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Control of Solid-State Dye-Sensitized Solar Cell
Performance by Block-Copolymer-Directed TiO,

Synthesis

By Pablo Docampo, Stefan Guldin, Morgan Stefik, Priti Tiwana,
M. Christopher Orilall, Sven Hiittner, Hiroaki Sai, Ulrich Wiesner,

Ulrich Steiner,* and Henry J. Snaith*

Hybrid dye-sensitized solar cells are typically composed of mesoporous
titania (TiO,), light-harvesting dyes, and organic molecular hole-transporters.
Correctly matching the electronic properties of the materials is critical to
ensure efficient device operation. In this study, TiO, is synthesized in a well-
defined morphological confinement that arises from the self-assembly of a
diblock copolymer—poly(isoprene-b-ethylene oxide) (Pl-b-PEO). The
crystallization environment, tuned by the inorganic (TiO, mass) to organic
(polymer) ratio, is shown to be a decisive factor in determining the
distribution of sub-bandgap electronic states and the associated electronic
function in solid-state dye-sensitized solar cells. Interestingly, the tuning of
the sub-bandgap states does not appear to strongly influence the charge
transport and recombination in the devices. However, increasing the depth
and breadth of the density of sub-bandgap states correlates well with an
increase in photocurrent generation, suggesting that a high density of these
sub-bandgap states is critical for efficient photo-induced electron transfer and
charge separation.

1. Introduction

Nanostructured composites have become
increasingly attractive for their exciting, and
in some instances unexpected, properties
compared to their bulk characteristics."l A
wide range of applications are being
developed in diverse areas,” such as
catalysts,”! light-emitting diodes,* biosen-
sors,>® and photovoltaic devices.”! There
hasbeen ahuge effortin the development of
different routes to obtain these nanostruc-
tured materials, from simple colloidal
synthesis® to more elaborate structures
with regular nanopores such as those
obtained from liquid crystal templating of
inorganic materials.”’

More recently, nanostructured materials
have been prepared through the self-
assembly of block copolymers which micro-
phase separate into highly ordered
morphologies including spherical, cylind-
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rical, lamellar, and gyroidal domains. The tunability of shape and
length-scale gives unparalleled control over the resulting self-
assembled structures and offers a powerful tool for nanotechnol-
ogy.' Some strategies involve creating templates from these soft
materials. Typically, one block is selectively removed while the
other one is used as a scaffold allowing the backfilling of complex
structures, such as the gyroid phase.l'"'? Another approach for the
synthesis of nanocomposites involves the selective incorporation
of inorganic sol into a single block of an amphiphilic block
copolymer. Pioneered by Templin et al. in 1997, access to
predicted diblock copolymer phases has been achieved through the
selective swelling of aluminosilicate sol into the polyethylene oxide
(PEO) phase of a block copolymer. Later, Stucky et al.l*'?)
incorporated metal-oxide sols into an ABA triblock copolymer
(poly(ethylene  oxide-b-propylene  oxide-b-ethylene  oxide),
Pluronics P123). The resulting transition metal oxide containing
nanocomposites were subsequently heat-treated in air to calcine
the metal oxide while oxidatively removing the polymer, producing
an ordered mesoporous amorphous or partly crystalline frame-
work. The use of P123 typically limits the pore size to between 6 and
14 nm, which is too small for some applications, and may impede
the complete crystallization while maintaining structural
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integrity.“ﬁl An alternative copolymer to use as a structure
directing agent is poly(isoprene-block-ethylene oxide) (PI-b-PEO).
This block copolymer offers several advantages such as the in situ
formation of a carbon scaffold at high annealing temperatures in
inert atmosphere, enabling the complete crystallization of metal
oxides such as Nb,Os or TiO, without loss of the mesostructure.!”!
Furthermore, pore sizes ranging from 20 to 80 nm!"® have been
achieved by varying the molecular weight of the polymer. As a
consequence of the high interaction parameter between the two
building blocks, PI and PEO, and the low glass transition
temperature, highly regular block copolymer morphologies such
as hexagonal cylinders, lamellae, gyroid, and plumber’s nightmare
morphologies have been shown for aluminosilicate.'*7*%

A technologically interesting application for these mesoporous
crystalline materials is the dye-sensitized solar cell (DSC),
introduced in its current form by O’Reagan and Gritzel in
1991.12% Dye molecules sensitize the surface of mesostructured
metal oxides such as TiO,. Photo-induced electron transfer occurs
from the photo-excited dye into the conduction band of the TiO,.
The electrons are then free to percolate through the interconnected
TiO, nanoparticles to be collected at a transparent conducting
anode on the underside of the film. The circuit is completed
through the regeneration of the dye by an iodide/triiodide redox
couple in form of an electrolyte which carries the hole species to
the cathode. In order to avoid reported problems with solvent
leakage and corrosion of liquid electrolytes,*!! Bach et al.*
replaced the electrolyte with a molecular organic hole transporter,
spiro-OMeTAD in 1998. With this solid-state concept, power
conversion efficiencies of up to 5% have been achieved.*” Despite
its conceptual advantage, there are considerably more technical
and subtle issues involved in creating an ideal solid-solid
nanocomposite, rather than the solid-liquid composite of the
original DSC. A critical step is the infiltration of the mesoporous
titania network with a molecular hole transporter, which is
influenced by the structure of the underlying oxide. Moving from a
system with strong charge shielding by an electrolyte to a system
where 50% of the composite has a dielectric constantaslow as 3 has
a significant influence on the electronic processes of charge
generation, separation, transport, and recombination. The control
of the underlying properties of the metal-oxide film, such as
structure, crystallinity, surface area,* and nature of electronic
states, is therefore crucial for device optimization.!*”!

Previously, we have applied self-assembled block copolymer
morphologies to the solid-state DSC. For one route, films were
fabricated by spin-coating a titania sol containing diblock
copolymer solution directly on the device substrate with
subsequent annealing and semicrystalline mesoporous film
formation."® The second route involved replicating the double
gyroid phase into titania by electrodeposition through a
nanoporous block-copolymer-generated template.'**? Both of
these routes delivered very encouraging results, and demonstrate
the range of structures achievable through block copolymer self-
assembly and replication into active semiconductor devices.
However, they both suffer from difficulties in making the films
suitably thick, since the crystallization process occurs on the device
substrate. A volume contraction during calcination induces in-
plane strain which leads to the formation of cracks in thick sintered
films. Recently we have presented an alternative approach where
we decouple the material calcination process from the actual film
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fabrication.?®! In this case, monolithic mesoporous crystalline
TiO, is ground down and processed into a paste to coat the
substrates, forming crack-free, albeit rough, films up to many
micrometers in thickness.

Here, we apply these processable films to solid-state DSCs, and
reveal another key characteristic of block-copolymer-derived
mesoporous TiO,. According to our findings, block copolymers
do not only play an important role for morphological aspects, but
also decisively influence the crystallization and associated
electronic properties of TiO,. We have studied the influence of
changing the composition of the metal oxide synthesis, on the
electronic nature of the ensuing mesoporous TiO,, and
demonstrate that subtle changes to the crystallization landscape
have an extensive influence on the electronic solar cell
functionality.

2. Results and Discussion

2.1. Control of the Titania Mesostructure Through PI-b-PEO
Self-Assembly

Solid-state DSC devices were manufactured from mesoporous
TiO, layers in the following fashion (see Experimental section for
further details). A PI-b-PEO block copolymer with a molecular
weight of M,, = 33.5 kgmol !, polydispersity index of 1.03, and a
PEO weight fraction of 0.23 was dissolved in anhydrous
tetrahydrofuran (THF) and mixed with a Ti-ethoxide HCl solution.
Following the evaporation of the solvent, the material was calcined
to anatase TiO, at 500°C in air. The resulting mesoporous
monolith was briefly ground to a powder (60 s) and processed intoa
paste by solvent and cellulose addition following a similar method
to Ito et al®”) albeit with only 1min grinding and brief
ultrasonification. To investigate the influence of the crystallization
environment on the solar cell performance, titania hybrid
composites were synthesized using three different precursor-to-
block-copolymer ratios. The mixing ratios of the sol to polymer
solutions were adjusted in such a way that the weight of the TiO,
after calcination as compared to the weight of the polymer in the
solution had the ratios 1:3, 1:1, and 2:1. Titania derived from the
three different recipes is referred to as “titania 1:3,” “titana 1:1,”
and “titania 2:1” in the reminder of the article. Figure la is a
schematic illustration of the sol-gel self-assembly process, and
Figure 1b-d are schematics of the block-copolymer-directed
morphologies for titania 1:3, 1:1, and 2:1, respectively.

In Figure le-g, we present transmission electron microscopy
(TEM) images of the bulk hybrid material before calcination. The
1:3 recipe yielded an array of amorphous titania cylinders
surrounded by a matrix of PI. Cylinders with a differing alignment
with respect to the image plane are discernible in Figure 1e. The 1:1
recipe (Fig. 1f) resulted in an inverse micellar morphology
containing PI spheres surrounded by a matrix containing both
PEO and amorphous titania. Although, alamellar morphology was
expected for the 1:1 ratio,* " we suspect that the use of roughly
equal portions of two selective solvents induced micellization of
the polymer which resulted in toluene and Pl-rich micelles
surrounded by a matrix rich in butanol, PEO, and titania. Such a
solvent-induced morphology®®"! could become kinetically trapped
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Morphologies of block-copolymer-directed titania before paste-processing. a) Schematic drawing of the self-assembly process of TiO, within the

block copolymer. Sol particles are shown as small dark grey spheres, the PEO domains as dark grey chains, and the Pl phase is representend as light grey
chains. The TiO, sol particles are shown to predominantly reside within the PEO phase. Different morphologies are obtained, depending on the titania
load: b) TiO,-rich cylinders in an organic matrix for titania 1:3, c) organic micelles in the TiO,-rich matrix for titania 1:1, and d) organic cylinders in a TiO,-
rich matrix for titania 3:1. e-g) Bright-field TEM images of the materials for the different recipes before calcination, i.e., as hybrid material. Light areas in b—g
show the organic-rich domains, and the dark areas correspond to the TiO,-rich domains. h—j) TEM images of the calcined material for all three recipes

(heated to 500°C in air).

by titania condensation during the casting process resulting in an
inverse micellar morphology. Finally for the 2:1 recipein Figure 1g,
aninverted morphology of an amorphous titania phase has formed
around a well-ordered array of PI cylinders. Small angle X-ray
scattering (SAXS) patterns are consistent with the above findings
(see Supporting Information). Figure 1h—j show the calcined
materials after heat treatment in air at 500 °C. The titania 1:3
sample has predominantly collapsed since there is no self-
supporting scaffold once the polymer is removed, though
elongated features with a cylinder-like morphology can still be
seen. Samples with a higher inorganic ratio (titania 1:1 and 2:1)
maintained their previous morphology.
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Powder X-ray diffraction (XRD) was employed to probe the
crystal polymorph and size in the resulting films processed from
pastes. Initially, after calcination of the monolith at 500 °C for 2 h,
the crystal phase was entirely anatase consisting of nanocrystals
with sizes of 10.1 + 0.2 nm for the 1:3 ratio, 11.2 £ 0.1 nm for the
1:1 ratio and 12.7+0.1nm for the 2:1 ratio as determined by
Debye—Scherer peak width analysis of the anatase (101) peak. After
grinding, sonication, paste formation, and resintering of the film at
500 °C on the substrate, the crystallites were similar for the three
compositions, with sizes of 13.9+0.3, 13.3£0.3, and
14.1+0.3nm for titania 1:3, 1:1 and 2:1, respectively (see
Supporting Information for XRD spectra). While the size of the
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Figure 2. SEM images of the TiO, paste. a—c) The different steps in the paste reconstitution proces. First the annealed powder is lightly ground for 2 min
(a); then cellulose and a-terpineol are added, and the resulting mixture is sonicated (b); and finally the paste is doctor bladed to obtain thin films of around
2 pm in thickness (c). d—f) SEM surface images of the ensuing mesoporous TiO; after sintering the paste on the device substrates: f corresponds to titania
2:1, e to titania 1:1, and d to titania 1:3. g—i) The corresponding SEM images of device cross-sections.

nanocrystals varied for the three recipes after the first calcination
step, a less significant trend is discernible upon resintering the
paste, and similar final sizes are reached for all three initial
compositions. The scanning electron microscopy (SEM) images in
Figure 2d—f depict the final mesoscopic film morphology of all the
ratios, and it is evident that all morphologies are similar after
grinding, sonification, paste formation, and subsequent anneal-
ing. Additionally, the Brunauer-Emmett-Teller (BET) specific
surface area obtained from nitrogen physisorption of the film
processed materials are very similar for the three initial TiO,-to-
polymer ratios, ~60m?g~" (data not shown), while any added
porosity during paste processing of the films was kept constant by
the addition of ethyl-cellulose in a 1:2 (cellulose:TiO,) ratio by
weight. It is important to emphasize that the initial block-
copolymer-derived morphologies of Figure 1 are predominantly
lost during the grinding process utilized for device manufacture:
The titania layers in the three device cross-sections, shown in
Figure 2, are indistinguishable in terms of porosity, TiO,
morphology, and crystallinity. Although this limits the control
of the mesostructure in these “processable” films, the three types
oftitania have a different preparation history. This provides us with
an excellent framework to study the electronic properties of
mesoporous materials that were synthesized from different (but
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controlled) initial conditions, while keeping factors such as surface
area, crystal size, dye uptake, light scattering, and hole transporter
infiltration relatively constant.

2.2 Solar Cell performance and Electronic Characteristics

Solid-state dye-sensitized solar cells were fabricated by staining the
mesoporous electrodes with a dye-sensitizer, termed D102, and
filling the dyed electrodes with 2,2',7,7'-tetrakis(N, N-di-p-methox-
yphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) via spin-
coating. Final electronic contact was made by capping the devices
with silver electrodes. After filling the pores, the hole transporter
has to create a thin and uniform capping layer on top of the
electrode to introduce the necessary electronic asymmetry of the
device, establishing a selective contact of the organic hole
conductor with the metal electrode. On the other hand, a thick
capping layer increases the series resistance in the device and
limits the fill factor.*” The herein created films were extremely
rough, and, following the standard coating protocol (15 wt% spiro-
OMeTAD in chlorobenzene spin-coated at 2000 rpm)?*! only
relatively poor device performances were obtained.

Adv. Funct. Mater. 2010, 20, 17871796
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Figure 3. Pore filling optimization. Graphs a to d show the solar cell performance parameters
measured under full sun illumination for the titania 2:1 devices, where the numbers in the legend
correspond to the film thicknesses in wm. Each data point is the result of the average from 3 to 6
devices. a) Open-circuit voltage (V,), b) fill factor, c) short-circuit current (Jsc), and d) power
conversion efficiency. Error bars are omitted for clarity, but they are between 5 and 10% of the
values shown. e) A long cross-section of the optimized titania 1:3 device where the thickness

varies between 1 and 3 um.

The degree of pore filling and the thickness of the capping layers
are important factors influencing the device performance. This
requires a careful investigation of the spiro-OMeTAD processing
step that can be finely tuned by varying the concentration of
the casting solution and the spin-coating speed.”*** We varied
the thickness of the mesoporous layers and the concentration
of the spiro-OMeTAD casting solution. In Figure 3a—d the solar
cell performance parameters are shown for devices incorporating
titania 2:1 paste electrodes of a range of different thicknesses.
The performance parameters are plotted against spiro-
OMeTAD concentration in the starting solution, measured under
100 mW cm 2 AM 1.5 simulated sunlight. The basic observation is
that devices between 1 and 3 wm in thickness operate reasonably
well with casting solutions containing between 20% to 30% spiro-
OMeTAD (c.f. 15% for standard devices, i.e., fabricated from
commercially available nanoparticle pastes). The evolution of the
solar cell performance parameters with spiro-OMeTAD concen-
tration is a convolution of the increasing film thickness, pore

Adv. Funct. Mater. 2010, 20, 1787-1796
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30 35 and a spiro-OMeTAD solution concentration of
25%. This is a considerably higher concentra-
tion than the optimized concentration of 15%
required for devices manufactured from
smooth films made with standard TiO,
nanoparticles. This is probably due to the
requirement of having a considerably thicker
spiro-OMeTAD capping layer to completely
cover the rough undulating film.

To illustrate the roughness of the layers and
the apparent difficulty of uniformly filling and
capping these “undulating” films, a cross-
sectional SEM image of a solid-state DSC
incorporating a titania 1:3 film is shown in
Figure 3e. Even though this is one of the
roughest devices of the series, the device
delivered a power conversion efficiency of over
3%. In contrast to our previous assumptions,
this clearly demonstrates that the solid-state
DSC is compatible with rough non-uniform
films. Upon close inspection of the SEM image, it is apparent that
both the spiro-OMeTAD capping layer (darker region near the top),
and the silver electrode (bright capping material) are to a greater or
lesser degree conforming to the undulating surface. This is alikely
explanation for the good fill factor of these devices. A similar study
of film thickness and pore filling as shown for titania 2:1 in Figure 3
was conducted for the remaining two titania ratios, and the best
performing cells from each series are characterized electronically
in more depth below. The roughness of the films is a consequence
of the employed fabrication pathway to mesoporous TiO, films. In
an earlier publication we showed that in the presented fabrication
approach the basic constituents, titania nanocrystallites, typically
agglomerate into building blocks on the micrometer-length scale,
which has the fortunate effect of uniting scattering and a high
surface area for dye loading, therefore ensuring a large degree of
light harvesting in a single, thin layer.**!

Figure 4a shows the normalized photovoltaic action spectra for
the optimized devices based on pastes made with all three titania
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Figure 4. a) Normalized incident photon-to-current conversion efficiency
(IPCE) and b) current density—voltage (J-V) curves of devices made from
the 3 titania reipes (see legend). A reference device fabricated from a
standard nanoparticle paste is shown as grey diamonds (S in the legend).
Inset in b shows the extracted values for the short-circuit current (Jsc),
open-circuit voltage (V,c), power conversion efficiency (), and fill factor
(FF) for the 4 devices.

recipes as well as the normalized incident photon-to-electron
conversion efficiency (IPCE) for a device fabricated from standard
TiO, nanoparticle paste for comparison (we have normalized the
curves to compare the shape); all cells are sensitized with the same
dye, D102. As mentioned previously, the mesoporous material
fabricated from all three titania recipes have similar surface areas,
and judging by the normalized IPCE spectra, they have similar
light absorption profiles. As compared to the reference standard-
nanoparticle-based device, the block copolymer spectra are
narrower, suggesting a slightly lower absorption depth in the
block-copolymer-derived composites. A study of the variation of
photovoltaic action spectra with the cell thickness was also
performed and is shown in the Supporting Information (Fig.
SM3). The width of the action spectra increases monotonically
with increasing film thickness. The “‘standard nanoparticle”-based
cells were fabricated from Dyesol 18NR-T paste, which is
composed of ~20 nm diameter 100% anatase nanoparticles, with
a post-TiCl,-treated film porosity of approximately 58%, a surface
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area of 62m?/g, and a pore size of 23nm as determined by
nitrogen adsorption mesurments.

In Figure 4b the current-voltage (J-V) curves for the best
performing devices of each paste recipe are shown, along with a
standard-nanoparticle-based reference cell fabricated in the same
series. The short-circuit current and overall performance improve
with reduction of the titania content in the recipe. The titanial:3
device generated a very competitive short-circuit current of
7.5mAcm 2 and an overall efficiency of 3.2% measured under
simulated AM1.5 sunlight at 100mW cm ™% This is a 100%
improvement upon our previous best reported block-copolymer-
assembled solid-state DSC!'® where the assembly and crystal-
ization took place directly upon the fluorine doped tin oxide (FTO)
glass substrate; it is also extremely close to the standard-
nanoparticle-based device,”® which in our case delivered 3.4%
power conversion efficiency.

The primary reason for varying the composition of the metal-
oxide precursor sol over a broad range was to systematically change
the material structure and properties in order to improve our
understanding of the critical factors which limit and improve
device performance. TiO, synthesis via copolymer-directed self-
assembly is a very different route compared to the traditional
colloidal assembly, and hence broadens the scope for optimizing
TiO, properties for DSCs, and furthermore opens up the
parameter space available for detailed investigation. In order to
investigate differences in electronic behavior between the various
devices fabricated in this study, we have performed small
perturbation transient photovoltage and photocurrent decay and
collection measurements (see Experimental section for details).
These experiments allow us to derive the transport and
recombination properties in the solar cells as well as the nature
and distribution of sub-bandgap states within the titania films.

The diffusion coefficient (D) is estimated from the current
collection lifetime (Tirans) as De = W”/(2.35 Tyzans) Where wis the film
thickness.*® In Figure 5a the diffusion coefficient versus incident
light intensity is presented for devices incorporating the three
titania compositions compared to a standard-nanoparticle-based
solar cell. The diffusion coefficients increase weakly with light
intensity, and are similar for all four devices, signifying similarly
good charge transport in all compositions. For the solar cell to
operate efficiently charges must be collected much faster than they
recombine within the active layer. To estimate how far the charges
travel at short-circuit before recombining, we estimate the charge
lifetime (t.) in this regime by performing constant current
transient photovoltage decay measurements at short-circuit. The
electron diffusion length (Lp) can then be calculated as
Lp = v/D.t.. For the block-copolymer-derived devices, the diffu-
sion length drops slightly with increasing illumination intensity;
and at the equivalent to full sunlight intensity, it is almost identical
for the three titania recipes at about 3.5 um. The diffusion lengths
are lower at full sun intensity as compared to the standard-
nanoparticle-based devices, but we estimate the current collection
efficiency (1) at 100 mW em 2 as 1 = kyaps / (Ktyans + ke ), where
kiec =1/7,, to be very similar for all devices at 94% for the titania
1:3,97% for the titania 1:1, and 92% for the titania 2:1, as compared
to 96% for the standard cell. Since current collection efficiencies
are close to unity for all optimized devices, the variations
observed in photovoltaic performance must stem from another
process than from inefficient charge collection.

Adv. Funct. Mater. 2010, 20, 17871796
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Figure 5. Transient photocurrent and photovoltage decay measurements. a) Diffusion coeffi-
cients (D.) and b) diffusion lengths (Lp) extracted from transient photocurrent and photovoltage
decay measurements plotted against different background white light intensities for the different
titania recipes (see legend). A device made from standard (S) nanoparticle paste (diamonds) is
also shown for comparison. c) Schematic diagram of the sub-bandgap density-of-states, plotted
as voltage against capacitance. This shows persistantly filled states (shaded grey in diagonal
stripes), which are populated by photo-induced electron transfer from the background white
light. Also shown in solid grey are states transiently filled from the red light pulse, which induce a
small voltage purturbation. d) Data showing open-circuit voltage versus capacitance (calculated
as C=AQ/AV (injected charge/voltage purturbation)) where for titania 1:3, two cells of different
thickness, 2 wm (open center), and 0.8 um (solid center) are shown. Error bars in panels a and b
are a result of the measurement errors and are dominated by the roughness of the films. Error
bars in panel d are set at 10% of the value shown since multiple measurements on a single device
yield this degree of variation. The data shown in this figure are from measurements on the same
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stemming from a network in which the
inorganic component represents the majority
phase (i.e., titania 2:1) lead to devices with fewer
sub-bandgap states, or to sub-bandgap states
that lie closer to the vacuum energy. The more
open monolith structures (titania 1:3, titania
1:1) lead to a deepening and broadening of the
DOS distribution, which is most distinct when
the crystallizing inorganic component repre-
sents the minority phase for titania 1:3. In
comparison to the diblock-copolymer-directed
devices, the standard-nanoparticle-based cell
has an even deeper and broader DOS distribu-
tion. We note that all mesoporous films were
subject to a surface treatment with TiCl, prior to
resintering, which grows a thin shell of titania
upon the surface. This suggests that the
changes to the density-of-states observed are
not due to states residing directly upon the
surface of the mesoprous material, due to the
presence of the TiCl, grown titania shell. Nor
are they due to a change in the interaction
between the titania and the spiro-OMeTAD
phases.

We attribute the fine-tuning of DOS dis-
tribution to the existence of the surrounding
reducing organic component, which may be
acting as an oxygen sink during calcination. The
density of sub-bandgap states in Figure 5d is
most likely due to oxygen vacancies which
increase with increasing the volume fraction of
the polymer surrounding the amorphous
titania during calcination. It is therefore
intriguing to further study the interplay of
sample composition, with annealing tempera-
tures and atmosphere, to achieve full control

devices for which we present the current voltage curves in Figure 4b.

For further investigation, we have used the current collection
and voltage perturbation measurements to probe the location and
density of the sub-bandgap states. In brief, we shine light onto the
cell to generate a certain open-circuit voltage and then flash the cell
with a further light pulse, generating a small voltage perturbation
(AV)which is recorded. The device is subsequently short-circuited,
exposed to the same flash of light, and the collected current is
integrated to estimate the generated charge (AQ). Knowing both
the voltage perturbation (AV) and the total amount of charge which
is generated by the light pulse (AQ), the chemical capacitance
C=AQ/AV at a given open-circuit voltage can be derived (see
Experimental section for further details). A schematic of the
density-of-states (DOS) is shown in Figure 5c. Figure 5d shows the
sub-bandgap density-of-states distribution, or chemical capaci-
tance, extracted from these measurements. We observe a clear and
significant trend between the titania synthesized in the three
different ways. As the titania content is reduced, a deepening and a
broadening of the DOS is observed. This systematic trend suggests
that the crystallization environment strongly affects the electronic
properties of the copolymer-directed titania. Titania films
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over the sub-bandgap DOS. We further note that

carbon contamination of the TiO, by the organic

components, is an unlikely explanation for the

observed results, given the increased efficiency of the devices with

higher organic-to-inorganic ratio. Studies by Lee et al. have shown

that the carbon content of the initially hybrid material is lost during
the calcination process in an oxygen-rich environment.!"”)

To correlate device performance with the sub-bandgap DOS, we
see a clear trend of increasing photocurrent and reducing open-
circuitvoltage with increasing the depth and width of the DOS: The
open-circuit voltage is generated by the offset of the quasi-Fermi
level for electrons in the TiO, with the quasi-Fermilevel for holes in
the spiro-OMeTAD (or hole polaron level). The shallower and
narrower the DOS distribution, the lower (closer to vacuum) the
quasi-Fermi level for electrons will be for any given photogener-
ated charge density. This is in line with our findings of increasing
open-circuit voltage from 0.77V for the standard-nanoparticle-
based cell over 0.82V for titania 1:3 up to 0.90V for titania 2:1,
shown in Figure 4b. The increasing photocurrent with increasing
the depth of the density of sub-bandgap states cannot be explained
by considering transport and recombination, since these are
remarkably unaffected by the titania synthesis. However, if we
consider that photoinduced electron transfer from the dye to the
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titania is strongly influenced by the position and density of the sub-
bandgap states,*”) then the observed trend of increasing
photocurrent with increasing depth of the DOS distribution is
justifiable. If electron transfer from the photoexcited dye into the
TiO, is a tunnelling process, then increasing the density-of-states
into which the electron can be transferred would be expected to
increase the rate and efficiency of electron transfer and charge
generation. Since we observe increased photocurrent as the
density of sub-bandgap states in the mesoporous titania is
increased, this implies that a large fraction of the electrons are not
injected into the conduction band, but directly into the sub-
bandgap states. Koops et al. made a similar observation for the
electron transfer from a ruthenium complex dye termed N719 into
TiO, and proposed that intersystem crossing from the singlet to
the triplet state competes with ultrafast electron transfer into the
TiO,.*”) Due to the lower energy of the triplet state in the N719 dye,
electron injection from this state has to proceed via the sub-
bandgap states and is hence dependent upon the position and
density of such states. Since an all-organic dye is used in our study,
intersystem crossing is unlikely to be fast. However, dye
aggregation has also been observed to slow down electron
transfer,”®! and the indolene-based organic dyes used here are
prone to aggregation,** and specifically for D102 J-aggregates are
known to form which result in a significant deepening of the dye
lowest unoccupied molecular orbital (LUMO) level. Furthermore,
if dye aggregation occurs, then the excited state may delocalize over
one or more dye molecules, significantly reducing both the excited
state energy of the electron and the “push—pull” orientation of the
excited state, and hence increase the requirement for a large
density of sub-bandgap states into which electron transfer can
occur.

The intriguing result here is that by controlling the mesoscale
morphology of the TiO, by diblock-copolymer-assisted self-
assembly, it is possible to systematically vary the distribution of
electronic sub-bandgap states in the material. Our study highlights
the criticality of the energetic location and distribution of sub-
bandgap states, and their role in efficient photocurrent generation
in solid-state DSCs. We note that such an apparent control of the
nature of the sub-bandgap states in mesoporous TiO; is not easily
achievable through conventional colloidal synthesis routes.

3. Conclusions

In summary, we have synthesized mesoporous TiO, in different
crystallization environments through the use of the diblock
copolymer PI-b-PEO. The influence of the crystallization environ-
ment on the electronic properties of the materials and
performance characteristics of solid-state DSCs incorporating
the mesoporous TiO, was investigated. We find that the density
and distribution of sub-bandgap states is a function of the
synthesis conditions and critically affects the performance
characteristics of self-assembled titania in hybrid solar cells.
This gives us anew degree of freedom to vary and optimize towards
the goal of controlling functional electronic hybrid interfaces.
Specifically here, as the width and depth of the density of
sub-bandgap states is increased, a significant enhancement in the
photocurrent generation is observed. We postulate that this is due
to the requirement for an abundance of sub-bandgap states into
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which efficient electron transfer can occur from the photoexcited
sensitizers. Higher photocurrent generation is accompanied by an
overall drop in open-circuit voltage with increasing density of sub-
bandgap states, reflected in a trade-off in terms of the overall power
conversion efficiency. These findings do not necessarily imply that
a high density of sub-bandgap states are required in an ideal DSC,
but rather serious losses in the charge generation mechanism take
place. Reducing the heterogeneity and increasing the efficiency of
this electron transfer and charge separation process are likely to be
central goals for dramatic efficiency improvements in solid-state
DSCs.

4. Experimental

Mesostructure Fabrication: 3.45 mL of 37% HC| were rapidly added to
5 mL of titanium ethoxide in a beaker at 50 °C under stirring. The resulting
sol was left to age for 90 min. In a separate vial, 0.1g of PI-b-PEO copolymer
(M, =33.5 kg mol™", polydispersity index 1.03, 23 wt% PEO) was dissolved
in 7mL of THF. The appropriate amount of the sol was added into the
polymer solution to adjust the ratio of final (calcined) TiO, to added
polymer by weight, to the three ratios 2:1, 1:1, and 1:3. For example, for
titania 2:1, 0.873 mL of sol was mixed with 0.1g PI-b-PEO in 7 mL of THF.
The solution was left to dry in air at 50 °C. The dry material was then
redissolved in a toluene and 1-butanol mixture where the ratio of the two
solvents was adjusted to match the PI:(PEO + sol) weight fraction (e.g., for
titania 2:1, the mixture consisted of 0.81mL of toluene and 0.61mL of
1-butanol). Finally, the solution was cast into a PTFE (polytetrafluoro-
ethylene) dish and left in air at 50 °C for over 24 h. The resulting material
was heated slowly (5 °C min~") to 500 °C in air, calcined for 1h at 500 °C in
air, and then left to cool down over 4 h.

The powder was processed into a paste in a similar way as described by
Ito et al. [27] (quantities quoted are for 1g of TiO, powder). The TiO,
powder was ground lightly in an alumina mortar for 10s dry and for a
further 1s after the addition of 167 uL of acetic acid. Deionized water
(833 L) was added and then the powder was ground for a further 30's. The
paste was then transferred into a vial after adding 16 mL of ethanol. This
solution was stirred with a magnetic stirrer for Tmin and then sonicated
with an ultrasonic probe 15 times with an interval of 2s on and 2s off.
a-Terpineol (3.33 g) was added and the paste was again stirred for 1 min
and then sonicated following the same procedure. Finally 5 g of a 10wt%
solution of ethyl-cellulose (1:1, 10cps:46cps) and ethanol were added,
stirred, and sonicated. The paste was then heated to 60 °C for 24 h in air to
evaporate the ethanol, and then redispersed in ethanol at a concentration
of 1 mL ethanol per 1g of paste, which was then further diluted down with
ethanol to different concentrations to obtain a range of final film
thicknesses when cast via doctor-blade coating.

Solar Cell Assembly: FTO-coated glass sheets (15Q[]7" Pilkington)
were etched with zinc powder and HCl (2m) to obtain the required
electrode pattern. The sheets were then washed with soap (2% Hellmanex
in water), deionized water, acetone, and methanol, and finally treated under
oxygen plasma for 10 min to remove the last traces of organic residues. The
FTO sheets were subsequently coated with a compact layer of TiO,
(100 nm) by aerosol spray pyrolysis deposition at 450 °C, using air as the
carrier gas. The mesostructured paste was then doctor bladed by hand
(scotch tape and pipette) on the TiO, compact layer coated FTO sheets.
The sheets were then slowly heated to 500 °C (ramped over 1.5h) and
baked at this temperature for 30 min in air. After cooling, slides were cut
down to size and soaked in a 20 mm TiCl, aqueous bath for Th at 70 °Ciin an
incubator. After rinsing with deionized water and drying in air, the films
were baked once more at 500 °C for 45 min in air, then cooled down to 70 °C
and finally submersed in a dye solution for Th. The indolene dye used was
D102,[35] 0.2mwm in a 1:1 volume ratio of tert-butanol and acetonitrile.
Spiro-OMeTAD was dissolved in chlorobenzene at varying concentrations
ranging from 2.5 vol% to 35 vol%, and then heated up to 100 °C. After fully
dissolving the hole transporter, 4-tert-butyl pyridine (tBP) was added with a
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volume-to-mass ratio of 1:26 L mg™' tBP:spiro-OMeTAD. Lithium
bis(trifluoromethylsulfonyl)imide salt (Li-TFSI) was predissolved in
acetonitrile at 170 mg-mL™", then added to the hole transporter solution
at 1:12 uL-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 min. Then
a small quantity of the hole transporter solution 18-25 pL was dispensed
onto each substrate and left to wet the films for 20 s before spin-coating at
2000 rpm for 25 s in air. The films were left for a minimum period of 4 h in
air before placing them in a thermal evaporator where 150 to 300 nm thick
silver electrodes were deposited through a shadow mask under high
vacuum (10~® mbar). The active area of the devices was defined by a metal
optical mask with 0.1256 cm? aperture.

For devices labelled “Standard”, the substrates were prepared in the
same way as described above. The mesoporous paste used was purchased
from Dyesol (Dyesol 18NR-T), and it was diluted down with ethanol at a
3mL per 1g of paste ratio to obtain final thicknesses through doctor
blading of 1.84+0.1um. The devices were then subjected to the
same sample preparation procedures as the block-copolymer-derived
structures.

Electron Microscopy and X-ray Characterization: TEM samples of the PI-
b-PEO/TiO, mesostructure were prepared by sectioning the bulk materials
to 50 nm with a Leica Ultracut UCT cryo-ultramicrotome and transferring
the slices onto copper TEM grids. These samples were imaged in a Tecnai
T12 Spirit TEM with an acceleration voltage of 120 keV. SEM of processed
titania films and devices was carried out on a Leo Ultra 55 with a field
emission source of 3kV acceleration voltage.

SAXS patterns were recorded in the G1 beamline in Cornell High Energy
Synchrotron Source (CHESS) with a Flicam 2D charge-coupled device
(CCD) detector, with the beam energy at 10.5keV and the sample-to-
detector distance at 2.3 m.

Wide-angle X-ray diffraction was carried out on a Bruker D8
diffractometer with a Ko beam of A = 1.5406 A. Spectra were taken with
a step size of 0.00929° and a dwell time of 0.5 s per step.

Transient Photocurrent and Photovoltage Decay Technique: Transient
open-circuit voltage decay measurements were performed by a similar
method to O’Regan et al. [40] and as described elsewhere [33]: a white light
bias was generated from an array of diodes (Lumiled Model LXHL-NWE8
whitestar) with red-light pulsed diodes (LXHLND98 redstar, 200 s square
pulse width, 100 ns rise and fall time) as the perturbation source, controlled
by a fast solid-state switch. The voltage dynamics were measured on a
1GHz Agilent oscilloscope across the high impedance (1 M(Q) port. The
perturbation light source was set to a suitably low level such that the voltage
decay kinetics were monoexponential. This enabled the charge recombina-
tion rate constants to be obtained directly from the exponential decay rate
of the voltage decay. Small perturbation transient photocurrent measure-
ments were performed in a similar manner to the open-circuit voltage
decay measurement. However, the signal was recorded directly through a
low impedance port (50(2) on the oscilloscope, enabling short-circuit
conditions. For the “voltage decay” measurements in the short-circuit
regime, a Keithley 2400 sourcemeter was connected in series with the solar
cell and parallel with the oscilloscope which was set on the high impedance
port. The Keithley sourced the current through the solar cell which was
under bias illumination in such a way that the voltage was kept at OV (i.e.,
short-circuit). In this way no extra current is allowed to flow through the
device following the light pulse, therefore the decay of the measured
perturbation signal is entirely governed by the charge recombination within
the cell. For the current decay measurements, while the charge is being
collected the charges are also simultaneously recombining within the cell.
Therefore the decay rate constant for the current signal (ksigna)) is a
combination of the decay rate constant for the transport out of the cell
(kirans) and the rate constant for the recombination in the cell (k) as,
Ksignal = Ktrans + Krec. In order to calculate the chemical capacitance (C) of
the device, the total charge injected from the light pulse (AQ) is estimated
from the integration of the area under the measured current decay curve at
short-circuit. The voltage perturbation (AV) is extracted from the peak of
the voltage perturbation under open-circuit conditions under the same bias
light intensity. The capacitance is then calculated as C=AQ/AV.
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