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T
he growing demand for renewable
energy sources has led to considerable
development in many areas related to

the research and manufacture of solar cells.
In an effort to generate more cost-effective
technology, the field of thin film solar photo-
voltaics presents a promising avenue toward
high efficiency solar energy conversion.
The third generation solar cells combine

diverse concepts and materials for the effi-
cient harvest of sunlight. Purely organic
devices as well as the electrochemical solar
cells (i.e., dye-sensitized solar cells, DSCs)
and quantum dot solar cells with their solid-
state counterparts show promising results
and are partly already in the first stages of
emerging into the market. Though these
types of solar cells are diverse in materials
and design, they have one idea in common.
They all possess a high extinction coefficient
absorber (molecular quantum dot or a thin
absorber layer) at a heterointerface. Nor-
mally, the heterointerface has a high surface
area to increase absorption while maintain-
ing a thin absorber layer.

With the publication by Im et al.1 in 2011,
the research of lead-based perovskites as
potential high extinction light absorbers
in solar cells intensified, while Chung et al.2

demonstrated, in addition to the light-
absorbing properties, the hole transport
capabilities of a closely related perovskite
material. The subsequent publications of
Kim et al.3 and Lee et al.4 in 2012 reported
high efficiency solid-state devices using the
lead halide perovskite system on conduc-
tive and insulating mesoporous substrates.
Important to note here is the uniqueness

of the mixed-halide perovskite utilized
by Lee et al.4 and Ball et al.5 In this case,
perovskite is deposited from a mixture in
dimethylformamide-containing PbCl2 and
CH3NH3I and was shown to behave as both
electron and hole transport material. As is
seen from the work presented by Ball et al.,5

the perovskite forms a compact overlayer
on top of the mesoporous metal oxide
scaffold of approximately 250 nm.
The system investigated here uses

a similar lead-iodide-based perovskite as
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ABSTRACT Mesoscopic solid-state solar cells based on the inorganic�organic

hybrid perovskite CH3NH3PbI3 in conjunction with the amorphous organic

semiconductor spiro-MeOTAD as a hole transport material (HTM) are investigated

using impedance spectroscopy (IS). A model to interpret the frequency response of

these devices is established by expanding and elaborating on the existing models

used for the liquid and solid-state dye-sensitized solar cells. Furthermore, the

influence of changing the additive concentrations of tert-butylpyridine and LiTFSI in

the HTM and varying the HTM overlayer thickness on top of the sub-micrometer

thick TiO2 on the extracted IS parameters is investigated. The internal electrical

processes of such devices are studied and correlated with the overall device

performance. In particular, the features in the IS responses that are attributed to

the ionic and electronic transport properties of the perovskite material and manifest as a slow response at low frequency and an additional RC element at

intermediate frequency, respectively, are explored.
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light-absorbing material in a solid-state mesoscopic
heterojunction style solar cell employing the amor-
phous organic p-type semiconductor 2,20,7,70-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,90-spirobifluorene
(spiro-MeOTAD) as the hole transport material (HTM).
The lead iodide perovskite in this work is deposited
by spin-coating from a 1:1 molar ratio solution of PbI2
and CH3NH3I in γ-butyrolactone (GBL) directly onto
the mesoporous TiO2 films following the procedure
reported by Kim et al.3 These films are subsequently
annealed at 100 �C for 10 min, leading to the forma-
tion of the inorganic�organic lead-iodide-based per-
ovskite, CH3NH3PbI3 crystallites.
While Lee et al.4 showed that a mixed-halide perov-

skite on a mesoporous Al2O3 photoanode acts as both
light absorber and electron conductor, Etgar et al.6

showed that the pure iodide perovskite can act as a
hole conductor. Similar to Etgar et al., Chung et al.2

showed that a similar perovskite material, CsSnI3,
functions as a hole conductor.
This demonstrates the intriguing property of perov-

skites in that they do not only act as light absorbers
but participate in the charge conduction. Furthermore,
the perovskite halides do not only possess electronic
charge conduction but might additionally exhibit ionic
charge conduction. Ionic conduction has been re-
ported for perovskite-type halides such as CsPbCl3.

7

In the case of a perovskite-type oxide La2/3TiO3, lithium
ion conduction has been observed when lithium is
partially substituted for Lanthanum, and the measured
conductivity was one of the highest for lithium ion
conductors chemically stable at ambient atmospheric
conditions.8 In this structure, 1/3 of the A sites of the
perovskite structure are vacant, allowing the Li ions
(which are substituted for La in A sites) to move
through the vacancies.
The ease with which these inorganic�organic hy-

brid perovskite materials can be prepared and pro-
cessed from solution9,10 while simultaneously providing
desired device characteristics has made them an attrac-
tive alternative in the field of electronics. The relation-
ship between the organic and the inorganic com-
ponents and its impact on the material structure and
properties can be exploited to design and develop
materials for targeted applications.11�13 Generally, the
relatively simple organic component in these hybrid
structures has been found to play a secondary role in
determining the physical properties and serve more to
define the crystal structure of the material. This is the
case for the conducting tin(II)-halide-based perovskite
where the high conductivity arises due to the high
mobility of the tin iodide sheets while the organic
component defines the structure.14 Alternatively, the
use of oligothiophene chromophores as the organic
component in combination with lead(II) halide layers
allowed charge transfer between the separate compo-
nents and thus not only defined the dimensionality of

the lead(II) halide layers but also determined the
photoluminescent properties of the material.12 Chang
et al.15 not only examined the electronic and structural
properties of the lead-halide-based inorganic�organic
perovskite CH3NH3PbX3 (X = Cl, Br, I) but also deter-
mined that the physical coupling between the organic
and inorganic components is weak, allowing easy
rotation of the organic CH3NH3 constituent.
A further advantage of these materials is the relative

ease with which their light-harvesting capabilities can
be tuned by chemical management as shown by Noh
et al.16 This further allowsmore freedom and improved
matchingbetween theperovskite and theHTMused.17�19

In order to correctly identify the role of the individ-
ual components and their contribution to the device
performance of working solar cells, several different
systems were investigated in addition to the complete
working perovskite-based devices. In general, it has to
be shown to what extent the behavior of the perov-
skite devices shares properties with the known liquid
and solid-state DSC device types and therefore to what
extent the equivalent circuits of these known devices
can be applied to the analysis of the perovskite-based
devices. For this reason, we have investigated several
example systems and compared them to the perov-
skite devices, which included the liquid and solid-state
DSC type as well as the influence of the variation of the
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt
and tert-butylpyridine (TBP) concentration in the HTM
solution and the spiro-MeOTAD overlayer thickness on
top of the sensitized mesoporous TiO2.

RESULTS AND DISCUSSION

Considerations of the System under Investigation and Im-
pedance Spectroscopy Measurement. The system under
consideration in this work shares similarities with the
well-known liquid electrolyte-based dye-sensitized so-
lar cell (DSC). A DSC uses a dye as light absorber which
is adsorbed on a mesoporous TiO2 (mTiO2). The elec-
tron from the light-excited dye is injected into the
mTiO2, transported to the back contact of the photo-
anode, and collected. At the counter electrode, the
electron is then used to regenerate a redox system in a
liquid electrolyte and the reduced form of the redox
system is transported through the electrolyte media to
the photoanode and regenerates the oxidized dye. A
closely related device type to the DSC is a solid-state
DSC (ssDSC) in which the liquid electrolyte component
is replaced by an organic hole conductor, normally
spiro-MeOTAD. In the case of ssDSCs, the mTiO2 thick-
ness is limited by the pore infiltration of the organic
HTM and its short diffusion length of charge carriers.
Hence, ssDSCs generally use thinner mTiO2 films of
2�3 μm compared with the liquid-state alternative,
which use up to 15 or even 20 μm. The perovskite-
based solar cells in this work use CH3NH3PbI3 in place
of the dye sensitizers and normally also a solid-state
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HTM like spiro-MeOTAD. In these devices, the mTiO2

film thickness has been decreased further to the sub-
micrometer scale, optimally between 300 and 600 nm.
Due to these extremely thin film thicknesses, the pore
filling with the HTM is expected to be higher and thus
should not be a limiting or irreproducible step. Relative
to solid-state or liquid DSCs, this system requiresmTiO2

films 10�30 times thinner, respectively. Consequently,
the relation between the interface of the compact
blocking layer/mTiO2 and the surface area of the latter
is considerably altered. Hence, in the case of the system
with sub-micrometer mesoporous TiO2 layers, the
influence of the underlayer is muchmore pronounced.
Furthermore, the interplay of the different capaci-
tances (the space charge capacitance of the blocking
layer, ionic capacitances in the HTM/blocking layer and
HTM/mTiO2 interfaces, and the chemical capacitance
of the mTiO2 which is relatively small due to the low
active film thickness) will change.

Instead of a layer of dyemolecules adsorbed on the
surface of the mTiO2, like in the liquid and solid-state
DSCs, the perovskite material will cover major areas of
the mTiO2 with layers or crystallites having thicknesses
of several nanometers. The impact of the degree of
mTiO2 coverage by perovskite is unclear and a point of
major interest for several reasons. The recombination
of electrons from the mTiO2 with holes in the HTM
might have to involve an additional step through the
perovskite. The conduction band position and/or the
charge transport in the mTiO2 can be affected either
due to the hindered accessibility for TBP or Liþ ions,
normally crucial for the performance of especially the
ssDSCs, or due to the change of the ionic environment
by the perovskite coverage.

Impedance spectroscopy (IS) measurements are
conducted in order to investigate the internal electrical
processes and quantitatively and qualitatively analyze
the associated parameters. This study aims to inter-
pret the IS measurements of these devices, using the

established equivalent circuits used for DSCs as a
starting point and basis for the development of a
well-defined model.

In general, IS is nowadays one of the most utilized
techniques to analyze liquid DSC devices. Although
it is a relatively long procedure from performing the
measurement over the fitting of the resulting imped-
ance spectra to the analysis of the extracted data, this
technique rewards the investigator with deep insights
about the fabricated devices.

For a liquid DSC at intermediate and higher forward
biases, a one-channel transmission line model is used
(describing the chemical capacitance and the recom-
bination and transport resistance in the TiO2) in series
with an RC element for the counter electrode and,
depending on the applied potential, a Warburg diffu-
sion resistance for the ionic transport in the electrolyte
(see Scheme 1a). At low forward bias when the meso-
porous TiO2 is insulating, an RC element for the FTO or
compact TiO2 underlayer of the photoanode in contact
with the electrolyte has to be employed instead of the
transmission line branch for the mTiO2. A modified but
similar model is used to simulate the impedance
response of ssDSCs.20,21 In the ssDSC equivalent circuit,
an additional RC element has to be implemented
instead of the Warburg impedance. The additional RC
(RHTM and CHTM) represents the transport of charges
inside the HTM if the hole conductor is not doped
sufficiently or the hole mobility is too low.

To date, there is only one investigation of perov-
skite-based solar cells by IS published.22 It provides
valuable information on the capacitive behavior inside
these devices, though the behavior of parameters like
recombination resistance or transport resistance still
remains unclear. Here we present a thorough analysis
and provide all the resulting information and subse-
quent conclusions that can be drawn.

The first comparison in this investigation displays
how the DC current and IS response manifests for the

Scheme 1. (a) Equivalent circuit of a liquid DSC with Rtrans = L � rtrans, transport resistance; RCT = L � rCT, charge transfer/
recombination resistance; ZW, Warburg diffusion resistance; RC/CC, charge transfer resistance and capacitance at counter
electrode; RBL/CBL, charge transfer resistance and capacitance at the FTO or BL, where L is the thickness of the active layer. (b)
Full equivalent circuit model of the BL/HTM interface with a mesoporous nonconducting metal oxide at low forward bias.
CIonic, ionic capacitance at the BL interface (1) and at the mesoporous metal oxide interface (2). (c) Full model of a solid-state
device with perovskite (Rx/Cx, resistance and capacitance associated with perovskite; RHTM/CHTM, charge transport resistance
and capacitance of the HTM; RBC/CBC, charge transfer resistance and capacitance at BC/HTM). Depending on applied bias, the
model has to be changed accordingly; see text.
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different types of devices utilizing such small active
layer thickness. For this reason, the same type of
photoanode normally used for the perovskite solar cell
was used to build a liquid and a solid-state DSC-type
device (without any dye or perovskite adsorbed) using
an iodine electrolyte and spiro-MeOTAD, respectively,
and comparing it to a standard device with perovskite.

The DC current response of the different device
types is presented in Figure 1. In the low forward bias
region, the current�voltage characteristic is domi-
nated by the interface photoanode blocking layer
(BL)/electrolyte or HTM. It is evident when comparing
the current response in this potential region that the
dark current in case of the liquid electrolyte is lower,
showing the blocking character of this interface toward
the triiodide reduction and emphasizing the impor-
tance of the blocking layers for the solid-state devices.
At higher forward bias from about 400mV onward, the
dark current curve is governed by the current flow over
the now conducting mTiO2 (though the magnitude of
the currents cannot be compared directly since the
Fermi level, EF, at 0 V differs between the different
devices).

In the simplest case, the low forward bias region
should be able to be fitted by an RC element for the
back contact (BC) or counter electrode and another
simple RC accounting for the interface of the compact
TiO2 blocking layer with the hole-transporting agent.
The capacitance at the underlayer/hole transport
agent interface is, in the liquid DSC, in reality set
together out of two capacitances in series, the space
charge capacitance in the blocking layer (BL) and
the Helmholtz capacitance in the electrolyte. The
Helmholtz capacitance is about 10 to 100 times higher
and is hence usually disregarded. The simplification of
the capacitance at the BL/hole transport (HT) media as
in the case of the liquid DSC might not be justified in
the case of the solid-state type of devices. In case of the
solid-state devices, the capacitance of the under-
layer can also be split into two parts. Since we do not
have a liquid electrolyte, no “Helmholtz” capacitance

can appear. Instead, a capacitance can be formed
resulting from the ions (mainly lithium) present in the
HTM at this interface. This capacitance is probably on
the same order of magnitude as the space charge
capacitance of the BL, so it actually cannot be simply
discarded similarly to the Helmholtz capacitance in the
liquid case. Also, even though the mTiO2 is still insulat-
ing in this potential region, and its chemical capaci-
tance, Cμ, is thus still very low, the interplay between Cμ
and the capacitance at the interface photoanode
blocking underlayer/electrolyte or HTM might play a
role. This fact is normally discarded in the equivalent
circuit description of a liquid DSC (see Scheme 1a,b)
due to its minor influence on the final results. In the
case under observation here though, this might play a
role and one should keep this in mind in the analysis of
the ISmeasurements. Though Scheme 1bmight be the
accurate model, it tends to over parametrize the fitting
region for this element. The consideration regarding
capacitances at the BL/HTM interface can also be
applied to the mTiO2/HTM interface. Here too it is
questionable if the ionic capacitance in the HTM is
high enough to justify discarding it.

Further interesting changes in the fitting procedure
include the fact that the transport resistance within
such thin layers of mTiO2 will be greatly reduced. The
transport resistance increases proportionally with the
thickness of the active layer, while the recombination
resistance at the same time scales inversely.

The first simplified system to be investigated by
IS is the liquid electrolyte-based device with a similar
photoanode used for the perovskite devices. In the low
forward bias region (not shown here), two semicircles
can be identified, the high frequency one relating to
the counter electrode and the low frequency one re-
lating to the charge transfer through the BL/electrolyte
contact. At higher forward bias, the transport resis-
tance is visible as the 45� straight-line characteristic of
the transmission line, as seen in Figure 2a. The trans-
mission line merges toward lower frequencies into the
arc representing the recombination resistance and the
chemical capacitance of the mTiO2. At even higher
forward bias (not shown here), the Warburg diffusion
impedance for the diffusion of the ions in the electro-
lyte appears at low frequencies. Though we have
changed the thickness of the mTiO2 by a factor of
about 30, the general equivalent circuit model applied
for the liquid DSCs has kept its validity.

When considering the Nyquist plot of the solid-
state devices (Figure 2b, here for a device with perov-
skite and spiro-MeOTAD as HTM), we can observe a
similar transmission line behavior at intermediate po-
tentials. Consequently, also for the solid-state device, it
can be concluded that the transmission linemodel can
be applied as a basic skeleton of an equivalent circuit
model. Naturally, the underlying model has to be
adjusted according to the bias applied.

Figure 1. Dark current plotted in log scale against the
potential (red, liquid iodine device; blue, solid-state device
without perovskite; black, solid-statedevicewith perovskite).
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The solid-sate devices show, in the high frequency
response, the back contact at the gold/HTM interface,
which is similar to the counter electrode interface in
the liquid electrolyte device (Figures 2b and 3a,II). This
BC element is visible over the whole potential range,
staying mainly unchanged in the low forward bias
region and beginning to reduce around the maximum
power point.

At low forward bias, the samples with the perov-
skite absorber showed an additional RC element be-
tween the low and high frequency semicircles (see
Figure 3a,b,I). Such an effect could originate from a
poor contact between the compact underlayer and the
mTiO2, which would lead to an additional RC element
in series to the chemical capacitance in Scheme 1b.
Since this element at intermediate frequencies was not
visible in the case of the liquid and, more importantly,
in case of the solid-state devices without the perov-
skite, we can exclude a poor contact between the
substrate and the mTiO2 and can say that it is directly
related to the perovskite. The evolution of the inter-
mediate resistance with potential shows that it is
normally constant as long as the current flows over
the BL/HTM contact. The resistance decreases steeply

with higher forward bias and normally vanishes when
dark current starts to flow over the mTiO2.

The deposition technique of the perovskite from a
solutionmixture of PbI2 and CH3NH3I precursors in GBL
used here shows the formation of distributed crystal-
lites of the absorber on the TiO2. As such, the control
over the perovskite crystallization, stoichiometry, and
morphology is poor. However, contrary to Ball et al.,5

no conformal film on top of the mTiO2 film is present,
though coverage is believed to be high with high
fraction of pore filling. As a result, charge transport
can flow via the “known” mechanism from ssDSC
or via the perovskite itself or via a combination of both
pathways. However, when using this material, the hole
transport is believed to be directed mainly by the hole
conductor, spiro-MeOTAD, which is not the case when
PbCl2 is used

4,5 in place of PbI2.
When taking a closer look at the potential region

with forward biases near VOC, the mTiO2 is in its con-
ductive state, and the transmission line has vanished,
we would expect a two RC response of the different
devices. One represents the BC interface (at high
frequencies) and the other (at low frequencies)
the mTiO2/HTM interface.

Figure 2. (a) Nyquist plot of the liquid device measured at 560 mV. (b) Nyquist and Bode plot (inset) of a standard solid-state
perovskite-based device at 550 mV forward bias. The fit was performed with all parameters nonrestricted except for the
exponent of the CPE of the BL. This was fixed to 1 as long as the transmission line was used since no parallel resistance exists
for this element and no “real” capacitance can be calculated.

Figure 3. (a) Nyquist and (b) Bode plot of a standard solid-state perovskite-based device at 150 mV forward bias. The green
line represents the fit by 3RC elements in series. All elements have been fitted with nonrestricted numbers. The exponent of
the CPEs was for all the devices clearly above 0.8. In the case of the mid-frequency RC for the solid-state devices with
perovskite, the exponent was 0.78, hence still acceptable. If this value was fixed to 0.8, it did not obviously change the other
parameters.
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In the low frequency region at high forward bias,
the solid-state devices show a slow time constant
phenomenon. It can appear as a so-called “negative
capacitance” or, and maybe with a similar origin as
the negative capacitance, as an additional small semi-
circle at frequencies in the low hertz or millihertz range
(see Figure 2b). Interestingly, this feature can have an
increasing (additional RC element) or a decreasing
(negative capacitance) effect on the overall DC resis-
tance. The origin of such a negative capacitance is
normally assumed to be based on an imbalance (or
a nonohmic behavior) at one of the extracting con-
tacts.23,24 It leads sometimes to a cross over or roll over
effects in the J�V curves.25 This effect appears in most
of the cases at high electron density in the semicon-
ductor. Since it is clearly related to slow time constants,
it might be related to the reorganization of mobile ions
at one of the interfaces.

In the case of the devices with perovskite, at higher
applied potential, an additional intermediate semicir-
cle is sometimes visible in themid-frequency region, so
between the BC and the recombination RC features
(similar to the case of low forward bias). Since there is
no clear indication if and how these two elements in
themid-frequency range are related, they were treated
simply as an additional RC element in series with the
others (Rx and Cx in Scheme 1c). After observation
on how these two elements behave, we can rethink
what could be their origin and modify the model
accordingly.

To further study the samples and their IS response,
we applied the proposed models for the fitting proce-
dure though omitting the ionic capacitances and the
element related to the HTM if not stated otherwise.

Returning to the threemodel systems (liquid device
without perovskite and solid-state devices with and
without perovskite), it was found that the behavior of
all three samples is indeed quite similar as already
implied by the current characteristics. The main fea-
ture to change is the behavior of the chemical capaci-
tance (see Figure 4a). Initially, at low forward bias, the

determined low frequency resistance (the charge
transfer at the BL/HTmedia interface) resembles clearly
the tendencies of the dark current. The capacitance in
this potential region is dominated by the capacitance
at the BL/HT media interface, and the determined
values are all on the same order of magnitude. The
capacitance in the case of the liquid device increases
slightly with increasing forward bias as long as the dark
current is channeled over the BL. In the case of the
solid-state devices, the capacitance first increases be-
fore it suddenly drops. The drop in capacitance near
400 mV forward bias for the two types of solid-state
devices was also observed for dye-sensitized solid-
state devices and can be explained by a drop of the
capacitance at the BL/HTM interface.20 For comparison,
the low frequency arc capacitance for a device with
mAl2O3 instead of mTiO2 (see Figure 4b) was also
determined. In this case, the capacitance droppedwith
increasing potential, showing the plane evolution of
the capacitance at this interface with increasing po-
tential without the overlaid increase of the chemical
capacitance of the mTiO2.

The chemical capacitance in themTiO2 increases (at
an applied forward bias >400 mV), and the transport
resistance becomes visible. The chemical capacitances
of the three devices display different behavior relative
to the increase in potential. The increase of the capa-
citance is most pronounced in the liquid device type.
The increase in the solid-state device with perovskite is
steeper compared to the solid-state device without
perovskite. Clearly, the ionic environment of themTiO2

is different in each device. This can lead to changes in
the shape of the density of trap states (DOS) inside the
mTiO2 and therefore of the chemical capacitance. In
this aspect, the difference in the Cμ between the two
solid-state devices is particularly interesting. The per-
ovskite obviously has an influence on the shape and
population of the DOS.

The electron lifetime, τn, can be determined from
the recombination resistance and the chemical capa-
citance using τn = Rct � Cμ. This chemical capacitance,

Figure 4. (a) Transport Rtrans (open squares) and recombination resistance Rct (solid circles) as well as the chemical
capacitance (dashed circles) of a liquid device (red) and solid-state devices with (black) and without (blue) perovskite with
a similar photoanode. (b) Recombination resistance and associated capacitance of a perovskite solid-state device with
mesoporous Al2O3 instead of mesoporous TiO2. Inset shows the dark current during the measurement.
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Cμ, is directly proportional to the DOS dependent on
the dimension specifications of the mesoporous TiO2

film. Electron lifetimes for the different types of devices
are presented in Figure 5. The lifetimes are plotted
against chemical capacitance of the mTiO2 since the
direct comparison of the lifetimes against the applied
voltage is not suitable under such conditions. The con-
duction band position and the redox potential of the
HT media differ for the different systems under con-
sideration. Normally, under the assumption of a similar
distribution of bulk traps inside the TiO2, one can use
the chemical capacitance of the mTiO2 or the DOS as
an indirectmeasure of the Fermi level ormore precisely
as a measure of the distance of the Fermi level (EF) to
the conduction band. However, the systems investi-
gated in Figures 4 and 5 do not meet this criterion.
The perovskite and additives like lithium ions or TBP
change the conduction band position and change the
ionic surroundings of themTiO2 and can therefore also
change the distribution of the density of states, as
shown in Figure 4a. It would also be possible to use the
conductivity of the mTiO2 to compare different sam-
ples since it represents under certain conditions the
same number of mobile charge carriers in the conduc-
tion band (Ecb). However, the transport of charges is
also greatly influenced by the ionic surrounding
(screening) of the mTiO2, and the transport resistance
necessary to calculate the conductivity can only be
determined in a small potential range, which results in
a small window to compare the properties of the
investigated samples. The chemical capacitance is
therefore the best possibility to get at least an idea
about the relation of electron lifetime and EF, although
one should keep the mentioned restrictions in mind.

In the low forward bias region, all four samples
(including the mAl2O3 sample) possess very similar
electron lifetimes since the current flows over the BL,
which should be more or less similar for all devices.
When looking in the region in which the mTiO2 is
active, the lifetime is the longest for the devices with

the liquid electrolyte in combination with the iodine
redox system. It is followed by the lifetime in solid-state
devices with perovskite and finally the lowest lifetime for
the solid-state device with only the spiro-MeOTAD/TiO2

interface (without perovskite). The data presented in
green are the electron lifetimewith a devicewithmAl2O3

instead of the mTiO2 where all the dark current can only
be driven over the compact TiO2 BL/HTM interface.

ThemAl2O3 sample clearly shows no increase of the
capacitance with higher forward bias (see Figure 4b).
On the contrary, the capacitance drops at higher
potential. Such a behavior was already observed for
ssDSC-type devices using ZrO2 in place of mTiO2 but
utilizing thicker mesoporous films.20,23,24

We can conclude on the basis of these results that
charge (electron) transport is channeled over the
mesoporous oxide as evidenced by the observation
of the chemical capacitance of the mesoporous TiO2.
This capacitance belongs to the low frequency arc in
the Nyquist plot and that this RC element relates to the
mTiO2 is further indicated by the fact that its resistance
scales with the TiO2 thickness as shown already in
the publication of Kim et al.3 Another result which
supports our conclusion is presented in the publication
byAbrusci et al.26 inwhich the capacitance determined
by charge extraction measurements is much smaller
for the case in which the electrons are not injected into
a mTiO2 but a fullerene layer.

One can also observe that the BL can dominate the
observed lifetimes to different extents (Figure 5). The
easier the recombination over the BL at lower poten-
tial, the more current is driven over this interface and
the more forward bias has to be applied to “activate”
the mesoporous oxide (see the case of the solid-state
device without perovskite where the increase in che-
mical capacitance is at a higher forward bias compared
to the sample with perovskite).

The investigation of these model systems allowed
the identification and analysis of the individual com-
ponents contributing to the IS response. We have
developed a procedure and appropriate models that
can be used to fit the data generated with perovskite
samples; see section I of the Supporting Information for
a full description of this fitting procedure.

Influence of Spiro-MeOTAD Overlayer Thickness and HTM
Additive Concentrations. By changing the deposition con-
ditions of the perovskite solution (spinning speed
and HTM solution concentration), the thickness of the
spiro-MeOTAD overlayer on top of the mTiO2 was
varied and the resultant devices were characterized
by J�V measurements and IS. The suggested equiva-
lent circuit model was used to fit the data, verifying the
physical meaning of the individual IS parameters. This
analysis was then used to correlate and explain the
changes in the device performance as a function of the
overlayer thickness (see section II of Supporting
Information). It was found that, for a HTM overlayer

Figure 5. Electron lifetime as a function of the capacitance
(red, liquid iodine electrolyte-based device; black, solid-
state device with perovskite; blue, solid-state device with-
out perovskite; green, solid-state device with perovskite
using mAl2O3).
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thickness between 0 and 136 nm, the HTM forms a
conformal overlayer, blocking the direct contact be-
tween the perovskite and the gold back contact, thus
leading to an increase in the VOC and the JSC of solar
cells. In our previous work,20 the charge transport
resistance of the spiro-MeOTADwas shown tomanifest
as an RC arc at high to intermediate frequencies in the
Nyquist plots. For thin HTM overlayers up to 140 nm,
the magnitude of the high frequency resistance is
similar and hence attributed to the charge transport
resistance at the back contact (BC)/HTM interface, as
the transport resistance of the HTM is too small to be
resolved for such thin overlayers. As the HTM over-
layer is increased above 136 nm, the increase in series
resistance arising from the increasingly large charge
transport resistance values of the spiro-MeOTAD
(Figure 6) leads to a decrease in the fill factor (FF) and
thus in the overall cell power conversion efficiency
(PCE), reflected in the drop in JSC and VOC.

Furthermore, the influence of the common addi-
tives to the HTM solution, LiTFSI and TBP, on the IS
parameters was investigated (see sections III and IV of
Supporting Information). These displayed similar ef-
fects as already known from the study of ssDSCs and
liquid DSCs, confirming the validity of the IS equivalent
circuit applied to the analysis here. In the case of LiTFSI,
the role of lithium ions is rather complex, where the
presence of Liþ is known to influence the doping
mechanism of the spiro-MeOTAD27,28 as well as the
mobility of charges. Deviceswithout any LiTFSI content
displayed an additional resistive element (see Support-
ing Information Figure S12) that ismost likely related to
the transport resistance in theHTM. Liþ also plays a role
in the screening of the negative charge of the electrons
inside the mTiO2 enabling a facilitated charge trans-
port,29 and the lithium ions were observed to induce a
shift of the conduction band of the mTiO2 to lower
voltage. The increasing content of the Liþ ions more-
over was found to influence the shape of the DOS and
increase the lifetime of the electrons.

In the case of TBP, it was found that it acts as a
recombination blocking agent, hence increasing the
recombination resistance for the electrons at high TBP
content. Additionally, as in the case of conventional
DSCs,30�34 the TBP leads to an upward shift in the
conduction band edge of themTiO2, which is observed
in the chemical capacitance (see Supporting Informa-
tion Figure S18). This directly influences the VOC of the
devices, leading to an increase inVOC as the conduction
band is shifted upward with increasing TBP concentra-
tion. The increase in concentration of TBP also results in
an increase of the series resistance, leading to lower FF
of devices. Pyridine compounds such as TBP are known
to adsorb onto gold electrodes35 and therefore act as a
blocking layer for the charge transfer at the interface
between the gold and the HTM. Furthermore, the
high binding strength of TBP results in a decreased

concentration of “free” Li ions, leading additionally to
an increasing of the series resistance as the transport
resistance of the HTM becomes larger as the spiro-
MeOTAD is less p-doped.

Standard Devices under Illumination. So far, the devices
were only investigated under dark conditions. The
impedance measurements revealed that most of the
basic concepts from related devices like DSCs and
ssDSCs keep their validity. However, differences also
appear such as the additional semicircle at intermedi-
ate frequencies and, for example, the behavior of JSC
and VOC with increasing HTM overlayer.

There exists a strong hysteresis in the J�V curves
under illumination (see section V in Supporting Infor-
mation Figure S20), which manifests mainly only in the
forward scan (from low to high forward bias). Such an
effect is not detectable in the dark measurements. The
PCE values for the different scan velocities can be seen
in Table 1. The backward scan fromhigh to low forward
bias showed nearly no dependence on scan velocity.
On the other hand, the efficiency of the forward scan
from low to high forward bias is strongly velocity-
dependent, indicating that some slow charged carriers
are involved in the current and voltage generation.

In the transient photocurrent dynamics, slow reac-
tion times of the perovskite devices can similarly
be observed (Supporting Information Figure S21).

Figure 6. Magnitude of the high frequency resistance de-
terminedat a correctedpotential of 0.2 V as a functionof the
HTM overlayer thickness.

TABLE 1. PCE Values for a Device Scanned with Different

Velocitiesa

scan velocity (mV s�1) JSC (mA cm
�2) VOC (V) FF efficiency (%)

200 B 16.07 0.85 0.72 9.69
200 F 16.07 0.83 0.54 7.19
100 B 15.74 0.84 0.72 9.50
100 F 15.67 0.84 0.58 7.62
50 B 15.35 0.84 0.72 9.30
50 F 15.30 0.84 0.62 7.90
10 B 14.80 0.84 0.72 8.94
10 F 14.78 0.84 0.67 8.33

a Here from VOC to 0 V and back, F = 0 V to VOC (forward scan), B = VOC to 0 V
(backward scan).
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The current dynamics show first a steep rise of the
current after the red light LED pulse, which decays fast.
After this initial fast decay, a slow rise of the photo-
current can be observed. After the red light pulse is
stopped, a fast decay of the photocurrent is followed
by a slow decay. A similar observation can be seen for
the photovoltage rise and decay after the light pulse.
The fitting procedure included two exponentials, one
used to fit the fast rise and decay and the other
exponential for the slow component. The time con-
stant for the slow component of the photocurrent
yields a time constant of about 16 ms for the rise
and 15 ms for the decay. The time constant associated
with the photovoltage rise and decay is 32 and 26 ms,
respectively.

Such an effect should manifest in the IS measure-
ments, and indeed, a slow time constant phenomena
can be observed under illumination (Figure 7).

This poses the question of the origin of this slow
process, which clearly has an influence on the PCE of
such devices. There are several possibilities for such an
effect, mainly ionic charge transport, ion intercalation,
or it might even be a ferroelectric effect. Generally, it is
clear that this feature is mainly a light-induced effect,
as it does not appear to the same extent for measure-
ments conducted under dark conditions. To further
examine this process, a perovskite device without HTM
was built and measured under illumination to verify if
such a slow phenomenon is still observable. Indeed,
such a phenomena can be detected in the IS response.
Hence, this excludes a photointercalation phenomen-
on as a possible origin. As described above, we could
observe an additional resistive element under dark
conditions at low forward bias attributed to a charge
transport through the perovskite. This feature was
observed to vanish under illumination. This shows that
the ability of this perovskite interfacial layer to trans-
port charges is strongly increased under illumination.
The electronic conductivity of the perovskite layer will
be high under illumination, but some charge carriers
seem to be transported by ions. Furthermore, we
cannot fully exclude other possible contributions like
the previously mentioned ferroelectric effect.36

Apart from the slow component in the Nyquist plot,
two different elements can be observed under illumi-
nation: the high frequency RC for the BC/HTM interface
and the element associated with the chemical capaci-
tance and the recombination resistance of the mTiO2.
At lower light intensities, a third element, a transmis-
sion line for the transport inside the TiO2, is also visible.

The J�V characteristic and a comparison of the IS
fitting results in the dark and under illumination can be
seen in Figure 8a,b, respectively. One can clearly ob-
serve the similar behavior of the increasing chemical
capacitance at high forward bias in the dark and under
illumination, while the recombination resistance as
well as the transport resistance for the electrons is

greatly reduced when under illumination. The charge
collection efficiency, ηcc, which can be calculated
according to ηcc = 1/(1 þ (τtrans/τn,)), shows about
80�85% (see Supporting Information Figure S22). As
already observed in the relationship between the
transport and recombination resistance in the dark
(see Figure 8b), the charge collection efficiency is one
of the critical parameters for reaching high photocur-
rent in such devices. As visible at 40% light intensity,
the charge collection efficiency is considerably lower
than in the case of a typical liquid DSC, which is
generally over 95% also at full sunlight intensity.
Increasing to 100% light intensity for such perovskite
devices leads to further reduction in ηcc to below 80%.
This shows that by the applied fitting procedure one
identifies a key parameter which has to be further
optimized in such devices, the charge collection effi-
ciency. As clearly found in this investigation, the JSC can
still be improved in this type of devices when, for
example, reducing the recombination while maintain-
ing a similar transport resistance. This would lead to an
increased JSC and VOC and finally to an overall increased
device efficiency.

Final Statements. As mentioned above, the IS re-
sponse associated with the perovskite at intermediate
frequencies needs to be addressed. We believe that
there is injection of charge carriers from and to the
perovskite with the TiO2. This could be clearly shown
by the change of the capacitance associated with the
recombination arc generating the current (Figure 4)
and in the publications of Abrusci et al.26 Without
mTiO2, no real increase in the capacitance is visible
(with the simplification mentioned for the fitting pro-
cedure from Scheme 1b to 1c), showing that the
capacitance can be used as a clear indicator for the
active part of the mTiO2 in the charge transfer pro-
cesses. The origin of the RC element at intermediate
frequencies at low forward bias in the dark is, as already
mentioned above, most probably related to the per-
ovskite. This element is quite insensitive to any of the
treatments presented here except for the case of the
low TBP content. This is explained by the indirect effect

Figure 7. Nyquist plot of a standard device under illumina-
tion at 0 V. Inset shows the frequencies from the MHz down
to about 10 Hz.
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of the TBP binding with the Liþ ions decreasing the
concentration of “free” Liþ ions, thus leading to an
increase in the transport resistance of the perovskite
and the HTM. As we believe that there is a relatively
conformal film of the perovskite on top of the BL and
on the mTiO2, charges have to be channeled via this
perovskite film. As such, it acts like an intermediate
layer between the mTiO2 and the HTM. This is further
validated by the disappearance of this feature when
the devices are under illumination and the perovskite is
very conductive.

CONCLUSIONS

In this work, solid-state mesoscopic solar cells using
lead-iodide-based perovskite deposited onto sub-
micrometer thick mesoporous TiO2 in combination
with spiro-MeOTAD as a HTM are investigated using
IS. Through comparison with the well-known liquid
and solid-state DSC systems, these devices are ana-
lyzed and interpreted, systematically establishing an
equivalent circuit model that can be applied to the IS
analysis of this type of devices. This model is then
employed to explore the effect of the concentration
variation of the common HTM solution additives, TBP

and LiTFSI, on the device parameter. Additionally, the
influence of the overlayer thickness of the HTM on top
of the mTiO2 is investigated. From these experiments,
the working mechanism of these perovskite devices is
explored and the presented model used for the IS
interpretation is validated. The complex nature of this
system is exposed, and the interplay of various compo-
nents (i.e., additive ratios) is highlighted. The experimen-
tal results show the multiple roles and effects of the Liþ

ion and TBP concentrations in the HTM on the internal
electrical parameters and consequently on the overall
device performance.
The model presented further identifies the separate

features corresponding to the electronic and presum-
ably ionic conductivities of the lead-iodide-based per-
ovskitematerial. These features are unique to this system
and are believed to greatly depend on the morphology
and nature of the perovskite material as these define its
transport and electrical properties. As such, this investi-
gation shows that IS is a useful tool for characterizing this
type of system, and the developed IS model can be
applied to examine the perovskite material in working
device configurations to identify the limiting processes
reducing the overall efficiency of the solar cells.

METHODS

Materials. All chemicals were purchased from Sigma-Aldrich
and used as received. 2,20 ,7,70-Tetrakis(N,N-di-p-methoxy-
phenylamine)-9,90-spirobifluorene (spiro-MeOTAD) was pur-
chased from Merck and used as received. The CH3NH3I pre-
zcursor was synthesized in our laboratory.

Device Fabrication. Fluorine-doped tin oxide (FTO)-coated
glass substrates (TEC 15, Pilkington) were patterned by laser
etching to give the desired electrode configuration. After
undergoing thorough cleaning by mechanical scrubbing using
Hellmanex, ultrasonication, and finally ozone cleaning, a TiO2

compact layer was deposited on the substrates by spray
pyrolysis at 450 �C using the precursor titanium diisopropoxide
bis(acetylacetonate) diluted in ethanol (1:10 volume ratio) and
oxygen as the carrier gas. The substrates were subsequently
immersed in a 0.02 M aqueous solution of TiCl4 for 30 min at
70 �C, after which they were rinsed with water and heated at
500 �C for 20 min. The sub-micrometer mesoporous TiO2 layer

was deposited by spin-coating TiO2 paste (Dyesol 18NR-T)
diluted in ethanol at 1:2.5 by weight at 2000 rpm. The films
were heated stepwise to 500 �C at which they were sintered for
15 min. While still hot, the substrates were transferred into a
drybox. All subsequent deposition steps were carried out under
dry conditions. The perovskite precursor solution was prepared
as reported by Kim et al.3 A 1:1 molar ratio mixture of PbI3 and
CH3NH3I was dissolved in γ-butyrolactone (GBL) at 30 wt % by
heating at 60 �C overnight. This solutionwas deposited onto the
mTiO2 films by spin-coating at 2000 rpm for 30 s. The films were
then annealed at 100 �C for 5�10 min and cooled to room
temperature. The color of the films was observed to change
from yellow to dark brown. The standard hole transportmaterial
solution was prepared by dissolving 0.059 M spiro-MeOTAD in
chlorobenzene, to which 1% molar ratio of cobalt(III) dopant,
0.05 M tert-butylpyridine (TBP), and 0.009 M Li[(CF3SO2)2N]
(LiTFSI) were added. Both the cobalt(III) complex, tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)-tris(bis(trifluoro-
methylsulfonyl)imide)), coded FK209, and the LiTFSI salt were

Figure 8. (a) Current�voltage characteristic in the dark (black) and under illumination at 40% sun light intensity by LED (red).
(b) Extracted impedance result of the recombination resistance (solid circles), the transport resistance (open squares), and the
chemical capacitance (dashed triangles).
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predissolved in acetonitrile. The HTM solution was deposited on
the perovskite-sensitized films by spin-coating at 4000 rpm for
30 s unless specified otherwise. The devices were completed by
thermal evaporation of 60 nmof Au counter electrode. Cells were
not sealed but stored in the dark under dry conditions. The
counter electrode of the liquid DSCwas a thermally deposited Pt.
The counter electrode was attached to the substrate with the
mTiO2 by a hot melt polymer. The electrolyte injected before
sealing the device is coded Z952.

Impedance Measurements. The impedance measurements
were performed using a Bio-Logic SP300 potentiostat. A dc po-
tential bias was applied and overlaid by a sinusoidal ac potential
perturbation of 15mVover a frequency range of 7MHz to 0.1 Hz
(for themeasurements under illumination, the lowest frequency
is 0.01 Hz). The applied dc potential bias was changed by
∼50 mV steps from 850 to 0 mV. The resulting impedance
spectra were fitted using the ZView software (Scribner Associ-
ates Inc.).

Transient Measurements. The transient photovoltage and
photocurrent measurement setup is similar to the description
by O'Regan et al.37,38 White bias light was provided by an array
of diodes (Lumiled model LXHL-NWE8 white star). For the small
perturbation, red-light-pulsed diodes (LXHLND98 redstar,
0.2 s square pulse width, 100 ns rise and fall time) were used,
controlled by a fast solid-state switch. The voltage dynamics
were recorded via a Keithley 2602 sourcemeter. The voltage
decay measurements were performed from zero current (VOC).
Small perturbation transient photocurrent measurements were
performed in a similar way to the open-circuit voltage decay
measurements but here holding a fixed potential whilemeasur-
ing the photocurrent transients. The decays were fitted with a
double exponential decay.
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