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T
he dye-sensitized solar cell (DSC)1 is a
promising alternative to conventional
silicon-based photovoltaic devices. In

this system a mesoporous semiconductor
(commonly titanium dioxide, TiO2) is sensi-
tized by a light-absorbing dye that when
exposed to sunlight is photoexcited. After
light absorption the excited dye molecules
inject the electron into the semiconductor
and are regenerated by a redox electrolyte.
The highest power conversion efficiency
(PCE) of 12.3% has been achieved using a
porphyrin sensitizer in combination with a
cobalt(II)/(III) redox electrolyte.2

In an effort to improve the stability and
processability of DSCs with the aim to allow
efficient roll-to-roll manufacturing, exten-
sive research is being invested in the study
of solid and quasi-solid alternatives for the
liquid electrolyte. Efforts have focused on
organic3�7 and inorganic8�10 semiconductors
and conducting polymers11,12 in order to
meet all the requirements for a good hole
transportmaterial (HTM). In thefieldof organic
semiconductors, the p-type semiconductor

2,20,7,70-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,90-spirobifluorene (spiro-MeOTAD)13

(Figure 1) remains the material of choice for
high PCEs. Electrochemical impedance spec-
troscopy (EIS) has become a powerful tool
used to characterize the internal electrical

processes occurring within devices such as

dye-sensitized solar cells. The attraction of

this technique is the possibility to probe

the individual interfaces within the devices

and the corresponding charge transfer phe-

nomena and thus gain an insight into the

dynamics within the working device.
In this work EIS was used to study the

transport properties of the organic p-type
semiconductor spiro-MeOTAD and its de-
pendence on temperature. The effect of
temperature on the transport of spiro-MeO-
TAD and thus the overall device perfor-
mance has significant importance, due to
the large range of temperatures devices are
subjected to in real-life application. Previous
studies14,15 examined the effect of varying
the temperature on the electrical parameters
of liquid DSCs and observed decreases in the
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ABSTRACT The internal transport and recombination param-

eters of solid-state dye-sensitized solar cells (ssDSCs) using the

amorphous organic semiconductor 2,20,7,70-tetrakis(N,N-di-p-metho-

xyphenylamine)-9,90-spirobifluorene (spiro-MeOTAD) as a hole trans-

port material (HTM) are investigated using electrical impedance

spectroscopy. Devices were fabricated using flat and nanostructured

TiO2 and compared to systems using nanostructured ZrO2 to

differentiate between the transport processes within the different components of the ssDSC. The effect of chemically p-doping the HTM on its transport

was investigated, and its temperature dependence was examined and analyzed using the Arrhenius equation. Using this approach the activation energy of

the hole hopping transport within the undoped spiro-MeOTAD film was determined to be 0.34( 0.02 and 0.40( 0.02 eV for the mesoporous TiO2 and ZrO2
systems, respectively.

KEYWORDS: photovoltaic devices . dye-sensitized solar cells . hole transport material . electrical impedance spectroscopy .
charge transport
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electron lifetimes as a function of temperature in liquid
DSCs. Furthermore temperature variations were found
to have restoring effects16 on the device performance
of DSCs with liquid and semisolid electrolytes. In the
case of DSCs using solid-state electrolytes, the influ-
ence of environmental factors such as temperature
on the electrical parameters of the device performance
has been studied relatively little so far and is not fully
understood.
EIS has been used extensively to study liquid

DSCs,17�20 and the physical mechanisms of charge
transfer in this system are well understood. In the case
where the liquid electrolyte is replaced by a solid-state
hole transport material, the model used to fit liquid
DSCs is no longer completely sufficient and requires
adjustment. Previous work21�23 considered the elec-
tron and the hole transport through the use of a
two-channel transmission line model in order to fit
the transport characteristics that appear when a more
resistive electrolyte (such as a solid HTM) is employed.
In order to better understand the processes occurring
within ssDSCs, three different systems were investi-
gated: compact TiO2 with (1) spiro-MeOTAD deposited
directly on top and (2) mesoporous ZrO2 or (3) meso-
porous TiO2 infiltrated with the HTM, as depicted
in Figure 2. The first-case scenario models the direct
interface between the HTM and the semiconductor
material (here TiO2). However in the case of real devices
this simplistic model is further complicated due to the
convoluted mesoporous structure of the nanocrystal-
line semiconductor. To simulate a three-dimensional
HTM matrix, mesoporous ZrO2 was chosen because of
its insulating character, which prevents current flowing
over the mesoporous matrix and thus simply acting
as a scaffold for the HTM. Finally case 3 represents the
real case scenario within working ssDSCs where the
HTM infiltrates a mesoporous TiO2 film. No sensitizer
was used in these devices to simplify the interfaces
being considered.
In its pristine state, spiro-MeOTAD has low conduc-

tivity, and thus in order to achieve high efficiencies
in ssDSCs, the material needs to be p-doped to
increase the charge carrier density. While this occurs
naturally during exposure to oxygen and light (so-called
photodoping), a range of chemical dopants have been
investigated to controllably oxidize the spiro-MeOTAD,

making it sufficiently conductive to achieve PCEs. Li-
(CF3SO2)2N (LiTFSI) is conventionally used as an addi-
tive to the HTM to increase its conductivity.24 Recent
studies have found that it further plays a significant
role in the doping process of the spiro-MeOTAD,25,26

where the Liþ is believed to be consumed during
the oxidation process, which may compromise the
device's long-term stability. To achieve high PCEs
under controlled conditions, in addition to LiTFSI a
cobalt(III) complex, coded FK-102,27 was used to chem-
ically p-dope the HTM during the manufacture of
the devices. In this work the effect of chemically
doping spiro-MeOTAD on its transport properties was
investigated.

RESULTS AND DISCUSSION

Normally the general equivalent circuit used to
model ssDSCs uses an adapted transmission line to
describe the diffusion�recombination limited trans-
port within the mesoporous semiconductor and
the transport within the HTM.22 The samples from
Fabregat et al.22 were not sealed, and therefore the
properties of the device components, especially the
HTM, can change rapidly during the EIS measurement.
The model used in the work of Fabregat et al.22 is the
two-channel transmission line with both channels
open, corresponding to the transport in the wide band
gap semiconductor and in the HTM, respectively. In the
case examined in this study the channel for the HTM
was not used. The transport of the HTM is simply
modeled by a resistor. This is a very similar model to
that used by Boix et al.28 for organic/inorganic hybrid
solar cells using TiO2/Sb2S3/P3HT. An example of the
Nyquist plots is presented in Figure 3. The spectral
features could be categorized into different frequency
ranges. The resistance of the conducting glass, con-
tacts, and wires, RS, can be determined from the
intersection of the first arc at high frequency, labeled
region I. The arc at high frequency was independent of
applied bias regardless of the system under considera-
tion and was attributed to the charge transfer resis-
tance (RC) and the interfacial capacitance at the back

Figure 2. Schematic illustration of the device structures for
compact TiO2with (a) spiro-MeOTADdeposited directly and
(b) mesoporous (mp) ZrO2 or TiO2 infiltrated with spiro-
MeOTAD. Fluorine-doped tin oxide (FTO) glass substrates
and silver back contacts (Ag BC) were used to complete the
devices.

Figure 1. Molecular structure of the HTM, spiro-MeOTAD.

A
RTIC

LE



DUALEH ET AL . VOL. 7 ’ NO. 3 ’ 2292–2301 ’ 2013

www.acsnano.org

2294

contact (BC)/HTM interface. The RC arc at low fre-
quency, region III, was identified as the recombination
resistance, Rct, of electrons in the TiO2 and holes in the
HTM and the corresponding chemical capacitance, Cμ.
The arc at intermediate frequency, region II, was
observed to merge with the low-frequency arc as well
as overlapping slightly with the high-frequency arc.
This feature has been ascribed to the charge transport
resistance, RHTM, and capacitance of the HTM. This
phenomena is clearly visible down to low forward
potentials, and as such it is not an artifact resulting
from the fitting procedure; see Figure 4. In the case of
the mesoporous TiO2 samples, there is a straight line
feature, at the intersection between regions II and III,
which is attributed to the transmission line (see section
IIIa in Figure 3c), from which the transport resistance
of electrons in the TiO2 can be determined at high
forward bias. This feature was often observed to be
partially hidden beneath the high degree of overlap
between the arc corresponding to RHTM (see Figure 3),
making it difficult to fit the transport resistance of the
TiO2 reliably. Section IIIb of the equivalent circuitmodel
in Figure 3c was used to fit the low forward bias region
when the TiO2 is not conductive and the current flows
over the compact TiO2 layer/HTM interface. At high

forward bias only the capacitive element of feature IIIb

is still active.
In the case where devices were fabricated using

mesoporous ZrO2 this straight line feature is not pres-
ent due to the insulating character of the ZrO2; see
Figure 4. However the continued presence of an inter-
mediate frequency arc indicates that the charge trans-
port resistance of the HTM can be modeled as a
characteristic feature separate from the transmission

Figure 3. (a) Nyquist plotsmeasuredunder dark at 0.65V for devices usingmesoporous TiO2 infiltratedwith doped (solid line)
and undoped (dashed line) spiro-MeOTAD. This measurement was conducted at 0 �C. The inset shows detail of the high-
frequency region. Corresponding equivalent circuitmodels used to fit the EIS data for systems using the (b)mesoporous ZrO2

and (c) mesoporous TiO2. BL = compact TiO2 blocking layer; CE = Ag back contact used as counter electrode.

Figure 4. Nyquist plotsmeasured under dark at 0 V (dashed
line) and 0.75 V (solid line) for devices using mesoporous
ZrO2 infiltrated with undoped spiro-MeOTAD. This mea-
surement was conducted at 20 �C.
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line, validating the use of an additional RC element in
series to the transmission line for this parameter similar
to the EIS analysis of Boix et al.;28,29 see Figure 3b. The
equivalent circuit presented in Figure 3b also applies to
the model used to fit the low forward bias region of
devices withmesoporous TiO2. This is based on the fact
that under these conditions the TiO2 is insulating.
The transport resistance of the electrons in the TiO2,

as a property that is associated with the material of the
metal oxide semiconductor and not the HTM, is, in this
work, not of primary interest. Due to the deviation from
ideality of these devices, constant phase elements
were used instead of ideal capacitors to fit the data
with the proposed models.
It was observed that upon p-doping the spiro-MeO-

TAD, the intermediate arc, region II, decreased signifi-
cantly inmagnitude and even vanished, indicating that
the corresponding resistance decreased. This confirms
again the association of this feature with the transport
within the HTM, as the process of chemical p-doping
leads to the creation of additional holes, increasing the
doping inside the HTM and hence its conductivity
explaining the decrease in RHTM.
Using this model to analyze the EIS spectra, the

effect of temperature on the individual processes was
examined in order to gain a better understanding of
the mechanisms within the working devices.

Interpretation of EIS Spectra. The trend observed for
the charge transfer resistance at the BC/HTM interface,
RC, and the corresponding capacitance was found to
be similar for the different systems, regardless if the
film consisted of solely flat TiO2 or had an additional
layer of mesoporous TiO2 or ZrO2; see Figure 5. As
previously stated, RC was found to be mainly indepen-
dent of the applied bias, indicating that it does not
depend directly on the Fermi level position. As such,
taking into account the potential drop due to the series
resistance does not change the observed trends (see
Supporting Information Figure 3). Furthermore the
magnitude of the resistance decreased with increas-
ing temperature, while the magnitude of the corre-
sponding capacitance was found to increase as ex-
pected, Figure 5. At high temperature the resistance
no longer remained independent of the applied po-
tential, and showed after a slight decrease (increase) at
high forward potentials an increase (decrease) in the
capacitance.

The second arc, found at intermediate frequency
(region II in Figure 3a), representing the charge trans-
port resistance, RHTM, and capacitance of the HTM, was
found to substantially decrease and even disappear
upon chemically p-doping the HTM; see Figure 3. The
resistance corresponding to the hole transport in spiro-
MeOTAD contributes to the total series resistance of
the devices and hence greatly influences the fill factor
(FF) of ssDSCs. The decrease in RHTM upon doping
spiro-MeOTAD is a major factor in the observed

increase in the FF upon doping the HTM.27 Conse-
quently it was not possible to determine the RHTM for
samples prepared with doped spiro-MeOTAD. In the
cases of undoped samples, the magnitude of the
resistancewas found to remain relatively constant with
applied potential and decrease with increasing tem-
perature, Figure 6. Hence similarly to the case of the
charge transfer resistance at the BC/HTM interface, the
observed trends do not change when the ohmic drop
is taken into account and the corrected potential is
used (see Supporting Information Figure 4) in place of
the applied potential.

The associated capacitance was found to decrease
slightly at high potentials (Figure 6), this effect being
more pronounced in the case of the mesoporous ZrO2

samples compared to the mesoporous TiO2. Previous
studies30,31 measuring the transport time of ssDSCs
by transient photovoltage and photocurrent decay
showed this parameter to increase at high forward
bias when conducted under high light intensities. A
similar observation is made here, where RHTM is seen to
increase at high forward bias for measurements at
higher temperatures. While not fully understood, this
effect appears only when the HTM is already very
conductive, either due to increased temperatures or
at higher light intensities or forward potentials.

The transport electrons within the nanostructured
metal oxide semiconductor in DSCs have been ex-
pressed in terms of the diffusion�recombination
transmission line model.21,20,32 The transport resis-
tance, Rt, can be determined from the turnover be-
tween the diffusion feature, observed as a 45� line at
high frequency, and the curvature of the low-fre-
quency recombination arc.20 It has been observed that
the intermediate arc, corresponding to the hole trans-
port in spiro-MeOTAD, merges with the recombination
resistance feature at low frequency (region III in
Figure 3a) for the samples considered here. This sug-
gests that the time scales for these processes are
relatively close, consequently partially hiding the
straight line feature corresponding to the electron
transport. An example of the electron transport resis-
tance determined using the transmission line model is
presented in the Supporting Information Figure 1. The
transmission line is often clearly visible only at one or
two potentials, and therefore the error associated with
Rt is large. As previously described, section IIIb of the
equivalent circuit model in Figure 3c was used to fit the
low forward bias region when the TiO2 is not conduc-
tive and recombination occurs via the compact TiO2

blocking layer/HTM interface. At high forward bias
recombination occurs across the transmission line as
shown in section IIIa.

In the case of ZrO2, the conduction band position is
assumed to be sufficiently high that there is no injec-
tion of charge carriers to or from spiro-MeOTAD.
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The charge transport within organic semiconduc-
tors such as spiro-MeOTAD has been found to be in
agreement with the Bässler formalism, which describes
the transport to occur via hole hopping through
localized states.33 Here we assume the frequency of
hole hopping transport in the HTM to be proportional
to its conductivity. Assuming that the concentration of
the charge carriers is constant, this frequency of hole
hopping (k) is inversely proportional to the charge

transport resistance of theHTM,whichwas determined
by EIS above. Hence the activation energy (EA) for
the hole hopping transport in spiro-MeOTAD can be
determined using the Arrhenius equation:

k ¼ A exp � EA
kBT

� �
�

1
RHTM

ð1Þ

where A is the pre-exponential factor, kB is the
Boltzmann factor, and T is the temperature.

Figure 5. Charge transfer resistance and the corresponding capacitance at the BC/HTM interface for the different systems as a
functionof potential. Measurement temperatures: black (0 �C), red (10 �C), orange (20 �C), green (30 �C), light blue (40 �C), dark
blue (50 �C).
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In order to gain a better understanding of the
transport properties of spiro-MeOTAD within ssDSCs,
the RHTM values extracted from the EIS measurements
were used to produce an Arrhenius plot as shown in
Figure 7. Both systems consisting of mesoporous TiO2

and ZrO2 show a clear linear trend between 1/RHTM and
1/T (Figure 7), indicating that the Arrhenius relation-
ship holds true and allowing EA to be determined.
Taking into account the spread of themeasurements at
different applied potentials, 0.34 ( 0.02 and 0.40 (
0.02 eV was determined as EA for hole transport within
spiro-MeOTAD for the mesoporous TiO2 and ZrO2

systems, respectively. These are in relatively good
agreement with each other, further indicating that
the measured RHTM extracted from the intermediate

frequency arc originates from the HTM. Additionally
these values are consistent with that found by Rana
et al.,34 through the study of the charge transport
properties of thermally evaporated thin films of spiro-
MeOTAD.

Finally the recombination resistance and the corre-
sponding capacitance were determined from the
low-frequency arc in the EIS Nyquist plots, section III
in Figure 3a. The recombination resistance, Rct, is the
charge transfer resistance related to the recombination
of electrons at the TiO2/HTM interface. At low poten-
tials the TiO2 is an insulator, and hence Rct is high. As
the applied potential increases, the electron density
within the TiO2 increases, shifting its Fermi level closer
to the lower edge of the conduction band, thus result-
ing in a decrease in Rct. This behavior was observed for
the different systems (mesoporous ZrO2, flat and me-
soporous TiO2), Figure 8. Furthermore Rct decreased as
a function of the applied temperature. This same trend
is reflected in the observed increase in the dark current
as a function of temperature (see Supporting Informa-
tion Figure 2). Taking into account the correction for
the voltage drop due to the overall series resistance, a
larger correction for samples with undoped HTM is
observed since for these samples the RHTM is larger (see
Supporting Information Figure 5). The region of high
forward bias presents the largest potential correction
due to the higher current passing. This is visible in the
change of the slope of the measured dark current in
this potential region as shown in Supporting Informa-
tion Figure 2. Doping the spiro-MeOTAD samples
resulted in only a small reduction in Rct. This is further

Figure 6. Charge transport resistance, RHTM, and capacitance of the HTM for mesoporous ZrO2 and TiO2 as a function of
potential. Measurement temperatures: black (0 �C), red (10 �C), orange (20 �C), light blue (40 �C), dark blue (50 �C).

Figure 7. Arrhenius plot using RHTM determined from EIS
for devices usingmesoporous (mp) TiO2 (red) or ZrO2 (blue)
infiltrated with undoped spiro-MeOTAD. The measure-
ments made at different potentials for each temperature
are represented by the color scale.

A
RTIC

LE



DUALEH ET AL . VOL. 7 ’ NO. 3 ’ 2292–2301 ’ 2013

www.acsnano.org

2298

highlighted when Rct is considered in comparison
to the chemical capacitance, Cμ (see Figure 9), which

shows only a small difference, implying that the elec-
tron lifetime and the recombination kinetics within

Figure 8. Recombination resistance and the corresponding capacitance for the different systems as a function of potential.
Measurement temperatures: black (0 �C), red (10 �C), orange (20 �C), green (30 �C), light blue (40 �C), darkblue (50 �C),magenta (60 �C).
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the TiO2 are mainly unaffected by the p-doping of
the spiro-MeOTAD. The electron lifetime, τe, is related
to the chemical capacitance and the recombination
resistance of electrons by

τe ¼ CμRct ð2Þ
The capacitance associated with this resistance has
been interpreted as the chemical capacitance, Cμ, of
the nanostructured materials35 and has been charac-
terized by an exponential dependence on the applied
potential bias. This behavior has been observed
experimentally for nanostructured semiconductors
and DSCs.20,36,37 The chemical capacitance has been
related to the total electron density, n, within the
semiconductor by

Cμ ¼ e2

kBT
n ð3Þ

where e is the electron charge. The chemical capaci-
tance is a critical parameter necessary to understand
the underlying mechanisms in DSCs describing the
storage of free energy by photogenerated carriers and
the resulting production of current and voltage.35

Considering the case of the mesoporous TiO2, the
experimentally determined capacitance is found to
increase exponentially with potential as expected,
displaying a small increase with temperature, Figure 8.
Hence this parameter can be interpreted as the
chemical capacitance of the nanostructured TiO2.
In previous studies on liquid DSCs Cμ did not show
a dependence on temperature.17 In contrast we ob-
served a temperature dependence of the chemical
capacitance as observed by O'Regan et al.38 and Wang
et al.39 Thereby the depth of the density of states (DOS)
also depends on the temperature. However this effect is
rather small in the temperature domain investigated, as
visible by the small change in shape of theCμ. According
to O'Regan et al.,38 the main reason for the change of Cμ
with temperature is the change in the ionic surrounding
of the TiO2 at elevated temperatures, leading to a
displacement of the conduction band edge.

In the case of themesoporous ZrO2, the capacitance
corresponding to Rct was observed to decrease with
potential, however still increasing with temperature.
At low temperatures samples using flat TiO2 showed a
similar behavior, where the capacitance displayed
a decrease at high potentials. Conversely, at higher
temperatures the capacitance indicated an increase at
high potentials. It is important to note that the magni-
tude change in capacitance for this system is small in
comparison to the mesoporous systems as a function
of potential.

This conflicting behavior can be attributed to the
fact that the capacitance measured here is not
the chemical capacitance. The interface between the
compact TiO2 and HTM may lead to the formation
of a p�n junction, which results in an additional
capacitance.40,41 This is visible in all systems as an
increase in the capacitance at approximately 0.4 V.
This underlayer capacitance dominates at short-circuit
conditions. At high forward bias this type of p�n
junction lets charge flow out, preventing further accu-
mulation of charge and thus leading to a decrease in
the capacitance. In the case of devices using mesopor-
ous TiO2, this underlayer capacitance is visible only
at lower temperatures; otherwise it is overlaid by the
larger chemical capacitance of the mesoporous TiO2,
which increases exponentially as a function of the
applied potential.

CONCLUSIONS

The internal electrical processes occurring within
ssDSCs using spiro-MeOTAD were investigated using
EIS. Particular emphasis was placed upon understand-
ing the transport properties of the HTM within such
devices and the role of p-doping the organic semi-
conductor. The charge transport resistance of spiro-
MeOTAD was found to decrease significantly upon
chemically p-doping the material. Using the Arrhenius
relationship a value for the activation energy corre-
sponding to the hole hopping transport in undoped
spiro-MeOTAD was determined. These were found to
be in good agreement with values found in the litera-
ture, thus demonstrating the validity of the chosen
model used to fit the EIS data for these types of
systems. RHTM contributes to the overall series resis-
tance of the devices and thus decreases the fill factor.
Gaining further understanding of the transport proper-
ties of the HTM and methods of its characterization
allows more targeted approaches to improve device
performance of such ssDSCs.
The choice of mesoporous ZrO2 as a scaffold for the

HTM further allowed the interface between the com-
pact TiO2 underlayer and the HTM to be scrutinized in
a setup identical to nearly working device conditions
employing a mesoporous structure. The overall chemi-
cal capacitance of the devices was found to show a
small increase at approximately 0.4 V originating from

Figure 9. Recombination resistance, Rct, as a function of the
chemical capacitance,Cμ, for devices usingmesoporous TiO2

infiltrated with doped (solid line) or undoped (dashed line)
spiro-MeOTAD. This set of data corresponds to measure-
ments made at 20 �C. Similar behavior was observed for
measurements conducted at other temperatures.
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this interface. This is further confirmed by similar
behavior observed for the devices utilizing flat TiO2.
These findings suggest the formation of a p�n junction
between the compact TiO2 underlayer and the HTM,
which contributes to the overall device capacitance
but is frequently masked by the exponential increase in
the chemical capacitance arising from the DOS of the
mesoporous TiO2 in conventional working ssDSCs.

In order to isolate the transport properties of spiro-
MeOTAD as a HTM in ssDSCs, the analyzed devices
did not contain any sensitizer. Now that the behavior
of this organic semiconductor is better understood,
future work will investigate the effect of including
sensitizers in the devices on the transport and inter-
facial properties of spiro-MeOTAD and consequently
on the overall device performance.

METHODS

Device Fabrication. Hydrochloric acid and zinc powder were
used to etch fluorine-doped tin oxide glass substrates to
achieve the correct electrode configuration. These were sub-
sequently cleaned using ultrasonication in water and ozone
treatment. Spray pyrolysis was used to deposit a compact TiO2

layer using titanium bis(acetylacetonate)diisopropoxide solu-
tion in ethanol as a precursor and oxygen as a carrier gas at
450 �C. The substrates were treated with 20 mM titanium
tetrachloride (TiCl4) solution at 70 �C for 30 min and sintered
for 30 min at 500 �C. Mesoporous ZrO2 or TiO2 layers of
2.0�2.2 μm were prepared by screen-printing, before under-
going the previously described TiCl4 treatment again. The pore
and particle size of the mesoporous ZrO2 and TiO2 used in this
study were not identical, which may lead to differences in the
pore filling fraction of the films. However the influence of this is
outside the scope of this work.

The hole transport material was prepared by dissolving
2,20 ,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spirobi-
fluorene in chlorobenzene to give a 0.15 M solution. For
doped samples the Co(III) complex tris(2-(1H-pyrazol-1-yl)-
pyridine)cobalt(III), coded FK-102,27 was added to the HTM
solution as a p-type dopant to give 1.5% doping of spiro-
MeOTAD. Furthermore 0.12 M 4-tert-butylpyridine and 0.02 M
lithium bis(trifluoromethylsulfonyl)imide (predissolved in
acetonitrile) were added to the HTM solution. A 40 μL portion
of this solution was deposited onto the mesoporous ZrO2

or TiO2 films and allowed to infiltrate for 30 s prior to spin
coating for 30 s at 2000 rpm. In the case of the flat samples, the
HTM solution used was 0.25 M and deposited directly onto
the compact TiO2 layer. Finally 200 nm thick silver counter
electrodes were thermally evaporated onto the films, com-
pleting the cell fabrication. The devices were fabricated and
sealed under dry atmosphere and red light.

Electrochemical Impedance Spectroscopy. The electrochemical
impedance measurements were performed using an Autolab
PG30 potentiostat. A dc potential bias was applied and overlaid
by a sinusoidal ac potential perturbation of 10 mV over a
frequency range of 1 MHz to 0.1 Hz. The applied dc potential
bias was changed by 50mV steps from 850mV to 0mV. This set
of measurements was repeated for each sample set at different
temperatures. All measurements were carried out in the dark.
The resulting impedance spectra were fitted using the ZView
software (Scribner Associates Inc.).

The IR-drop-corrected potential from the potential drop
over the total series resistance was calculated according to
following procedure: the real potential (V) applied to the TiO2

was determined by the subtraction of the voltage drop (VDrop)
from the externally applied potential (Vapplied). The voltage drop
is calculated by the integration of the sum of all series resis-
tances (RAseries) over the current passed (V = Vapplied � VDrop;
with VDrop =

R
RAseries dI, whereby RAseries = Rs þ RC þ RHTM).
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