Triblock terpolymer directed self-assembly of mesoporous TiO,
- high performance photoanodes for solid state dye-sensitized
solar cells
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We present a new self-assembly platform for the fast and straightforward synthesis of
bicontinuous, mesoporous TiOy films, based on the triblock terpolymer
poly(isoprene-b-styrene-b-ethylene oxide). This new material allows the co-assembly of
the metal oxide as a fully interconnected minority phase which results in a highly porous
photoanode with strong advantages over the state-of-the-art nanoparticle based
photoanodes employed in solid-state dye-sensitized solar cells (DSC). Devices fabricated
through this triblock terpolymer route exhibit a high availability of sub-bandgap states
distributed in a narrow and low enough energy band, which maximizes photoinduced
charge generation from a state-of-the-art organic dye, C220. As a consequence, the
co-assembled mesoporous metal oxide system outperformed the conventional
nanoparticle based electrodes fabricated and tested under the same conditions,

exhibiting solar power conversion efficiencies of over 5%.

1 Introduction

Dye-sensitized solar cells (DSCs) consist of three main device components: an electron

conducting network which is sensitized by a light-absorbing dye and surrounded by an
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electrolyte or hole-transport material.! Assembled in a lab from solutions of inexpensive
chemicals, device efficiencies of more than 12% have been reported.? DSCs hence are a very
promising candidate to contribute towards a balanced future energy solution.

High performance DSCs rely upon an extremely high interfacial area, since charge car-
riers are only generated in the chemisorbed monolayer of photoactive dye. Since O’Regan’s
and Gritzel’s ground breaking work in 1991,% this is usually realized by the sintering of
TiOs nanoparticles into a random network, which delivers over a thousand-fold increase
in surface area in a ten micron thick film, as compared to a flat film. Significant progress
has since been achieved, mostly by the development of new sensitizers,* light management

57 and increasing the long term stability.® However, since electron trans-

in the device
port is very slow in this photoanode, this long established champion electrode faces serious
limitations with the development of solid-state DSCs (ss-DSC) which employ an organic
hole-transporter as the redox mediator.” 19 Research efforts to replace the liquid electrolyte
with a molecular or polymeric hole conductor are driven by the aim to increase efficiency

1'! and to tackle stability issues caused by corrosion and

by reducing the loss-in-potentia
leakage of the liquid electrolyte.!’ Since charge carrier recombination in ss-DSCs can be
up to 2 orders of magnitudes faster than in conventional liquid electrolyte devices,'? 3 the

14716 combined with poor infiltration of the

poor electron diffusion in these random networks
solid-state hole transporters limit the titania electrode in ss-DSCs to around 2 pm. This
is not thick enough to achieve panchromatic light absorption with the currently available
sensitizers.

New electrode architectures have been proposed with the aim to control pore size and
crystallinity on the 10 nm length scale to limit the effect of these reported problems. Ex-
amples include geometries of standing nanowires,!” fibrous 1-dimensional networks,'® a
bicontinuous gyroid network!? and the block-copolymer directed assembly of sol-gel ma-

2L crys-

terial.?%21The latter is particularly promising since it allows control of pore size,
tallinity?? and electronic properties?? of the photoanode while being compatible with low
cost and large scale production methods.

The driving force for the self-assembly of block copolymers is the incompatibility of the
covalently linked blocks of the macromolecule, which gives rise to a microphase separation
on the 5-50 nm length scale into an assortment of morphologies with quasi-1D, 2D, or 3D
continuity. This formation mechanism can be compatibilized with functional inorganic ma-

terials by taking advantage of selective interactions, such as hydrogen bonding, to drive

sol nanoparticles into just one of the polymer blocks. After the removal of the organic



host, typically in a high-temperature calcination step, the inorganic material can preserve
the morphology derived from co-assembly. The groups of Wiesner and Stucky pioneered

this method for structure directing silica,?% 2>

which was soon exploited for nanostructure
control in TiOy and other metal oxides.?6?® In principle, following this route should en-
able the design of ideal photoanodes with control over both morphology and feature size
provided by the block copolymer. Indeed, block copolymer derived TiO2 has been shown
to lead to enhanced electron mobilities when designed to facilitate high temperature heat
treatments.2? 30

Despite the potential, DSCs incorporating self-assembled networks have still not reached
the best efficiencies of nanoparticle based films. A major drawback is associated with the
large volume contraction of the block copolymer derived films during processing - evap-
oration of residual solvent, condensation of the inorganic network and in the later stage
calcination of the polymer and crystallization. For films exceeding several hundred nm in
thickness, this typically leads to crack formation and delamination.! Several concepts have
been presented where block copolymer assembled photoanodes compete well with nanopar-
ticle films for active layers below 1 pm,2%3% but it proves difficult to scale with thickness.
We have established a route for the deposition of mesoporous block copolymer derived films
beyond 2 pm, which significantly increased their efficiencies to over 4%.32

An observed drawback of the experimental approaches used to date is the fact that the
TiOs is generally assembled in the majority phase. Lateral stresses during volume reduction
are therefore sufficient to lead to catastrophic crack formation. A further consideration is
that the ratio between organic and inorganic material in the synthesis has a strong influence
on the electronic properties of the resulting TiO2.2? A mainly organic matrix leads to a
strongly enhanced density of sub-bandgap electronic states, correlated to a significantly
increased photocurrent in the devices. For both reasons, it would be favorable to lower
the TiO9 content in the hybrid composite. However, when reducing the TiOs content in
a diblock copolymer assembled film, the metal oxide becomes a non-continuous minority
phase surrounded by the polymer. Upon calcination of the oxide and thermal combustion of
the copolymer, film integrity is almost entirely lost due to removal of the supporting matrix.
We previously worked around this by performing calcination in the bulk, and subsequently
incorporating the as prepared material into a paste for film processing.?> However, the
favorable ordered structure of the mesoporous assembly is entirely lost through this process.

Clearly a more direct route with a 3D continuous network morphology as-made would be

preferable.



Here, we present a new self-assembly platform for the fast and straightforward synthe-
sis of mesoporous TiOs films, based on the triblock terpolymer poly(isoprene-b-styrene-b-
ethylene oxide). This polymer system directs the co-assembly of the oxide into a gyroid-like
morphology, where the minority phase is a 3D interconnecting strut network composed of
TiOo. A further less-intuitive benefit here is that the large organic fraction induces a high
density of sub-bandgap states distributed in a narrow and low enough energy band, which
maximizes charge generation in this dye-sensitized system. The material proves extremely
effective when combined with the state-of-the-art organic dye C220 in solid-state cells, and

we report power conversion efficiencies of over 5%.

2 Results and discussion

We have recently reported on the assembly of several network morphologies, including a 3D
continuous alternating (single) gyroid niobia network, which arises from the coassembly of
a triblock terpolymer poly(isoprene-b-styrene-b-ethylene oxide). In this configuration, the
inorganic resides in the minority phase. Due to the fact that network phases are 3D con-
tinuous and self-supporting, the morphology is able to withstand removal of the polymer.3?
A similar system is used in this work. Figure 1a illustrates the chemical configuration: The
triblock terpolymer in this work consists of a PI, PS, and PEO block with volume fractions
of 31%, 53% and 16% respectively. The introduced TiOg sol (blue particles) are expected to
preferentially reside in the hydrophilic PEO block due to attractive intermolecular forces.3*
The incompatibility of its covalently linked building blocks leads the macromolecule and its

24,35 For the utilized volume

guest to co-assemble towards its energy minimal morphology.
fractions, we expect an ordered cubic network such as a single “alternating” gyroid mor-
phology of PEO and inorganics, surrounded by a PS matrix and a complementary gyroid
network of PI, as illustrated in Figure 1b.3? For experimental realization, a PI-b-PS-b-PEO
polymer (ISO) of M,, = 53.4kg/mol was dissolved in anisole. Separately a sol stock solution
was prepared by adding titanium isopropoxide to HCl. The stock solution was then diluted
and added to the polymer solution to match the aimed phase space. After deposition by
doctor blade coating onto prepared FTO substrates, the films were annealed at 30°C in
an enclosed atmosphere for 24-48h, then aged at elevated temperatures for another 3 days
before being calcined in air at 500 °C to remove the organic structure directing agent and
crystallize the inorganic network. See Methods Section for experimental details. The as-

cast films had a homogeneously networked morphology throughout the thickness as shown

in Figure 1c. The hybrid films were based of an oxide:polymer mass ratio of 0.33:1.0, as-



Figure 1. Material system and morphology.(a) The structure-directing macromolecule in this work is
a triblock terpolymer poly(isoprene-b-styrene-b-ethylene oxide) with volume fractions of 31%, 53% and
16% for the isoprene (PI, red), styrene (PS, green) and ethylene oxide block (PEO, blue) respectively. The
introduced sol (blue particles) are expected to preferentially reside in the hydrophilic PEO block due to
attractive intermolecular forces. Under equilibrium conditions, the incompatibility of its covalently linked
building blocks leads the block copolymer and its guest to assemble into its minimal energy morphology,
which is in the present configuration an ordered network phase such as the alternating gyroid, where one
gyroid network contains the PEO incorporating the oxide sol, and the second gyroid network contains
the PI, surrounded by a PS matrix. (b) shows one such gyroid containing the PEO and the oxide
phase. (c) Scanning electron microscopy image of a film deposited by doctor blade coating, shown after
plasma etching to remove the polymer, which gives rise to a continuous, highly porous TiO5 network.
(d) Close-up scanning electron microscopy image of the mesostructure top surface after calcination at
500 °C exhibiting open and accessible pores.



suming complete condensation to TiOs. This is equivalent to a volume uptake of 27.5%
for the phase of PEO & TiOs, i.e. the TiO2 being in the minority phase. The film thick-
ness and overall amount of TiOy deposited for each film was controlled with the solution
concentration as well as the doctor blading height and velocity. The structural features
were preserved throughout the crystallization process resulting in the generation of 20-30
nm mesopores as shown in Figure 1d. In contrast to earlier work using this triblock ter-
polymer to direct the structure assembly on more equilibrated morphologies in the bulk,3?
we cannot identify a specific space group due to the limited long-range structural ordering
for thin film deposition. This is somewhat expected since drying kinetics in thin films lead
to a quenching of the microphase separation process by the simultaneous sol-gel reaction
before reaching its equilibrium morphology. Nevertheless, the TiOo photoanodes exhibit a
continuous network of very high porosity which arises from the co-assembly of TiOs in the
minority phase.

The as-calcined photoanodes were subsequently subject to a TiCl, treatment and resin-
tering at 500 °C as is conventionally done for dye-sensitized solar cells before being immersed
in a dye solution and assembled into a solid-state DSC. Cross-sections of the fully assem-
bled devices are shown in the Supplementary Information. Crystallite sizes are ~ 12 nm
for the triblock terpolymer-derived structures and ~ 19 nm for the standard nanoparticle
films via Scherrer analysis of the [101] anatase peak (see Supporting Information). The
standard method to estimate the surface area and porosity of mesoporous oxides is to per-
form nitrogen desorption measurements. However, this prooves difficult for thin films and
furthermore a measure of the effective accessible surface area for dye adsorption may be
more relevant for the electrode material. In order to estimate the surface roughness of the
triblock terpolymer derived films we therefore compared the accesible surface area by a
dye desorption technique. Firstly, the standard nanoparticle based films, which have been
well characterised by nitrogen desorption, were used as a standard control. From nitro-
gen desorption the standard nanoparticle films have a roughness factor of 116 fold per pm
thickness of film. Following overnight sensitization with a ruthenium based dye, termed
7907, and subsequent dye desorption, Uv-Vis absorption measurements of the desorbed dye
were taken. The dye was calculated to occupy around 1.6 nm? per dye molecule, consistent
with reports in literature.?%37 With the assumption that same dye loading will be achieved
on both the anatase titania triblock terpolymer derived films and the standard anatase
nanoparticles based films, we calculate the surface roughness to be 161 fold per pm thick-

ness of film for the triblock terpolymer-derived films measured via Z907 dye desorption in



Porosity  Surface roughness Crystallite — Average pore

Film (vol%) (per pm) Size (nm) diameter (nm)
Nanoparticle 48+4 116 19 18
Triblock 61+3 161 12 21

Table 1. Film characteristics. Values shown correspond to films treated with TiCly
methanol (see Supporting Information).

In order to estimate the porosity of the films we have used spectroscopic ellipseometry
to extract the optical constants for each film, and reconstructed an “effective medium”
composed of differing volume fractions of air (n ~ 1) and anatase TiOg (n = 2.5) employ-
ing the Bruggeman effective medium approximation.?® The refractive indices of the films
were determined to be 1.39 (triblock terpolymer-derived films before TiCly), 1.52 (triblock
terpolymer-derived films after TiCly), 1.62 (nanoparticles before TiCly), and 1.73 (nanopar-
ticles after TiCly) respectively. It is already apparent simply from these values that the
porosity reduces slightly after TiCly treatment and that the porosity of the triblock ter-
polymer films is higher than the nanoparticle films. Specifically, we calculate the porosity
of the triblock terpolymer-derived films to be 6942 vol% before TiCly treatment and 61+3
vol% after this surface treatment. In comparison, standard nanoparticle films before TiCly
treatment are calculated to be 5542 vol% porous and 48+4 vol% after the surface treat-
ment. The increase in refractive index after the TiCly surface treatment corresponds to
a ~ lnm thick coating of the pore structure for both triblock terpolymer-derived films
(average pore diameter ~ 21 nm) and nanoparticle films (average pore diameter ~ 18 nm),
respectively. See ref.3? for details. These porosity and surface area estimations indicate
that structurally, the triblock terpolymer exhibits a higher accessible surface are for dye
loading as well as enhanced porosity compared to the standard nanoparticle based films. A
summary of all film characteristics can be found in Table 1.

Device characterization, shown in Figure 2 reveals the high efficiency of the presented
photoanode. For comparison, we have included the device performance of solid-state DSCs
assembled from a diblock copolymer directed photoanode, which we have previously pre-

32 SQolar cells fabricated from the triblock terpolymer,

sented in a separate publication.
where the cast hybrid mixture has a majority component of organic material (around 70%
by volume), show a comparatively high short-circuit current (Js.) of 6.7mAcm~2, and an
open circuit voltage (Vo) of 0.78 V. In the case of a diblock copolymer directed assembly,

the TiOq resides in the majority phase, with a much higher inorganic to organic volume

ratio after film deposition. These photoanodes show an increased Vi of 0.83V while Jg
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Figure 2. Current-voltage characteristics (a) Current-Voltage curves measured under AM1.5 simu-
lated sun light of 100 mWcm? for devices incorporating triblock terpolymer co-assembled networks (black,
squares), diblock copolymer co-assembled networks (blue, triangles) and standard nanoparticle based de-
vices (red, circles) employing D102 as the sensitizer. Inset shows solar cell performance parameters for
all 3 devices. (b) Current-Voltage curves for solid-state DSCs employing C220 as the dye-sensitizer.*°

is reduced to 5.8 mAcm™2. Devices based on conventional nanoparticle photoanodes lie in
between, with V. = 0.80V and Js. = 6.5 mAcm™2.

These findings are consistent with previous observations of the role of the inorganic to
organic ratio in the block copolymer assembly process upon the device properties of the
photoanode.?3 The hybrid network within which the TiOs resides in during the calcination
plays a decisive role for the electronic properties of the mesoporous TiO even after the cal-
cination step and TiCly treatment. We have associated this to the reducing characteristic
of the organics during polymer oxidation and TiOs crystallization at high temperatures.
We speculate that the organic materials act as an oxygen sink, favoring the formation of
oxygen vacancies which generate sub-bandgap states,*' 44 broadening the tail of the con-
duction band states and subsequently aiding electron transfer from the photoexcited dye. A
mainly organic matrix in the film preparation leads to a significantly increased generation

of photocurrent, accompanied by a slight drop in V. in the final devices. Though photoan-



odes made from triblock terpolymer (highly porous continuous network), diblock copolymer
(micellar arrangement) and conventional TiOy nanoparticles (random dense packing) are
all very different, a similar strong dependence on its “organic to inorganic history” during
materials assembly appears to be observed.

For devices incorporating one of the best performing dyes for solid-state DSCs, a donor-

0,9 we obtain a striking power conversion efficiency of

pi-acceptor organic dye termed C22
5.03% for triblock terpolymer directed photoanodes, shown in Figure 2b. This represents a
16% improvement in performance over standard optimized nanoparticle devices of 1.8 pm
in thickness as prepared in our laboratory, demonstrating the potential of this approach for
future high efficiency devices. As somewhat of a milestone for this materials approach, on a
like-to-like comparison this is the first time the self-assembled oxides have out-performed the
conventional state-of-the art nanoparticle based photoanodes in dye-sensitized solar cells.
We note that the maximum current from the JV curve for the triblock devices does not
occur at short-circuit. This effect is sometimes observed, though not fully understood, for
some sensitizers when used in solid-state dye-sensitized solar cells,*® however investigating
its exact nature is outside of the scope of this work.

In our previous work on paste processed TiOo, we eliminated the effect of the film
morphology and found no significant differences in charge transport and recombination.?3
In contrast, here we observe over two-fold increase in charge transport rate at short-circuit
for films with diblock copolymer directed structures compared to the ones assembled with
the triblock terpolymer (background bias light around 100 mWem ™2, see Methods Section
for details). This trend is maintained over a wide span of light intensities down to 2
mWem ™2, which corresponds to a photocurrent of about 0.2 mAcm ™2 in these devices. This
significant difference, shown in Figure 3a, probably arises from the larger crystal size and
the denser TiO5 network of the diblock copolymer directed structures.??46 Recombination
dynamics are very similar in all 3 systems, as shown in Figure 3b, where almost all data
points overlap at similar background bias light intensities.

Along with higher electron transport rates, we would expect increased photocurrents
from systems with better charge collection efficiencies. In contrast, we see a 15% loss
in photocurrent for the “highly diffusive” diblock directed films compared to the triblock
systems. However, the charge collection efficiency, as calculated from the balance of rates
for charge collection and recombination under short-circuit conditions, is over 90% for
all systems. To resolve this peculiarity, we have performed differential capacitance-voltage

measurements which directly gives us the shape of the sub-bandgap density of states (DOS)
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Figure 3. Device characteristics. Transport (a) and recombination (b) rates at short circuit conditions
for devices incorporating triblock terpolymer co-assembled networks (black, squares), diblock copolymer
co-assembled networks (blue, triangles) and standard nanoparticle based devices (red, circles). (c) Den-
sity of states plot per cm—3 of titania, for devices incorporating triblock terpolymer co-assembled networks
(black, squares), diblock copolymer co-assembled networks (red, circles) and standard nanoparticle based
devices (blue, triangles). Lines correspond to single exponential fits of the data points. We note that the
transient photocurrent and photovoltage measurements were carried out at short-circuit under potentio-
static or galvanostatic modes respectively, with the short-circuit current set and varied by changing the
white light bias.

in the TiO5 photoanodes. Figure 3c clearly shows a large increase in the sub-bandgap DOS
for the triblock devices compared to the diblock solar cells. This effect is consistent with
our postulation that the organic components partially reduce the surface of the TiO2 during
thermal degradation and calcination, with the more numerous oxygen vacancies increasing
the density of sub-bandgap states. Indeed, others have reported that oxygen vacancies
induce adjacent Ti*t ions which generate states ~1 eV below the CB.*? This suggests
that the differences in photovoltaic parameters found in the JV curves of Figure 2 are
dominated by the underlying shift in the distribution of sub-bandgap states, rather than
charge collection efficiencies, consistent with our previous work.?? In this instance, not only

must the available sub-bandgap states lie at a low enough energy to enable efficient electron

transfer, but we must also minimize the energy loss to avoid a trade-off between current

10



and voltage and hence marginalize performance improvements. In the case of the triblock
terpolymer derived structures, the sub-bandgap states are also confined in a relatively
narrow energy band, allowing us to maximize the photocurrent while still maintaining
minimal losses to open-circuit voltage. This results in higher power conversion efficiencies
than standard nanoparticle-based devices measured under similar conditions.

Since the transport rates are around two orders of magnitude faster than recombination
rates at short-circuit for all systems studied, we associate the improved functioning of our
triblock terpolymer assembled photoanodes to the fact that we can engineer the metal
oxide/dye/hole-transporter interface to maximize the availability of sub-bandgap states for
electron-transfer, while still maintaining a low enough recombination rate and high enough

open-circuit voltage.

3 Conclusions

We have presented a new self-assembly platform for the fast and straightforward synthesis of
mesoporous TiOg films, based on the triblock terpolymer poly (isoprene-b-styrene-b-ethylene
oxide). Our material route has strong advantages over the state-of-the-art photoanodes in
solid-state dye-sensitized solar cells. From a purely materials basis, the terpolymer route
enables the direct assembly of a continuous network of anatase TiO» resulting in films with
extremely high porosity and internal surface area. This assembled material is superior to the
standard nanoparticle based films on both dye-loading capacity (for a given thickness) and
on open pore area. Electronically, the triblock terpolymer derived TiOs exhibits a larger
density of sub-bandgap states, than the standard nanoparticle based material. This high
availability of sub-bandgap states improves photoinduced electron transfer from the dye-
sensitizers. As a consequence, for the first time the self-assembled mesoporous oxide system
outperforms the conventional nanoparticle based electrodes fabricated and tested under the
same conditions, with power conversion efficiencies of 5% demonstrated. We believe that
further optimization in line with this work will most likely arise from decoupling the crystal
size of the film with its morphology. Indeed, if bigger crystal sizes could be achieved without
comprimising the large availability of sub-bandgap states, surface area or porosity of the
films, faster transport and slower recombination can be expected, thus improving the charge

collection length and hence the efficiency at working conditions.
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4 Experimental

Substrate preparation Fluorine doped tin oxide (FTO) coated glass sheets (15QC71,
Pilkington) were etched with zinc powder and HCI (2 M) to obtain the required electrode
pattern. The sheets were then washed with soap (2% Hellmanex in water), deionized water,
acetone, methanol and finally treated under an oxygen plasma for 10 minutes to remove
any traces of organic residues. The FTO sheets were subsequently coated with a compact
layer of TiO2 (100 nm) by aerosol spray pyrolysis deposition at 450 °C, using air as the

carrier gas.

Electrode fabrication

Conventional nanoparticle film

A commercial anatase nanoparticle paste used (Dyesol 18NR-T) was diluted with ethanol
at a ratio of 3ml ethanol per 1g of paste to obtain final film thicknesses of 1.8 + 0.1 pm
when deposited by doctor blade coating. The resulting films were subsequently calcined at

500°C (ramped over 1.5hours) for 30 minutes in air.

Triblock terpolymer derived film

A polymer solution was prepared by dissolving 50 mg of ISO (M,=14.63, 29.04, and 9.77
kg/mol for I, S, and O, respectively, with a polydispersity of 1.05) in 0.61 mL of anhydrous
anisole for at least 1h. In a separate vial a dilute sol stock solution was prepared by quickly
adding 5 mL of titanium isopropoxide to 1.6 mL of concentrated 37 wt% HCl(aq) under
rapid stirring. Caution must be taken since this addition is violently exothermic and can
cause splashing. The closed vial containing the dilute sol stock solution was stirred for 5
min followed by the addition of 10 mL of dry tetrahydrofuran and two additional minutes
of stirring. Next, 0.22 mL of the dilute sol stock solution was added to the polymer so-
lution followed by 30 minutes of shaking. The quantity of titania sol added was chosen
to correspond to c.a. 27.5 vol% for the combined PEO and titania volume in order to
target the network morphology window.*” 48 Films were prepared by doctor blading the
final solution onto an FTO substrate with a preformed titania compact layer deposited via
spray-pyrolysis. The wet films were allowed to dry on hotplates set to 30°C for 1-2 days.
The dry films were aged at 100 °C for 3 days to further the condensation reaction and then
were calcined at 500°C with a 1°C/min heating ramp followed by a 1 h hold and natural

furnace cooling.
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Diblock copolymer derived film

TiO; electrodes were fabricated as follows: 0.4 g of a poly(isoprene-b-ethylene oxide) block-
copolymer (PI-5-PEO) (molecular weight M, =34.4kg/mol, 28 wt% PEO) was dissolved
in 8 ml of an azeotrope solvent mixture of toluene (72.84 w%) and 1-butanol (27.16 w%). A
titanium-containing sol was prepared separately by the addition of 1.54 ml titanium(IV) iso-
propoxide (Sigma Aldrich, 99.999% trace metals basis) to 0.49 ml hydrochloric acid (37%)
under vigorous stirring. 5 min after addition of the titania precursor, the sol was added to
the polymer solution and subsequently stirred for a further 30 min. Hybrid were then de-
posited from solution via spin coating (1800 rpm, 20s) or doctor blading onto the prepared
FTO substrates. Subsequently the films were exposed to an annealing protocol on a cali-
brated hotplate (2000 W with programme regulator, Harry Gestigkeit GmbH), typically for
10 min at 50 °C, followed by a 45 min linear heating ramp to 300 °C and a final dwell time of
5min at this temperature. The procedure of film deposition and subsequent annealing was
repeated several times (typically 3-7 cycles) to match the required film thickness. Finally
the stack was calcined at 600 °C (3 hours, heat ramp 5 °C/min, Cole Parmer, EW-33855-35)

to remove the organic material, crystallize the TiOq

Materials characterization

Scanning electron microscopy was carried out on a LEO 1550 FESEM (Zeiss) with a field
emission source of 5kV acceleration voltage. Ellipsometric data were taken on a Nanofilm
ep3se imaging ellipsometer and the instrument software was used to analyze the data.
Results by imaging ellipsometry were verified with a spectroscopic ellipsometer (Woollam
alpha-SE). Wide-angle XRD was performed on calcined films deposited on the FTO coated
glass as per device assembly. The measurements were made using a PANalytical MPD Pro

using monochromatic CuK,; radiation, using an X’Celerator linear detector.

Solid-state dye-sensitized solar cell fabrication

The mesoporous electrodes were cut down to size and soaked in a 20 mM TiCly aqueous
bath for 1 hour at 70°C in an incubator. After rinsing with deionized water and drying in
air, the films were heat treated another time at 500 °C for 45 min in air, then cooled down to
70 °C and finally immersed in a dye solution for 1 hour. The indolene dye used was D102,

0.2 mM in a 1:1 volume ratio of tert-butanol and acetonitrile. Spiro-OMeTAD was dissolved
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in chlorobenzene at varying concentrations ranging from 6 vol% to 10 vol%. After fully
dissolving the hole transporter, 4-tert-butyl pyridine (tBP) was added with a volume to
mass ratio of 1:26 ul/mg tBP:spiro-OMeTAD. Lithium bis(trifluoromethylsulfonyl)imide
salt (Li-TFSI) was pre-dissolved in acetonitrile at 170 mg/ml, then added to the hole
transporter solution at 1:12 pl/mg of Li-TFSI solution:Spiro-OMeTAD. When changing
the hole transporter concentration, these two ratios were kept constant. The dyed films
were rinsed briefly in acetonitrile and dried in air for 1 minute. Then a small quantity of
the hole transporter solution 18-25 pl was dispensed onto each substrate and left to wet
the films for 15s before spin-coating at 700 rpm for 45 s in air. The films were left for a
minimum period of twenty-four hours in air before placing them in a thermal evaporator
where 150 nm thick silver electrodes were deposited through a shadow mask under high

vacuum (10~¢ mbar).

Solar cell characterization

Simulated AM 1.5 sunlight was generated with an ABET technologies sun2000 Class A
solar simulator calibrated to give 100 mWem ™2 using an NREL calibrated KG5 filtered
silicon reference cell. The spectral mismatch factor was calculated to be less than 1%.
The JV curves were recorded with a Keithley 2400. The Solar Cells were masked with
a metal aperture defining the active area of the solar cells and the device holder and
measuring apparatus is set up such that no light can enter the sides of the glass substrates.

t49’ 50

The photovoltage and photocurrent decay measuremen were performed as described

elsewhere.23:51
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