge transport in the phoinfiltrate the conjugated polymer into the mesoporous layer
tovoltaic cell can be limited by the hopping of electrons by heating the sample in a nitrogen atmosphere. Figtae 2
along a poorly formed network. In both the processes ofhows the structure of photovoltaic cells made by infiltrating
charge separation and charge transport in these films, it & 40-nm-P3HT layer into a 100-nm-mesoporous jTl&yer
apparent that the precise geometrical arrangement of ther 1 min at 200 °C. The optical density of the infiltrated
electron accepting network is tantamount to making efficienP3HT in the pores of the TiQOis 0.1 at the peak of its ab-
photovoltaic devices. Previously we have demonstrated thagorption spectrum. In order to prevent electrons in the,TiO
50- to 300-nm-thick mesoporous films of titania with fairly from reaching the silver electrode, the total thickness of the
well ordered arrays of uniformly sized pores can be madd®3HT layer was chosen so that a 30-nm P3HT overlayer
using a block copolymer structure directing agent and thatemained on top of the TiOfilm following infiltration. Fig-
the pores can be filled with the semiconducting polymer re-
gioregular poly3-hexylthiopheng (P3HT).2 In this letter,
we report on the photovoltaic properties of these films. In PV
cells of this type, the P3HT absorbs light, carries excitons to
the polymer/TiQ interface, and transports holes to the metal
top electrode. The mesoporous Fi@ccepts electrons from
the conjugated polymer and transports them to the transpar-
ent bottom electrode.

We make mesoporous Tydilms by first dip coating a
titanium ethoxide—block copolymer precursor mixture on a
conducting glass substrate, and then calcining the films at

FIG. 1. HR SEM top view image of a mesoporous Jiflm following
¥Electronic mail: mmcgehee@stanford.edu calcination at 400 °C. The pore diameter in the plane of the film1€ nm.
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(@) P3HT | Ag top wid_er range_of inf_iltrat_ed polymer optical d_ensities can be
overlayer (30 nm) electode 6 achieved using thick films. In order to achieve a constant
I I total device thickness following infiltration of the polymer,
SnO,:F bottom - the remaining polymer overlayer was rinsed off using tolu-
.Y TiO, - P3HT active layer (100 nm) | I ene and replaced by a spin cast 50-nm-P3HT layer. Figure 3
shows that there is a monotonic decrease in EQE as the op-
glass substrate tical density of infiltrated polymer is increased. This is an
indication that the charge generation in the cell occurs pre-
light dominantly near the top of the Tilfilm, and that polymer
chains located in the bottom of the TiCayer effectively act
as a filter that prevents light from reaching the top
interface!®’ This strongly suggests that the photocurrent in
these cells is limited by the transport of holes to the top
electrode of the device, and that holes generated more than
10-20 nm below the top of the TiOfilm undergo back
_ recombination with an electron on the Ti®efore escaping
00 500 600 700 the polymer-TiQ region. We believe that the poor hole
Wavelenaih fnm] transport on the infiltrated polymer chains results from an
FIG. 2. Device structure and performance for photovoltaic cells made frorinability of the chains tar stack(crystallizg in the 8—10 nm
mesoporous TiQand P3HT:(a) Optimized device geometry. The electrode TiO, pores. This hypothesis is supported by previously re-
area was 5 mfy (b) 1-V curves for mesoporous Ti(solid line) under ported spectroscopy measureméﬁtwhich show a blueshift

33 mwienf 514 nm illumination. Thel -V curve of a sample made using , o absorption and emission spectra from infiltrated P3HT
nonporous TiQ (dashed lingis included for comparisor(g) external quan-

tum efficiency vs wavelengttsolid line) and absorption spectrutdashed ~ Chains. _ .
line) for a PV cell made from mesoporous Ti@nd P3HT. Despite the fact that holes in the polymer cannot traverse

the entire TiQ film before recombining with electrons in the
TiO,, we have observed that photovoltaic cells made using
mesoporous Ti@produce a larger photocurrent than devices
made from nonporous TiJFig. 2(b)], if the optical density

. ) of infiltrated polymer in the mesoporous film is kept below
corresponding to 1.4 mA/cfrphotocurrent is-10%. Mul- 0.1. Using a sample size of ten devices of each type, we
tiplying the photocurrent by the fill factdi0.51) and open- found the 514 nm EQE of devices made with mesopo}ous
circuit voltage(0.72 of the PV cell yields a power efficiency TiO, to be 9.2%-0.8%, while the EQE of devices made
of 1.5%. By integrating the spectral resporifég. 2c)] of | . nonporous TiQ was'3.3%t 0.4%. Both sets of devices

the PV cell over the solar spectrum, we estimate that the o\ 410_nm-thick layers of P3HT and 100-nm-thick FiO
RR/IV\Ileg efﬂc(;gr_]cy of the cell would be 0.43.05% under films. This demonstrates that the increased surface area of a
-5 conditions. mesoporous film enhances the photocurrent if the P3HT

Inf ordecrj t_o dﬁ termlme the reliemve COI’(;tI‘.Ibu:I]Oﬂ- ?‘TI exCI;jchains are not infiltrated too deeply into the FiOFurther
tons formed in the polymer overlayer and in the infiltrate optimization of this type of photovoltaic cell will require an

polymer region to the photocurrent, we measured the EQE provement in the polymer chain morphology in the pores

under 514 nm illumination from a series of PV cells with of the TiO, or modification of the interface between the FiO

varying amqunts of |r.1f|ltrat'ed' polyméFig. 3. In these PV and the polymer to reduce the rate of back electron transfer.
cells the optical density of infiltrated polymer was controlled

by infiltrating P3HT into 200-nm-TiQ films for periods of The authors wish to acknowledge Karen Frindell and
time ranging between 0 and 10 min at 170 °C. Although PVGalen Stucky(Department of Chemistry, UCSBor assis-
cells made from these relatively thick TjGilms produce tance with fabrication of mesoporous BiOWe thank AFG
smaller photocurrents than PV cells made from thin films, &or supplying SnQ:F substrates. We acknowledge the Cam-
ille and Henry Dreyfus Foundation, the Petroleum Research
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ure Ab) shows thel—=V curve under 33 mW/cmMm514 nm

monochromatic illumination for a photovoltaic cell made
with this structure. The external quantum efficien&QE)
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