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ABSTRACT: The power-conversion efficiency of solid-state
dye-sensitized solar cells can be optimized by reducing the
energy offset between the highest occupied molecular orbital
(HOMO) levels of dye and hole-transporting material (HTM)
to minimize the loss-in-potential. Here, we report a study of
three novel HTMs with HOMO levels slightly above and
below the one of the commonly used HTM 2,2′,7,7′-
tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spirobifluorene
(spiro-OMeTAD) to systematically explore this possibility.
Using transient absorption spectroscopy and employing the
ruthenium based dye Z907 as sensitizer, it is shown that, despite one new HTM showing a 100% hole-transfer yield, all devices
based on the new HTMs performed worse than those incorporating spiro-OMeTAD. We further demonstrate that the design of
the HTM has an additional impact on the electronic density of states present at the TiO2 electrode surface and hence influences
not only hole- but also electron-transfer from the sensitizer. These results provide insight into the complex influence of the HTM
on charge transfer and provide guidance for the molecular design of new materials.

■ INTRODUCTION

Over the last 20 years, dye-sensitized solar cells (DSSCs) have
emerged as a promising alternative to conventional photo-
voltaic techniques due to the use of cheap materials and low
production costs.1,2 DSSCs separate the processes of light
absorption, electron- and hole transport between three different
materials. Light is absorbed by a dye which transfers the
electrons into the conduction band of a mesoporous metal
oxide, usually TiO2.

3,4 The dye is then regenerated by a hole-
transporting material (HTM) which is infiltrated into the
mesoporous network and transports the hole to the respective
electrode. DSSCs have conventionally incorporated an iodide/
triiodide (I−/I3

−) liquid electrolyte as the HTM. However,
concerns over the solvent leakage and corrosion from the
iodide/triiodide redox couple have led to the development of
alternatives, such as cobalt complex redox mediators and solid-
state HTMs.2,5 One of the most widely used solid-state HTMs
is 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spiro-
bifluorene (spiro-OMeTAD). While DSSCs employing cobalt
complex redox mediators have achieved power-conversion
efficiencies in excess of 12%,6 solid-stated DSSCs have reached
values of up to 7.2%.7,8 It has been proposed that incomplete
filling of the pores and the low charge carrier mobility of spiro-
OMeTAD on the order of 10−4 cm2 V−1s−1 are the limiting
factors, leading to the difference in power-conversion

efficiencies.9−12 The current optimized device thickness of
only 2 μm thus appears to mark the trade-off between light
absorption and charge collection.13 Recently, however, it was
shown that the pore-filling fraction required for optimized
performance can be achieved with spiro-OMeTAD for
thicknesses up to 5 μm14 suggesting that pore filling may not
have to be the final limiting factor. It may also be possible to
improve the efficiency of solid-state HTMs by minimizing the
energy offset between the HOMO levels of dye and HTM,
thus, reducing the loss-in-potential. While the heterogeneity of
the energy levels requires a certain offset to efficiently drive the
hole-transfer process,15,16 spiro-OMeTAD might still leave
room for improvement.17 It is estimated that an overpotential
of 0.2 eV should be sufficient for near-unity hole regeneration.2

Here, we compare three novel triarylamine type hole-
transporting materials with similar, but varying, HOMO levels
to spiro-OMeTAD to systematically explore the possibility of
reducing the overpotential and improving the power-
conversion efficiency. Using transient absorption spectroscopy
and employing the standard ruthenium sensitizing dye Z907,18

we show that the hole-transfer yield of spiro-OMeTAD is
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approximately 75%. In addition, we find that all devices based
on the new HTMs performed worse than those incorporating
spiro-OMeTAD. While the difference for two of the novel
HTMs can be explained by a lower hole-transfer yield, one
HTM shows a hole-transfer yield of approximately 100%, and
hence, other factors must play a role. Using scanning electron
microscopy (SEM) imaging, we demonstrate that all HTMs
reach a similar and sufficiently high pore-filling fraction and
conclude that observed differences in power-conversion
efficiency are not caused by inferior pore filling. Instead,
transient photovoltage-photocurrent measurements show that
the new HTMs induce a shift of the TiO2 surface potential
toward higher values leading to less efficient electron transfer
from sensitizer to TiO2. Overall, our study shows that changes
in molecular design of the HTM can have a complex impact on
charge transfer from the dye sensitizer, both for transfer of
holes to the HTM and electrons to the TiO2 electrode.

■ EXPERIMENTAL SECTION

The following procedure was performed for fabrication of
samples for device measurements. Fluorine doped tin oxide
(FTO) coated glass (Pilkington TEC 15) 15 Ω/sq was
patterned by etching with zinc powder and 2 M HCl diluted in
Milli-Q water. The etched substrate was then cleaned with 2%
Hellmanex detergent diluted in Milli-Q water, rinsed with Milli-
Q water, acetone and ethanol and finally dried with clean dry
air. The substrate underwent an oxygen plasma treatment for 5
min prior to spray pyrolysis of compact titanium dioxide, TiO2.
A thin layer of compact TiO2 of roughly 100 nm was formed
through spray pyrolysis of titanium diisopropoxide bis-
(acetylacetonate) diluted in anhydrous ethanol at a volumetric
ratio of 1:10 using air as a carrier gas. Prior to the formation of
the titania mesostructure, the substrate underwent an oxygen
plasma treatment for 1 min. One μm thick TiO2 was formed by
spin coating TiO2 paste (DSL 18-NRT, Dyesol) diluted in
anhydrous ethanol at 1.5:1 by weight at 2000 rpm (spin coating
was preferred to screen printing or doctor blading due to
greater control of mesostructure thickness). The freshly cast
layer was then sintered in air at 550 °C. The substrates were
immersed in a bath of TiCl4 at a concentration of 15 mM for 1
h at 70 °C, followed by rinsing in Milli-Q water and heating to
550 °C and cooled to 70 °C. Once substrates reached 70 °C,
they were immersed in solution of Z907 dye for 18 h. Z907 dye
was mixed at a concentration of 0.3 mM and dissolved in a
solution of acetonitrile anhydrous to tert-butyl alcohol at equal
volumetric ratio. For devices with ionic additives, HTM spiro-
OMeTAD (Lumtec) as well as HTMs 1−3 (BASF) were
dissolved in 0.17 mM chlorobenzene, 4-tert-butyl pyridine19

( S i gma A l d r i c h ) , a nd 0 . 2 1 mM l i t h i um b i s -
(trifluoromethylsulfonyl)imide salt20 (Sigma Aldrich) dissolved
in anhydrous acetonitrile at 170 mg/mL mixed in a N2
glovebox. Prior to spin coating, sensitized substrates were
rinsed in a bath of acetonitrile, 25 μL of the hole-transporting
material solution was cast onto the sensitized substrate and
spun at a rate of 2000 rpm for 45 s. Cells were left in the dark in
air overnight. To complete the device, 200 nm Ag electrodes
were thermally evaporated. Samples for spectroscopic measure-
ments were prepared in the same way in parallel to samples for
device measurements. FTO was replaced by a quartz substrate
and deposition of silver electrodes onto the sample was
omitted. Spectroscopy samples were stored in a glovebox, in
dark, until one hour prior to measurement.

Solar cell characterization was carried out by generating
stimulated AM1.5G sunlight at 100 mW cm−2 irradiance using
an AAB ABET technologies Sun2000 solar simulator calibrated
with a silicon reference cell with a KG5 filter to minimize
spectral mismatch. The mismatch factor was calculated to be
less than 1%. JV curves were measured with a Keithley 2400
SourceMeter. The solar cells were masked with a metal
aperture to define the active area and to minimize any edge
effects and measured in a light-tight sample holder. The
photovoltaic action spectra were taken using a Keithley 2400,
with chopped monochromatic light incident on the masked
solar cells.
UV−vis transmission spectra were collected using a Perkin-

Elmer Lambda 9 UV−vis−NIR spectrophotometer with a dual
beam setup.
Cyclic voltammetry experiments were performed under a

nitrogen atmosphere using an Autolab PGSTAT12 potentio-
stat. Compounds were dissolved in a solution of 0.1 M
tetrabutylammonium hexafluorophosphate in dichloromethane.
A 3 mm glassy carbon working electrode was used with a Pt
wire counter electrode and an Ag/AgNO3 reference electrode.
The scan rate was 100 mVs−1. All voltammograms were
referenced to internal ferrocene (Fc/Fc+ at 0 V).
Chemical oxidation of the hole-transporting materials was

performed by dissolving each hole-transporting material in a
1:1 volume ratio mixture of acetonitrile and chlorobenzene with
a molar concentration of 0.8 mM. Nitrosyl tetrafluoroborate
(NOBF4) 95% was purchased from Sigma Aldrich and
dissolved in acetonitrile in molar concentrations of 25 and
250 mM. Increasing amounts of NOBF4 were then added to
the hole-transporting material solutions. During each step, 15
min after the injection of NOBF4, UV−vis absorption
measurements of the solutions were taken. Absorption spectra
were later corrected for the dilution of the solution due to the
addition of NOBF4.
Field emission scanning electron microscopy (FESEM)

images were obtained with a Hitachi S40300 operating at an
accelerating voltage of 5 kV.
Photoinduced absorption spectra were obtained by photo-

exciting with an argon ion laser tuned at 496.5 nm with a
maximal power of 50 μJ·cm−2 and chopped at a frequency of 23
Hz. The detection was made with a continuous white light
probe (halogen bulb) of around 100 mW cm−2 intensity onto
the sample. After passing through the sample, the probe beam
enters a monochromator (SpectraPro-2300i, Acton Research
Corporation) coupled to a diode for detection in the visible
(PDA10A, Thorlabs) and in the NIR (ID-441-C, Acton
Research Corporation). Acquisition was made by a lock-in
amplifier locked at the light modulation frequency (SR830,
Stanford Research Systems) and a NI USB-6008 (National
Instruments) acquisition card.
Femtosecond transient absorption measurements were

performed utilizing the output of a Ti:sapphire regenerative
amplifier system with a pulse duration of 50 fs and a repetition
rate of 1.1 kHz. The pump pulse was derived by feeding a
fraction of the original pulse into an optical parametric amplifier
(TOPAS) and using the output with a wavelength of 550 nm to
excite the sample. The fluence was set to 50 μJ·cm−2 for all
measurements. The remaining fraction of the original beam was
focused on a sapphire plate to generate a white light continuum
pulse which was further split into a probe and a reference pulse
to reduce the noise from variations in the beam intensity. The
probe pulse was then passed through the excited part of the
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sample. In order to ensure a good spatial overlap, the size of the
pump beam was set to about five times the size of the probe
beam. Both probe and reference beams were filtered through
either a 520 nm interference filter before being detected by two
Si photodiodes coupled to an integrator and a lock-in amplifier.
The signal was read out by triggering the lock-in amplifier with
a signal from a chopper in the pump pulse set to 550 Hz
creating a “pump-on”, “pump-off” signal. The temporal delay
between pump and probe pulse was varied by adjusting a
mechanical delay stage.
Microsecond transient absorption spectroscopy was carried

out using excitation pulses (550 nm, 7 ns pulse duration, 10 Hz
repetition rate) produced by a Nd:YAG laser (EKSPLA,
NT340) with a laser fluence on the sample maintained at 50
μJ/cm2 per pulse. The probe light used in these experiments
(520 nm) was produced by passing the output from a 150 W
continuous wave xenon arc lamp through a monochromator
(Acton Research Corporation, SpectraPro 2150i). The light
transmitted through the sample was passed through a second
monochromator (Acton Research Corporation, SpectraPro-
2300i) before being detected by a fast photomultiplier tube
module biased with 750 V (Hamamatsu, R9110). Data waves
were recorded on an oscilloscope (Tektronix, DPO3054).

Transient photovoltage-photocurrent measurements were
carried out using the setup described in detail elsewhere.3,21−23

In short, the sample was biased with white light equivalent to
100 mW cm−2 solar illumination and perturbed with a red light
pulsed diode. The perturbation was kept small enough to
ensure that the voltage decay dynamics were approximately
monoexponential. Photovoltage transients under short-circuit
conditions are measured by holding the current generated by
the white light bias fixed at JSC. Since no extra current is allowed
to flow as a result of the perturbation, the decay of the
measured perturbation signal is a direct measure of the rate of
charge recombination taking place within the device. Photo-
current transients at short-circuit are measured by holding the
bias at 0 V, which allows charge transport to occur
simultaneously with recombination. The decay rate, therefore,
is a combination of recombination and transport rate. All decay
curves were fitted with monoexponentials to estimate the decay
rates.
In order to calculate the chemical capacitance (C) of the

device, the total charge injected from the light pulse (ΔQ) is
divided by the voltage perturbation (ΔV), i.e., C = ΔQ/ΔV.
ΔQ is estimated by integrating the area under the measured
current decay curve under short-circuit conditions. ΔV is

Figure 1. Chemical structures of the hole-transporting materials HTM 1-3 and the currently most widely employed HTM, spiro-OMeTAD, which is
used as a reference in this study.
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extracted from the peak of the voltage perturbation under
open-circuit conditions under the same bias light intensity.
Charge extraction measurements were performed by

exposing the device to a constant white background light
under short circuit conditions while the photocurrent response
is measured with an oscilloscope. Once the device response is
stabilized, the white background light is completely switched off
and the subsequent photocurrent decay is measured. The
charge density is then extracted by integrating the area under
the curve for a known active area volume.

■ RESULTS AND DISCUSSION
Material Properties. Figure 1 shows the chemical

structures of the three novel hole-transporting materials
N4,N4′-([1,1′-biphenyl]-4,4′-diyl)bis(N4-(4-(diethylamino)-
phenyl)-N4′,N4′-bis(4-methoxyphenyl)-[1,1′-biphenyl]-4,4′-di-
amine) (1), N4,N4′-([1,1′-biphenyl]-4,4′-diyl)bis(N4,N4′,N4′-
tris(4-methoxyphenyl)-[1,1′-biphenyl]-4,4′-diamine) (2), and
N4,N4′-([1,1′- biphenyl]-4,4′-diyl)bis(N4-(3,5-difluoro-4-me-
thoxyphenyl)-N4,N4′-bis(4-methoxyphenyl)-[1,1′-biphenyl]-
4,4′-diamine) (3). Additionally, spiro-OMeTAD is shown
which acts as a reference. HTM 1 differs from HTM 2 in
that two methoxy groups were substituted by diethylamine
groups. HTM 3 was derived from HTM 2 by fluorination of
both carbon atoms ortho to the methoxy groups on two of the
phenyl rings. All HTMs employ methoxy groups which have a
high tendency to stabilize the radical cations due to their steric
effect.24

Table 1 shows the characteristics of the aforementioned
materials. HOMO levels were determined by solution-based

cyclic voltammetry using the relationship EHOMO(eV) =
−1.4Eonset,ox(V) − 4.625 (see the Supporting Information). All
materials have a similar molecular weight but differ in their
HOMO energy levels. Comparing these to the dye Z907, the
HTMs have an overpotential between 0.70 and 0.19 eV which
is driving the hole-transfer process, although shifts in the dye
oxidation potential of about 0.1−0.3 eV due to the adsorption
to the TiO2 surface are possible.16,28,29 Assuming a minimum
required overpotential of 0.2 eV,2 we expect all HTMs, with the
exception of HTM 3, to have a large enough energy difference
for hole-transfer yield close to unity. The overpotential of HTM
3 is approximately equal to the estimated minimum and could
therefore result in incomplete hole transfer.
Device Data. Table 2 summarizes the photovoltaic

performance parameters for all HTMs in the presence of and
in the absence of the standard additives 4-tert-butyl pyridine
(tBP)19 and lithium bis(trifluoromethylsulfonyl)imide salt (Li-
TFSI).20 While devices employing the new HTMs show a

power-conversion efficiency close to zero in absence of the
additives, spiro-OMeTAD reaches a value of about 1.3%. In
presence of the additives, the efficiency of all devices increases
substantially with a significant increase in the short-circuit
current JSC for all devices, in agreement with previous studies
on liquid-electrolyte and solid-state DSSCs.19,30−33 HTM 3
performed worst out of all devices and might have insufficient
overpotential to drive the hole transfer process. Additionally,
the efficiency of all new HTMs remained systematically below
the efficiency of spiro-OMeTAD, with and without additives.
When comparing the correlation and variation in power-
conversion efficiency to that of the HOMO levels, no clear
dependence is visible. This suggests that other parameters
beyond the energy offset might play an important role for the
efficiency.

Pore Filling. To determine the reason for the nonsystematic
dependence on the HOMO level and the difference between
the new HTMs and spiro-OMeTAD we compared the pore-
filling fractions of all devices. As previously discussed,
incomplete filling of the mesoporous network with the HTM
is a limiting factor for the device performance.14,34 There are
two reasons for this. First, it hinders a complete regeneration of
the dye in areas where no HTM molecules are present at the
dye interface. Second, it prolongs the percolation path of the
holes to the electrode therefore increasing the recombination
probability.11

Several methods have been proposed to estimate the pore-
filling fraction.14,22,35,36 In one of these methods, the
concentration of HTM in the porous network is estimated by
adding the concentration in the pores before evaporation,
which is given by the initial volume concentration c of the
HTM solution, to the increase in concentration due to
infiltration of HTM during the evaporation process.22 The
increase in concentration is calculated from the difference in
HTM on top of the device before and after evaporation, divided
by the volume of the pores given by the porosity p and the
TiO2 thickness d. While the amount of HTM on top of the
device before evaporation can be calculated by the thickness dsol
of the solution and the concentration c, the amount of HTM
after evaporation is given by the thickness dcl of the capping
layer. The pore-filling fraction is then given by22

= +
−

c
d c d

dp
PFF sol cl

(1)

To measure the thickness dcl of the capping layer, we have
taken SEM images of all devices, as shown in Figure 2. dsol has

Table 1. Characteristics of the Hole-Transporting Materials
Used in This Studya

HTM
mol. weight
(g/mol)

EHOMO
(eV)

overpotential
(eV)

Eopt,gap
(eV)

HTM 1 1237.57 −4.26 0.70 3.07
Spiro 1225.43 −4.52 0.44 2.99
HTM 2 1155.38 −4.67 0.29 2.97
HTM 3 1227.34 −4.77 0.19 2.88
Z907 dye 870.10 −4.9627 1.48
aEHOMO(eV) = −1.4Eonset,ox(V) − 4.6,25 where Eonset,ox was determined
by solution-based cyclic voltammetry.26 The optical bandgap Eopt was
calculated from the absorption onset of the compound in solution.

Table 2. Photovoltaic Performance Parameters for the
Studied Hole-Transporting Materialsa

HTM η (%) VOC (V) JSC(mA cm−2) FF

HTM 1 0.01 0.56 0.13 0.11
spiro 1.26 0.65 3.28 0.59
HTM 2 0.00 0.44 0.01 0.17
HTM 3 0.08 0.63 0.49 0.25
HTM 1 + add. 1.40 0.70 3.99 0.50
spiro + add. 3.10 0.68 6.15 0.74
HTM 2 + add. 1.68 0.75 3.93 0.57
HTM 3 + add. 0.47 0.68 1.08 0.64

aη, power-conversion efficiency; VOC, open-circuit voltage; JSC, short-
circuit current; FF, fill factor. Results are presented for devices with
and without the standard additives 4-tert-butyl pyridine (tBP) and
lithium bis(trifluoromethylsulfonyl)imide salt (Li-TFSI).
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been measured to be 6.9 ± 0.5 μm for spiro-OMeTAD14 and is
assumed to be the same for all materials in this study. Using
these values combined with a value of 49 ± 1%14 for the
porosity p and a concentration c of 10%, we estimate the pore-
filling fractions to be between 60% and 70% for all HTMs. We
thus observe no correlation between pore-filling fraction and
device efficiency for the given samples. Since a pore-filling
fraction of approximately 60% is estimated to be sufficient for
optimized performance, we conclude that incomplete pore
filling is not the main factor responsible for the differences in
the power-conversion efficiency.14

Hole Transfer. Next, we used photoinduced absorption
spectroscopy to study the efficiency of the hole-transfer
process. To do this, we first chemically oxidized a solution of
each HTM with nitrosonium tetrafluoroborate (NOBF4), as
shown in Figure 3a, to determine the absorption spectra of the
radical cations. Spiro-OMeTAD has been well studied in the
past and its radical cation spiro-OMeTAD+ and its diradical
cation spiro-OMeTAD2+ are known to show indistinguishable
spectra with a peak around 511 nm and a shoulder around 700
nm, as well as a broad peak in the near-infrared.22,37−39 Both
HTM 2 and HTM 3 show similar peaks in comparison to spiro-
OMeTAD, although the peak around 700 nm is stronger for
HTM 3. In contrast, HTM 1 shows a very broad peak spanning
from the visible to the near-infrared.
With the absorption spectra of the radical cations known, the

photoinduced absorption spectra of complete samples, which
are shown in Figure 3b, can be interpreted. For a sample
containing no HTM a negative feature is observed below 570
nm. This is attributed to photobleaching of the ground-state
absorption of the dye caused by the presence of neutral or
charged species.40,41 For samples which include a HTM, the
negative feature becomes smaller once hole-transfer from the

dye to the HTM occurs as the photobleaching is reduced.
Additionally, the signal is overlaid with the absorption of the
radical cation on the HTM, as determined in Figure 3a. For all
samples except the one containing HTM 3 hole transfer can be
observed. Figure 3c shows the results for samples with
additives. An increase in absorbance is visible for all HTMs at
their respective absorption peaks. This indicates an increase in
their long-lived charge density, except for HTM 3 which shows
only a small change, in line with the previously observed small
improvement of the power-conversion efficiency for the device
(see Table 2). The poor efficiency of devices incorporating
HTM 3 is therefore caused by the lack of long-lived radical
cations on the hole-transporting material due to either fast
recombination or poor hole-transfer yield.
To confirm these findings and to determine quantitatively

the hole-transfer yield, we measured the hole-transfer dynamics
using transient absorption spectroscopy. In this measurement,
the dye is excited at a wavelength of 550 nm as it coincides with
an absorption peak of Z907 and an absence of absorption from
spiro-OMeTAD. The sample is then probed at 520 nm since all
HTMs show absorption from the radical cations at this
wavelength. Figure 4 shows the femto- to picosecond and
micro- to millisecond dynamics. The initial negative signal is
attributed to the photobleaching of the dye, whereas the
ensuing signal is attributed to the absorption of radical cations
on the HTM as well as the reduction of the photobleaching.
The hole-transfer dynamics for spiro-OMeTAD show com-
parable dynamics to previous results in the literature where cis-
RuL2(SCN)2 (where L is 4,4′-dicarboxy-2,2′-bipyridyl) was
employed as a dye.38 HTM 3 shows almost the same dynamics
as the reference sample which does not have a HTM. Thus,
very little hole transfer is present between Z907 and HTM 3. In
contrast, for HTM 1 and HTM 2 a hole-injection process is

Figure 2. SEM images of devices consisting of TiO2/Z907 and the hole-transporting material (A) HTM 1, (B) spiro-OMeTAD, (C) HTM 2, and
(D) HTM 3.
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clearly visible. Extrapolating the dynamics into the nano- to
microsecond range, all HTMs complete the hole-transfer
process within approximately 10 ns. Recombination, on the
other hand, is not visible until approximately 2 μs. The time
window between 1 and 2 μs can therefore be used to calculate
the hole-transfer yields.
To relate the signal strength to the hole-transfer yield, the

molar extinction coefficient of the HTMs (εHTM+) and the dye
(εdye+ − εdye0) need to be taken into account. The extinction
coefficient of the ground state of Z907 at 520 nm has been
found41 to be approximately 12 000 L mol−1 cm−1. In a careful
study using chemical oxidation (see the Supporting Informa-
tion), we determined the extinction coefficient of the spiro-

OMeTAD radical cation to be approximately 26800 L mol−1

cm−1 at 520 nm, slightly higher than a previous value in the
literature.42 For HTM 1-3 the molar extinction coefficients at
520 nm are 2800, 20 300, and 7400 L mol−1 cm−1, respectively.
The hole-transfer yield is then calculated by comparing the
signal strength of the ground-state bleaching (ΔODdye) to the
signal strength of the sample with the HTM between 1 and 2
μs (ΔOD):16,34,38

ε
ε ε

= − Δ
Δ

+
−

−
+

+

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟yield 1

OD
OD

1
dye

HTM

dye dye

1

0 (2)

For spiro-OMeTAD, a value of approximately 75% is
calculated.43 For HTM 1-3 we estimate hole-transfer yields of
approximately 100%, 46%, and 12%, respectively (see Figure 5).
These results could potentially shift, if the signals started to
decay at earlier times than the time resolution of our
microsecond setup at 1 ns. However, for this deviation to
occur the decay times of the ground-state bleaching and the
HTM cation would also have to be substantially different as can
be seen in eq 2. An introduction of an error due to a potential
decay before 1 us seems therefore unlikely.
These hole-transfer yields can be related to the HOMO level

of the HTM, as shown in Figure 5. Quantitatively, the
dependence is given by the homogeneous thermodynamic
equilibrium of holes in the HTM and in the dye.16 However the
results are much broader than what would be expected in this
model. Haque et al.16 suggested that the dependence is
influenced by inhomogeneous broadening of the energy levels
due to local variations in the energetics of the TiO2/dye/HTM
interface. Using this assumption, the data can be fitted with a
midpoint of −4.63 eV and a full width at half-maximum
(fwhm) of 0.33 eV, slightly lower than the value found in the
aforementioned study. The midpoint of the fit is shifted by 0.33
eV compared to the HOMO level of Z907 (−4.96 eV44). This
might be due to several reasons such as shifts in the dye
oxidation potential resulting from adsorption to the TiO2
surface16,28,29 or differences in the cyclic voltammetry measure-
ment techniques. Using the results from the model of
inhomogeneous broadening, it can be seen that the energy
offset between the dye Z907 and spiro-OMeTAD is close to
optimal. Only small improvements of the power-conversion
efficiency of solid-state DSSCs employing ruthenium based
dyes are therefore expected when the HOMO level of the
HTM is increased to deeper potentials. It is also estimated that
an overpotential of approximately 180 meV should be sufficient
to achieve a 90% efficient hole transfer. However, the intrinsic
difficulties in determining the exact position of the energy levels
of Z907 in the solid sensitized electrode leave quite significant
ambiguity in the absolute energy alignment of dye and HTM
HOMO levels. For example, the energy level alignment
between the dye and the HTM may shift considerably upon
physical contact, e.g., as a result of ground-state charge transfer.
Additionally, after oxidation of the dye, the dye cation will have
a much stronger oxidation potential in comparison to the
neutral dye molecules. Hence, while Figure 5 provides an
excellent picture of the changes with relative variation in
HOMO level of the HTM, the absolute positioning of these
energy levels will need to be determined with a higher degree of
accuracy in future studies.

Charge Extraction. We now compare the hole transfer
yields obtained for the different HTMs with the device short
circuit currents in order to assess whether charge extraction

Figure 3. (a) UV−vis spectra of each hole-transporting material in
acetonitrile and chlorobenzene (1:1) chemically oxidized with
nitrosonium tetrafluoroborate (NOBF4) at a molar ratio of 35%. (b)
Photoinduced absorption spectra of TiO2/Z907 samples with each
hole-transporting material and a reference sample without a hole-
transporting material. (c) Photoinduced absorption spectra of TiO2/
Z907 samples with each hole-transporting material prepared with the
standard additives 4-tert-butyl pyridine (tBP) and lithium bis-
(trifluoromethylsulfonyl)imide salt (Li-TFSI) and one reference
sample without a hole-transporting material. All samples were
photoexcited at a wavelength of 496.5 nm.
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may also play a significant role on the overall device
performance. The transient absorption experiments show that
the deeper HOMO level of HTM 3 causes spiro-OMeTAD to
have a 6.3 times higher hole-transfer yield than HTM 3.
Notably, the short-circuit current of the device containing
spiro-OMeTAD is approximately 5.8 times higher than the
device containing HTM 3, as shown in Table 2. Since the short-
circuit current is proportional to the hole-transfer yield and the
difference in the power-conversion efficiency between the two
devices is largely caused by different short-circuit currents, we
can conclude that the poor performance of HTM 3 is mainly
due to a very low hole-transfer yield between the dye and the
HTM. Similarly, spiro-OMeTAD has a 1.6 times higher short-
circuit current than 2 and shows a 1.6 times higher hole-transfer

yield. The poor device performance of HTM 2 can thus be
partially attributed to a reduced hole-transfer yield. HTM 1, on
the other hand, shows a higher hole-transfer yield than spiro-
OMeTAD. The lower power-conversion efficiencies must
therefore be due to other factors. To determine whether the
inferior performance might be caused by a reduced charge-
collection efficiency on the HTM or a negative influence of the
electron injection into the TiO2, we performed small-
perturbation transient photovoltage-photocurrent measure-
ments for devices illuminated with red light.23,45 We observe
the charge-collection efficiency through HTM 1, HTM 2, and
spiro-OMeTAD to be the same (see the Supporting
Information) and hole collection therefore cannot be
responsible for the measured variations in device efficiency.
In contrast, when measuring the capacitance as a function of
the open-circuit voltage, we observe a clear shift of ∼300 meV
for the devices containing HTM 1 and HTM 2 in comparison
to the device containing spiro-OMeTAD. Such an increase in
the potential without significant change in the slope of the
curve is consistent with a shift in the surface potential of the
TiO2. Such shifts will lower the density of states in the TiO2
that are available for electron injection from the sensitizer.45

We thus conclude that electron injection is partially inhibited in
devices containing HTM 1 and HTM 2 in comparison to spiro-
OMeTAD resulting in a lower electron extraction and hence
device efficiency. The observed shift in surface potential may be
caused either by direct interactions of the HTM with the TiO2
electrode, or indirectly by the HTM arrangement, potentially
due to crystallization of the HTM, influencing the distribution
of ionic additives and thus creating a different ionic
environment at the TiO2 interface.

■ CONCLUSION
In summary, we compared three novel triarylamine type hole-
transporting materials with varying HOMO levels to spiro-
OMeTAD in order to explore the possibility of reducing the
overpotential in order to improve the power-conversion

Figure 4. Transient absorption measurements of TiO2/Z907 samples with the hole-transporting materials HTM 1 (black), spiro-OMeTAD (red),
HTM 2 (blue), and HTM 3 (dark yellow) at a probe wavelength of 520 nm. Additionally, a TiO2/Z907 sample without a hole-transporting material
(green) is used as a reference. The samples were photoexcited at 550 nm with a fluence of 50 μJ/cm2. The micro- to millisecond transient absorption
dynamics were scaled by a factor of 1.14 to allow for better comparison. The mismatch in the amplitude between the two time regimes is likely to be
caused by a variation in fluence due to the use of two different experimental setups.

Figure 5. Dependence of the hole-transfer yield on the HOMO level
of the hole-transporting material. The solid gray line is a fit assuming
an inhomogeneous broadening, while the solid black line is a fit to the
data based on a model assuming a Gaussian distribution for the local
energy offsets between dye and hole-transporting material.16 The gray
dashed lines indicate the position of the Z907 HOMO level (−4.96
eV44) and the midpoint of the fit (−4.63 eV).
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efficiency. Using transient absorption spectroscopy, we
estimated the hole-transfer yield of spiro-OMeTAD to be
approximately 75%. This result shows that the energy
alignment of spiro-OMeTAD is already close to optimal for
ruthenium-based dyes leaving only small room for improve-
ment. However the use of alternative HTMs such as HTM 2
and HTM 3 may prove to be advantageous for dye sensitizers
with slightly different energy levels leading to better device
performance than could be achieved when incorporating spiro-
OMeTAD.
In addition, we found that all devices incorporating one of

the new HTMs ultimately performed worse than those utilizing
spiro-OMeTAD. While the difference in power-conversion
efficiency of HTM 2 and HTM 3 in comparison to spiro-
OMeTAD can partially be attributed to a lower hole-transfer
yield caused by a smaller energy offset, HTM 1 showed a 100%
hole-transfer yield and hence other factors must play a role.
Using SEM imaging, we demonstrated that a pore-filling
fraction of at least 60−70% is achieved by all HTMs and
conclude that inferior pore filling is not limiting relative
performance of devices incorporating the different HTMs. We
further showed that devices containing HTM 1 and HTM 2
exhibit a shift of the TiO2 surface potential toward a higher
value which is likely to partially inhibit electron transfer from
the dye into the TiO2 limiting electron collection and device
performance. Overall, our study shows that optimization of new
hole transporters for solid-state DSCs involves a complex
interplay of factors, including energy-level optimization, HTM
pore infiltration, and HTM interactions with ionic additives and
the TiO2 surface.
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R.; Graẗzel, M.; Klug, D. R. Charge Separation in Solid-State Dye-
Sensitized Heterojunction Solar Cells. J. Am. Chem. Soc. 1999, 121,
7445−7446.

(39) Fantacci, S.; De Angelis, F.; Nazeeruddin, M. K.; Graẗzel, M.
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