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Pore-Filling of Spiro-OMeTAD in Solid-State Dye
Sensitized Solar Cells: Quantification, Mechanism, and
Consequences for Device Performance

By I-Kang Ding, Nicolas Tétreault, Jérémie Brillet, Brian E. Hardin,
Eva H. Smith, Samuel J. Rosenthal, Frédéric Sauvage, Michael Gritzel, and

Michael D. McGehee*

In this paper, the pore filling of spiro-OMeTAD (2,2',7,7-tetrakis-(N,N-di-p-
methoxyphenylamine)9,9’-spirobifluorene) in mesoporous TiO, films is
quantified for the first time using XPS depth profiling and UV-Vis absorption
spectroscopy. It is shown that spiro-OMeTAD can penetrate the entire depth
of the film, and its concentration is constant throughout the film. We
determine that in a 2.5-pm-thick film, the volume of the pores is 60-65%
filled. The pores become less filled when thicker films are used. Such filling
fraction is much higher than the solution concentration because the excess
solution on top of the film can act as a reservoir during the spin coating
process. Lastly, we demonstrate that by using a lower spin coating speed and
higher spiro-OMeTAD solution concentration, we can increase the filling

fraction and consequently the efficiency of the device.

1. Introduction

Dye-sensitized solar cells (DSCs) are one of the most promising
photovoltaic technologies. Liquid electrolyte-based DSCs have
reached efficiencies as high as 11.1%."~*! However, these liquid-
based DSCs suffer from potential leakage and corrosion
problems;* these disadvantages have sparked research in solid-
state dye-sensitized solar cells (ss-DSCs), which have solid-state
hole transport materials (HTMs) instead of liquid electrolytes. One
of the most widely-used HTMs is spiro-OMeTAD (2,2,7,7'-
tetrakis-(N, N-di-p-methoxyphenylamine)9,9"-spirobifluorene).”’
ss-DSCs with spiro-OMeTAD as HTM have attained efficiencies
exceeding 5%, which is still far below the efficiency of liquid
electrolyte DSCs. The lower efficiency is primarily a con-sequence
of incomplete light harvesting. The highest-performing ss-DSCs
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to date have a 2 pm thick active layer,”” far
thinner than the thickness needed to
achieve good optical absorption. There are
two factors that limit the ss-DSCs from
being more efficient at thicknesses >2 pm:
electron-hole recombination and incom-
plete filling of the mesoporous TiO, films
with spiro-OMeTAD. Studies on recombi-
nation show that recombination in ss-DSCs
is two orders of magnitude faster than in
liquid DSCs® and the electron diffusion
length (Lp) in mesoporous TiO, is 6-
12 wm, much larger than the optimized
2-um film thickness.”™'" A recent study
has shown that reducing the recombination
rate constant by using ion-coordinating
ruthenium dyes did not increase the
optimum solar cell thickness.” This finding led the scientific
community to conclude that recombination may not be the only
factor limiting device thickness, and thatin order to improve device
efficiency, understanding pore filling is crucial. Few studies have
attempted to characterize the pore filling in ss-DSCs made with
spiro-OMeTAD, and the techniques used have been limited to
qualitative analysis. Schmidt-Mende et. al. used cross-section
scanning electron microscopy (SEM) to qualitatively compare the
pore filling between three different HTMs.!"? Kroeze et. al. used
transient absorption and reported that spiro-OMeTAD could
infiltrate to the bottom of 2-um-thick films. Furthermore, they
showed thatin such spiro-OMeTAD-infiltrated films, almostall the
dye cations can transfer holes to spiro-OMeTAD, indicating that
the spiro-OMeTAD is capable of wetting pores of all sizes.["’]
The infiltration depth and the filling fraction (i.e., volume
fraction of the pores filled by the HTM) are important parameters
of pore filling. Shallow infiltration depth of spiro-OMeTAD
prevents dye molecules in the bottom of the film from transferring
holes to spiro-OMeTAD and contributing to photocurrent. The
filling fraction corresponding to monolayer coverage of spiro-
OMeTAD inside pores is calculated with the molecule size (2 nm)!*
and pore diameter (20nm)!"*! to be 49%. Low filling fraction
(<49%) leads to increased recombination and series resistance.
Infiltration of spiro-OMeTAD into mesoporous TiO, film is
usually accomplished by depositing spiro-OMeTAD solution on
the film and soaking the film for 1 minute, followed by spin coating
to remove excess solution. Prior to spin coating, the pores are filled
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with solution effectively by capillary action. If no further
infiltration takes place during spin coating, the filling fraction
should be 10% (equal to volumetric concentration of solution).
Such filling fraction is much lower than the 49% required to form
monolayer inside pores, and also lower than the 20% filling
fraction for ss-DSCs made with poly(3,4-ethylenedioxythiophene)
(PEDOT)™ and 100% filling fraction for ss-DSCs made with
CuSCN.!"” Snaith et. al. have proposed that in the spiro-OMeTAD
system, the filling fraction is much higher than the solution
concentration because the excess solution on top of the film can act
as a reservoir during the spin coating process.['® As the solvent
evaporates, the concentration of spiro-OMeTAD in the reservoir
increases and more spiro-OMeTAD diffuses into the pores.
Furthermore, the filling fraction of spiro-OMeTAD was calculated
from overlayer thickness through the following equation:

F=c+ (¢ twer — tov)/(trio, X p) (1)

where F is the filling fraction, ¢ is the volume ratio of spiro-
OMEeTAD in solution (10% for 180 mg mL! solution), tywgr is the
wet reservoir thickness in spin-coating process, toy is the spiro-
OMeTAD overlayer thickness, ttio; is the TiO, film thickness, and p
is the film porosity. The kgt is assumed to be the same as the spin
coated film on a dye-modified, flat TiO, layer. Figure 1 illustrates the
pore filling process and the definition of parameters used in
Equation 1. To date Equation 1 has not been experimentally verified.

In this paper, we present the first quantification of spiro-
OMeTAD pore filling in mesoporous TiO, films. Using X-ray
photoelectron spectroscopy (XPS) depth profiling, we show that
spiro-OMeTAD can infiltrate all the way to the bottom of 5-um-
thick films, and its concentration is constant throughout the film.
From UV-vis absorption spectroscopy, we determine that in a
state-of-art device with 2.5-pum thickness, the volume of the pores
is 60-65% filled. However, the filling fraction is lower for thicker
films. We find that Equation 1 correctly predicts how filling fraction
depends on film thickness. Based on our findings, we conclude
that the filling fraction is inherently limited by the quantity of
spiro-OMeTAD that can infiltrate into the pores before the excess
solution is either depleted or dried. We show that using either higher
spiro-OMeTAD concentration in chlorobenzene or a slower spinning
speed increases the filling fraction and the power conversion
efficiency of ss-DSCs. Increasing the concentration in solution
improves the efficiency of 2.4-um- and 3.0-pm-thick ss-DSCs by
about 20% to 4.05% and 50% to 3.18%, respectively. Similarly,
decreasing the spinning speed from 2 000 RPM to 600 RPM increases
the efficiency of 3.0-pum-thick ss-DSCs by about 60% to 3.53%, while
leaving the efficiency of thinner films unaffected.

2. Results and Discussion

2.1. X-ray Photoelectron Spectroscopy: Determining Depth
Profile

XPS depth profiling provides the most quantitative data for depth
profiling the spiro-OMeTAD inside films compared to other
characterization techniques. Scanning electron microscopy with
energy dispersive spectrometry (SEM-EDS) has been employed on
the cross section of ss-DSCs made with polymer-based electro-
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Figure 1. Schematic illustration of pore filling process during spin-coating.
The process can be divided into three stages. a) At the very beginning of
spin coating, the excess spiro-MeOTAD solution on top of the TiO, film
(thickness =twer) can act as a reservoir. b) During spin coating, this
reservoir increases the filling fraction beyond the solution concentration
until it completely infiltrates into the film or dries on top. c) After spin
coating, the spiro-OMeTAD that did not infiltrate into the pores stay on top
of the TiO; film as dry overlayer (thickness =tgy).

lytes,["” but this technique has poor spatial resolution (1 wm) and
limited quantitative ability. Auger electron spectroscopy (AES) has
adequate spatial resolution to scan the cross section of the films,
but because organic materials are mechanically weaker than TiO,,
the cross section can be composed entirely of spiro-OMeTAD.?
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Consequently, the composition in the cross section can be very
carbon-rich and deviate greatly from the real composition. Our
AES measurements on spiro-OMeTAD-infiltrated TiO, films
showed a filling fraction higher than unity (see Supporting
Information); therefore, we concluded that AES was not suitable
for this purpose. Secondary ion mass spectroscopy (SIMS) has
good depth resolution; however, the sensitivity factor for each
element is strongly dependent on the matrix and can vary by as
much as four orders of magnitude.”! Therefore, standards such as
carbon-implanted TiO, are necessary in order to perform accurate
quantification. Because the standards for this particular system
have not been established, the quantitative ability of SIMS is
limited. X-ray photoelectron spectroscopy (XPS) depth profiling is
the most suitable technique to probe the concentration versus
depth asithas very good depth resolution and quantitative ability. It
has been used to characterize the depth profile of other organic
materials in an inorganic matrix.**?*

The XPS depth profiles of spiro-OMeTAD-infiltrated mesopor-
ous TiO, films are shown in Figure 2. The 5-um-thick mesoporous
films have three different particle sizes and were prepared by
doctor-blading. The contribution of the carbon signal from the
7907 dye molecule was quantified by the Ruthenium 3d5 peak and
subtracted (see Supporting Information), so the carbon signal
intensity reflected only the spiro-OMeTAD concentration inside
the film. We observed that for all three particle sizes studied, spiro-
OMeTAD caninfiltrate all the way to the bottom of 5-pm-thick film.
This finding indicates that the optimum device thickness (2 pm) is
notlimited by the infiltration depth of the HTM. Furthermore, the
carbon concentration is constant throughout the film, indicating
theabsence of a spiro-OMeTAD concentration gradient. This pheno-
menon was also observed for spiro-OMeTAD-infiltrated samples
without 2907 modification. After spin coating, some chlorobenzene
remains inside the pores, allowing spiro-OMeTAD to diffuse and
resulting in the constant spiro-OMeTAD concentration profile. The
presence of undried chlorobenzene inside the pores is confirmed by
the ~20-pg weight loss (which corresponds to 20-40% of pore
volume) over the course of one day after spin coating.

Unfortunately, XPS could not be used to determine the absolute
ratio of one element to another because organic compounds (i.e.,
spiro-OMeTAD) sputter away faster than TiO,, causing the surface
composition to deviate from the bulk volumetric composition.
Such a “preferential sputtering” phenomenon is evident from the
observation that elemental composition ratio changes with the
accelerating voltage of the ion beam. For the sample with 20-nm
TiO, particles (Fig. 2b), the average C/Ti ratio increased from 0.32
to 0.76 when the accelerating voltage of Argon-ion sputter beam
was reduced from 5kV to 500V. Although the preferential
sputtering prevents us from using the XPS data to determine the
filling fraction, it does not undermine the accuracy of the relative
concentration gradient in depth profile. This is because the TiO,
and spiro-OMeTAD phases are intermixed, and the sputter beam
cannot remove spiro-OMeTAD faster than the TiO, once the
system reaches equilibrium with a Ti-rich surface.

2.2. Absorption Spectroscopy: Measuring Filling Fraction

We used absorption spectroscopy to quantify the volume fraction
of pores filled by spiro-OMeTAD. We immersed the sample in a
known volume of chlorobenzene for one hour to dissolve the spiro-
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Figure 2. XPS depth profiling of spiro-OMeTAD infiltrated in mesoporous
TiO; films made with different particle sizes. The zero depth corresponds
to the air-TiO, interface. a) 9-nm nanoparticles (NPs) on FTO; b) 20-nm
NPs on FTO; c) 37-nm NPs on FTO. The peaks used to detect elemental
concentration were carbon 1s (filled squares), oxygen 1s (outlined circles),
titanium 2p (outlined triangles), and tin 3d (outlined stars). The carbon
contribution from the adsorbed Z907 dye has been subtracted.

OMeTAD out from the pores, and determined the concentration by
measuring the absorption in the solution phase. The complete
removal of spiro-OMeTAD through solvent immersion was
confirmed by XPS depth profiling. After immersion, the resulting
mesoporous TiO, film showed virtually no carbon signal from
spiro-OMeTAD. We chose not to measure absorption in the film
itself because mesoporous TiO, films scatter strongly for 2 < 400 nm,
and light scattering would complicate the absorption measurement.
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In calculating the filling fraction through absorption, we
used the following parameters: spiro-OMeTAD molar
extinction coefficient in chlorobenzene =7.47 x 10*m 'cm ™
(Amax = 389 nm), porosity of TiO, film without ruthenium dye
modification = 0.68 (measured with the Brunauer, Emmett, and
Teller (BET) method), porosity shrinkage for films of 20-nm TiO,
particles due to ruthenium dye modification = 30%,**! and spiro-
OMeTAD density=1.82g cm > (see Supporting Information).
The filling fraction is calculated by dividing the volume of spiro-
OMeTAD by the volume of pores. For 2.8-um-thick TiO,
films infiltrated with spiro-OMeTAD through literature-reported
procedures (solution concentration=180mg mL™", soak time
=1min, spin coating speed=2000 RPM),**! the filling
fraction was ~60-65%. This is lower than the 85% filling fraction
suggested by Snaith et. al.,*® but much higher than the solution
concentration (10% of spiro-OMeTAD by volume). It should be
noted that the filling fraction was the same for samples with and
without Z907 dye modification, underlining the importance of the
capillary-based infiltration mechanism.

The filling fraction as a function of spiro-OMeTAD solution
concentration was measured for three different TiO, film
thicknesses, shown in Figure 3a. For each solution concentration,
we measured the overlayer thickness with SEM cross-section and
subsequently calculated the wet reservoir thickness, twgr, from the
filling fraction of the 2.8-um samples. For the samples prepared
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Figure 3. a) Filling fraction as a function of solution concentration for
three different TiO, film thicknesses: 2.8 wm (squares), 8.2 pm (circles),
and 11.0 um (triangles). b) Filling fraction as a function of film thicknesses
for five different solution concentrations: 18 mg mL ™' (filled squares),
54mgmL~" (outlined circles), 90 mg mL~" (filled triangles), 135 mg mL™"
(outlined inversed triangles), and 180 mg mL ™" (filled diamonds). The lines
are the curve fits with Equation 1 for different solution concentrations.
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with solution concentration of 180 mg mL~?, the dry reservoir
thickness (¢ - twgr) is around 0.7 wm. The dry reservoir thickness is
different from the dry spiro-OMeTAD layer thickness, as
determined by spin coating the solution on a dye-coated compact
TiO, film, indicating the spin coating conditions on a flat substrate
and on a mesoporous film are different. Subsequently, the
calculated reservoir thickness, twrr, Was used to fit filling fraction
as a function of film thickness, shown in Figure 3b. Our results
closely match the predicted filling fraction using Equation 1, which
validates the reservoir model proposed by Snaith et. al.*® For
thicker TiO, films the filling fraction was ~20-40%, indicating
submonolayer coverage of spiro-OMeTAD. Such incomplete
coverage likely causes an increase in recombination and series
resistance,® and limits the number of dye molecules that can
transfer holes to spiro. These issues may be responsible for the
lower efficiency of thicker devices.

Figure 3a shows that the filling fraction is proportional to the
solution concentration up to 225 mg mL™" for 2.8-um films and
275mg mL ' for 8.2-um films. When the concentration is
increased further, spiro-OMeTAD overlayers begin to appear on
top of TiO, film and the filling fraction saturates. This indicates
that, during spin coating, the excess solution on top of the film
infiltrates into the pores while solvent evaporates. The infiltration
process stops when enough solvent has evaporated for the spiro-
OMeTAD molecules to become immobile. Therefore, the
maximum filling fraction is limited kinetically by the quantity
of spiro-OMeTAD that can infiltrate into the pores before the
critical solution concentration is reached.

Based on our findings, the thickness of the ss-DSCs is not
limited by the infiltration depth of spiro-OMeTAD, but may be
limited by the lower filling fraction of thick films and concomitant
electron-hole recombination. Increasing the filling fraction may
slow recombination by increasing the separation distance between
holes in spiro-OMeTAD and electrons in TiO,. In order to increase
the size of the reservoir during pore filling and thereby increase the
filling fraction, we increased the solution concentration (Fig. 3a)
and decreased the spin coating speed (Fig. 4). Both approaches are
shown to be effective in increasing the filling fraction. However,
these approaches also lead to undesirable increase in the overlayer
thickness, which will increase the series resistance.
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Figure 4. Filling fraction (filled squares) and spiro-OMeTAD overlayer

thickness (outlined circles) in 2.8-pm-thick TiO, films as a function of spin
coating speed. The spiro-OMeTAD solution concentration is 180 mg mL ™",
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2.3. Influence of Filling Fraction on Solar Cell Performance

We examined how filling fraction affects device performance.
Figure 5a presents the energy conversion efficiency for 2.4-pm and
3.0-pm solar cells made with spiro-OMeTAD concentrations in the
130 to 275mg mL ' range. In general, the ss-DSC efficiency
increases with increasing filling fraction up to a spiro-OMeTAD
concentration of 225mg mL™" for 2.4-um-thick cells and up to
275 mgmL ™" for 3.0-um-thick cells. While the open-circuit voltage
(Vioc) stays constant for all cells, the short-circuit current (J.) and
fill factor are optimal at 225mg mL™" of spiro-OMeTAD in
chlorobenzene for the thinner, 2.4-um, ss-DSCs. At higher
concentration, the increasing overlayer thickness adds to the series
resistance and causes the fill factor to decrease by more than
20%.%1 Overall, the efficiency of the 2.4-pm-thick ss-DSC
increases by about 20% from 3.38% to 4.05% at 225mg mL '
of spiro-OMeTAD in chlorobenzene. In accordance with the
reservoir theory, the fill factor for the thicker, 3.0-wm, ss-DSC is
higher than for thinner films at all concentrations, confirming that
more of the reservoir’s spiro-OMeTAD infiltrated the pores and left
a thinner overlayer. This leads to a 50% increase in the efficiency
from 2.12% to 3.18% due to the current density increasing with
filling fraction and a sustained fill factor even at 275 mg mL ™" of
spiro-OMeTAD in chlorobenzene.

Figure 5b shows the power conversion efficiency as the spin
coating speed is decreased from 2000 RPM to 600 RPM. In
general, the decreased spin coating speed has a negligible effect on
2.4-um or thinner ss-DSCs. However, for 3.0-pwm-thick ss-DSCs,
there is a direct correlation between the increase in filling fraction
and an enhanced photocurrent when slowing down the spinning

speed from 2 000 RPM to 600 RPM. Since the overlayer thickness
stays low and, hence, the fill factor stays unchanged, the higher
current density increases the overall energy conversion efficiency
by about 60%, from 2.21% to 3.53%.

These results show that increasing the filling fraction by
increasing the HTM concentration in solution or decreasing the
spin coating speed is a good strategy to increase the photocurrent
in ss-DSCs. However, both of the techniques used in this study also
increase the overlayer thickness and adversely affect the fill factor.
Therefore, a compromise between higher filling fraction and a
thicker overlayer must be found. Additionally, it is evident from
this study that the optimal compromise is dependent on the
thickness of TiO, film. Work to reduce the recombination by
enhancing pore filling or by passivating the TiO, surface with a
wide bandgap oxide!?”) is currently in progress.

3. Conclusions

We have developed procedures to measure pore filling quantita-
tively using XPS depth profiling and absorption spectroscopy. We
found that solution infiltration of spiro-OMeTAD in mesoporous
TiO, films effectively penetrates the entire depth of the film. The
filling fraction is as high as 60-70% for films with thick-
ness < 3 wm; however, as the film thickness increases, the filling
fraction goes down, which may be the cause of poor efficiency of
thick ss-DSCs. We have used alower spin coating speed and higher
spiro-OMeTAD solution concentration to increase the filling
fraction and consequently the efficiency of ss-DSCs. Development
of >10% efficient ss-DSCs will most likely require >5-pm-thick
TiO, films, and such significant increase in thickness will require

both reduction in recombination and improve-
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Figure 5. Power conversion efficiency, Vo, Jsc and fill factor (FF) for ss-DSCs versus a) spiro-
OMeTAD concentration in chlorobenzene and b) spin coating speed. Outlined squares and filled

triangles are for 2.4-um- and 3.0-wm-thick TiO, films, respectively.
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doctor-blading TiO, paste from Solaronix SA (Ti-
Nanoxide T series); films for pore filling and efficiency
measurements were screen-printed with a home-
made TiO, paste [15]. These sheets were then slowly
heated to 500 °C (ramped over 30 min) and baked at
this temperature for 30 min under an oxygen flow.
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Acidic TiCl, treatment was repeated before slowly reheating (ramped over
30 minutes) to 450 °C and baking at this temperature for 30 minutes with
subsequent cooling to 80°C. For depth profiling and pore filling
measurements, the mesoporous TiO; electrodes were placed for 18 hours
in a pure Z907 dye solution, which comprised 3 mm of Z907 (Solaronix SA)
in 1:1 mixture of acetonitrile and tert-butyl alcohol. For efficiency
measurements, the electrodes were placed for 10 minutes in a 6 mm
7907 and 4-guanidinobutyric acid (GBA, Fluka) as coabsorbent in a 1:1
mixture in T-methoxy-2-propanol solution (98-+%, Aldrich) [31]. The dye-
coated mesoporous films were briefly rinsed in acetonitrile and dried in air
for one minute.

Spiro-OMeTAD Infiltration: Spiro-OMeTAD (EMD Chemicals; Merck
Gmbh) was completely dissolved in chlorobenzene by heating and stirring
the solution at 70 °C for 30 minutes. For efficiency measurements, tertbutyl
pyridine (tbp) was added to the solution with a volume to mass ratio of
1:26 pL mg ™' tbp:spiro-OMeTAD. Lithium bis (trifluoromethylsulfonyl)imide
salt (Li-TFSI) ionic dopant was pre-dissolved in acetonitrile at 170mg mL ™",
then added to the HTM solution at 1:12 wL mg ™' of Li-TFSI solution:spiro-
OMeTAD. Upon changing the concentration of spiro-OMeTAD in the
solution, the ratio of spiro-OMeTAD to tbp and Li-TFSI was kept constant.

A small quantity (10-70uL) of the spiro-OMeTAD solution was
deposited onto each TiO, film (area = 0.20-0.28 cm®) at room temperature
and left for 1 minute before spin coating at 2000 RPM for 45 s in nitrogen
atmosphere. After spin coating, the film was dried overnight at room
temperature in air.

XPS Depth Profiling: XPS spectra were acquired with a PHI 5000
Versaprobe system using a microfocused (100 um, 25 W) Al K, X-ray beam
with a photoelectron takeoff angle of 45°. A dual-beam charge neutralizer
(10V Ar" and 30V electron beam) was used to compensate the charge-up
effect. Ar™ ion source was operated at 1 nA and 5 kV, with rastering on an
area of Tmm x 1mm. In order to calculate the sputter rate, the film thicknesses
were measured with a Dektak 150 surface profiler. The sputter rate was around
25nm min~ ' for all spiro-OMeTAD infiltrated mesoporous TiO, films.

Absorption Spectroscopy: After spiro-OMeTAD infiltration, we used a
chlorobenzene-soaked cotton swab to remove the excess spiro-OMeTAD
on the substrate that was not on top of the mesoporous TiO; film. The
spiro-OMeTAD overlayer thickness was measured by imaging the cross-
section of the film with scanning electron microscopy (FEI XL30 Sirion
SEM) operated at an accelerating voltage of 5kV. After the overlayer
thickness measurement, the sample was immersed in chlorobenzene for
one hour at room temperature. To ensure the accuracy of absorption
measurement, the solution was subsequently diluted to tune the optical
density between 0.1 and 1.0 at 389 nm. The absorption measurement was
carried out in Cary 6000i UV—vis—NIR spectrophotometer.

Back Contact and Photovoltaic Measurements: For efficiency measure-
ments, the counter electrode was applied by thermal evaporation of 100 nm
of gold. FTO glass plates (Nippon Sheet Glass, Solar, 4-mm thick) were
cleaned in a detergent solution using an ultrasonic bath for 15 min. The
power of an AM 1.5 solar simulator equipped with a Xe-lamp was calibrated
using a reference Si photodiode equipped with an IR cut-off filter (KG-3,
Schott) in order to reduce the mismatch in the region of 350-750 nm
between the simulated light and AM 1.5 to less than 2% [32,33].
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