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Abstract: The success of perovskite solar cells has sparked
enormous excitement in the photovoltaic community not only
because of unexpectedly high efficiencies but also because of
the future potential ascribed to such crystalline absorber
materials. Far from being exhaustively studied in terms of
solid-state properties, these materials surprised by anomalies
such as a huge apparent low-frequency dielectric constant and
pronounced hysteretic current—voltage behavior. Here we show
that methylammonium (but also formamidinium) iodoplum-
bates are mixed conductors with a large fraction of ion
conduction because of iodine ions. In particular, we measure
and model the stoichiometric polarization caused by the mixed
conduction and demonstrate that the above anomalies can be
explained by the build-up of stoichiometric gradients as
a consequence of ion blocking interfaces. These findings
provide insight into electrical charge transport in the hybrid
organic—inorganic lead halide solar cells as well as into new
possibilities of improving the photovoltaic performance by
controlling the ionic disorder.

The energy conversion process in photovoltaic devices
involves two fundamental steps: the absorption of incident
photons generating electron-hole pairs and the transport of
these carriers to the external load. Strong optical absorption,
efficient generation, and transport of electronic charge
carriers are essential prerequisites for photovoltaic materials.
In this context, metal-halide-based perovskites containing
alkyl ammonium (or formamidinium) cations such as
CH;NH;PbX; (or NH,CHNH,PbX;) (with X=CI, Br, I)
have gained enormous attention thanks to their outstanding
optical and electrical transport properties.™! After the first
demonstration as photosensitizers in a mesoscopic dye-
sensitized solar cell,” the optimization of materials, solar
cell structure, and fabrication process has soon increased
efficiency up to 20.1 % .01V

[*] Dr. T.-Y. Yang, Dr. G. Gregori, N. Pellet, Prof. M. Gritzel,
Prof. J. Maier
Max-Planck-Institute for Solid State Research
Heisenbergstrafle 1, 70569 Stuttgart (Germany)
E-mail: g.gregori@fkf.mpg.de
s.weiglein@fkf.mpg.de
N. Pellet, Prof. M. Gritzel
Department of Chemistry and Chemical Engineering
Swiss Federal Institute of Technology
Station 6, 1015 Lausanne (Switzerland)
[**] Dr. H. Hoier and A. Fuchs are thanked for XRD and SEM analyses,
respectively.

M) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201500014.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The great success of these halide perovskites is attributed
to their outstanding light harvesting and charge carrier
collection properties.”'! It has been reported that methyl-
ammonium (CH;NH;*, MA) iodoplumbates show extremely
large diffusion lengths (over 1 um) for both photogenerated
electrons and holes,"” which has been related to high charge
carrier mobility and low recombination rates.'¥! The far-
reaching absence of recombination centers is in agreement
with modeling results suggesting the presence of shallow
donors and acceptors,[”] although, more recently, it was
shown that iodine interstitials may act as deep traps.!'”)

A striking feature of these perovskites is their high
apparent dielectric constant &', at low frequencies (&', =10,
which increased by a factor of 1000 under illumination)!*!” as
well as a distinct photocurrent hysteresis during opera-
tion.™ 2! Various explanations have been suggested and
the most popular one assumes ferroelectricity stemming from
the dipolar properties of the organic group.?'! Current—
voltage (i-V) sweep curves collected from MAPDI; single
crystals displayed a non-Ohmic, hysteretic behavior,*”! which
resembles a ferroelectric loop. Yet the anomalies under
regard appeared at frequencies that are much lower than
expected for ferroelectricity. Indeed previous dielectric
studies for MAPbI; revealed that the MA dipoles are fully
disordered with relaxation on a picosecond time scale at room
temperature.”>>

A few prior studies have linked these processes tentatively
and very vaguely to the dynamics of slow charge carriers with
a time constant in the range of milliseconds to seconds.™!”!
However, the nature of such slow charge carriers have not
been identified so far, neither have systematic studies in that
respect been performed.

In this letter, we 1) separate electronic and ionic con-
ductivities, 2) show the significance of ionic conduction,
3) identify it as iodine conduction, and 4) study implications
of the mixed electronic/ionic nature of these materials.
Sandwiching such a mixed conductor between neighboring
phases that allow for electronic transport but block the ionic
transport, as it is the case for photovoltaic applications, results
in a stoichiometric polarization that can largely explain the
above anomalies. This unavoidable process is related to
a chemical capacity C°>" rather than a dielectric phenom-
enon and appears in various contexts under the names of
Wagner—-Hebb®! or Yokota polarization.’”*” In the non-
linear range this phenomenon is also known as resistance
degradation® or electrocoloration.*” Indeed, related perov-
skites such as CsPbl;, CsPbBr; or MAGeCl;, MASnCl; are
known to be halide ion conductors,?**! and Xiao et al. have
demonstrated ion migration under electric field in MAPbI,.*!
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Moreover, as the electrical properties of organic—inor-
ganic lead-halide-based perovskites have been shown to be
affected by the size of the organic cation occupying the A site,
we investigate here also how the ionic and the electronic
conductivities change as a function of the gradual substitution
of MA with formamidinium (HN=CHNH;", FA) in
MA,_FA Pbl,. This is particularly relevant since according
to our previous study,”’ this variation can be correlated with
the photoelectrical performance.

The electrical properties of MAPbI; were investigated
under argon and in the dark (compare the Supporting
Information). Typical alternating-current (AC) impedance
spectra acquired from MAPbI; pellets using graphite electro-
des consist of a single distorted semicircle (Figure 1a). Owing
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Figure 1. a) AC impedance spectra acquired from MAPbI; pellets from
1 MHz to 1 Hz. The solid symbols correspond to data acquired at

1 kHz and 100 Hz, respectively. b) Temperature dependence of the
conductivity o and the bulk relative dielectric constant ¢, ... c) The real
part of the complex permittivity &', as a function of frequency.

to the calculated relative dielectric constant, this feature can
be assigned to the pure bulk properties (g, =34 at 30°C).>*!
The value of ¢, slightly decreases with increasing temper-
ature (Figure 1b). Though not small, neither the absolute
values nor the temperature dependence of the dielectric
constant suggest ferroelectricity. This is in keeping with
previous dielectric measurements that show ferroelectric
behavior of MAPDI; to appear only below the temperature
of the tetragonal-to-orthorhombic transition at 162 K.
Blocking effects stemming from grain boundaries are not
observed.

The bulk conductivity increases with temperature (Fig-
ure 1b) with an activation energy of 0.43 eV, in agreement
with previous literature.”” As shown in Figure 1c, the real
part of the complex permittivity (¢';) for high frequencies
(>10* Hz) is slightly reduced as temperature increases. In the
lower frequency range, ¢, begins to rapidly rise by an order of
magnitude up to 300 at 1 Hz and 30°C (at 10 mHz &', reaches
values up to 10%, see the Supporting Information). These high
values of ¢, at low frequencies increase with increasing
temperature. Such a behavior resembles what Juarez-Perez
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etal. observed from MAPbI;-containing solar cells.'® We
show in detail that this is the natural consequence of
a stoichiometric polarization occurring when the perovskite
is sandwiched in between contacts that block the ions.
Galvanostatic direct current (DC) measurements using—for
this purpose—graphite electrodes clearly reveal the mixed
conducting (i.e. ionic as well as electronic) behavior, as
depicted in Figure 2 a. In a typical experiment, upon switching
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Figure 2. a) DC polarization curve for a C| MAPbl;| C cell measured at
30°C in Ar flow by applying a current of 2 nA. b) Voltage versus square
root of time up to 10* seconds. c) Semi-log plot of voltage versus time
at longer time scale. d) Equivalent circuit mimicking the DC polar-
ization (R..,: electronic resistance, R, ionic resistance, C: chemical
capacitance). The equivalent circuit fails in describing the /t behavior.
Here the general transmission line circuit has to be used.

on the current (i =2 nA), the voltage instantaneously reaches
25 mV; This iR drop corresponds to the total electrical
resistance (12.5 MQ), to which both electrons and ions
contribute V=1i(R.o,Rion/(Reon + Rion)), compare Figure 2d.
This value is consistent with the resistance derived from the
impedance spectra. As the duration of the current load
increases, ions are progressively blocked giving rise to an
internal compositional gradient. As a consequence, the
voltage also increases and reaches the saturation value V.
In the steady state, only electrons flow (i = iy, o, = 0) leading
to V,=IiR.,,. Note that this is a standard experiment in solid-
state electrochemistry to separate ionic and electronic con-
ductivities.[ 4!

From V, the electronic conductivity (o,,,) follows as 1.9 x
107°Scm™ and hence the ionic conductivity as 7.7 x
107°Sem™ (01 = Oign + Oeon). Quite remarkably, in dark
condition 0., > 0.,,. However, during exposure to a 150 W
halogen lamp, o, clearly greatly increases owing to the
photogeneration of charge carriers, while o,,, appears to be
less sensitive to the illumination (Figure S7).

The investigation of the transient further proves that the
observed polarization is due to a chemical diffusion process.
As predicted for chemical diffusion,***} the transient curve
fits a v/ law for short times (i.e. for t < 7°, with 7° = R® C° being
the polarization time constant), and for longer time (¢ > 7°) an
exponential behavior. Figure 2b and ¢ show that both time
dependences are excellently verified with practically identical
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7° values of 1.6 x 10" s and 2.1 x 10 s, respec-
tively. This remarkable agreement is, besides

the successful verification of the predicted
analytical form of the voltage transient,

a very strong argument for chemical diffu-
sion. From 7°, the chemical diffusion coef-
ficient of the mobile ion (D° = L*/(x*t°) with
L being the sample thickness) is found to be

24x10% em’s ™.

Even though the voltage evolution
leaves no doubt on the mixed conducting
nature with predominant ionic contribution,
we obtained further irrefutable evidence
based on another standard technique to
separate ionic and electronic conductivities,
namely the open circuit voltage (V) under

a chemical potential gradient. We produce
the potential gradient under electrolysis
conditions (we expect formation of lead on
one and of iodine on the other side). The
open circuit potential after switching off the
current is 788 mV, which is about 100 mV
lower than the standard potential for form-
ing Pbl, from Pb and I, (899 mV). A predominantly
electronic conductor would yield a V¢ close to zero. The
finite electronic transport leads to an internal chemical short
circuit, that is, to a reversal of the electrolysis process and
hence to a V¢ decay on the time scale of tens of hours. Again,
this time scale fits to the derived conductivity of the minority
charge carriers (see Figure S5 for details).

To even further safe-guard this result, we set up stationary
chemical potential gradients using two galvanic cells, that is,
(Pb,Pbl,) | MAPDI; | (Ag,Agl) and  (Pb,Pbl,) | MAPDI; |
(Cu,Cul). In both cases the Vi is found to be approximately
50-60% of the Nernst value given by {A;G(Pbl,)—2A;G(Agl
or Cul)}/2F (A:G being the molar Gibbs energy of formation
and F the Faraday constant). This value is in good agreement
with the polarization results (Figure S6). A predominant
electronic conductor would yield a V. value close to zero.
The measured transference number also matches the values
estimated from the electrolysis, as the decomposition voltage
of the organic—inorganic halide should be higher than that of
Pbl,.

Although this verification of the ionic conductivity
suffices to explain the observed anomalies, we have sought
to determine the nature of the conducting ion. For this
purpose, a solid-state electrochemical cell consisting of Pb |
MAPDI; | Agl | Ag was employed (Figure 3a). Such a coulo-
metric cell configuration with one electronic (Pb) and one
ionic electrode (Agl | Ag) causes chemical changes on current
flow. The investigation of chemical effects at the various
interfaces A, B, C, and D (Figure 3a) upon long-term charge
transference (the Pb electrode taken as plus and the Ag
electrode as minus pole) allows for the identification of the
moving ions. Specifically, if Pb*" is mobile, Pbl, is formed at
the interface C. However, if the anion I is the fastest moving
species, then it can react with Pb and form Pbl, at the
interface B. If MA™ is mobile, MAI and Pbl, are formed at
interfaces C and B, respectively.
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Figure 3. a) Flow directions of the charged ion species in a Pb| MAPbI; | Agl| Ag cell under
electrical bias. b) Images for surfaces A and B and c) a scanning electron microscope

(SEM) image of surface B on the Pb pellet. d) XRD patterns of surfaces A and B of the Pb
disk after applying a DC current of 10 nA for a week. ) EDS spectrum for surface B of Pb.

Having set-up such a cell, a DC current of 10 nA was
applied for a week at 50°C in Ar atmosphere and subse-
quently the surfaces of the Pb disk were inspected. As
displayed in Figure 3b, while the surface of interface A
maintained the original morphology and Pb appearance, the
surface of interface B exhibited a yellowish color and
a perceptible roughness. In the SEM micrograph (Figure 3¢),
the formation of grains with irregular shape at the B interface
could be recognized on the originally smooth Pb surface. The
other disks (MAPDI; as well as Agl) did not reveal any change
upon the test.

Their composition was examined by energy dispersive X-
ray spectroscopy (EDX) and X-ray diffraction (XRD). EDX
spectra acquired from the agglomerates revealed the presence
of Pb and I signals (Figure 3 ¢), from which an atomic I-to-Pb
ratio of 2.2 results, while XRD patterns showed the presence
of a secondary phase (see in Figure 3d the additional peaks at
20 =11.4° and 12.4°, respectively). As the peak at 12.4° can be
assigned to Pbl,, both XRD and EDX analyses indicate I to
easily migrate through MAPbI;, meaning that the stoichio-
metric polarization shown in Figure 2 results from the iodine
ion conduction. To make sure that this is not an artifact of
a local reaction, we tested the same cell configuration under
the same ambient conditions without applying a current. The
result was negative indicating local chemical stability (Fig-
ure S10). This behavior is very similar to that of CsPbI,.*

As the ionic carrier mobility hardly exceeds
102cm2V~!'s7! in ionic crystals at room temperature and
the mobility of the electronic carriers is reported to be more
than three orders of magnitude higher,”>*! the disorder in
such a mixed conductor must be primarily ionic (i.e. the ionic
charge carrier concentration exceeds that of the electrons by
far). The typical defect chemical situation in perovskites is
characterized by Schottky disorder. Here a variety of
possibilities comes into question, the most probable being
an understoichiometry owing to a deficiency of (MA)L®
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Another realistic situation is an extrinsic one dominated by
O'; defects (oxygen substituting for iodine). In all these cases
the major iodine defect is the iodine vacancy V*. The
complexity is increased by the possibility of also having
iodine interstitials. This is rather unexpected for perovskites
from size considerations but suggested by atomistic model-
ing."* In this case the electronic concentration would be
kept small by trapping of holes by iodine interstitials.***) In
the other cases, trapping by O'1, V'yia, V''py is to be considered.
Fortunately these details are not decisive for our rationale so
that it suffices to refer to the most mobile iodine defect (V*; or
I')) as “ion” and the most mobile electronic defect (h7) as
“eon”.1*!

Now let us analyze the chemical diffusion coefficient.
Under general conditions it can be written as Equation (1),*”!

o __ Ocon

Tion
= ———Deonle 1
Gion + Teon conXeon ( )

Diontion + Gon + Oomn
where ., and y.., denote the respective differential trapping
factors, and D;,, and D.,, are the individual diffusivities being
proportional to the respective mobility. As D., > D,,, this can
be simplified for the predominantly ionic conducting material
to D° = DY eon- Without trapping (.., = 1) this result would
largely contradict the experimental observations, as D, is
expected to be on the order of 10~ cm?s™",? which is seven
orders of magnitude larger than the observed D° value. If,
however, strong trapping plays a key role,* the observed low
value is directly explained. Such an exothermic trapping is
rather the rule than the exception at room temperature. It is
shown in Section S4 of the Supporting Information, that if y;,
dominates the electrical transport properties (as in the
present case under dark conditions), then Equation (2)

D? = D [h]/[T"] (2)

results (rather than D°=D,,,), with [T*] being the concen-
tration of trapped holes (occupied traps). This directly
explains the magnitude of D° by the small fraction of free
holes.””

To clarify most straightforwardly that the stoichiometric
polarization necessarily occurring in photovoltaic applica-
tions is relevant 1) for the observed dielectric anomaly and
2) for the hysteresis in photocurrent-voltage curves, we use
the fact that such a stoichiometric polarization can be
approximately described by the equivalent circuit given in
Figure 2d with the chemical capacitance C° blocking the ionic
resistor R,,, in the steady state. We do this only for the
purpose of simplifying the presentation. The relation between
the equivalent circuit representation and the exact treatment
based on irreversible thermodynamics is set out in detail in
Ref. [49]. An equivalent circuit describing the polarization
more accurately is given in Refs. [26] and [50].

1) First we attribute the permittivity anomaly to the
stoichiometric polarization, the transient of which is charac-
terized by Equation (3) (see Ref. [51]).

) )
U _ppd Lo (3)

0 Y
Cw L~ p <AL
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A is the cross-sectional area of the samples, and R° = R, +
R..n- The chemical resistance R’ is determined by the inverse
of the ambipolar conductivity ¢, which is given by 0i,,0c0n/
(Oion + Ocon)- The chemical capacitance is hence dominated by
the density of the trapped holes (occupied traps). Inserting
the parameters from Figure 2, we derive C°=2.3x10"*F
corresponding to an apparent &,=23.6x 10%. This huge but
typical value explains the rise of €', in the low frequency range,
even prior to a distinct Warburg feature. The analysis of ¢ (w)
based on the interpretation of the equivalent circuit of
Figure S8 reveals that €, (w) depends on the ionic conduc-
tance and the chemical capacitance only; o, is solely of
importance in the range of the v/ law.

The next question to be answered is how to explain the
increase of &', on illumination. As illumination increases the
electronic carrier concentration, we also expect an increase of
the concentration of occupied traps yielding a larger C° A
closer analysis reveals that, apart from the Warburg range, €',
is solely determined by R,, and C°. The saturation value
¢ (o =0) (compare Section S6) is directly determined by C°.
The modeling described in detail in the Supporting Informa-
tion reveals that the best fit of the experimental results is
obtained if R,,, decreases and C° increases on illumination.
While the increase of C° is expected, the decrease of R,
instead is surprising and deserves a closer look in future
research, in particular as preliminary measurements of ours
indeed give evidence for such an effect (Figure S7). Note that
(unlike the hysteresis, see below) the ', anomaly also appears
for predominant electronic conduction.

2) Also the hysteresis in a cyclic sweep experiment on
perovskite solar cells under illumination can be ascribed to
the stoichiometric polarization. As shown in Figure 4a, as-
prepared MAPbI; pellets showed a non-Ohmic behavior and
a clear hysteresis loop when the DC current was swept
between —20 and +20nA. This behavior is the direct
consequence of stoichiometric polarization, which can be
directly verified by using the aforementioned equivalent
circuit (compare Section S5). To further test our interpreta-
tion, we measured the i-V sweep curve of MAPbI; treated in
an atmosphere of high iodine partial pressure. This sample
was predominantly electronically conducting and did not
exhibit stoichiometric polarization. Indeed, the correspond-
ing -V sweep shows a purely Ohmic behavior without
perceptible hysteresis (Figure 4c). The same happens when
oxygen traces are incorporated into the material generating
holes. This can explain the disappearance of hysteresis
observed for samples that have seen ambient conditions at
elevated temperature.”

The extent of the hysteresis is affected by the sweep rate u
(i=ut). As u increases, the hysteresis loop is expected to
widen when °<t, , with ¢, being the reversal time, while it
narrows when 7° >, (compare the Supporting Information
for the details). Both cases were observed in i—V sweeps of
perovskite solar cells,'®!") which can be attributed to varia-
tions in 7°, while in our experiments only the last case is met
(Figure 4b), where °~10*s and 7,=4s (2000s) for u=
5nAs™" (0.01 nAs™"). On illumination the hysteresis becomes
less pronounced if #,>7° (note that the extent of the
hysteresis is proportional to R..,> C° o (1/c,,) and disappears
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Figure 4. Current—voltage curves for MAPbI;. Hysteresis loops upon the current sweep a) between —20 nA and 20 nA with the rate of 0.01 nAs™
and b) with varying the scan rate. As shown in the inset in (a), the samples showing the hysteretic behavior exhibit mixed (ionic and electronic)
conductivity. The inset of (b) clearly illustrates the changes of the open circuit voltage when the current sweep rate is changed. c) Current-voltage
curve for MAPblI; that did not show the stoichiometric polarization by controlling the atmosphere. As shown in the inset this sample exhibit only

electronic transport.

for 0., > 0,,). Yet it is important to repeat that in these cases
the low-frequency anomaly in €', remains.

Finally, it is worth considering the above phenomena with
regard to thin films or perovskite infiltrated in mesoporous
titania.'"¥! Here both C° and 7° are distinctly smaller: Both
¢ (w=0) as well as 7° are proportional to L? (L being the
diffusion length) and hence substantially lowered, which leads
to a quicker polarization and lower apparent &', at low
frequencies. On illumination 7% decreases further, while
& (w=0) increases. This explains why the hysteresis in the
solar cell narrows with decreasing u (corresponding to 7° <
). As the width of the hysteresis is proportional to
R.on>C° < L?, we expect a decreased hysteresis for thinner
films. Moreover, in very thin films, space-charge-dominated
zones can play an important role and the whole picture
becomes more involved.

In Ref. [37] it was shown that crystals with a mixture of
methylammonium (MA) and formamidinium (FA) on A-sites
shows a efficiency maximum for 60 at.% MA because of
a longer lifetime of photogenerated carriers. Since bulk ionic
and electronic transport can be affected by the lattice
distortion in lead halide octahedra, it is worth investigating
whether the iodine migration depends on the mixing ratio.

Figure 5a depicts ¢, and o, for MA,_[FAPbl; as
x increases from 0 to 1. Strikingly, the values vary by one or
two orders of magnitude with particularly high values for
intermediate compositions. The highest o, is measured for
MA,FA,Pbl; for which it surpasses o.,, by one order of
magnitude. Unsurprisingly, the electronic conductivity itself is
less sensitive with respect to the A-site cation, than the ionic
conductivities.

The chemical diffusion coefficient D° of the ionic charge
carrier is calculated by fitting the exponential part of the DC
polarization curve as described above in Figure 2a. D°
increases with increasing FA fraction up to x =0.4 and then
remains constant. The trend of the chemical diffusion
coefficient is qualitatively similar to that of o, indicating,
according to Equation (3), a roughly constant concentration
of occupied traps. If the trapping energies are not significantly
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altered and the total trap density is roughly invariant, the

enhanced lifetime of photogenerated carriers at
MA,FA, ,PbL*" may be attributed to a maximum electronic
mobility.

In summary, we have demonstrated the significance of
ionic transport in organic lead-iodide-based perovskites.
Notably, in MAPbI;, the ionic conductivity is found to be
higher than the electronic conductivity. The large ionic
transference number points towards high native ionic disor-
der and substantial trapping of the electronic carriers. The
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Figure 5. Electrical transport properties of mixed-cation lead iodide,
MA, _,FA,Pbl;. a) Changes of electronic, ionic, and total conductivities
as a function of the FA faction x and b) chemical diffusion coefficients
for the same compositions.
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stoichiometric polarization can explain both the large value of
the apparent dielectric constant occurring at low frequencies
as well as the hysteresis in the cyclic sweep experiments. The
same features also explain the trend of chemical diffusivities
and partial conductivities on substituting MA by FA
(MA,_,FA,PbL;). It will be a future task to elucidate to
what extent stoichiometric definition is able to improve
operation as well as to what extent ionic motion may be
beneficial for the photoelectrochemical activity.

Keywords: dielectric constant - hysteresis - ionic conduction -
perovskite solar cells - polarization
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